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ABSTRACT

_ The anodic behavior of lithium in 3-5M LiOH was investigated at am-
bient temperatures under well-defined hydrodynamic conditions using a flow
channel. The electrode showed a linear polarization behavior up to a mass-
transfer limited anodic current density. The rate of the parallel chemical
corrosion of lithium was determined over a range of current densities, flow
rates, and concentrations using a gas coulometer to measure the total rate of

hydrogen evolution. The corrosion rate approaches zero linearly as the cur-
rent density approaches the diffusion-limited level. On the basis of elec-
trode resistance and efficiency, the plane-parallel electrode configuration was
judged suitable for batteries of the lithium-water type.

1t is remarkable that the most reducing of the alkali
metals, lithium, has been utilized in practical aqueous
electrolyte batteries (1-3). In the lithium-water bat-
tery, lithium and water react to form lithium hydrox-
ide and hydrogen gas.. The hydrogen is evolved at an
iron-screen cathode. The lithium-water cell is the pro-
totype of a family of galvanic cells employing lithium
anodes, aqueous electrolytes, and inert cathodes in
combination with dissolved oxidizing agents. Analog-
ous cells have been demonstrated using as oxidizing
agents: oxygen (4), hydrogen peroxide (5), nitrite
(6, 7), sulfite, hypochlorite, bromate, and iodate (7),
and aqueous complexes of bromine or iodine (8).

The relative stability of lithium in the presence of
water (compared to that of, e.g., sodium) is the con-
sequence of the properties of an adherent surface film
which develops under certain conditions of polariza-
tion and electrolyte composition. In a manner which is
not yet fully understood, the layer impedes the elec-
tron transport necessary for the reduction of water
(and of other dissolved oxidizing agents), thereby
preventing the catastrophic corrosion of the metal.
The layer allows for the unusual cell configuration
adopted for lithium-water batteries in which the anode
and iron-mesh cathode are pressed together without
the use of separator. Internal IR losses are thereby
minimized while the layer prevents internal shorting
of the electrodes.

The aqueous electrochemistry of lithium has been
studied by Littauer and Tsai using experimental cells
with internal anode-cathode contact, and both a tran-
sient and permanent passivation phenomena have been
reported (3). Bennion and Littauer developed a math-
ematical model to describe battery discharge voltage,
efficiency, and rate (9). The model, based on the as-
sumption that the diffusion of water through the sur-
face layer to the metal substrate is rate-determining,
shows qualitative agreement with experiment. Egorov
et al. have studied the dissolution of rotating-disk
lithium electrodes in KOH solutions and have found
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the self-discharge of lithium to be proportional to the
square root of rotation rate, suggesting that lithium
dissolution is controlled by the solution-side mass
transport (10). To date, no complete set of data has
been reported for the rates of lithium dissolution and
hydrogen evolution at the Li/LiOH(aq) electrode
under well-defined conditions of hydrodynamics and
current distribution.

The primary purpose of this study is to determine
the effect of solution-side mass transport on the dis-
solution of lithium and on the reduction of water at
the lithium electrode. For this we have used systems
of simple geometry and well-defined hydrodynamics.
Lithium polarization and coulombic efficiency of lith-
ium dissolution at ambient temperatures have been
measured as functions of flow rate, electrolyte concen-
tration, and current density. A secondary purpose of
this study is to evaluate the suitability of the closely
spaced, plane-parallel electrode configuration, which
has not been previously used in batteries of the lith-
ium-water type.

Apparatus and Materials

The influence of electrolyte flow rate on the polari-
zation of the lithium electrode was investigated using
the flow channel shown schematically in Fig. 1. Elec-
trodes of lithium and platinum, 9.8 mm square, were
placed opposite each other, flush with the horizontal
walls of a rectangular duct. The electrode separation
was 3.2 mm, while the width of the channel (10.3 mm)
just exceeded the electrode width. The channel en-
trance length, 650 mm, was chosen to assure fully de-
veloped laminar flow profiles in the vicinity of the
electrodes. Electrolyte was forced through the channel
atl a steady rate with the use of a single stroke piston
pump of 2.3 liter capacity. Pump and channel were
constructed of Lucite; interconnecting tubes were of
reinforced polyvinyl chloride. No metal or glass parts
were allowed to come into contact with the electrolyte.

In the experiments with the flow channel, current
was either held constant or programmed as a linear
ramp, using a commercial programmable power supply
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Fig. 1. Flow channel apparatus (schematic). A, piston pump;
B, fresh electrolyte reservoir; C, valve; D, flow channel; E,
platinum cathode; F, lithium anode; G, Hg/HgO, 1M LiOH refer-
ence electrode; H, used electrolyte reservoir; 1, current-measuring
resistor.

Fig. 2. Removable section of flow channel floor containing lith-
ium electrode. A, epoxy holder; B, capillary opening for reference
electrode; C, lithium anode. Arrow indicates direction of electro-
lyte flow.

(Princeton Applied Research, Princeton, New Jersey,
Models 173, 175, and 176). Electrode potential was
measured relative to the reference electrode, Hg/HgO,
1M LiOH. Current and potential were recorded on a
1 Mo X-Y recorder (Mosely, Pasadena, California,
Model 2D2).

Shown in Fig. 2 is a removable section of the flow
channel floor which contains both the lithium elec-
trode and a reference electrode capillary opening. The
0.3 mm diam hole, drilled into this epoxy plug just 0.5
mm upstream of the lithium electrode, was connected
by means of flexible tubing to a vessel containing the
reference electrode. The lithium electrodes were pre-
pared by extruding the metal into a rectangular cavity
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Fig. 3. Hydrogen gas coulometer (schematic). A, reference elec-
trode; B, lithium electrode lead; C, lithium electrode holder; D,
lithium anode; E, platinum counterelectrode; F, counterelectrode
lead; G, thermometer; H, magnetic feed-through; 1, variable speed
motor; J, valve; K, hydrogen gas bottle; L, exhaust port; M, flex-
ible tubing; N, pipette; O, Lucite vessel; P, flow channel; Q,
electrolyte.

in the plug. The surfaces were then gently ground flat
against emery paper wetted with a methanol-water
mixture,

Coulombic efficiency was determined from the
total rate of evolution of hydrogen from anode and
cathode, using the apparatus shown schematically in
Fig. 3. The electrodes were contained in a closed Lu-
cite vessel. Electrolyte was internally circulated by
means of an impeller and allowed to impinge verti-.
cally onto the 100 mm? lithium disk imbedded in a
removable plug. Electrode potential was measured as
in the flow channel. The steady-state hydrogen gas
evolution rate was determined from the rate at which
the electrolyte was displaced into the pipette. The
vertical position of the pipette was continually ad-
justed to maintain zero head and a constant (atmo-
spheric) pressure within the vessel. Prior to experi-
ments, the electrolyte was purged with hydrogen. In
the gas coulometer, no metal or glass parts came in
contact with the electrolyte.

Reagent grade lithium hydroxide was used in all
experiments (G. Frederick Smith Chemical Company,
Columbus, Ohio). The lithium was supplied by D. S.
Goldsmith Chemical and Metal, Incorporated (Evans-
ton, Illinois); it was analyzed in our laboratory and
found to have the impurities listed in Table L

Experimental Results
Current-voltage curves.—Typical polarization curves
obtained with the flow channel are shown in Fig. 4.

Table I. Analysis of lithium electrodes

Impurities were detected by spectrochemical analysis and are
given as ppm by weight.

Si 35
Ca 14
Cu 14
Ag 10
Be 10
Al 3
Mg

Na <100
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Fig. 4. Voltammetry of the Li/LiOH(aq) electrode. T = 22°C;
galvanodynamic technique (triongulor current wave applied to the
electrode); begin anodic scan at zero current.

The applied cutrent was cycled as a triangular wave-
form. The curves show a low potential, linear polari-
zation behavior, and a high potential region occurring
above a critical anodic current density. The resistance
in the high potential region generally decreases with
time. Consequently, the voltage for scans in the anodic
direction may exceed those for the cathodic direction.
This phenomenon probably indicates changes in the
surface layer’s microscopic structure or electronic
properties rather than simple changes in electrode
area. No gross changes in surface topography or area
were observed for the duration of an experiment, the
surface remaining smooth and flat.

A different behavior was noted for solutions close
to the saturation concentration of 5.3M (see Fig. 9).
Once passivated, the electrode would maintain its
high resistance state for a time following current re-
versal. In saturated electrolytes, the passivation was
permanent and not destroyed by cathodic polarization
and the accompanying vigorous hydrogen evolution.
The cathodic behavior was not further investigated.

Electirode resistance (i.e., the differential of polari-
zation with respect to current density in the linear
polarization region) is reported in Table IL The range,
(0.5-1.8) X 10—4 Q-m? is comparable to that reported

Electrode potential, V vs Hg/Hg0, 1 M LiCOH
i
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Fig. 5. Voltammetry of the Li/LiOH(aq) electrode near satura-
tion concentrations. T = 22°C; galvancdynamic technique; begin
anodic scan at zero current. The high voltages reflect high elec-
trode resistances under passive conditions.
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Table 11, Electrical characteristics of the lithium anode

Experimental conditions: flow channel; A = 92 mm?; h = 3.16 mm;
L = 9.8 mm; channel width = 10.3 mm; dl/dt = 0,010 A/sec:

T =21°%1°C
Critical Limiting
Concen- Resist- current current
tration Flow rate* ance** density density
cp_(mole/ <v> ¢ X 105 ik <i1>
liter) (m/sec) (V-m%/A) (kA/m?) (kKA/m?)
294 0.092 5.8 2.88 4.0
0.135 6.4 3.12 45
0.240 6.3 3.55 54
0.375 6.4 4.08 6.3
0.568 5.9 4.54 7.2
0.906 == 0.03 6.7 4.79 8.5
3.91 0.052 8.9 1.29 19
0.135 7.9 1.47 2.2
0.240 7.4 176 2.7
0.375 6.4 2.08 3.1
0.906 =+ 0.03 5.5 2.69 4.1
4.25 0.092 124 0.71 1.4
0.369 9.6 1.21 2.2
0.553 11.0 1.47 2.5
0.922 = 0.03 18.3 1.61 3.0
4.44 0.135 9.8 0.35 1.2
0.240 9.2 0.39 1.5
0.375 8.5/9.7 0.45/0.95 1.7
.568 11.7 1.16 2.0
0.906 = 0.03 9.0 1.36 2.3
1.22 £ 0.03 8.5 1.49 25
4.70 0.092 13.0 0.31 0.7
0.369 10.0 0.31 11
.553 16.0 0.31 13
0.922 =+ 0.03 17.0 0.33 15
4.90 374 8.9 0.27 0.7
0.568 11.0 0.30 0.8
0.906 =+ 0.03 12.0 0.28 1.0
1.22 = 0.03 16.0 0.30 1.1
5.10 0.568 6.8 0.33 0.4

* Precision #0.015 m/sec unless otherwise noted.
** Precision =5%; “resistance” is defined as the differential of
electrode polarization with respect to the current density, and ap-
plies to the linear polarization region.

by Littauer and Tsai for cells with direct anode-cath-
ode contact (3). In our work, no correction was made
for IR drop between anode and capillary {an IR error
of at most 0.2 X 10—¢ 0-m?), or for the enhanced cur-
rent density near to the anode’s leading edge. The
values reported in Table If represent the average of
three or more separate experiments. In all cases
studied, the open-circuit potential, E(O), was within
10 mV of —2.86V wvs. Hg/HgO, 1M LiOH.

The critical anodic current density.—The critical
anodic current density, ix, which separates low and
high potential regions of the current voltage curve,
was determined for concentrations from 2.9M to satu-
ration and for flow rates in the laminar flow regime.
Typical scans are shown in Fig. 6. The scan rate, 100
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Fig. 6. Typical polarization curves for lithium dissolution at
various flow rates. Critical current density, ik, determined from
extrapolation of the linear palarization region, a-b.
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A/m2-sec, was sufficiently slow to assure a steady-
state concentration profile in the diffusion layer and
yielded values of ix which were indistinguishable from
those obtained from discrete galvanostatic experi-
ments. For purposes of analysis, we have adopted a
consistent, though somewhat arbitrary definition of ix:
at the critical current density, the electrode polariza-
tion (E(ix) — (E(O)) exceeds that extrapolated from
the linear region by 30%

. E(i) — E(O)
%= 3dE/di [

Thus, ix corresponds to a 30% increase in electrode
polarization.

In Fig. 7, ik is plotted against linear flow rate for
various electrolyte concentrations. Two distinct group-
ings are evident in the plot. In one, i increases with
flow rate and with dilution of the electrolyte. In the
other, which is found at low flow rates or high con-
centrations, ix does not vary with concentration or flow
rate. Near the boundary of the two regions (e.g., at
[LiOH] = 4.44M, <»> = 0.38 m/sec) a quasidiscon-
tinuous change between the two kinds of behavior was
observed.

Plots of ix against flow rate to the one-third power
are linear (Fig. 8). The relation between ix and con-
centration is also approximately linear (Fig. 9). This
behavior suggests that the critical current density cor-
responds to the mass-transfer limited flux of dissolved
lithium hydroxide away from the anode surface. Proof
of this concept requires knowledge of the rate of dis-
solution of lithium which, in general, exceeds that ex-
pected on the basis of the current applied to the cell
because of the ongoing chemical corrosion of lithium.

Coulombic efficiency.—For the cell, Li/LiOH (aq) /Pt,
electrode reactions and their rates expressed as cur-
rents may be written as follows

Lithium {

Platinum

Li—»> Lit J-e- I, [2]
H:0 +e-> % Hy + OH- |I] (3]
H,0 e~ =% H; +-0OH- e [4]
(By convention, I, and I. are positive quantities; I, is
negative.) Only I, the current in the external circuit,

is directly measurable. Equating the rates of oxidation
and reduction in the cell, we have

Ia=Ie+lIcl [5]
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Fig. 7. Dependence of critical current density on flow rate (flow
channel).
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Fig. 9. Critical current density is proportional to electrolyte
concentration. Saturation concentration of LiOH at ambient tem-
perature is indicated.

We may define the coulombic efficiency of reaction
[2] as
E= Ie/Ia [6]

Finally, we may calculate the coulombic efficiency
from the total rate of hydrogen gas production using
Eq. [5] and [6], Faraday’s law, and the ideal gas law.
Coulombic efficiency may then be expressed

I./2F

= 7]
Here, pu, is the partial pressure of hydrogen gas above
the lithium hydroxide soluticn, AV is the volume of
gas evolved in the time interval, At, and T is the ab-
solute temperature.

Experimentally determined coulombic efficiencies
are plotted in Fig. 10 and 11. Typically, efficiency in-
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Fig. 11. Dependence of coulombic efficiency on current density at
various concentrations.

creases linearly with current and approaches unity
near the critical current density. The effects of in-
creased mass transport rate (i.e., increased flow rate)
are shown in Fig. 10. As solution flow rate could not be
easily measured in this apparatus, the experimentally
determined critical current density was treated as an
experimental parameter. Efficiencies were determined
for flow conditions producing critical current densities
up to five times the maximum obtained with the flow
channel in the laminar regime.

Discussion of Results

The coulombic efficiencies of less than one indicate
that the lithium is partially consumed in a corrosion
reaction which contributes no net current to the ex-
ternal circuit. Consequently, the rate of dissolution of
lithium will generally exceed the external current.
In Fig. 12, the anodic current (Ia) and the corrosion
current (I,) are plotted against the current in the
external circuit (I.). These gquantities are expressed
as fractions of the external current at which ¢ = L
In general, the rate of dissolution of lithium is inde-
pendent of the external current in the region of
linear polarization, except at the lowest mass transport
rates. Correspondingly, the corrosion current falls to
zero as the external current is increased from zero
to the critical level. At low flow rates, the corrosion
current generally exceeds the critical current. This is
most likely the result of enhanced mass transport re-
sulting from the local stirring of the electrolyte dur-
ing hydrogen gas evolution and from the local heating
of the electrolyte caused by the corrosion reaction.

0
0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
Reduced external current, Ie/Ik

Fig. 12. Dependence of corrosion and anodic currents on ex-
ternal circuit current for various flow rates. T = 21° =+ 1°C;
i (kA/m2) = (O) 1.3; () 2.0; (V) 4.2 = 0.2. Open symbols,
corrosion current; closed symbols, lithium dissolution current.

As mentioned above, the dependences of ix on flow
rate and concentration suggest that the critical current
density is determined by the rate of mass transfer of
dissolved lithium hydroxide away from the lithium/
electrolyte interface, When dissolution is forced to
occur above this rate, by the use of an external power
supply or by coupling the lithium with a cathode more
oxidizing than water, a continuous accumulation of
solid lithium hydroxide at the electrode will occur.
The surface will be blocked and the electrode resist-
ance will rise dramatically.

We may predict the limiting current density using
the mass transfer equation for the region between two
flat plates (11)

<Nu> = 1.848 (Re Sc 2h/L)1/3 [8]

Evaluating this equation for the lithium hydroxide
solution, the limiting current density may be ex-
pressed (see the Appendix)

1.467F (csat — cp) D2/3
(1 —t4) (RL)13

Here, the limiting concentration at the anode/electro-
lyte interface, cs., is taken as the saturation concen-
tration of lithium hydroxide, 5.3M. Diffusion coeffi-
cient and transference number are evaluated at bulk
electrolyte concentrations cp. Calculated limiting cur-
rent densities are shown in Table IIL

In Fig. 13, experimental values of ik are plotted
against <iy> calculated using Eq. [9]. The calculated
values exceed the experimental by a factor of about
1.6. The gquantitative agreement is quite satisfactory
considering the approximations involved in the appli-
cation of Eq. [9] to our experimental system. In this
analysis we have neglected the variation of transport
properties within the diffusion boundary layer. (A
closer agreement was obtained by evaluating [9] at
an average concentration, (¢, + Csat) /2.) In addition,
we have not considered “edge effects” caused by the
restriction of electrolyte flow near the corners of the
flow channel. While refinements of Eq. [9] are pos-
sible, they were judged unnecessary to support the
conclusion that the critical current density is the
mass-transport limited dissclution rate of solid lithium
hydroxide.

Electrode polarizations obtained with the flow chan-
nel were as low or lower than those reported for cell

<> = <v>173 9]
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6 APPENDIX
E ! [ [ I ] ,/ I ‘; To interpret the limiting current densities obtained
< O ¢y, = 2.94 mol/1 / with the flow channel, we will use the theory of mass
= 5 ,’ o] transport of a binary electrolyte between two plane-
- v 3.9 // parallel electrodes. 1The average diffusion-limited cur-
=X - 0 4.25 7 ] rent density is given by the equation (11)
3: [ ) 4.44 // i 1.46TnFD2/3 (¢s — cp) coslh [Acl]
s 1> = -
g 3 / - (1 —t4) (hL)178
< /’ Here, D is the diffusion coefficient of the electrolyte,
=2 7 — ¢s and ¢y are surface and bulk concentrations, t+ is
2 e @] the cation transference number, and h and L are elec-~
s 7/ trode separation and length in the direction of flow.
31 P We make the assumption that lithium hydroxide pre-
— p cipitates at the anode surface when the concentra-
S 0 1 | L I | 1 1 L tion reaches the saturation level, i.e., ¢ = Csat.
= 0 1 2 3 4 5 6 7 8 9 The coefficient of <v>!/3 in Eq. [A-1]
&SCalculated Timiting current density, <dy>, (kA/mz) Fle) = 1.46TnFD2/3 (Cgay — Cp) [A-2]

Fig. 13. Comparison of experimental critical current density
with calculated diffusion-limited current density. Perfect agree-
ment would be indicated by dashed line.

configurations with direct anode-to-cathode contact
(3). More precise measurements of the complex im-
pedance of the lithium electrode are planned. Never-
theless, it is evident that the low electrode polariza-~
tions and the high coulombic efficiencies obtained near
to the limiting current density make the plane-parallel
electrode configuration suitable for batteries of this
type.
Conclusions

The lithium electrode sustains two electrochemical
reactions: the anodic dissolution of lithium. and the re-~
duction of water (Eq. [3]). The rate of anodic dissolu~
tion appears to be controlled by the solution-side mass
transport of dissolved lithium hydroxide. The rate of
water reduction is controlled by the current flowing
through the external circuit and is equal to the differ~
ence between dissolution and external currents. Con-
sequently, the coulombic efficiency of lithium dissolu~
.tion increases from 0 to 100% as the external current
increases from zero to the mass-transport limited
level. When the rate of dissolution is forced to occur
above the mass-transport limited level, a net accumu-~
lation of solid lithium hydroxide occurs at the anode
surface, rapidly blocking the electrode surface and
causing the resistance to rise.

With the plane-parallel electrode configuration, the
anode shows both a low polarization and a coulombic
efficiency approaching 100% within the linear po-
larization region. Electrode polarizations are at least
as low as those obtained with direct anode-cathode
contact. The plane-parallel configuration therefore
seems suitable for batteries of this type.

The model presented is consistent with experimental
data reported here and elsewhere in the literature,
but it is not necessarily a unique interpretation. A pre-
cise measurement of the electrode’s complex im-
pedance would help elucidate the nature of the anode
surface film and its role in dissolution kinetics.
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(1 —t4) (L)

is given at the bulk electrolyte concentrations in
Table Il Values of D and t+ have been computed
elsewhere (12) and are listed here along with re-
ported values of specific viscosity (13). Specific vis-
cosity and the diffusion coefficient show strong de-
rendences on concentration, and the concentration of
the electrolyte varies across the diffusion layer. This
fact is neglected in the derivation of Eq. [A-1].

LIST OF SYMBOLS
A projected anode area, mm?2

Ch, Cgs Csat bulk electrolyte concentration, surface
concentration, saturation concentration,
mole/liter

D diffusion coefficient of LiOH(aq), m?/sec

E (1) electrode potential at current density i, V

F Faraday constant, C/equiv.

F(e) coefficient of <v>/8 (Eq. (9], [A-3])
A-sec1/3/m7/3

h ancde-cathode separation distance, mm

1 current density, A/m?2

ig corrosion current density, A/m?

iq external circuit current divided by anode
area, A; Amperes

ix critical current density, A/m?2

limiting current density, A/m?2
current, critical current, external current,

etc.; A/m?
L electrode length in direction of fiow, mm
n number of electrons transferred per unit
reaction
N flux of dissolved LiOH, mole/m?2-sec
Nu Nusselt number, N 2h/DAc
DPH2 partial pressure of hydrogen gas, Pa
gas constant, J/°K-mole
Re Reynolds number, 2h <v>/»
Sc Schmidt number, »/D
t time, sec
T temperature, °K
ty transference number of Li+
v linear flow velocity, m/sec
AV volume of gas evolved, m3
€ coulombic efficiency
Ly fbo viscosity, solvent viscosity; Pa-sec
v kinematic viscosity, m2/sec
G electrode resistance, 0-m2
<> spatial average

Table I11. Data used in the calculation of limiting
current density

T = 21°C; h = 3.16 mm; L = 9.8 mm; ¢s = 5.29 mole/liter

c F(c)

(mole/ D x 10% (KA sec/3/

liter) (m2/see) t:* m7/3) &/ o
2.94 6.4 0.101 8.7(5) 2.1(6)
391 4.9 0.096 4.2(7) 2.8(6)
425 4.5 0.096 3.0(4) 3.1(3)
4.44 4.2 0.095 2.3(7) 3.3(0)
4.70 4.0 0.095 1.5(9) 3.5(4)
4.90 3.8 0.094 1.0(2) 3.7(2)
5.10 3.7 0.094 0.4(8) 3.9(1)

* Values estimated at T = 18°C.
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Thermodynamic Properties of the Intermetallic
Systems Lithium-Antimony and Lithium-Bismuth

Department of Materials Science and Engineering, Stanford University, Stanford, California 94305

W. Weppner and R. A. Huggins*

ABSTRACT

Galvanic cells of the type “LiAl,” Al|LiCl-KCl(e), 1|Li-X (X = Sb, Bi)
were employed to determine the Gibbs free energy of formation (AG¢°), and
the corresponding enthalpies (AH;°), and entropies (ASf°) for the systems
Li-Sb and Li-Bi as a function of composition from pure X to the Li-rich side
of the LisX phases. The Li/X ratio was changed systematically by use of the
coulometric titration technique. AG:° values were obtained by integration of
the coulometric titration curve from pure X to the composition of interest.
Thermodynamic data have been determined for the trilithium compounds as
a function of the stoichiometry. 2S;° and AH;* were calculated from the
temperature derendence of AG;°. Data were obtained over the temperature
range 355°-600°C. At 400°C the following values were found for the standard
Gibbs free energy of formation: —176.0 kJ mole—1 (Li»Sb), —260.1 kJ mole—!
(LisSb), —176.0 kJ mole—! (LiBi), and —215.3 kJ mole—1 (Li3Bi), all 0.1 kJ
mole—1. The standard enthalpies of formation are: —220.4 kJ mole—! (LisSb),
—325.2 kJ mole—! (Li3Sb), —108.9 kJ mole—1 (LiBi), —293.5 kJ mole~!
(LisBi), all =+0.7 kJ mole—!. The standard entropies of formation are: —66 J
mole—1K -1 (LigSb), —97 J mole—1K~1 (Li3Sb), —49 J mole—!K~1 (LiBi), and
—116 J mole—iK-1 (LisBi), all =1 J mole—!K~!, The experimental results
were also used to examine the phase diagrams for Li-Sb and Li-Bi. The
range of stoichiometry of Liz+sSb is very narrow (ad = 7 X 1079), whereas
Liz+sBi exhibits a large deviation from the ideal stoichiometry (43 = 0.22),
predominantly on the lithium-deficit side. Li,Sb and LiBi have been found
to be the only intermediate phases existing beside the trilithium phases in
the temperature range investigated.

The voltage E of galvanic cells is a measure of the
change of the Gibbs free energy AG due to the reaction
which occurs upon a virtual current flux, E = —AG/ngq,
where n is the number of elementary charges g neces-
sary for one formula reaction. AG is the corresponding
Gibbs free energy change at constant pressure and
temperature. From the temperature dependence of E
the changes of the enthalpy, AH, and the entropy, AS,
may also be determined. Therefore, the application of
electrochemical cells has become one of the standard
techniques for the measurement of thermodynamic
data with high accuracy (1).

Although the coulometric titration technique was
introduced more than two decades ago (2) for syste-
matically changing the composition of phases which
are employed as electrodes in galvanic cells, this

* Electrochemical Society Active Member.,

Key words: Gibbs free energy of formation, enthalpy of forma-
tioxtll,_l %ntropy of formation, coulometric titration, galvanic cell
method.

method has been used in only a small number of cases
for the determination of thermodynamic properties as
a function of the stoichiometry within individual phases
[e.g., (3, 4)]. Use of this technique can be espe-
cially valuable, however, in the case of phases with
narrow composition ranges, as it can be employed to
quantitatively produce very small, and reversible, com-
positional changes. By making measurements as a func-
tion of composition on a single sample, one can avoid
errors which often occur in the preparation of a series
of individual samples with different compositions.

Since the equilibrium potentials of galvanic cells
with electrodes consisting of two adjacent phases of
a binary system are independent of the over-all com-
position (according to Gibbs’ phase rule) it is also
possible to determine phase boundaries from mea-
surements of the galvanic cell voltage as a function of
the over-all composition in a binary system. Measure-
ments at various temperatures can be used in this way
to construct phase diagrams.
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Experiments are reported here involving electro-
chemical measurements of the thermodynamic proper-
ties of the systems Li-Sb and Li-Bi in the temperature
range between 355° and 600°C. The composition ranges
investigated extended from the pure Va metals to the
lithium-rich compositions within the phases “LisSb”
and “LisBi” which coexist with lithium. Emphasis was
given to the measurement of the thermodynamic prop-
erties of the phases “LisSb” and “LigBi” as a function
of their stoichiometry.

Some fragmentary calorimetric measurements have
been reported in these systems, both at room tem-
perature and at high temperatures (5-11). Electro-
chemical methods have also been used at tempera-
tures above 500°C over a limited range of concentra-
tion of Li in liquid Bi (11, 12).

The phase diagram of the system Li-Bi has been
investigated by several authors, primarily by the use
of nonelectrochemical techniques (13-16) Little is
known, however, about the phases existing between
Li and Sbh; there have been some speculations about
the existence of a phase LigSby (17-19) in addition to
“LizSb”, and recently the phase Li-Sb has been re-
ported (20). This latter is a stoichiometry which has
not been observed in other alkali metal-Va systems.

Aside from the considerable scientific interest in
I-Va compounds related to their partially ionic and
partially metallic character, the systems Li-Sb and
Li-Bi are of special interest as potential electrodes
in lithium batteries (21, 22) and also as photo-
cathodes (23-25). It has been shown in previous in-
vestigations (26, 27) that “LizSb” and “LizBi” have
quite different chemical diffusion coefficients, in spite
of the similarity in the chemical properties of the Va
constituents and the fact that they have the same
crystal structure (15).

Basic Considerations

Galvanic cells have been used to determine ther-
modynamic data related to the formation of a num-
ber of compounds. One of the standard methods in-
volves the use of polyphase electrodes selected to fix
the activities of all the relevant species, according
to the Gibbs phase rule (1, 28). The difference in the
activity of the electroactive species in the two elec-
trodes is determined from the cell voltage, using a
suitable solid or liquid electrolyte. This voltage is
then used to calculate the free energy change ac-
companying the cell reaction. Upon assuming simple
stoichiometric relationships, this leads to the Gibbs
free energy of formation of one phase from prior
data on the others. In general, this technique is only
precise if the solubilities of the components in each
other and the compositional ranges of intermediate
phases can be assumed to be negligible. In many
cases, this implicit assumption of narrow intermediate
phases has not been sufficiently recognized.

On the other hand, the method typically used to ob-
tain integral molar properties, such as the Gibbs free
energy, of terminal binary phases which exist over
ranges of composition from experimentally determined
partial molar data relating to one component is to use
the Gibbs-Duhem relation to calculate the partial mo-
lar values of the second component as a function of the
composition. This involves an integration, which is
typically performed by fitting an empirical algebraic
relation between the activity (or activity coefficient)
of the first component and its concentration to the ex-
perimental data (11, 12, 29, 30). This procedure be-
comes quite messy when dealing with intermediate
phases, in which, as illustrated in this work, the com-
positional dependence of the chemical potentials can
be quite complex.

An alternative and more direct approach to the
determination of the Gibbs free energy of formation
that may be used if precise data relating the activity
of the electroactive species and the composition are
available, e.g., from the use of a galvanic cell and the
coulometric titration technique, is derived below.
This method, which does not involve any assumptions
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about the partial molar quantity-composition relation-
ship, is especially useful when dealing with interme-
diate phases with wide ranges of concentration. It does
not require the commonly used assumption when deal-
ing with one intermediate phase that the other phases
are line compounds.

The following general galvanic cell is considered

E

A , Electrolyte l AyssB [1]
for A%+ ions

The left-hand side is assumed to be both a reservoir
and a reference system for the component A, but may,
of course, have a fixed activity different from unity.
In such a case, this difference must be taken into ac-
count by an additional voltage term. The general
formula A,+sB is used to denote a binary sample
whose composition can be varied all the way from
pure B to that which is in equilibrium with the activ-
i1:y1 aa == 1 by charge transport through the galvanic
cell.

Upon virtually passing dd A#t ions through the
electrolyte (from the left-hand to the right-hand
side), the stoichiometry of the electrode phase on the
right-hand side is altered. The cell reaction is

Ay+sB - dd A =Ay+s+as B [aG] [1]

In general, adding dd A atoms to the sample can cause
either a change in the stoichiometry of the existing
phase or the nucleation and partial growth of a new
phase. At constant pressure and temperature, the
Gibbs free energy change AG accompanying reaction
[1] corresponds to the electrical energy z dé g E which
is necessary to transport dd A?t+ ions from one side
of the electrolyte to the other

AG=—2ddqkE [2]

where E is the emf of the galvanic cell [I].

For a more informative thermodynamic interpreta-
tion of the cell voltage, reaction [1] may be separated
into a pair of successive partial reactions for the de-
composition of Ay +sB, and the formation of Ay+s+45B

Ay+sB=(y+08) A+ B [—aG(Ay45B)] [3]
and

(Y+ 03+ do)A+ B =Ayss+asB [AG:° (Ay+s+4dsB)]

[4]
Then, because of the additivity of the Gibbs free en-
ergies
AG = AG;° (Ay+5+a5B) — AG:° (Ay+sB) [5]
and by combining Eq. [5] with Eq. [2], we have
1 d[AGs° (Ay+sB)]

E=—— 6
2q dd [6]

The integration of this equation yields
5
AGe® (Ay+5B) = — qu; E dd + aAGye® (Ay+§0B) [N
[+]

The resultant Gibbs free energy of formation may,
therefore, be determined for any stoichiometry (y -+ 8)
from the area under the coulometric titration curve.
Under the special circumstance of line phases being
present, and negligible solubility of A in B, the
integral may be replaced by the sum of the two-phase
voltages times the respective changes of the stoichi-
ometry.

If the integration is started when only the pure
component B is present (y 4+ & = 0), the integration
constant AGy° (Ay+s,B) is zero. By variation of the
upper integration limit, AG:° may be obtained as a
function of the comtosition within any given phase,
regardless of the composition ranges of the other
phases present.
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From the temperature and compositional depen-
dences of the voltage of the galvanic cell [I] the en-
tropy AS:° and enthalpy AH;° of formation of the
composition Ay+sB can be obtained with the help of
the following equations

ASe (Ay+sB) =

3aGt° (Ay +5B) f"

—_————— == 2q
oT 0

AH¢® (Ay+sB) = AG¢° (Ay+sB) + T ASt° (Ay+5B)

5 5
:-—zq{ fo Ed,ZS—TJ:J %E(ﬁ,T)d&} 9]

While the activity as of the species A is directly
obtained as a function of the composition from the cell
voltage E according to

d
—E(, T
T (8, Tyds [8]

E(3
Inas(d) = _.-zik_Til [10]

the activity of the second component, as, may be
readily calculated as a function of composition from
the data on the Gibbs free energy of formation of
Ay +5B, rather than integrating the Gibbs-Duhem equa-
tion. Since AG¢° (Ay+sB) is given by the sum of
kT (y + 8) In aa and kT ln ag, we have from Eq. [10]

Inap(8) = [(y + ) 2q E(8) + AGy* (Ay+sB) 1/kT :
{11

zq b ]
- NEB) — E dd
kT[(y-i— YE(8) "; [12]

zq
kT

8
[(y+8)E(§) - J; E dd

+ AGs (Ay+5,B) ] [13]

Experimental Considerations

Pure antimony (> 99.99%), bismuth (> 99.999%),
and lithium (> 99.9%) were used as the starting mate-
rials for the binary systems to be investigated. The
antimony samples were machined into the form of
dense polycrystalline pellets of about 1 mm thickness,
with initial surface areas of 1-2 cm? ,whereas the bis-
muth was placed in a small molybdenum bucket, be-
cause it is molten (at low lithium contents) at the
experimental temperatures. In this case, the surface
area was 0.6 cm?2.

Both electrochemical titration and potential differ-
ence measurements were performed by use of a gal-
vanic cell which can be represented as

“LiAl,”Al | LiC1-KCl (e),1| Li-Sb or LiBi [II]

The electrolyte was a spectrographically pure LiCl-
KClI solution in the eutectic ratio, purchased from An-
derson Physics Laboratories, Urbana, Illinois, which
was carefully dried and pre-electrolyzed to assure the
removal of any relevant impurities. By use of this
molten salt excellent contact is provided between the
electrolyte and the sample. The operating tempera-
ture was between the melting roint of the salt at
352°C and ~600°C. Separate reference and (large)
counterelectrodes were used, both being two-phase
mixtures of Al and “LiAl” They were prepared pre-
viously by electrochemically titrating lithium into a
high purity (> 99.9999%) aluminum wire, which was
wound into a spiral, using molten lithium as the anode.
The process of electrochemically intreducing the lith-
ium into the “LiAl” phase, which occurs by a highly
selective solid-state diffusion process, serves to in-
crease the effective purity of the lithium in the later
experimental steps, in which this phase serves as the
source of lithium. This same type of lithium purification
mechanism also occurs again subseguently when the
lithium is selectively diffused into the Li-Sb and Li-Bi
phases. Thus, any metallic impurities brought in with
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the original lithium are of no consequence in the ex-
perimental results. For the same reasons, minor
amounts of H20, Na, Os, or other gases present in the
glove box are not important.

For the calculation of thermodynamic data the mea-
sured cell voltages were corrected for the voltage be-
tween the “LiAl,” Al electrode, and pure lithium, which
is about 300 mV at 400°C (26, 27, 31). The two-phase
electrode is advantageous for this purpose, as it is
solid, and has a lower lithium activity, thus avoiding
problems with the thermodynamic stability of the
LiCl-KCl(e) melt (32) in equilibrium with pure lith-
ium, and considerably reducing the electronic leakage
of the electrolyte (33). A similar experimental ar-
rangement was used in a recently reported study of
the Li-Si system (29).

The electronic leads for the galvanic cell were made
from molybdenum wire, which proved to have excel-
lent compatibility at all lithium activities. Alumina
crucibles were used as containers for the molten salt,
which was heated in a resistance furnace inside a re-
cycling helium dry box. Temperatures were measured
by means of Chromel-Alumel thermocouples, which
were submerged in the melt inside closed stainless steel
tubes. Additional checking thermocouples were also
present immediately outside the crucible. Potentials,
currents, and charge values were controlled and mea-
sured by use of a PAR Model 173 potentiostat/galvano-
stat and Model 179 digital coulometer. ,

The coulometric titration was performed by apply-
ing constant currents through the cell, typically 10-
100 mA/cm? in the two-phase regions, and a factor
of 10—2-10—! lower in the single phase regions. These
relatively high current densities were possible be-
cause of the large values of the chemical diffusion
coefficients in these systems (26, 27).

The thermodynamic data were calculated from
values of the cell voltage that were observed to re-
main constant within =1 mV over periods of several
hours. In all cases, titrations were carried out in both
the forward and backward directions. In addition to
the time independence of the cell voltage, the pres-
ence of equilibrium was indicated by the attainment
of the same voltage value (=*1 mV) at any given
composition after both adding and deleting lithium
from the sample.

Because of the use of the “LiAl,” Al electrode, a
small voltage drift with time was only found at high
lithium activities in the sample, corresponding to volt-
ages less than about 150 mV vs. lithium. The reason
for this is probably either an instability of LiCl1-KCl(e)
melts at high lithium activities (32), increased elec~
tronic partial conductivity of the electrolyte (33),
which results in internal ion transport that is not mea-
sured by the current meter in the external circuit and
a slight loss of lithium from the sample into the melt
with correspending evaporation of potassium (32), or
a combination of these effects. At lower lithium activ-
ities the influence of these factors may be neglected.

Only a small number of other errors may limit the
use of this general technique, and their presence would
be easily detectable. One possibility might be solubil-
ity of lithium in the melt, the crucible, or the molyb-
denum leads, which could add to the current used to
change the stoichiometry of the sample. Blind experi-
ments without the sample in place were carried out,
and the charge transport involved in going from essen-
tially no initial lithium activity in the molybdenum

¢ electrode, to within 100 mV of pure Li (—200 mV wvs.

“LiAl” Al) was found to be negligible compared to the
amount of lithium that was electrochemically titrated
into the antimony and bismuth samples.

Resuits
In Fig. 1 and 2, the steady-state open-circuit cell
voltages are plotted as a function of the composition,
which was electrochemically changed in situ from pure
Sb (or Bi) to a Li/Va metal ratio of more than 3, cor-
responding to the composition within the trilithium
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Fig. 1. The stendy-state voltage of the galvanic cell with ref-
erence to pure lithium as a function of the amount of lithium elec-
trochemically titrated into antimony (coulometric titration curve)
at 360°C., The first horizontal part indicates the coexistence of
Sb with LioSb, the second one the two-phase region of LizSb and
“LigSh.”
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Fig. 2. The coulometric titration curve for the system Li-Bi ot
380°C. A large range of solubility of lithium in bismuth is fol-
lowed by the two-phase region of Bi in equilibrium with LiBi.
The second plateau indicates the coexistence of LiBi with “LizBi.”
The trilithium phase shows a large range of existence.

compounds in equilibrium with lithium, Though both
systems are closely related chemically, the curves
show significant differences. Antimony is solid in the
experimental temperature range, whereas pure bis-
muth is a liquid. While the solubility of lithium in
solid antimony is negligibly small, liquid bismuth dis-
solves approximately 30 atomic percent (a/o) lithium
at 380°C. The extent of solubility and the activity of
lithium in liquid bismuth may be determined from the
coulometric titration curves, as shown in Fig. 3 for
various temgeratures. In that figure the voltage of the
terminal bismuth-rich liquid solution vs. pure lithium
is plotted as a function of composition, which was
changed by current flux through the galvanic cell. The
horizontal straight lines correspond to the coexistence
of Bi (4 dissolved Lj) with the adjacent binary phase.

The main voltage drops in Fig. 1 and 2, i.e., changes
of the activities of the components with composition,
appear over the existence regions of the phases “LigSb”
and “LizBi.” As can be seen from Fig. 4 and 5, which
show the coulometric titration curves in these phases
in detail, the range of stability of “LisSb” is very small
(A8 ~ 7 x 10—3), whereas “Li3Bi” exists over a much
wider range of stoichiometry (A8 ~ 0.22). The com-
position values for the narrow “Li3sSb” phase in Fig. 4
were shifted by a factor of about 10—¢ in order to make
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Fig. 3. The solubility of lithium in bismuth at different tempera-
tures. The steady-state galvanic cell voltage vs. lithium is plotted
as a function of the amount of lithium electrochemically titrated
into liquid bismuth.
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Fig. 4. The coulometric titration curve over the composition
range of the single phase “LizSbh” at 360°C., The horizontal por-
tion on the left side indicates coexistence with LisSb. Five differ-
ent symbols indicate data points taken from different experimental
sequences, i.e., Li pumped in or out. Their consistency indicates
the extremely high resolution of this technigue.

the inflection point occur at the ideal 3: 1 stoichiometric
composition, as that is what is expected from theoreti-
cal considerations (34). The results of several forward
and backward titration runs are indicated by the use
of different symbols. The precision of this technique
is shown by their coincidence.

In both cases, only one intermediate phase of lower
lithium content has been found. At 360°C neither LiSb
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Fig. 5. The coulometric titration curve of the single phase
“LizBi"” at 380°C. The different symbols indicate the results of
two different titration experiments.

nor LisSbe, as supposed earlier, exists; only the com-
pound LisSb was observed. Extended anneals over
periods of several days and repeated forward and
backward titrations failed to produce any measurable
voltage difference between that of Li-saturated Sb
and LisSb. In the system Li-Bi the existence of the
phase LiBi was confirmed. Both of these intermediate
phases have comparatively narrow ranges of stoichi-
ometry and have very sluggish kinetics. The voltage
drops over these phases are also very small, indicating
only small changes of the lithium activity within their
existence ranges.

Figures 6 and 7 present the composition-independent
plateau voltages of the galvanic cell for the two-phase
regions of the systems Li-Sb and Li-Bi, respectively,
as a function of the temperature. The data were de-
termined by using “LiAl,” Al reference electrodes, but
are plotted with reference to pure lithium, using the
potentials between Li and “LiAl,” Al, as also shown
in the figures. The latter were determined in separate
experiments. For comparison, extrapolated data from
the literature (31) are also shown. From Fig, 7, it is
seen that the formation of the intermediate phase LiBi
can be easily detected below about 420°C. Also, a small
change of the slopes of the voltages of “LisBi” in equi-
librium with the low temperature and the high tem-
perature phase of LiBi is visible. By comparing Fig.
6 and 7 it is seen that lithium has an activity about one
order of magnitude higher in the Li-Bi than in the
Li-Sb system.

The phase diagram for the system Li-Bi can be de-
duced from data on the composition ranges of one and
two phase regions determined from the shape of the
coulometric titration curves at different temperatures.
The general features agree well with those reported in
the literature (13, 14, 16). However, they are different
in detail, primarily with regard to the stoichiometric
ranges of the single phases involved. The phase dia-
gram of the system Li-Sb is relatively simple in the
temperature range investigated, because the solubility
of lithium in antimony and the stoichiometric ranges
of LisSb and LisSb are very small. Therefore, this
diagram contains vertical lines at the appropriate ideal
compositions.

A special advantage of the use of galvanic cell cou-
lometric titration techniques for the determination of
thermodynamic values is the possibility of observing
the influence of very small variations in composition
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Fig. 6. The steady-state plateau voltages of the galvanic cell
for the two-phase mixtures of the system Li-Sb as a function of
the temperature with reference to pure lithium. The voltage of
pure lithium vs. the actually applied “LiAl” Al electrode is also
shown. For comparison, extrapolated literature data (31) are
plotted.
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Fig. 7. The steady-state plateau voltages of the galvanic cell
for the two-phase regions of the system Li-Bi as a function of
the temperature with reference to pure lithium. At temperatures
above 420°C only the trilithium phase exists. Below that tem-
perature LiBi exists and the curve separates into two distinct
plateau values. A small change of the slope is observed at the
transition from the high temperature to the low temperature form
of LiBi. The voltage of pure lithium vs. the actuaily applied “LiAl"
Al electrode is also shown. Literature data (31) are plotted for
comparison.
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Fig. 8. The Gibbs formation energy of Liz+5Sb (per constitu-
ent) as a function of the stoichiometry of the single phase at
360°C. The data are plotted relative to the Gibbs formation en-
ergy of the compound with ideal stoichiometry, Li3Sh.

within single phases, The precision obtainable in this
way is much greater than that which can be achieved
with conventional methods. In Fig. 8, the Gibbs free
energy of formation of Lis+sSb is shown as a function
of the stoichiometry within the single phase region
from Lis.g9g5Sb to Lig.eosSb. The value of AG:® of stoi-
‘chiometric LisSb is used for reference. It is seen that
the resolution is better than 1 J/mole for these relative
values. Their absolute magnitudes, however, are only
correct to =+ 100 J/mole, Further comments relating to
the precision of this technique are included in the next
section.,

The corresponding curve for the Lis +sBi phase, which
exhibits a much larger range of stoichiometry, is shown
in Fig. 9. These data are also given with reference to
stoichiometric LigBi. The lowest Gibbs formation en-
ergy per particle is observed for the composition hav-
ing a lithium deficit of about 3%.

The variations of the molar Gibbs free energy of for-
mation and the activities of both components as func-
tions of the mole fraction Li within the phases “LisSbh”
and “Li3Bi” are presented in Tables I and 1I. Since this
technique provides greater precision in the relative
free energy values within the “LigSb” and “LizBi”
phases than in their absolute values, due to the neces-
sity for titration and integration over a wide composi-
tion range in the latter case, the values are indexed to
those of the respective stoichiometric compositions.

Table 1. Gibbs free energy of formation and activities of both
components as a function of composition in the phase

“LigSbh” at 360°C

X1 AGy° (Lis;sSh)
(mole +2.622 x 10°
fraction) (J/mole) aut ast
0.74990 124.2 1.04 x 10-7 0.207
0.74935 56.3 1.71 x 107 4.69 x 10~
0.75000 0 6.62 x 10-5 8.14 x 10-w
0.75005 ~23.5 1.48 x 10-? 7.34 x 10-7
0.75010 —74.2 5.13 x 10-2 1.74 x 10-13
0.75015 —84.2 0.113 1.64 x 10-22
0.75020 -90.3 0.192 3.31 x 10~
0.75025 —94.5 0.304 8.37 x 10-%
0.75030 —96.8 0.438 2.78 x 10-2
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Table I1. Gibbs free energy of formation and activities of
both components as a function of composition in the phase
"LigBi’ at 380°C

Xy AG1° (Lis+sBi)
(mole +2.170 x 105
fraction) (J/mole) aLi aB1

0.738 8.850 x 103 1.63 x 10-6 0.461

0.740 6.749 x 108 4.25 x 10-8 3.01 x 102
0.742 4.895 x 103 1.42 x 10-5 9.58 X 10~
0.744 3.193 x 108 6.12 x 10-5 142 x 10-5
0.746 1.707 x 103 3.88 x 10-+ 6.40 x 10-8
0.748 5.73 x 102 4.84 x 10-8 3.71 x 10-1
0.750 0 3.13 x 10-¢2 1.47 x 10-1
0.752 -1.93 % 102 0.641 1.66 x 10-7

Figure 10 shows the temperature dependence of the
Gibbs free energy of formation of the phases existing
in the Li-Sb and Li-Bi systems. In the latter case, the
large range of solubility of lithium in bismuth had to
be taken into consideration according to Ea. [7]. The
data are related to the reaction of one lithium atom
with the corresponding formula amount of the Va
metal, and are compared with those previously calcu-
lated for the formation of “LigBi” by Foster et al. (11).
However, those authors did not take into consideration
the large range of stoichiometry on the lithium-
deficient side of that phase.

Entropy changes, AS(°, were calculated from the
slopes of the straight lines. With AGs and AS:®° being
known, values of the enthalpy of formation, AH:°, were
also calculated using Eq. [9]. The results are presented
in Table IIL

Discussion

From the results presented here it is seen that the
galvanic cell technique, combined with coulometric
titration, can be used to obtain a large amount of ther-
modynamic information with very high precision. The
cell voltage is a direct measure of the activity of the
electroactive species, which is directly related to sev-
eral thermodynamic gquantities, and the composition
can be reproducibly varied over a wide range.

It has been shown that one can utilize results ob-
tained in this manner to directly calculate integral
Gibbs free energy, enthalpy, and entropy data rather
than using the common Gibbs-Duhem integration, This

at. % Li

73.8 4.2 746 75 —

~617 T ©

— | LB J ' L,F r £
i " LL; Bi" o baesBt 2,
5 T 5
X -al « X
oy x =
m / [sa]
© 4 2
2 B X -
Je I
- x bl
X -2} —+253
< <

! [ “ [
-cb' — =)
4 %
=5 ok Li,,sBi )y do .j'”

O
1% T=380°C I
% b AGH(ELi,BU:=-0562ev 4 =
a o
< <
2r -2
4 | | | | | | { 1 L | | % 4
20 16 12 8 4 ) 4

8x10% in Li,,5Bi

Fig. 9. The Gibbs formation energy of Lis+5Bi (per constituent)
as a function of the stoichiometry of the single phase at 380°C.
The data are plotted relative to the Gibbs formation energy of
the compound with ideal stoichiometry, LizBi.
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Fig. 10. The Gibbs formation energies of the compounds ex-
isting in the systems Li-Sb and Li-Bi as a function of the tem-
perature. The negative slopes are the formation entropies of the
compounds. Earlier data from Foster et. al. (11), which did not
take into account the stoichiometric range of “LizBi,” are indi-
cated by solid circles.

new method readily allows one to explicitly take into
account the actual shape of the activity-composition
relationship and finite composition ranges of other
phases when calculating data for a given phase. As a
result, greater precision can be obtained than by the
use of traditional approaches, e.g., the work of Foster
et al. (11), who reported measurements on the liquid
terminal solution of Li in Bi, and who calculated data
on “LisBi” on the assumption that this phase can be
treated as a line compound. However, this work has
shown that “LisBi” has an appreciable range of com-
position on the lithium deficit side of the assumed
stoichiometric value. As a result of their assumption
of a 3/1 atomic ratio, their calculated values for the
Gibbs free energy of formation have to¢ great a mag-
nitude,

The precision of the results reported here is unusu-
ally high for thermodynamic data, since electrical
measurements can be made with high accuracy and the
Li-Sb and Li-Bi systems reach equilibrium rapidly.
There is negligible drift in the LiCl-KCl molten salt
system if the purity is sufficiently high and the lithium
activity is kept low enough.

The accuracy of the Gibbs free energy of formation
data is due primarily to the good reproducibility of
the cell voltages within the two-phase regions, which
dominate the ranges of integration. The mean standard
deviation was found to be less than +0.5 mV in these

Table 1i1. Thermodynamic data for Li-Sb and Li-Bi Systems

Temper- AH¢® ASt°

ature AGs® (kJ (J mole-t
i range {kJ mole-1) mole-1) K-
Reaction (°C) (=£0.1) (£0.7) (1)
2Li + Sb = LisSb  355-500 0.031°T — 197.3 —~197.3 -31.9
3Li + Sb = LiasSb  355-600 0.0492T — 2933  —293.3 —49.2
Li + Bi = LiBi 355-420 0.0245T — €26 —~92.6 —245
3Li + Bi = LisBi  355-600 0.0589T — 255.4  —~255.4 —58.9

T = abhsolute temperature (°K),
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composition-independent regimes. This results in a
precision of =100 J/mole in the free energy values.

The coulometric titration technique allows much
greater compositional resolution than can be expected
in cases in which one must prepare and analyze a
series of separate samples. This is especially advan-
tageous when one wishes to examine the compositional
variation of properties within rather narrow phases.
In cases such as these, with rapid equilibration and
negligible drift, the compositional precision is only
limited by the accuracy with which one can measure
and control the current-time product. For example, a
compositional change from Lis ggs5Sb to Lizes90Sb cor-
responds to a charge transfer of 1 A sec (e.g., a current
of 10 mA for 100 sec) per gram of sample. This is easy
to both measure and control.

As a result of this high degree of compositional con-
trol, the variation in the relative values of thermody-
namic parameters with composition within intermedi-
ate phases can be obtained with great accuracy. For
example, the data in Fig. 4 show that a change in the
stoichiometry of 1 X 10—% corresponds to a change in
cell voltage of about 100 mV. If we assume an error
of 1 mV in the voltage, the corresponding error in the
relative value of the Gibbs free energy of formation is
only 4.8 x 10—3 J/mole.

Composition changes and phase transitions take place
in both the Li-Sb and Li-Bi systems by insertion reac-
tions with very high values of chemical diffusion coeffi-
cient (26, 27). This occurs by changes in the concen-
tration and distribution of lithium atoms upon inter-
stitial sites within the static Sb or Bi lattices, and thus
produces only very minor changes in lattice parame-
ter and sample shape.

In addition to the thermodynamic data already re-
ported in this paper, other quantities may also be
evaluated from these results. However, they may be
dependent upon additional assumptions or information,
For example, one may determine the intrinsic disorder
concentration from the slope of the coulometric titra-
tion curve (34), if a specific disorder model can be
assumed. Under the assumption of prevailing lithium
vacancies in “LisSb” at negative deviations from the
ideal stoichiometry (8 < 0), and eiither lithium inter-
stitials or lithium atoms on antimony sites at lithium
excess (& > 0) the mole fraction of intrinsic lithium
vacancies at ideal stoichiometry was calculated from
the slope at the inflection point to be Xvy; = 2 X 1075,
For other disorder models different results would be
obtained, but they will vary only slightly for most rea-
sonable assumptions., The shape of the coulometric
titration curve that is experimentally observed is very
similar to that which is theoretically calculated (34)
if one assumes lithium atoms on antimony sites at
8 > 0 and lithium vacancies at 5 < 0.

In addition to their fast kinetic behavior (26, 27)), it
has been shown that the systems Li-Sb and Li-Bi ex-
hibit thermodynamic properties which may make them
of interest for possible use as cathodes in high energy-
and power-density batteries. The maximum theoretical
specific energies are 500 W-hr/kg for Li-Sb and 290
W-hr/kg for Li-Bi, respectively.
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Behavior of Bi.O. as a Cathode for Lithium Cells

P. Fiordiponti, G. Pistoia, and C. Temperoni

Centro di Studio sulla Elettrochimica e la Chimica Fisica delle Interfasi del C.N.R.,,
Istituto di Chimica della Facolta di Ingegneria, Universita di Roma, Rome, Italy

ABSTRACT

The performances of lithium cells based on BisO; as a cathode have been
evaluated. Because of the very high specific capacity of this compound, inter-
esting values of energy densities were obtained at low discharge rates. A
12-electron discharge process is supposed to occur leading to the formation
of LizBi. Two steps were noticed, the first one giving rise to metallic Bi
through a 6-electron reduction. Comparison is made of the performance of
these cells with several lithium cells. In principle, BisO3 seems to be a very
attractive material for cells of this type, encouraging further research on its

practical utilization.

In the last few years lithium batteries with both
solid and liquid electrolytes have come out of the
stage of laboratory prototypes and their commercial
development has started. In general, lithium cells
seem to be particularly suitable in the field of micro-
electronics, where high values of specific energies
and capacities (especially on a volume basis) are
required at low current densities (a few uA/em?2). Also
in high rate applications nonaqueous cells are now
emerging, especially with the Li/SO; (1) and the
Li/SOCl; (2) systems.

A class of potentially useful cathode materials for
organic electrolyte cells is a set of metal oxides, which
seem to assure simultaneously, although to various
extents, the characteristics of safety, economy, high
energy density, and long life. Among others, CuO (3),
MoO; (4), MogOss (5), and V205 (6) have proved
to be suitable in this sense.

Key words: lithium batteries, Biz0s, nonaqueous solvents, button
organic cells,

During the search for other cathode materials, we
observed that BipO; has a surprisingly high specific
capacity (ca. 0.7 A-hr/g) which could compensate
for the relatively low cell voltage on load (1.5V at
0.5 mA/cm?). Furthermore, the high density of this
oxide (8.9 g/cm3) can produce high values of volu-
metric capacities and energies.

In the open literature no report is given on the
performance of cells (either agueous or nonagueous)
based on BiyOs; only the discharge characteristics in
alkaline solutions of cathodes based on BisOs, SboOs,
and AszO3 have been examined (7). In an American
patent (8) the possibility of using BisOs; in lithium
cells containing LiPFg or LiBF: in methyl acetate is
mentioned, but no details on the electrochemical be-
havior of this oxide are given.

In the present paper the feasibility of BisOj; as a
cathode for primary lithium cells is discussed and
particular emphasis is given to the discharge process.
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Experimental Aspects

Materials.—BisO3 was a reagent grade product used
without any further treatment. The purification of the
solvents [butyrolactone (BL), propylene carbonate
(PC), tetrahydrofuran (THF), and methyl formate
(MF)] and the preparation of the organic solutions
have been described elsewhere (9). BiPQs, BisS;, and
Bi(I03)s, which were also tested as cathodes, were
prepared in this laboratory by metathetic reactions.

Apparatus and procedure.—Bi.O3 was usually mixed
with 10% graphite in order to ensure electronic con-
ductivity. This oxide is indeed a semiconductor (10)
and a resistance of 1.4 X 10 Q was measured for a
pellet having a thickness of 0.12 c¢cm, In spite of this
value, cathodes not containing graphite can work at
the current densities (around 0.5 mA/cm?2) used for
these cells. A similar pattern was found with silver
salts (9, 11) of high resistance. This effect is still
obscure and worth a specific investigation. Of course,
the use of graphite-free cathodes is welcomed in that
higher specific energies may be obtained; furthermore,
decomposition phenomena of the solutions were less
probable in the absence of graphite (12).

The dry cathode material was pressed at 1600 kg/cm?
onto a support of silver powder pressed at 550 kg/cm?2.
Lower and higher pressures on BisO; resulted in a
less satisfactory performance. The cathode pellet was
then put in a Teflon container having an internal
diameter of 1.26 cm. The organic solutions were sup-
ported on a triple layer of glass fiber filter paper
(Whatman 934 AH); the use of a higher or of a
lower number of separators was not profitable. Both
lithium and Bi2Os; on Ag were in contact with stain-
less steel terminals. The button-type cells had an
internal volume of ca. 0.2 cm?® (referred to the active
components) and were maintained in a dry box under
argon atmosphere during the constant current dis-
charges obtained with ordinary galvanostats.

Polarization measurements for BisO; cathodes in
three solutions were made on fresh cells similar to
those submitted to discharge. At each current value,
the voltage was observed for 5 sec.

The x-ray diffraction pattern was obtained on
cathodes discharged at a low rate in LiAsFg-THF
and LiClO4-PC. The samples were analyzed under
vacuum for 10 hr with the Debye-Scherrer method,
using Cr-K, radiation filtered by V.

The solubility of BizO3; in 1.5M LiAsFs-THF was
checked by polarographic analysis of the Bi*3 ion,
after leaving Bi»Oj3 in contact with the above solution
for 10 days. Blank experiments with a LiAsFs-THF
solution containing known amounts of BiCl; (which
is fairly soluble in this solution) were also made.

Visual observations of LiAsFs-THF and LiAsFg-BL
solutions containing BiO3 did not give evidence of
unwelcomed reactions, because neither discoloration
nor gassing were noticed.

Experimental Results

The OCV of cells of the type Li/organic electrolyte/
BisOz (with or without C at the cathode) exceeded
3V. However, even at low rates of discharge the po-
tential dropped well below 2V, thus indicating that
the observed OCV is not the thermodynamic value
of the Li/Bi,O3 couple. Graphite could, in principle,
be responsible for the high OCV through the forma-
tion of intercalation compounds, but even Ag pellets
give the same OCV although the formation of lithium-
silver compounds should give rise to potentials lower
than 200 mV in these salutions (13). Also the pres-
ence of Oy in the system cannot explain the OCV,
since the emf of the Li/Os couple is equal to 2.9V.
On the other hand, we observed that the OCV varied
with the electrolyte used. The averages of several
cells give wvalues for LiCl04-PC, LiAsFs-BL, and
LiAsFs-THF of 3.0, 3.1, and 3.4V, respectively. There-
fore, the initial OCV has to be related to the presence
of electroactive impurities, mainly duvue to the sol-
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Table I. Performances of Li/Bi2Q3 cells containing various
electrolytes. 1.0V cutoff, 0.5 mA/cm2

Mean Utili-

Specific capacity dis- zation
x-103 —— charge (%

Q1 A-hr/ voltage based

Electrolyte cm-1) A-hr/g cm?3 (V) on 12e)
LiAsFeTHF 16 0.380 .3 1.49 55
LiAsFe-BL 9.2 0.300 2,67 1.49 43
LiClO«+BL 13 0.155 1.38 1.34 23
LiClO+PC 5.6 0.224 1.99 1.36 32
LiAlCl-BL 10 0.184 1.63 1.43 27
LiCl0.-MF/BL 27 0.100 0.89 1.39 10

vents, incompletely eliminated by purification. For
instance, THF contains peroxides (14) which can
form a couple of high voltage with Li.

Polarization curves for BixOs in different solutions
were measured. The rapid increase of the voltage
drop with current indicates that this material can be
useful only at low rate applications. In the range
0-3 mA/cm2, the polarization decreases in the order
LiAsFg-THF, LiAsFg-BL, and LiClO4-PC. The same
order has been found for the discharge behavior at
0.5 mA/cm?, as shown in Table I where the results
in three more solutions are also reported (the specific
capacity is referred to Bi2O; only). It can be seen
that the performance of BisOs cannot be connected
to the specific conductivity of the solutions (values
in the 2nd column), i.e., mass transport phenomena
have a minor effect on the electrode polarization.
Gabano (12) has proposed a reaction scheme for
cathodes not conducting and unable to form inter-
calation compounds, in which the locus of reduction
is in the solution layers immediately near the cathodic
surface. Obviously, the structure of these layers would
be differently influenced by the various electrolytes
through adsorption and solvation/dissolutian phe-
nomena.

In Fig. 1 the discharge curves in LiAsFg-THF at
different current densities are reported. An initial
voltage delay is shown which was alsa present in
all the other solutions. On the other hand, cathode
materials such as AgsCrOs and Ags;POs do not ex-
hibit such behavior in the same solutions (9), thus in-
dicating that it may be connected with the low
solubility of the cathode, i.e., with its low concen-
tration in the solution layers near the electrode (12).

The low solubility of BizO3 in LiAsFs-THF was as-
certained polarographically. A reduction wave of Bit3
was not found with this material, whereas blank
experiments with BiCly; revealed a well-defined re-
duction wave even at a concentration of 1 x 10—4M.
Obviously, a low solubility is desired in that it can
give rise to a long service life. However, no data were
obtained in this work on the storage capability of
cells based on Bi2Os.

Utidization (%)
25 50 75 100
T T T

V { Volls)

3
0 ! L | | | 1
0 0.1 0.2 03 04 05 06 07
Specific capacity (Ah/y)

Fig. 1. Discharge curves of Li/Bi2O3 cells in LiAsFg-THF at differ-
ent rates. Curve 1, 0.25 mA/cm?2; curve 2, 0.50 mA/cm?2; curve 3,
1.00 mA/cm2,
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Table Il. Influence of the temperature on the performances
of Li/LiAsFg-BL/Bi2O3 cells. 1.0V cutoff, 0.5 mA/cm2

Mean

Specific capacity dis- Utili-
Temper- -———————— charge zation
ature A-hr/ voltage (% based
(°C) A-hr/g cm3 (V on 12e)
24 0.300 2.67 1.49 43
40 0.331 2.94 1.55 48
60 0.350 3.11 1.57 55

In Table II the influence of the temperature on
Li/LiAsF-BL/BisO;, C cells is reported. BL was
used as a solvent instead of THF, because of the
difficulties that may be encountered with the latter
at 60°C, since its boiling point is 64.5°C. Evidently,
the positive effect of the temperature on solution
conductivity and cathode polarization is not counter-
balanced by an increase in cathode solubility, which
would result in capacity losses. In particular, the re-
sult obtained at 40°C can be of some interest if
these cells were to be used in cardiac pacemakers.

BiPO4, BisS;, and Bi(IO3); were also tested. The
first salt has a specific energy of 0.29 W-hr/g (which
does not compare well with 0.57 W-hr/g obtained
for BiOs), whereas the last two salts show poor
discharge behaviors.

The performance of BisO; (a two-step reduction
process which corresponds to a high experimental
capacity) was confirmed by the analogous Sb:Os.
Also with this oxide good values of specific capacity
and energy have been obtained (0.39 A-hr/g and 0.51
W-hr/g at 0.5 mA/em? to 1.0V cutoff, respectively).

Discussion

The specific capacities to zero volt cutoff in LiAsFg-
THF (0.60 A-hr/g) and in LiAsFg-BL (0.53 A-hr/g)
are higher than the maximum calculated on the

basis of the simple reduction of Bi,O; to Bi (0.345

A-hr/g). These high capacities were rationalized
through coulometric analysis at low rate, from which
it was calculated that 12 electrons are involved in
the discharge of each molecule of BizO;. The discharge
has two steps (Fig. 1). The first one, ending a little
below 1.0V, is calculated to involve 6 electrons to
give the observed specific capacity (0.34 A-hr/g).
A ]2-electron process implies the formation of com-
pounds in which Bi is in a negative oxidation state.

Indeed, As, Sb, and Bi are known to form with Li
compounds of the LisMe type both chemically (10,
15) and electrochemically (16). On the basis of these
observations and of the coulometric analysis, the
discharge process may be written as follows

6Li 4 BisO3— 2Bi + 3Lis0 [1]
2Bi + 6Li— 2Li3Bi [2]

The net reaction is
12Li 4 BipO3 » 2Li3Bi -+ 3LisO [3]

The x-ray diffraction data (Table III) confirm the
formation of Bi (especially with the lines having dA
2.38 and 2.27), whereas the presence of Li,O is made
uncertain by the coincidence of its principal lines
with those of «-BisOs.

The possibility that the second step (occurring be-
low 1V) could be connected with electrolyte decom-
position (12) was greatly reduced by the fact that
graphite-free cathodes were frequently used. Anyway,
Li/Bi cells with or without graphite, when discharged
in LiAsFe-THF, showed very similar values of ex~
perimental specific capacity, which resulted near to
the theoretical value for the formation of LisBi (0.385
A-hr/g).

Reaction [1] has a AG of —283 kcal/mole and a
theoretical E, of 2.05V. This value is in agreement
with the 2.0V OCV observed during the initial part
of the first discharge plateau.
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Table ll. X-ray diffraction data for Bi2O3 discharged in LiAsFg-THF

Experi- Literature values (dA)
mental
(da) a-Bi20a Bi Li=0

3.25 (VS) 3.23 (VS) 3.28 (VS) 2.66 (VS)
2.65 (8) 2.75 (W) 2.38 (M) 2.30 (W)
2.36 (S) 2.68 (8S) 2.27 (M) 1.63 (M)
2.256 (S) 225 (W) 197 (W) 1.39 (W)
2.03 (MW) 1.95 (S) 1.87 (MW) 1.15 (W)
1.96 (W) 191 (MW) 1.49 (W) 1.06 (W)
1.86 (M) 1.87 (MW) 144 (W) 0.96 (W)
1.64 (MS) 1.74 (MS) 1.33 (W)
1.55 (W) 1.72 (M)
1.49 (MW) 1.67 (S)
1.44 (MS) 1.64 (S)
1.38 (W) 1.56 (M)
1.33 (M) 1.48 (MW)
1.31 (M) 1.46 (MW)
1.28 (W) 1.34 (M)
1.18 (W) 1.32 (M)
1.04 (W) 1.27 (MW)
0.94 (W) 1.17 (MS)

VS, very strong; S, strong; MS, medium strong; M, medium;
MW, medium weak; W, weak.

No data for the free energy of formation are re-
ported for LisBi at room temperature. Extrapolation
to 25°C of AG values obtained at high temperatures
(17) gives AG = —56 kcal/mole. Therefore, reaction
[2] has a theoretical E, = 0.81V. This potential is in
agreement with an OCV of 0.8V experimentally found
by us and by Eichinger (16) for Li/Bi cells.

With reaction [3] a theoretical energy density of
835 W-hr/kg was calculated, From a cell Li/LiAsFg-
THF/Biy0O3, having a capacity of 50 mA-hr and dis-
charged at 0.5 mA/cm? an over-all energy density
of 200 W-hr/kg was achieved on the basis of the
weight of anode, cathode, solution, and separators.
This figure is expected to be increased by working
at lower rates and by optimizing the cell structure.
Also the volumetric energy is expected to be quite
high in view of the density of BisOz. In Table IV, the
performance of several cathode materials tested in
this laboratory are compared. The comparison is es-
pecially important with respect to MoOs; Ags:CrOy,
and AgsPO, which have been extensively studied also
in other laboratories (11, 18) due to their practical
interest. Parameters such as cell life and volume
variations during discharge have to be carefully
evaluated. The low solubility of BizOs; in organic so-
lutions and the results of preliminary compatibility
tests suggest a satisfactory cell life. The performance
of BixO3 reported in the present paper is sufficiently
promising that it calls for further research to ascer-
tain the feasibility of practical cells.
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Table 1V. Performances of various cathode materials tested
in this laboratory for lithium cells. 1.0V cutoff, 0.5 mA/cm?2

i Mean
Specific capacity dis-
—_ charge Utili-
A-hr/ voltage zation

Cathode Solution A-hr/g cms3 (V) (%)
MoO; LiAICL-BL 0.24 1.13 2.17 66 (2e)
Mo0sO2s LiAICL-BL 0.38 = 200 100 (2e)
Wiz0u0 LiAICL-BL 0.23 — 1.30 98 (2¢)
Ag:Cr0s  LiClO«+PC 0.33 1.86 2.34 82 (5e)
AglOy LiAsFs-BL 0.27 1.49 1.90 47 (6e)
Ag:POy LiCl0:PC 0.15 0.58 2.30 80 (3e)
PbF- LiAsFe-BL 0.22 1.81 1.82 67 (3e)
PhCrOs LiAsFs-THF 0.21 1.28 1.28 50 (6e)
PbO: LiAsFeTHF 0.41 3.84 1.38 73 (5e)
Bi20s LiAsFeTHF 0.38 3.38 1.49 55 (12e)
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The Effect of Noble Metal Additions upon the Corrosion

of Copper: An Auger-Spectroscopic Study
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School of Physical Sciences, Flinders University of South Australia, Adelaide, Australia

ABSTRACT

Dissolution rates as a function of potential and the corrosion potentials for
Cu and five Cu-Pd alloys with varying compositions in the range of (0-30%)
Pd were measured. The Auger spectra of the alloy surface and fresh surfaces
obtained by argon ion bombardment to a depth up to 30 nm were obtained.
Cu dissolves from the alloy and the rate of dissolution of Pd is negligible. The
Cu dissolution follows the same laws as from pure Cu. Below a certain critical
potential, the initially observed dissolution current decayed towards zero.
The electrode potential at zero current follows the surface composition. At
zero current the bulk alloy composition was found to have been modified to a
depth of about 20 nm. An approximate calculation of i, for Cu dissolution of
the alloy as a function of composition showed that value is reduced by some
ten orders of magnitude compared with that of pure Cu. Corrosion is reduced
in a manner consistent with these i, reductions when the cathodic Os; re-

action is not rate controlling.

Knowledge of the theory of corrosion in electrode
kinetic terms is now widespread (1). However, alloying
elements can give rise to commercially interesting re-
ductions in corrosion rate, often more marked than one
would have expected according to simple theory. The
influence of noble metal alloying upon corrosion pro-
tection has not hitherto received studies which con-
tained information sufficient for the evaluation of the
mechanism of this effect.

Auger electron spectroscopy (AES) provides infor-
mation about the composition of alloy surfaces and the
relative composition changes in the first few nanome-
ters from the surface. Several earlier studies on AgAu
(3) and CuAu (4-6) have established that, as the gold
content of the alloy increases, the electrode potentials
shift in the positive direction. However, in these studies
physical analysis of changes occurring within the alloy
has been limited to those corresponding to a high rate
of dissolution under external ancdic potential control,
rather than under corrosion control. The copper-pal-
ladium alloy system was chosen for AES study of the
corrosion region for the following reasons:

(1) Similarly to the AgAu and CuAu systems, there
is a significant difference in the standard electrode po-

* Electrochemical Society Active Member.

1Present address: IBM Corporation, Systems Products Divisions,
East Fishkill, New York.

Key words: palladium, passivity, composition depth profile, dis-
solution rate.

tentials of the two elements, thereby favoring prefer-
ential dissolution of copper.

(i) Copper and palladium form a complete solid so-
lution series (although at low temperatures the g
equilibrium phase forms at ~40 atomic percent (a/o)
Pd) permitting study of corrosion behavior of the alloy
over a wide composition range.

(it1) Cu and Pd provide favorable noninterfering
Auger spectra.

(iv) The ion sputtering yields of Cu and Pd are
nearly equal (7), simplifying interpretation of the com-
position-depth profile measurements obtained by AES
studies combined with argon ion bombardment of sur-
faces arising from corrosion.

Experimental

Alloys were prepared from 99.999% Cu and 99.99%
Pd by induction heating melting in boron nitride cruci-
bles under pure argon. The material was held for 15
min at ~100°C above the melting point, solidified, and
upon inverting the ingot, remelted for another 15 min,
Weight change before and after melting was «0.01%,
indicating negligible reaction with the crucible mate-
rial. The ingots were then cold rolled to strips approx-
imately 0.3 mm thick by 27 mm wide. After cutting into
specimens for electrochemical and AES measurements
the specimens were cleaned and vacuum annealed for
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16 hr at 920°C followed by rapid cooling to room tem-
perature. In addition to alloys of 5, 10, 15, 20, 30 a/o
Pd? pure Cu and alloys of 80/20 CuAu and 80/10/10
CuPdAu were also prepared.

Two types of specimens were used. Type A, which
was used to establish the initial log -V relationships,
was circular with 14 mm diam. Prior to electrochemical
measurements, the specimen surface was prepared by
grinding with 600 grit paper and rinsing with distilled
water and alcohol. To obtain meaningful composition
depth-profiles, it was found necessary to polish the
specimen to a mirror finish. Type B specimens (23 X
9 mm rectangular) which were used for subsequent
electrochemical treatments and all AES measurements,
were therefore further polished with diamond polish-
ing paste prior to ultrasonic cleaning in distilled
water and an alcohol rinse.

Electrochemical apparatus.-—All investigations were
conducted at room temperature in 0.5M NaSO4-
0.0056M HySO4 electrolyte. A calomel electrode was
used as the reference cell. The potentials reported here
are given on the standard hydrogen electrode (SHE)
scale. Except where stated, the solution was deoxy-
genated by bubbling N» for several hours.

Initial log i-V measurements were obtained using
Type A specimens in a standard electrochemical cell
(8). Subsequent electrochemical measurements were
performed on Type B specimens in an electrolyte flow
system cell of similar design to that used by Damjano-
vic, Setty, and Bockris (9). The Teflon cell was ma-
chined with a thin Teflon perimeter ridge so that when
held in compression against the specimen a liquid-tight
seal was effected with the alloy specimen forming one
wall of the cell. With the cell assembled, the volume
between the specimen and the Pt counterelectrode was
0.3 cm3. Electrolyte flow rates in the range of 0.01-0.1
ml/sec were used during electrochemical treatment. A
valving arrangement permitted rapid electrolyte re-
moval under N; gas followed by rinsing with distilled
H,O and drying in N gas flow. The specimens were
held in the N, ambient until ready for transfer to the
vacuum system for AES measurements. Transfer be-
tween the electrochemical apparatus and the vacuum
for the AES required exgposure to the air ambient of
less than 5 min.

Auger apparatus—The AES equipment was con-
structed in this laboratory. A retarding grid electron
energy analyzer with a post-monochromator after the
design of Huchital and Rigden (10) was mounted in a
Pyrex tube. A bakeable straight-through high vacuum
valve connected the Auger analysis vacuum chamber
to an auxiliary liquid nitrogen-trapped oil diffusion
pumped vacuum chamber. Following removal from the
electrochemical cell the sample was mounted on a
stainless steel specimen holder which could be raised
and lowered through a feed-through mounted on the
auxiliary chamber. After evacuation of the auxiliary
chamber to approximately 2 x 10—% Torr, the sample
was transferred to the Auger chamber via a straight-
through valve, the transfer rod was withdrawn, and
the high vacuum valve closed. AES analysis was begun
when the vacuum reached the 10-8 Torr range. The
auxiliary vacuum chamber and the electrochemical cell
were designed so that the latter could be operated in
the chamber with the sample being transferred to the
Auger vacuum chamber without exposure to the air
ambient. However this feature was not utilized in these
experiments. )

The axis of the energy analyzer was along a line
normal to the sample. The axes of the energy analyzer,
primary electron beam, and ion gun all lay in the same
plane. A 2.4 KV primary electron beam was incident at
an angle of ~25° (65° off normal) while the 1 kV
argon ion beam was incident at an angle of 25° from
the opposite direction. The primary electron beam of
~1.5 mm diam was operated in the center of the ion
beam which was defocused to a diameter of 10 mm.

2 All alloy compositions are reported as atomic percent,
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The argon pressure during bombardment was kept
between 2 X 10-3% and 5 X 10—5 Torr. The ion-beam
current monitored at the specimen was used as a mea-
sure of the sputter removal rate. Ion bombardment and
AES were performed sequentially, the ion beam being
turned off during each AES measurement. The calibra-
tion of the sputter removal rate was made by measur-
ing the time required to remove a 90 nm Cu film, which
had been vacuum deposited over an evaporated film of
Cr. The distance axis of the concentration profile
graphs are labeled in angstroms utilizing this calibra-
tion result.

Auger analysis—The dN/dE spectra were recorded
utilizing a 7.5V p-p modulation voltage for the 330 eV
Pd peak and an 18V p'p modulation voltage for the
Cu 918 eV peak. The composition, reported as atomic
fraction of palladium, Xpgq, was calculated from the
measured peak-to-peak heights of the Pd and Cu
peaks, by the formula (11)

Apg

Xp=—
F Apg + ¢Acy

(1]

While in principle the value of « can be obtained by
direct comparison of spectra from the alloy and from
pure copper, this method was found to be reliable only
when very lightly sputtered samples are compared.
Sputtering caused an increase in the copper peak from
both alloy and pure copper, presumably due to the ef-
fect of surface roughening. Instead, taking the initial
surface composition to be that of the bulk, the value of
o was determined from Cu and Pd peak height. Mea-
surements were made on 10, 20, and 30 a/o Pd alloys
which were mechanically polished and very lightly ion
bombarded to remove C contamination. Calculations
made from the Cu and Pd peak heights before ion
bombardment and correcting for the intensity absorp-
tion due to the contaminant overlay film support the
assumption that little (i.e.,, < 3 a/o Pd) surface com-
position change is caused by the ion bombardment.
Measurements on the various alloy samples are
reproducible within =1 a/o Pd. Samples pretreated
electrochemically had a lower surface contaminant
level than those not so treated and representative
surface composition measurements could be made
prior to any ion bombardment without the need for
intensity correction.

Surface composition determination with concentra-
tion gradient.—In cases where the composition changes
significantly within distances comparable to the Auger
electron mean free path (as found for electrochemically
treated specimens), it is necessary to apply a correc-
tion factor to determine the true surface composition.
For conditions where the concentration gradient can
be approximated by an exponential function with
characteristic length d, it can be shown that the true
surface composition is given by (see Appendix)

XPd,surf = XPd,bqu

Xpm — Xpa,bulk

el GG —75) ]
4| ———— — Xpum —
d + Apa d+4ipa d4 hcu

(2]

where Acy and ipq are the Auger electron mean free
paths for copper (1.1 nm) and palladium (0.75 nm).
Xpapuk = bulk concentration, Xpm = measured sur-
face composition calculated from Eq. [1], and Xpgsurf
= actual surface composition. Results obtained in this
manner indicate that the actual surface compositions
could be as much as 5-10 a/o Pd higher than the mea-
sured uncorrected determinations, depending upon the
concentration gradient.

Results
Electrochemical results.—Steady-state rate potential
relations.—The so-called steady-state log i-V curves
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Fig. 1a. Log i-V relationship for Cu, Cu-5% Pd, Cu-10% Pd,
Cu-15% Pd, Cu-20% Pd, Cu-30% Pd alloys.

for various alloy compositions are shown in Fig. la.
The potential intercept where the current rises rapidly
above 106 A/cm? can be termed the critical potential,
E. (5). These results were obtained on Type A speci-
mens under potentiostatic control with the current read
at 15 min intervals. In the potential range shown,
below E;, where there was no steady-state current, it
was necessary to wait 1-2 hr before increasing the
electrode potential, in 50 mV increments, to obtain
well-defined values of E.. For each alloy composition
within the potential range shown, the results do not
differ significantly from those obtained on Type B
specimens in the flow cell. There were, however, ap-
preciable differences between the two specimens in the
current-time dependence at potentials, E <« E,; as dis-
cussed in the next section. In the higher current region
(~10—% A/cm2?) the current on both specimens in-
creased with time after an interval of less than 1 sec.

In Fig. 1a is shown the introduction of passivity at a
potential of + 760 mV SHE for the 20% alloy. The
result obtained for the 30% Pd alloy differs from the
others with respect to the slope of the log i-potential
relation. Oxygen was evolved under some conditions
from this electrode. The results in the first five curves
(Fig. 1a) represent the dissolution of copper (charac-
teristic Tafel slope, 2RT/3F), while the result for the
30% alloy corresponds to oxygen evolution. For sam-
ples held at ~2 x 10—4 A/cm? dissolution current for
1 hr, significant grain boundary attack was observed
for the 15 and 20% samples.

In Fig. 1b, a comparison of the log i-potential results
obtained for 80/20 CuPd, 80/20 CuAu, and 80/10/10
CuPdAu is shown, The passivation which sets in for
the 20% PdCu alloy is not seen for the gold-containing
alloys.

Constant potential current-time relations.—Some
initial work was done on log i-V curves on pure
Cu, thus introducing some Cut* into solution, Sub-
sequent work with alloys was done at lower currents
and shorter times than was the initial work with pure
Cu. Such measurements lie at the basis of Fig. 1. This
same electrolyte was used in all the flow cell measure-
ments and so provides a constant reference for all
potentials. In the flow cell, almost all of our work was
done at or below the “critical potential,” i.e., the final
resting current before the electrolyte was blown out
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and the sample submitted for Auger analysis was very
low, and, therefore, did not affect the Cu* + level of the
solution flowing by.
~ In the potential region less positive than E., following
a potential step increase, the current showed a step-
like increase and subsequent decay. The current decay
period was longer for Type A specimens, with current
densities of a few microamp/cm? persisting after 2 hr.
Except for potentials close to E., the current decreased
to zero for Type B specimens. The total charge passed
for a given potential jump increase could be as much as
5-10 times greater for Type A samples compared to
Type B. The Auger data discussed apply to Type B
(mechanically polished) samples.

The effect of applying successive 50 mV potential
increases is shown in Fig. 2 for the alloy. Following a
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Fig. 2. Current-time behavior for successive 50 mV potentiostatic
step increases for Cu-15% Pd alloy. (O maximum current 15%
Pd. Electrode potential shown in upper portion of diagram.
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potential increase, the current was allowed to decrease
to zero whereupon a second 50 mV potential increase
was applied, the process being repeated until the
critical potential was reached. As the electrode
potential increases, there is a decrease in the maximum
current attained for the same potential step increase.
As the potential approaches E. the decay time in-
creases.

Corrosion.—When the alloy was exposed to the
electrolyte without being driven potentiostatically, the
electrode potential changed to E. in a time dependent
upon the oxygen content of the electrolyte. The condi-
tion of holding the alloy potentiostatically and allowing
the current to decay to zero corresponds to a corrosion
situation near to the natural one. For set potentials at
times when the net current falls to zero, the alloy was
removed from the electrolyte and the surface composi~
tion measured by AES. The relationship between the
corrosion potential and surface composition obtained is
shown in Fig. 3 Figure 3 also contains points for the
free corrosion situation and for the initial electrode
potential measured when the alloy first contacts the
electrolyte and before appreciable electrode potential
drift has occurred.

AES results.—The Auger spectra from a 70/30 CuPd
alloy are shown in Fig. 4. Palladium compositions were
calculated utilizing the Pd (330 eV) and Cu(918 eV)
peaks and Eq. [1]. The composition depth-profile
results for different conditions of potentiostatic control
are shown in Fig. 5-7. Surface enrichment by Pd is
noted. Figure 5 demonstrates the results of potentio-
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Fig. 3. Surface composition (%Pd) vs. electrode potential. Sur-
face composition determined when net current decreased to zero.
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12 sec (i = 40 wa). (O, A; measured date points/full line; cor-
rected composition as described in text.
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sured points/full line; corrected composition as described in text.

statically controlling the potential of a 10% Pd alloy
at +341 mV SHE for various times. In curve (a) the
sample was removed after 480 sec when the current
decreased to zero. In curve (b) the alloy was removed
after 12 sec when the current had decreased to 4 X
105 A/cm?. The latter case corresponds to 12 the total
charge passed at this potential.

Figure 6 illustrates the concentration profiles ob-
tained after potentiostatic control of a 15% alloy to 441
and 541 mV. In both instances the alloy was removed
when the net current decreased to zero, i.e., when cor-
rosion conditions pertain. Figure 7 illustrates the dif-
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ference obtained in potentiostatically controlling a 20
and 30% alloy to 541 mV. The alloys were removed
from the electrolyte when the current decreased to
zero, A key factor to note is that the surface composi-
tion is nearly the same for a given set potential
independent of the bulk alloy composition and that the
concentration gradient is correspondingly steeper for
the lower concentration alloy.

Discussion

Exchange current density: An order of magnitude
estimate.—The positive shift in electrode potential
required for the anodic dissolution of copper from
copper-palladium alloys is similar to that observed for
CuAu alloys (4-6). This potential shift is greater than
that which can be attributed to changes in the revers-
ible potential‘of Cu in the alloy due to the reduced
activity of copper compared with that of pure Cu. The
change in the reversible electrode potential, compared
to pure copper, as a function of palladium content can
be estimated from the thermodynamic data given by
Hultgren et al. (12). With AGcy values calculated at
278°K from the tabulated values of AH¢y and AScy, the
change in the reversible potential 2F (Epey2l0Y — Epe,C4)
= — AGgy, is calculated as a function of alloy content
with the results tabulated in Table I. As a result of
the formation of ordered phases at lower tempera-
tures, these values could be slightly underestimated,
but it is improbable that the alteration compared
with the calculated values of Table I would exceed
10 mV.

The fact that the measured electrode potential at
zero current is nearly 500 mV more positive than E,e,Ct
for an alloy with a 50% Cu surface composition (Fig. 3)
suggests that the electrode potential is a mixed
potential arising from an anodic copper dissolution
current and a cathodic oxygen reduction current. The
positive shift in electrode potential compared with the
reversible potential of Cu in the alloy (Table I) is
consistent with a decrease in the exchange current
density, i,, for copper dissolution as the palladium
content is increased. An estimate of i, as a function of
alloy composition can be obtained from the data in
Fig. 1a and the estimated values of the alloy reversible
potential. The Tafel slope for the 5-20% Pd alloys is
the same as for pure copper. Extrapolation of the log
i-V plot back to the reversible potential corresponding
to the estimated surface composition allows an estima-
tion of i, for that composition. The surface composition
is taken from Fig. 3 and corresponds to that at the
critical potential for each particular value of bulk
composition. The pertinent values are given in Table
IL :

These extremely low values of the exchange current
density for the dissolution of Cu from the alloy are to

Table I. The calculated potential of Cu in the Cu-Pd
alloys, compared with that of pure Cu

(Erevalloy — EreyOv)
mV

% Cu
90 +4
80 +13
70 +32
+56
50 +72

Table II. Exchange current densities of Cu dissolution
from the alloys from Tafel line

Cs at Erev at
Cr(Pd) Ec(V) E.(Pd) Cs* io (A cm-2)
0.00 0.00 0.166 4 x 10-0
0.05 0.320 0.29 0.196 5 x 10-10
0.10 0.415 0.37 0.215 5 x 10-12
0.15 0.575 0.47 0.236 1 x 10-
0. 0.645 0.51 0.240 2 x 10-7

* Corresponding to Cu++ = 10~5 M/1.
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be compared with the measured value of i, = 4 X 10—8
A/cm? for pure copper for this Cu*+* concentration.
The latter value compares not unreasonably with a
value of 0.9 X 10—6 A/cm? calculated from the data of
Mattson and Bockris (13) by using the relationship,
1,W/ig@ = (Ceu+ +P/Ccu+ +2)3/2) where Ccu++
equals 0.15 M/1 in the work of Mattson and Bockris and
is 1.7 X 10—6 M/1 in the present work. The interpreta-
tion of such low values of i, and their implications for
corrosion are discussed in a later section.

The critical potential, E..—As the electrode potential
becomes more positive, the palladium concentration at
the surface during dissolution increases. This occurs
both for potentiostatic control and wunder freely
corroding conditions. Potential drift experiments
conducted at different oxygen partial pressures show
that oxygen reduction (Os 4 4H* 4 4e— - 2H,0) is
the cathodic reaction. Thus, the quicker rise of the elec-
trode potential for the oxygen-saturated solution
compared to a Ng bubbled solution is shown in Fig. 8.
The stable corrosion potential obtained under freely
corroding conditions corresponds almost to the critical
rotential, If the alloy is potentiostatically controlled at
potentials more positive than this, the current voltage
relationship follows the Tafel line shown in Fig, 1a.
Thus, for a given bulk alloy composition, there is an
upper limit to the amount of the palladium enrich-
ment which may be attained before copper is anodi-
cally dissolved from the alloy with the characteristic
copper dissolution Tafel slope.

Gerischer and Rickert (4) proposed that the surface
mobility of Au increases with potential, thereby
permitting nucleation of Au-rich areas and leaving ac-
cess to anodic dissolution of the underlying copper.
Pickering and Wagner (5) and Pickering and Byrne
(8) proposed that copper is supplied to the surface via
a divacancy diffusion process (cf. Bockris et al.). The
vacancy concentration is assumed to be potential
dependent, and E. corresponds to conditions where
surface roughening commences.

The composition depth profile changes with time
during dissolution and this is shown for a 10% Pd alloy
potentiostated at -}-341 mV in Fig. 5. The curve obtained
after 12 sec corresponds to 50% of the total charge
passed before the current drops to 0 at 480 sec. The
surface composition attains its final value when the
current drops to zero. As the potential is increased for a
given composition of bulk alloy the surface composi-
tion is further enriched with palladium (Fig. 6). For a
given electrode potential, the surface composition is
approximately the same, independent of the bulk con-
centration, and evidence for this interesting result is
given in Fig. 7. Here the 15% alloy has been held at
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Fig. 8. Electrode potential-time behavior under free corrosion
(not potentiostated) conditions for 15% Pd alloy. X = O satu-
rated solution; (O = deoxygenated by bubbling N3 for several
hours.



22 J. Electrochem. Soc.: ELECTROCHEMICAL SCIENCE AND TECHNOLOGY

~ 30 mV more negative than its critical potential. It is
noted that the concentration gradient is steeper than
that existing for the 30% alloy which is at a potential
well below its critical potential. Thus, at this condi-
tion both alloys have the same surface composition and
show zero net currents at this potential. Yet, if the
electrode potential is raised another 50 mV, the 15%
sample will experience anodic dissolution of copper
while the 30% alloy remains stable. The difference in
the two alloys a few tens of millivolts below the critical
potential of the 15% alloy is the magnitude of the con-
centration gradient.

Corrosion.—The degree to which palladium addi-
tions reduce the corrosion rate of copper depends upon
the corrosion environment, Although the effective ex-
change current density decreases by several orders of
magnitude for as little as 5 or 10 a/o Pd, the corrosion
rate will not necessarily be reduced by the same
factor. When the cathodic process is diffusion limited,
there will not be a reduction in the alloy corrosion
rate compared to pure copper until the alloy i, for
copper dissolution is reduced sufficiently so that the
anodic and cathodic currents intersect in the activation-
controlled region of the cathodic process. This is
illustrated in Fig. 9. Here, the cathodic curve (oxygen
dissolution) has been obtained in an Os saturated solu-
tion for a 30% Pd alloy which was first allowed to
corrode freely to a stable corrosion potential. The
anodic curves for the various composition alloys are
obtained in an Ny bubbled solution from the data of
Fig. la. Thus, in spite of the considerable diminution in
ie the 8% Pd alloy corrodes at the same rate as pure
copper, and it is not until the alloy composition
reaches 15 a/o Pd that significant reductions in cor-
rosion rate are obtained. The corrosion rate data for
this condition are summarized in Table III. These
values will change as the value of the cathodic limiting
current is changed. The limiting current will be af-
fected by Os pressure, stirring, and introduction of
impurities which allow alternative cathodic processes,
respectively.

Conclusions
Significant findings of this study are summarized
below.
1, Passivity of CuPd alloys sets in at 20 a/o of Pd.
2. Composition-depth studies show enrichment of
Pd by up to 30%.
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Fig. 9. Log i-V plot. Anodic curves for Cu, 5%, 10%, 15%,
20% Pd alloys obtained in Ng bubbled solution. Oxygen reduc-
tion: @ cathodic curve obtained in oxygen-saturated solution for
30% Pd alloy.
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Table HI. Corrosion rate data for oxygen-saturated solution

icu

iCOrr
Co(Pd) (eA/cm?) ialloy Veorrosion
0 100 1.0 215
0.05 100 1.0 380
0.10 72 14 475
0.15 5.4 18.5 595
0.20 1,15 87.0 642
0.30 0.3 333.0 680

3. The surface composition is the same under steady-
state conditions, for a given potential and is indepen-
dent of bulk composition.

4, Composition depth profiles are hence steeper for
lower Pd concentrations.

5. Addition of Pd to Cu reduces the i, for Cu dis-
solution by up to 10%° times for Pd concentrations of
20 a/o.
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APPENDIX

Correction to Measured Composition
Depth Profile for High Concentration Gradients

An expression is derived for the corrected surface
compositlon assuming that the initial part of the con-
centration-aepth proile can be approximated by an
exponential function, For a homogeneous binary
alloy, the Auger signal for component p is given by

I = KpXp fo exp~Z/ dZ = KpXphp  [A-1]

where Kp is a constant incorporating ionization cross
section, primary beam current, etc., z is distance into
alloy measured from the surface, X, = atom fraction
of component P, and ip = Auger electron mean free
path for component P.

Similarly 1o = K¢(1 — Xp)ie for component C of a
binary alloy. If Xp is calculafed from

ID
—_t [A-2]
Iy + ol
then
K\
a=—2 [A-3]
Kc"-c

Consider a composition gradient which can be ap-
proximated by an exponential function, Xp = (Xps —
Xpp) exp—#/4 ). Xpp, where Xpp and Xps equal the
bulk and surface compositions of component P, and d
equals the exponential decay constant.

Then under this condition
I, = Kpj; [Xps + (Xps — Xpp) exp—%/d] exp—2z/*» dz

—_— A-4
i) B

= KyXpphp + Kp(Xps — Xpp) (



Vol. 125, No. 1
Similarly
dic
I. = K.(1 “XPB)}Vc‘F Kc(XPB — Xbps) )
d -2

[A-5]

Then the measured composition, Xpy, calculated from
Eq. [A-2] is given by

CORROSION OF COPPER 23

2. K. Watanabe, M. Hashiba, and T. Yamashina, Surf.
Sci., 61, 483 (1976).

3. R. P. Tischer and H. Gerischer, Z. Elektrochem.,
62, 50 (1962).

4, H.(Geriicher and H. Rickert, Z. Metallkd., 76, 681

1955).

5. H. W. Pickering and C. Wagner, This Journal, 114,

698 (1967).

d
sttt ()]
[ pe + (Xps PB) P

XrM +

[A-6]

d d
X Xps — X (-———)] [ 1-X Xpp — X ( )-I
[ pe + (Xps PB) PR + 1« rB) + (XpB ps) F

After rearranging and solving for Xps, we obtain the
surface composition, Xps, in terms of the measured
composition Xpy, the Auger electron mean free paths,
*p and %e, and the composition-depth exponential de-
cay constant d, which is obtained from the measured,
uncorrected composition-depth profile

Xps = Xpn

Xy — X
n PM PB [A-T]

| e )
A+t a2 dt e

If d is >> Ap and Ac the correction becomes negligibly
small.
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Reversible Optical Changes Within Anodic Oxide
Films on Titanium and Niobium

C. K. Dyer and J. S. L. Leach

Department of Metallurgy and Materials Science, University of Nottingham,
University Park, Nottingham NG7 2RD, United Kingdom

ABSTRACT

~ During passage of cathodic current, large and reversible changes in ellipso-
metric parameters are interpreted in terms of changes in absorption and/or
refractive index of surface anodic oxide films on Nb and Ti without sig-
nificant change in thickness. A model based on dissolution and ionization of
deposited hydrogen satisfactorily accounts for the slow reversible change in
the optical absorption of films on Nb and for the impedance changes pre-
viously reported. More rapidly reversible changes in both absorption and
refractive index occur in films on Ti. The decrease in refractive index is con-
sistent with the reversible formation of TiOOH at negative potentials.

Decreases in electrode impedance of filmed Ti and
Nb electrodes occur during cathodic polarization. On
raising the electrode potential changes are largely
reversible with only a small hysteresis in parallel
resistance (R;) and capacitance (C;,). A bulk mecha-
nism was thought to be involved in which valency
changes in the surface oxide films occurred (1). How-
ever, the size of the capacitance maximum in both
cases was too small to confirm that a bulk faradaic re-
action was occurring.

That hydrogen enters the anodic oxide films on
Ti and Nb electrodes at low potentials has been
demonstrated by measurement of coulombic capacities
during potentiodynamic cycling (2). In the case of
Nb electrodes the very low impedance at low poten-

1Present address: United Chemi-Con,
Springfield, Massachusetts 01089.

Key words: electrochromism, hydrogen, ellipsometry, impe-
dance, electronic polarizability.

Incorporated, West

tial was explained in terms of hydrogen doping of
the surface oxide film (3) rather than as a result of
a valency change (1). A similar mechanism was pro-
posed to explain the impedance changes of anodic
oxide films on Zr (4), and electrolytic rectification
can also be explained in this way assuming a bulk
oxide effect (2, 5).

Impedance measurements alone cannot justify a
model based on bulk changes in the oxide films on
Ti and Nb. Coulometric experiments are helpful (2)
but the in situ optical changes presently reported con-
firm the bulk nature of the effects at low potentials
on filmed Ti and Nb electrodes and support the pro-
posed mechanisms,

Experimental

Specimens.—Spectroscopically pure Ti and Nb
rod (Johnson Matthey Chemicals Limited, London)
(Table I) was cut, milled, and abraded to reveal
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Table 1. Spectrographic analysis of materials
(impurity element in ppm)

Impurity

element Titanium Niobium

Cu 40 —_
Fe 20 40
Sn 20 —_
Al 10

Ni 8 —
Si 5 30
Mn 4 —
Mg <1 <1

a 0.33 cm2 (Ti) or ~ 1 ecm? (Nb) flat surface par-
allel to the rod axis. A Ti wire was permanently
attached to the reverse surface and the specimen was
anodized to ~200V in 3 weight percent (w/o) am-
monium hydrogen tetraborate (99.99% pure) at 50
mA/cm? after degreasing in acetone.

After drying, the specimen and contact wire were
coated with epoxy resin and hot-cured to give a leak-
proof hard seal (6). Several coatings were applied
and cured. To reduce the risk of surface beveling
during subsequent polishing operations the specimen
was mounted, flat surface downward, in thermosetting
plastic in a standard metallurgical mounting press.
The mounted specimen was abraded in a fixed posi-
tion on a wheel until the metal surface emerged, which
was finally polished also in a fixed position using
alumina powder (5-30 nm particle diameter). Pol-
ished surfaces obtained in this way were satisfactorily
flat. Surfaces were repolished before each anodic
film growth.

Cell.—A cylinder, closed at one end, was machined
from a block of clear Perspex to 6.3 ecm (ID) X 7.6
cm (OD) X 6.5 cm (height). Holes were drilled in the
sides to <2.5 cm diam so that their axes intersected
at the center of the cylinder at an included angle of
140°. These holes were partly threaded to allow >2.5
cm diam annealed glass windows (F. Wiggins & Son,
Sydenham) to be mounted against a PTFE washer,
on an internal ledge, applying light pressure by turn-
ing a threaded pressure ring. In position, these
windows were found to be almost free from strain
birefringence and the resulting error was less than
that of the ellipsometer itself (<0.015°).

The polished specimen surface was mounted ver-
tically with a rigid clamping system having adjust-
ments for rotation, tilt, and central positioning in the
cell,

Ellipsometer.—An automatic ellipsometer with a
maximum discrimination of 0.001° was used to follow
optical changes during cathodic polarization of anod-
ically filmed Ti and Nb electrodes. The instrument,
designed and built by Matheson et al. (7), utilized a
photoelectric detection system with faraday effect mod-
ulation. The light source was a water-cooled compact
arc mercury lamp (Wotan HBO 100 W/2 Osram,
West Germany). The collimated beam had a diam-
eter of 2 mm and divergence of 0.2° at the specimen
surface after passing through a modified Glan-Thomp-
son polarizing prism and a modulator core (of dense
SF 57 glass). After reflection from a test surface,
the beam then passed through a second modulator
core and analyzing prism before reaching the photo-
detection system. The azimuthal positions of the polar-
izing (P) and analyzing (A) prisms were measured
by Moiré fringe counters to 0.001° and recorded dig-
itally.

The retardation element was a three-reflection Fres-
nel rhomb (8) which allowed close to 90° retardation
over the wavelength range available (from ~390 to
~610 nm). For operation at a single wavelength a
quarter-wave mica retardation plate was wused in
conjunction with a narrow bandpass filter. The quar~
ter-wave plate constants were then determined by
four quadrant measurements.
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The modulated signal arriving at the photomultiplier
tube was electronically decoded and the error signals
arising from the out-of-balance position of the polar-
izing and analyzing prisms were separated by two
digital filters. The prisms were then automatically
driven to balance positions at 1°/sec by servo motors
in response to signals from the electronic decoding
system.

The alignment procedure was to set the ellipsometer
in the straight-through position and move the speci-
men surface to bisect the beam. The angle of tilt of
the specimen surface was adjusted until, on reflection,
there was no movement of the light beam image at
the photomultiplier position at all angles of incidence
(80°-40°). The sample position during this procedure
was not altered since both arms of the ellipsometer
were moved simultaneously. Using a dielectric mirror,
the system was set so that the positions of the polar-
izer and analyzer were 0° and 90° =+ 0.005° by the
method of Forgacs (9). A full description and assess-
ment of the system is published elsewhere (7).

Procedure.—Anodic films on polished Ti or Nb elec-
trodes were grown galvanostatically at 1 mA/cm? in
3 w/o ammonium hydrogen tetraborate (99.99%)
or 0.IM NagCO3z + 0.IM NaHCO; buffer solution
(AnalaR) both made up with doubly distilled water.
From the automatically recorded P and A values tan
v and A values (where tan ¢ is the ratio of the result-
ant reflected amplitude in the plane of incidence and
normal to this plane and A is the change in phase
on reflection) were calculated (10) for a wide range
of fillm thicknesses on each substrate. Polar plots
(11) of the vector

Z = tan y exp (1A)

were compared with polar plots derived from hypo-
thetical values of the film thickness, d, and constant
complex refractive indexes of the metal substrate

and surface film [ns = ns(1 — iks) and 7y =
ni (1 — iks), respectively] together with the refrac-
tive index of the electrolyte nm (determined to 3
decimal places by Abbe refractometer). Experimental
substrate constants ng; and k; were determined by
comparison of the experimental data with these theo-
retical polar plots and the assumption of a constant
film refractive index (n; variation «<3%) and a zero
absorption coefficient, k¢ in the experimental data
for different thicknesses (6). This is a more reason-
able assumption than using “as polished” P and A
values which led to calculated refractive indexes
which increased with film thickness (6). Using these
ns and kg values, film thickness, n; and k; were cal-
culated using a standard computer program (1la).

During cathodic polarization a constant current was
passed and P and A values were recorded together
with the electrode potential. The cell was then open-
circuited and the recovery of these parameters was
followed as a function of time.

Impedance measurements—Using a square-wave
bridge technique described elsewhere (1), the parallel
resistance (R,) and capacitance (Cp) of the elec-
trodes at 300 Hz were measured after the cell was
open-circuited following cathodic polarization.

Results

Ti electrodes.—Application of a constant cathodic
current density of 0.5 mA/cm? to anodically filmed
electrodes resulted in rapid and large changes in
P and A or A and y (Fig. 1). The cell was open-
circuited at an electrode potential of ~ —1.15V (NHE)?2
which is the potential of the impedance minimum
(1, 12) in the carbonate buffer solution (pH 9.7). P
and A then returned rapidly to recover ~90% of
the change in ~100 sec with complete recovery after
2 hr or on application of an anodic charge ~3 mC/cma2.
The electrode potential and impedance also recovered

2 All potentials are referred to the normal hydrogen scale,
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Fig. 1. Effect of a cathodic current (0.5 mA/cm?2) with time, ¢,
on A and ¢ of a filmed Ti electrode in carbonate buffer before
and after open-circuiting at £ = —1.15V (NHE). L = 546.1 nm,
angle of incidence — 70°, np, = 1.335. H—M with cathodic
current, [J---[7] on open circuit (time in seconds is indicated
during each stage). Also shown are calculated A/Y¥ relationships
for constant n¢ and kr — 0 (——, variable d), constant d and k¢
= 0 (~——~—, variable ng), and constant d and n; (....... , in-
creasing ki) for ng = 2.0, ks = 2.7.

rapidly on open circuit. If the change in ellipsometer
readings was influenced wholly or partly by the
formation of metallic hydride at the substrate, P and
A readings would be irrecoverable on the observed
time scale on open circuit because of the irreversibility
of hydride formation (6, 12). The substrate was thus
considered unaffected by this cathodic polarization.

To determine the effect of cathodic polarization on
the thickness and optical properties of the surface
film, a range of possible combinations of film thick-
ness, d, refractive index, mj;, and absorption coeffi-
cient, ks, were computed to fit the measured P and A
combinations. Since there are only two measured pa-
rameters an assumption has to be made about one
of the film parameters to determine uniquely the
other two. The experimental A vs. y data (Fig. 1)
show that the cathodic current does not simply cause
film thinning, there is a movement, with time, of
the data across lines of constant n¢s and k¢. A constant
film thickness during cathodic polarization was as-
sumed because with the alternative assumptions that
either ms or k¢ were constant, the measured P and A
values could arise if the film underwent a large
reversible change in thickness, e.g., from 347 to
95.4 nm in the present case. It is unlikely that any
significant amount of TiO; could be reduced to
metallic Ti and then reoxidized reversibly and rapidly
on open circuit to the original thickness even at the
metal/oxide interface under the present conditions.
Also reduction then oxidation of the substrate would
change the optical constants significantly and irre-
versibly and thence the P and A readings, which was
not the case.

Figure 2 shows that both ns and k; change with
time during the passage of 0.5 mA/cm? cathodic cur-
rent and on open-circuiting the cell. A constant film
thickness is assumed throughout these experiments.
For the thicker of the two surface films (42.2 nm)
the changes were slower at the same current density.

ngs and k¢ together with the electrode capacitance
(Cp) and conductance (R,~1) are all related to time
on open circuit, t, initially in a t%5 manner over the
same period of time (Fig. 3 and 4). Recovery of
C,, Ry~ 1, mg, and k¢ is not quite complete - after 300
sec where there is a small net change (ACp ~ 19
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pFeem—2, AR,™1 = 7 x 10-3Q—1-cm—2, an; =0.0115,
Ake = 0.001),
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Fig. 2. Effect of a cathodic current (0.5 mA/cm2) with time on
optical parameters of anodic films on Ti before and after open-
circuiting at E = —1.15Y (NHE): n¢ (O), ks (@) of 347 nm
film (open circuit after B0 sec), and ng (1), k¢ (M) of 42.2 nm
film (from Fig. 1 data) (open circuit after 140 sec) for ny =
20, k¢ = 27. . = 546.1 nm, angle of incidence = 70°, ny
= 1.335.
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Fig. 3. Data from Fig. 2 plotted against (time on open circuit)1/2
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Fig. 4. Open-circuit decay from £ — —1.15V (NHE) of paralle!

electrode capacitance (X) and -conductance () of Ti electrode
filmed to 34.7 nm, in carbonate buffer solution.
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Table 1. Refractive indexes and derived polarizabilities at
(i) —1.15V (NHE), (ii) the maximum change in ns in
carbonate buffer solution, for films (thickness, d) on

Ti electrodes

(i) (i)
d (nm) 34.7 422 34.7 422
nt (EXPTL) 1.8442 1.8678 1.7488 1.7577
QEXPTL + 10-28 cm? 0.451 0.447 0.413 0.405
TiO0OH (%) 50.8 54.0 80.9 87.3

A more rapid change in ny and ks was found to
accompany higher cathodic current densities on the
same electrodes. After ~30 sec at 2.5 mA/cm? ny
and kf became constant at values which were lower
and higher, respectively, (Fig. 5, Table II) than at
—1.15V (NHE) (Fig. 2). Increase in cathodic current
density produced no further change. Recovery on
open circuit was complete but slower (Fig. 5) than
after less severe cathodic polarization (Fig. 3).

Nb electrodes.—The effect of cathodic current on
A and v after anodic oxide growth on a Nb electrode
is shown in Fig. 6. The data do not indicate simply
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Fig. 5. Recovery of optical parameters of anodic films on Ti with
(time on open circuit)l/2 after 25 mA/cm2 cathodic current for
45 sec (34.7 nm film; O, @) and 60 sec (42.2 nm film; [J, M).
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Fig. 6. Effect of cathodic current (10 mA/cm?2) with time on
A and v of a filmed Nb electrode. X———X open circuit after
film growth, @——@ cathodic current, O———( open circuit,
®—® anodic current (0.14 mA/cm2) (time in seconds indi-
cated for each of these stages). A — 546.1 nm, angle of inci-
dence = 70°, nyy = 1.335.
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film thinning, Recovery occurred on open-circuiting
and was complete after long times or on passage of
an anodic current [at fields too low for oxide film
growth by ionic transport (2, 3)] (Fig. 6). It was thus
considered unlikely that any significant film thinning
occurred during passage of cathodic current since
the observed reversibility of the phenomenon would
require substantial film thickening under open-circuit
conditions. The film thickness on Nb electrodes was
assumed to be constant during cathodic polarization.
Alteration of substrate optical constants by hydride
formation in this case was again considered unlikely
since the electrode showed complete recovery of P
and A values on open circuit and the films had a
low capacity for hydrogen (2). Surface hydride forms
at very much higher cathodic current densities ~0.5
A/ecm? (3) and its formation would be effectively
irreversible during the time on open circuit.

Changes in n; and kf on passage of cathodic cur-
rent were computed for films grown to 12.6, 28.7, and
51.9 nm on Nb electrodes. Changes in k; comparable
in magnitude and rate to those of the films on the Ti
electrodes required much higher cathodic current den-
sities (~10 mA/cm?) or thinner films (¥ig. 7, 8, and
9). Recovery of k; on open circuit was comparatively
slow (Fig. 10) but faster following <10 mA/cm?
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Fig. 7. Effect of cathodic current (10 mA/cm?2) with time on
optical parameters of 12.6 nm anodic oxide film on Nb electrode.
Analysis of data from Fig. 6 with ng — 2.85, ks = 3.15.
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optical parameters of 28.7 nm anodic oxide film on Nb electrode.
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Fig. 10. Optical absorption data from Fig. 7-9 plotted against
(time on open circuit)1/2,

cathodic current density and was complete after =10
hr or on passage of a small anodic charge. Changes
in n¢ were small and slowly reversible in contrast
to the behavior of the oxide films on Ti electrodes.

Discussion

The optical properties of oxide films on Ti and
on Nb change reversibly during cathodic polarization
and the results indicate that: (i) There is a significant
difference between the optical behavior of the surface
films on the two metals; (ii) the large changes in
the optical parameters suggest that cathodic current
flow modifies the bulk properties of the surface oxide
films on both metals; and (iii) the speed of the de-
crease in ny and/or increase in k¢ is dependent on
oxide thickness, cathodic current density, and the
substrate metal. There is a difference in the rates
of these changes between films on Ti and Nb electrodes.

Changes in ki—The impedance data for Ti elec-
trodes show the same time dependence as n; and k¢
and have been shown previously to be characteristic
of an effect in the bulk oxide rather than at the
interfaces (metal/oxide or oxide/electrolyte) (12).

The recovery of ks and of impedance for films on
Nb electrodes on open circuit after cathodic polar-
ization were at similar rates taking several hours (3).

Examined with variable wavelength (before cath-
odic polarization) absorption by anodic Ti oxide does
not have a sharp “edge” but in common with other
amorphous materials absorption was found to in-
crease steeply (13) at A ~ 430 nm corresponding to
a bandgap of ~2.88 eV. This value compares with
that for the crystalline forms of TiOs:anatase (3.04
eV) (14) and rutile (3.05 eV) (15). After cathodic
polarization the absorption increase had moved to
A ~ 415 nm, i.e., the bandgap increased to ~2.99 eV
but the absorption at longer wavelengths was still
significant. Similar observations were reported on re-
duction of rutile or anatase which also showed an
increase in bandgap of the same order of magnitude
(14). This was interpreted in terms of donor sites
(singly or doubly ionizable oxygen vacancies) in the
oxide which, with increasing concentration, produce
a “blurring” of the absorption “edge” effectively
broadening the bandgap. The donor species in the
present case would be hydrogen dissolved in the
oxide films on Ti. The bandgap of anodic oxide film
on Nb electrodes was ~3.18 eV and the increase, after
passage of cathodic current, was to energies corres-
ponding to wavelengths below those available with
the ellipsometer.

The proposed interpretation of the recovery in R,
and C; of filmed Ti and Nb electrodes after cathodic
polarization was in terms of the effects of the pres-
ence of hydrogen within the surface oxide films (3,
12). At negative potentials hydrogen was considered
to act as a donor impurity in raising the conductivity
of the surface oxide films [in addition to acting as
a faradaic reactant in films on Ti electrodes (12)].

The ionization energy of hydrogen (=13.62 eV) is
dependent on the dielectric constant, ¢, of the medium.
Assuming the electron can be considered to move in
a coulombic field

Met

Ep=Egn- [1]

1
m €2
where Ep is the least energy required to promote an
electron from the donor hydrogen to the lowest level
of the conduction band, Ey is the ionization energy
for hydrogen, mes is the effective mass and, assum-
ing this is approximately equal to m (electronic mass),
Ep ~ 1.7 X 10—2 eV for the surface films on Ti using
e ~ 20 (6) and Ep ~ 6.3 X 10—3 eV in anodic films
on Nb [e ~ 60 (3)]. The value of ¢ for TiO: is sig-
nificantly different from that for crystalline rutile
but is not unexpected for “glassy” oxides as is the
case for low voltage anodic TiO; (6). A significant
proportion of electrons will be donated at room tem-
perature (kT ~ 2.5 x 10—2 eV) giving rise to the
observed conductivity in addition to optical absorp-
tion at low photon energies (hy < Evandgap)-

The nearly complete recovery of ki, R,~1, and C;
occur with the same time dependence dyring the same
time interval (Fig. 3 and 4). Previously (3, 12), the
frequency dependence of R, and C, at low frequencies
(e.g. < 10 kHz) which are characteristic of the surface
of the highly conducting film, was evidence for a
reversible surface reaction (the hydrogen deposition
reaction) dependent on diffusion in the oxide. The
electrode potential, E, under these conditions is ex-
pected to be related to the diffusion of hydrogen to
the oxide surface since E depends on surface con-
centration. The change in potential with hydrogen
coverage 0y, is 9 In 6u/9E = —K, where K is a con-
stant. In the present case assuming that the change
in surface coverage of hydrogen depends on diffusion
in the bulk oxide and is proportional to (Dt)—1/2
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Fig. 11. Electrode patential, E, of a Ti electrade filmed to 34.7
nm as a function of time on open circuit after polarizing to E
= —1.15V (NHE) at 0.5 mA/cm2.

then £ « 1/2 log t. Figure 11 shows that this rela-
tionship is approximately followed on open-circuiting
at E = —115V (NHE) over the same time interval
as the (bulk) optical changes, verifying the depen-
dence of the surface reaction on diffusion in the oxide.
The larger cathodic current requirement for sig-
nificant k; changes and the slower reversibility in
films on Nb electrodes is consistent with the poten-
tiodynamic behavior (2) which showed a lower sus-
ceptibility to hydrogen uptake and slower kinetics.

Changes in n.—The most remarkable effect of cath-
odic polarization is the influence on the real part of
the refractive index, ng of films on Ti electrodes.
The change in ns¢ is large and rapidly reversible with
the same time dependence as k¢ (Fig. 2, 3, and 5)
and indicates an additional effect of the presence of
‘hydrogen in the oxide film.

At negative potentials, coincident capacitance and
conductance maxima appear. This is characteristic of
a reversible electrochemical reaction (16). The capac-
itance maxima increased with increasing film thick-
ness and there was no significant change in the surface
area at different thicknesses. This indicated (12) that
not only reaction at the surface was involved, but
that a reaction such as

TiO; + H* 4 e~ = TiOOH [2]

was occurring in the bulk of the oxide film. The low
magnitude of the capacitance maxima, however, was
considered to be a result of the low reversibility of
reaction on a time scale ~1 msec or less (12), as
indicated by the broadness of the capacitance peak
(16).

The observed ns changes in TiOs could possibly be
explained in terms of a very large reversible change
in film density. However, at low fields (associated
with the cathodic current) the electrostrictive effect
is vanishingly small and a reversible and major change
in the number of molecules in the oxide film at con-
stant thickness is not likely. The reversible changes
in nf on a time scale of tens of seconds imply a re-
versible change in the electronic polarizability of
the film molecules (am). The formation of TiOOH,
as in Eq. {2] would be accompanied by a decrease in
n¢ since electronic polarizabilities of ions (e;) are
approximately additive (17) to give am, and ep2z- >
aon—~. Departures from simple additivity arise from
a nonideal crystal state and overlapping of wave
functions. To test for additivity in the case of TiO,
the refractive indexes of the different crystalline
forms will be considered using the Lorentz-lorenz
equation

n? —1 4n
— = — ¥ Ny [3]
n? 4 2 3

where N; is the number, per unit volume, of ions of
polarizability «;. Thus
3 M (n2-—-1)

ATIOp == e e —————— 4
o = Y Np (2 + 2) 4]
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where M = molecular weight of TiOs, p = density, and
N = Avogadro number. For comparison with the
anodic film, each of the crystalline forms (anatase,
brookite, and rutile) will be considered as randomly
oriented microcrystals of single crystal density so
that the average refractive indexes (at wavelength,
L = 5889 nm) are: 2.5246, 2.6226, and 2.7545, respec-
tively, with densities of 3.9, 4.13, and 4.23 g/cm3,
respectively (18). Using these data in Eq. [4] the
molecular polarizability of TiOj is remarkably similar
for the widely different crystal forms, viz.; 0.522, 0.508,
and 0.515 X 1023 cm3, respectively, for anatase, brook=
ite, and rutile. It is reasonable then to suppose that
etios for the anodic oxide is not dissimilar from an
averaged value between the three crystal forms, which
is 0.515 x 10—23 cm3. At the wavelength A = 546.1
nm (Fig. 2, 3, and 5) the correction for optical dis-
persion is ~0.001 x 10-2 cm3 (6). This correction
is smaller than the difference between the calculated
atiop values of the different crystal structures and
will be ignored.

Using arigy = 0.515 X 10-23 cm? in Eq. [4], the
density of the 34.7 nm anodic film is 3.1214 g/cm3.
This value of p together with M = 80 can be used
at negative potentials where a change in the number
of molecules or Ti ions is unlikely (Eq. [3]) for a
constant film thickness (as already discussed). The
amount of water in the film is not expected to change
significantly and may contribute < 0.01 x 10—28 ¢m3
to the derived electronic polarizability.

Using Pauling’s value (20) for e+ ~ 0.019 X
10-23 cm?, the additivity relationship for erio, yields
ag2— = 0.248 x 10—23 cm3., With aou— = 0.122 X
102 em? (17) in Eq. [2] and assuming x is the
fraction of molecules of TiO; converted to TiOOH, the
average polarizability per molecule is then

atid+ + ao2— + (1 — x)ao2~ + Teog— = eExPTL

so that
0.515 — CEXPTL

r=—— 5
0.126 (3]

In deriving Eq. [5] we have assumed that apg+ ~
arit+. We can find no published data for the electronic
polarizability of Ti3+ but do not expect it to sig-
nificantly alter calculated values of x.

At E = —1.15V (NHE), which is the potential of
minimum electrode impedance [a phenomenon asso-
clated with a reversible or equilibrium potential (16) ]
the values of epxpr. derived from the measured ng
correspond to x ~ 0.5 in Eq. [5] (Table II). (If a3+
were 50% higher than ari+, then values of x would
be only ~8% higher.)

At the equilibrium potential of reaction [2] the
effective concentrations of TiO; and TiOOH would
be equal from thermodynamic considerations. The de-
rived molecular composition of the anodic oxide films
(Table II) at the reversible potential of the equilib-
rium reaction [2] (12) supports the concept of changes
occurring in the bulk of the oxide film on Ti and
the use of this equation to describe them. Below E
= —1.15 (NHE) (at higher cathodic currents or after
a longer time), the lowest refractive indexes found
correspond with nearly complete conversion of TiOs
to TiIOOH.

Such large optical changes cannot readily be inter-
preted by models in which the changes in valency
of the oxide occur only at surfaces of the oxide films.

There was more than sufficient cathodic charge
passed to account for both m; and ki changes. ~35
mC of charge was passed by the 34.7 nm filmed Ti
electrode before open-circuiting; this was ~5 times
more than required to convert half of the TiO.
molecules to TiOOH. Most of the hydrogen produced
by this charge was released as gas in the hydrogen
evolution reaction.

There is a small change in ns with the passage of
cathodic charge by filmed Nb electrodes and it de-
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creases with increase in film thickness (Fig. 7-9).
Using aNb205 = 1.292 x 1023 ¢m3 [from ag2—~ = 0.248
X 10723 em3 and anpst = 0.026 (19)] and arguments
similar to those for films on Ti, the derived decreases
in average polarizability per molecule (Aap) on cath-
odic polarization are: 0.026, 0.020, and 0.009 x 10—23
cm? for the 12.6, 28.7, and 51.9 nm films, respectively.
Assuming the formation of OH- from O2— ions in
areaction such as

NbeO; 4+ 2H* + 2e~ —» Nb203(0OH) 2 (=2NbO2-H,0)
(6]

the change in nf corresponds to ~10% conversion of
the 12.6 film. The decreasing change in n; and anm
with increase in film thickness is characteristic of a
surface effect, which, from the present figures, extends
only to a few (3 to 5) (20) molecular layers of
oxide.

Impedance measurements over a wide frequency
range (3, 12) have also indicated a difference in the
behavior of anodic oxide films on Ti and Nb at
negative potentials. That the change in 7y on Nb
electrodes is not characteristic of a reversible faradaic
bulk reaction and is only slowly reversible is con-
sistent with the absence of a distinct impedance mini-
mum (3) at negative potentials. This model implies
that the low impedance cathodic behavior of oxide
covered Nb electrodes (3) arises mainly from con-
ductivity changes in the bulk of the film and not
from a reversible reaction in the bulk oxide. In this
respect Nb differs from Ti where impedance changes
(12) involve changes in conductivity and a reversible
faradaic reaction in the bulk oxide film.

Rates of change of optical parameters.—Changes in
the films during cathodic treatment and/or on open
circuit are nonhomogeneous since the A/y data follow
a different path during recovery of the electrodes on
open circuit, Since hydrogen, deposited at the oxide/
electrolyte interface, dissolves in the oxide films, the
change in optical properties proceeds from this inter-
face toward the metal/oxide interface. The films may
approach homogeneity just after the open-circuit con-
dition or during cathodic treatment to where there
is no further change in the ellipsometric parameters at
low potentials (Table II). At other conditions, where
the parameters are rapidly changing, unambiguous
analysis for regions of different optical properties
within the oxide films cannot be done since the
oxide must be considered multiphase, and two mea-
sured optical parameters are insufficient for a com-
plete interpretation; under these conditions our cal-
culated n¢ and kr values are approximations.

For both electrodes, rates of change of the calcu-
lated ng and k; on cathodic polarization were faster
in thinner films (Fig. 2, 7, 8, and 9) as implied by
the proposed model of hydrogen diffusion. Similarly
on open-circuiting, initial changes were faster for
the thinner films.

Calculation of the exact diffusion coefficient is, of
course, complicated by the absence of data on the
concentration gradient of hydrogen in the oxide, even
though at —1.15V (NHE) films on Ti electrodes com-
prise ~50% TiOOH and TiO,. Assuming a constant
concentration of hydrogen at the surface and bulk
concentrations similar for the two oxides, the relative
diffusion coefficients for hydrogen in the films on
Ti and Nb are ~10-13 and ~10—-14¢ cm?2/sec, respec-
tively. The assumption of a higher bulk concentra-
tion, which is more likely but unknown, would yield
significantly faster rates of diffusion.
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Summary

Cathodic polarization of filmed Nb electrodes in-
volves large and reversible changes in the optical
absorption due to solution and ionization of deposited
hydrogen in the surface films. Only small changes in
the refractive index occur.

Cathodic treatment of filmed Ti electrodes pro-
duces large and more rapidly reversible changes in
both absorption and refractive index of the surface
film. The change in electronic polarizability at the
reversible potential of reaction [2] corresponds with
the formation of ~50% TiOOH and the maximum
change in refractive index corresponds with ~85%
conversion of TiOy, which occurs at more negative
potentials where reaction [2] would go nearly to
completion.
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Examination of Aluminum Copper Films during
Anodic Oxidation

Corrosion Studies

H.-H. Strehblow! and C. J. Doherty
Bell Laboratories, Murray Hill, New Jersey 07974

ABSTRACT

Aluminum copper films in the range of 1-70 atom percent (a/o) Cu pre-
pared by vapor deposition were examined in buffer solutions of pH 5.0, 6.0,
and 9.2. Films with a low copper content (=10 a/o) show similar corrosion
properties as pure aluminum in weakly acid solutions. The formation of a
layer of nonporous aluminum oxide leads to anodization up to a maximum
potential of some 10V at which point the film is destroyed locally. For
higher coprer contents (=40 a/o) the oxygen evolution cannot be prevented
and only brittle noncontinuous oxide films are formed. These metal films
have similar corrosion properties to those of pure copper. At pH = 9.2 the
polarization curves obtained are closely related to those of pure copper.

Aluminum films with additions of 1-5 weight percent
(w/0) copper are widely used in integrated circuits.
The copper alloying is used to reduce electromigration
and thermal hillock formation and to facilitate chem-
ical etching. However, the addition of copper is also
known to accelerate aluminum corrosion in the
presence of ionic contamination (1, 2) due to galvanic
corrosion between the precipitated Al,Cu 6 phase and
the pure aluminum matrix. To investigate the
implications of this fact to the use of aluminum/copper
metallizations for silicon-integrated circuits, the
anodization conditions of evaporated alloy films have
been investigated. Besides electrochemical examina-
tions, transmission and scanning electron microscopy
and ion backscattering were used to obtain informa-
tion about the metal films and the anodic oxides.

Experimental

The films were deposited by electron gun evapora-
tion from copper-aluminum melts. The films were
deposited on sapphire, quartz, or oxidized silicon
substrates. Prior to metal deposition the substrates
were degreased with trichlorethylene and acetone fol-
lowed by cleaning in a mixture of 1 part ammonium
hydroxide, 1 part H2Oq, and 4 parts of water at 80°C
and were carefully rinsed with delonized water.
Finally they were baked for 30 min at 500°C in air.
After metal deposition, the specimens, which were
about 1.5 cm? in surface area, were contacted electri-
cally by a u-bent copper wire and conducting carbon
paste. The whole contact area was covered by epoxy
resin and the specimens were mounted to a glass tube.

Three different buffer sclutions are used: phthalate
buffer pH = 5.0, 0.023M KHPhth 4 0.027M KsPhth; ci-
trate buffer pH = 6.0, 0.1M citric acid <+ 0.2TM KOH;
borax buffer pH = 9.2, 0.1M. All solutions were pre-
pared from reagent grade chemical and triply distilled
water.

The following reference electrodes were used:
Hg|Hg»S04|1N HySO4 Er, = 0.68V; Hg|HgO|0.1M KOH
En = 0.18V. All potential values are referred to the
standard hydrogen electrode and are corrected for
ligquid junction potentials.

Results

Potentiodynamic examinations.—Aluminum copper
films were examined under potentiodynamic condi-
tions. Films of low copper content (=10 a/o) show, in
weakly acid solutions and other metals forming non-
behavior similar to pure aluminum with no apparent

iPermanent address: Free University Berlin Institute of Physi-
cal Chemistry, 1 Berlin 33, Thielallee 63-67, Germany.

Key words: Al-Cu corrosion, metallization, integrated circuits,
anodic oxides, metal films.
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metal dissolution when passivation is achieved and no
appreciable removal of the passive film within a few
minutes at négative potentials (Ep, = —0.8V) well be-
low the potential of the hydrogen electrode in the same
solution. In alkaline solutions like 0.1M borax (pH 9.2),
however, the films showed a similar corrosion behavior
to that of copper during subsequent potentiodynamic
polarization. Apparently there is copper present on the
film surface and as copper oxides and hydroxide show
very low solubility at pH = 9.2, this metal is oxidized
and reduced during subsequent runs. Figure 1 shows
typical scans in borax buffer for 1.9 and 71.4 a/o copper
films using scan rates of 0.1 V/sec and 0.1 V/min,
respectively. The faster scan rate was required for the
low copper sample, because the copper peak, corre-
sponding to the surface concentration of this alloy
addition, was very small and could not be detected at
slower scan speeds. The same peaks are found for
copper in the same buffer, as shown in Fig. 2, although
with greater current density indicating that the sur-
faces of the alloy films are only partially covered by
copper. The first peak is attributed to the formation of
copper (I) oxide and the second to copper (II) oxide or
hydroxide (3-5). Cathodic reduction peaks are found
when the potential is changed in the negative direction,

45
dE /dt 0.1V/S' Al-19 AT % Cu ———
0.1V/min Al-71.4 AT °%% Cu
0.1 M BORAX

i pH=9.2
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Fig. 1. Potentiodynamic polarization curves for an Al-1.9 a/0

and 71 a/o Cu film in 0.IM borax pH = 9.2, dE/dt = 100 mV/
sec or 100 mV/min, respectively.
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Fig. 2. Potentiodynamic polarization curves for pure copper
in 0.1M borax pH = 9.2, dE/dt = 100 mV/min.

Al-71.4 at % Cu
01 M Borax pH=92
dE/dt=20m Vis

current density (mA/cm?)

12V

-0.4 T
-05 ] a5 10 15

potential E (V)

Fig. 3. Potentiodynamic polarization curves for an Al-71 a/o
Cu film in 0.TM borax pH = 9.2, dE/dt — 20 mV/sec.

correspond to the results for pure copper, and are
related to the reduction of the surface compounds
which are formed during the anodic scan (Fig. 3).
Passivated specimens with a low copper content
can be polarized in acid solutions to potentials several
volts more positive than the standard hydrogen elec-
trode without an appreciable increase in the current
density. For subsequent potentiodynamic scans a cur-
rent increase is observed only when the potential gets
more positive than the run before resulting in a
thickening of the anodic oxide (Fig. 4). This cor-
responds to the behavior of passive aluminum in
weakly acid solutions and other metals forming non-
electron-conducting poreless passive films (6-8).
During repeated potentiodynamic examinations in
0.1M borax, however, a current peak at E, = 1.6V ap-
pears which is attributed to oxygen evolution (Fig. 5).
The reversible oxygen potential at a pH 9.2 is some-
what lower, the difference being presumably due to the
overpotential typical for oxide-covered metals. The
subsequent decrease in current density with increasing
potential occurs because the surface becomes in-
creasingly passivated by aluminum oxide and the
local enrichment of copper or copper oxide is removed
from the surface by dissolution or is covered by the
aluminum oxide, In acid solutions (phthalate buffer or
citrate buffer), this current peak is not observed for
films with low copper content because copper cannot
accumulate due tu the solubility of its oxides in these
solutions, Citrate solutions are especially effective in
removing copper from the surface because of its
complexing property. In consequence these solutions
show higher corrosion current densities for copper and
better passivating properties for low copper films.

potential E, (V)

Fig. 4. Subsequent potentiodynamic polarization curves of an
Al-1.9 a/o Cu film in phthalate pH = 5.0 showing current in-
crease after exceeding the potential of the previous scan, dE/dt
= 1V/min,
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Fig. 5. Potentiodynamic polarization curve for Al-19 a/0 Cu
film in 0.1M borax pH = 9.2 up to some volts.

12 a/o copper films behave similarly to the 1.9 a/o
films described above, but 41 and 71 a/o Cu-films,
however, show heavy oxygen evolution at potentials
more positive than 1.2V and the gas evolution does not
decrease at high potentials. The copper content is ap-
parently too high for the formation of a continuous
aluminum oxide film over the surface.

The potentiodynamic polarization curves show that
the films with a copper content of less than 10 a/o are
similar to pure aluminum. In weakly acid solutions
passivity is observed and oxygen evolution is pre-
vented up to En = 10V and more. These solutions are
therefore the most suitable for the anodization of the
metal films to high electrode potentials. Greater dif-
ficulty would be expected in 0.1M borax, mainly caused
by the accumulated copper at the surface resulting in
oxygen evolution, This would prevent the galvanostatic
formation of thick films at high potentials especially at
small current densities and copper concentrations of
more than 2 a/o. In these cases, no continuous
aluminum oxide film can cover the surface and oxygen
evolution consumes a great part of the applied current
density at the surface sites containing copper and the
semiconducting copper oxide.

Galvanostatic examinations.—The citrate buffer
(pH = 6.0) solution proved the most effective for film
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anodization. In phthalate buffer (pH = 5.0), localized
destruction of the metal film is observed at lower
potentials than for the citrate solution; for example,
the 1.9 a/o Cu film could be anodized to only 50V in
phthalate but to 100V in citrate solution under equiv-
alent conditions (i = 1 mA/cm?2). In borax buffer
galvanostatic experiments with current densities of
i < 500 gA/cm? failed to reach high rotentials. Charac-
teristic corrosion structures appeared on the metal
surface, These small stained areas are also found after
potentiodynamic experiments in the borax buffer as
mentioned above,

In 0.1M citrate solution galvanostatic anodization of
the films with different copper content results in a
nearly linear increase of the electrode potential with
time (Fig. 6). This potential increase stops at a
maximum value, potential oscillations and drops are
observed, and characteristic local corrosion structures
can be detected on the specimen surface (Fig. 7). Im-
mediately before the maximum potential is reached the
potential increase grows steeper; the exact potential at
which it occurs is dependent on the composition of the
film (Fig. 8).

Microscopic examination.—The maximum potential
which can be applied to the films is limited by local
breakdown. Figure 7 represents a part of the film
which has lifted off the substrate forming a bubble. At
the center of each bubble is a small area (1-5 um
diam) where the metal film is clearly corroded and
appears to be perforated. Electron microprobe
analysis of the corrosion product does not show a
significantly increased copper concentration in this
area. It is postulated that once local film corrosion and
perforation have occurred, the electrolyte penetrates to
the film/substrate interface and continued gas evolu-
tion causes the film to lose adhesion.

Figure 9 shows an Al-11.7 a/o Cu film which could be
anodized to only 18 Vg. Continuing anodization at this
potential results in the formation of a brittle surface
film due to continuous passivation breakdown.

The grain structure of an Al 1.9 a/o Cu film was
displayed using transmission electron microscopy.
Sample preparation involved discolving the silicon
substrate, followed by ion milling the metal film.
Figure 10a and 10b show the grain structure of the
metallic and anodized portions of the film, respectively.
A cross section of the film is shown in Fig. 10c which
clearly shows the anodic oxide on top of the metal
film.

Conclusion and Discussion

The following main results are obtained for the cor-
rosion behavior of vapor-deposited aluminum copper
films of various compositions.

80
CITRATE BUFFER pH=6.0 Cu=28%
i=ImA/cm?

60

Cuz4.4%
Z 40
=
w
Cuz8.7%,
20
50 100 150 200
it (mC/cmt)

Fig. 6. Galvanostatic oxidation of aluminum-copper films of
different composition up to film damage with i = 1 mA/cm?2 in
0.1M citrate pH = 6.0.

January 1978

Fig. 7. Damage of an Al-4.3 a/o Cu film on a sapphire slide
after oxidation to 70Yy in 0.IM citrate buffer pH = 6.0, with
i = 1 mA/cm2 for 5 min,

200 1

Al-CU-ALLOY FILM
CITRATE pH=6.0

100 b

POTENTIAL OF FILM DAMAGE Ep, (V)

0 |
0 5 10 5
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Fig. 8. Potential for film damage as a function of the copper
content,

1. Passive behavior is observed in solutions in the
range pH = 5-9.2. Films with a copper concentration
up to about 10 a/o are protected by an anodic film to
potentials of at least 10V. For high copper concentra-
tion (40 a/o, 70 a/o) oxygen evolution cannot be
prevented as these films do not form a continuous film
of the nonelectron-conducting aluminum oxide,

2. In 0.1M borax, which has a low solubility for cop~
per oxides and hydroxide, copper is accumulated at the
surface of the specimen during potentiodynamic exam-
inations. The anodic and cathodic polarization curves
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Fig. 9. Formation of noncontinuous brittle oxide on an Al-11.7
a/a Cu film on ‘sapphire under galvanostatic conditions for 120
sec, i = 3 mA/cm?, reached maximum potential £, = 18.6V.

show a peak structure very similar to pure copper. The
current densities decrease with the copper content of
the film as the passivated aluminum-rich parts do not
contribute to the electrochemical current. In acid solu-
tions (pH = 5 or 6) only the copper-rich films (40 a/o,
70 a/o) show the peak structure of copper due to the
greater solubility of the copper oxides and hydroxides
at these pH values, :

3. Optimum galvanostatic anodization is achieved in
the citrate buffer. The maximum anodic potential and
film thickness which can be obtained is controlled by
film perforation and adhesion loss. This maximum
potential decreases with increasing copper concentra-
tion of the film. Films of high copper content form
only brittle discontinuous thick oxide films. Anodiza-
tion in borax buffer, especially for high copper con-
centrations and small current densities, is not possible
to high potentials as oxygen evolution cannot be
prevented.

4, The metal phase consists of crystals of <1000A
diam. It will be shown elsewhere (9) that the oxide
film does not contain any copper. Its failure during
galvanostatic anodization at high potentials is closely
related-to an enrichment of copper at the metal-oxide
interface.

5. Vapor-deposited aluminum films containing only
a few atom percent of copper are protected against
corrosion by the formation of an oxide film in a manner
similar to films of pure aluminum. Care should be
taken to avoid acid or alkaline environments to prevent
the dissolution of the protective film. Anions with
complexing properties for copper ions resulting in an
increased solubility for copper oxide or hydroxide help
to form a copper-free surface.
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Fig. 10. TEM display of (a) metal phase; (b) anodic oxide; (c)
cross section of an Al-1.9 a/o Cu film, anodized with i — 1.4 mA/
cm? to Ep = 100V in 0.1M citrate pH — 6.0
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The State of Tin in Tin-Anodized Aluminum
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ABSTRACT

We have used Méssbauer spectroscopy of Snll? to determine the state of
the tin in anodized aluminum surfaces which are colored brown by anodiza-
tion in acidic stannous sulfate solutions. We conclude that the tin is present
predominantly in the form of tin metal.

Aluminum alloys used for architectural and ap-
pearance applications are frequently dyed gold, bronze,
or dark brown. One way to achieve these brown
anodized surfaces is by a-c treatment of anodized
aluminum in an electrolyte containing metal salts
(1-3). By varying the electrolysis conditions various
shades of color can be obtained. Some of the most
widely used metal salts in electrolytes for generating
bronze to brown colors are those of divalent tin, the
effects of which were already well known in the 1930’s
(4). At that time it was speculated that the coloring
might be caused by reduction products of the tin salt,
e.g., metallic tin. In the last years mcre work has been
done to establish coloring mechanism, Liser (5) came
to the conclusion that the coloring particles consist of
metallic tin. A similar result was published in Ref, (6)
and (7). This information was obtained by x-ray
diffraction. Sheasby and Cooke (2) and Sandera (6)
suggest that tin oxides are present in these layers too.
Therefore some confusion exists on the nature of the
tin compounds responsible for the coloring effect. This
is primarily due to the small quantity and fine particle
size of the tin-containing phase, and the difficulty of
isolating it.

We have used the technique of Mossbauer spectros-
copy (8) on Sn!!9 to study these layers, and the results
of this work are presented here. Mossbauer spectros-
copy is ideally suited for this study—it works well
with thin layers of material, is sensitive only to the
tin atoms in the layer, and is completely unaffected by
the aluminum backing or aluminum oxide matrix. The
identification of the tin phase in these experiments is
by a “fingerprint” technique, in which the Mossbauer
spectrum of the unknown (tin anodized) sample is
compared with the spectra of known compounds. In
general, the parameters determining the Mdssbauer
spectrum are insensitive to particle size or crystallinity.
Particularly relevant to the problem we consider here,
Akselrod et al. (9) have recently shown that for SnO
with a grain size of ~20A, the Mdssbauer spectrum was
indistinguishable from that of bulk SnO.

Experimental Details

Samples were prepared by anodizing both sides of
the 0.2 mm thick aluminum sheets in 10% HySO4 at a
current of 1 A/dm? for the times shown in Table 1.
These sheets were then colored in a second electrolyte
consisting of 20 g/liter SnSO, dissolved in 5% HzSOy, 4
min, at room temperature, 9V, 50 Hz a.c,, using Pt as a
second electrode. The samples were rinsed in water
and allowed to dry in air at room temperature. Four
pieces of sheet were stacked, making an absorber
composed of 8 anodized layers for the measurements.
All of the samples were dark bronze in color.

The Mossbauer spectra were taken with the samples
at 78°K, using a source of BaSnO; at room tempera-
ture and a silicon detector for the gamma rays. A Pd
critical absorber was used to filter out the Sn K x-~rays.

Key words: Mossbauer, anodizing, tin, aluminum,
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Data were taken using a multichannel analyzer in the
up-down multiscaling mode (8). Spectra of the tin-
anodized samples are shown in Fig. 1, along with
spectra of stannic hydroxide (10) and tin metal.

The dominant line in the spectrum of the tin-
anodized samples clearly corresponds to that of tin
metal. Other obvious possible compounds can be con-
clusively excluded: Both SnO and hydrated SnO have
well-resolved symmetric doublets for their Mdssbauer
spectra (11, 12), as indicated in Fig. 1. Stannic oxide
has a broad line similar to that of stannic hydroxide.
Stannous sulfate yields a barely resolved doublet
centered at 4 mm/sec, while SnS yields a barely re-~
solved doublet centered at 3.5 mm/sec (11). Thus, not
only does the primary observed line correspond
exactly to that of tin metal, but all of the other simple
compounds containing tin, sulfur, oxygen, and
hydrogen have obviously different spectra.

There is additional intensity in the spectra near zero
velocity, and we attribute this to a small fraction of the
tin being combined in the form of stannic oxide or
hydroxide (Mossbauer spectra of these materials are
almost indistinguishable).

The spectra of the tin-anodized layers have been
least squares fitted to establish the relative quantities
of the oxide/hydroxide and tin metal. This was ac~
complished using a constrained least squares fitting
routine, which was given the shape, width, and position
of lines for stannic hydroxide and for tin metal, and
allowed only the intensities of the two lines (and the
baseline) as degrees of freedom. The fine line running
through the data points in Fig. 1 is the result of this
least squares fitting procedure; it is obviously an excel-
lent description of the experimental spectra. Frem the
line intensities, the amount of tin metal present can be
determined by comparison with spectra of tin samples
of known thickness. For thin samples, the resonance
intensity is proportional to the sample thickness. These
results are shown in Table I. From the Mdssbauer data,
there is no way to determine if the oxide/hydroxide

Table 1

Sample preparation and tin concentrations determined in these
experiments. The relative accuracies of the tin metal determi-
nations are +=5%, of the hydroxide phase, =25%. The absolute ac-
curacies are +20% for the metal phase, and =40% for the hydrox-
ide phase, being I'mited by the complete line shapes and poorly
established recoil-free fractions, f. In determining tin in the hy-
droxide phase, the value f.ya/fmeta1 = 1.25 at 78°K was used, fol-
lowing results of Ref. (13).

Anodized Sn (in
Anodizing layer Sn (metal hydroxide
Sam- time thickness phase) phase)
ple (min) (n)* (1g/cm?) (ng/cm?)
A 5 <1 35 4
B 15 5 40 4
C 30 10 35 4

* Dﬁtermined by “Lichtschnittmikroskop™ (light-section micro-
scope).
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Fig. 1. Mdssbauer spectra of the tin-anodized samples A and
B along with spectra of stannic hydroxide and tin metal for com-
parison. The spectra are taken in transmission, so that the ab-
sorption lines are downward pointing “peaks.” The energy scan-
ning in Mdssbauer spectroscopy is normally done by doppler shift-
ing the gamma ray energy by moving the source, so the “source
velocity” scale is effectively an energy scale. The spectra of SnO
and hydrated SnO are doublets, with the line positions shown at
the bottom of the figure. The least squares fit to the data (as-
suming the layer is composed only of tin metal and stannic hy-
droxide) is shown by the thin line,

phase is associated with the tin metal phase (i.e., as a
surface layer on tin particles) or is entirely in-
dependent. The most obvious source for the formation
of a stannic hydroxide phase would be hydrolysis of
Sntt jons as the surface pH is raised during the wash
process (10). The high surface area of the anodized
layer would serve as an ideal nucleation site for
precipitation of the insoluble stannic hydroxide ions.

It is interesting to note that the amount of metallic
tin does not depend on the thickness of the oxide

TIN-ANODIZED ALUMINUM 35

layer, and even at rather small thicknesses (sample A)
the same amount of tin is deposited under the condi-
tions used. The quantities of tin shown in Table I are
slightly smaller than those determined by Sautter
et al. (6) for tin-dyed layers produced under slightly
different conditions.

In the spectra of the tin-anodized samples shown in
Fig. 1, there is a very weak absorption near 4 mm/sec,
visible only by the minor departure of the data points
from the least squares fit line. This presumably arises
from traces of SnSO; (12) remaining 1n the porous
anodized layer.

In conclusion, studies of the composition of anodized
layers dyed by tin have shown that the tin is present
primarily in the form of tin metal. The brown colora-
tion of the layers presumably reflects the color of
finely divided tin metal particles, dispersed in the
aluminum oxide surface layer.
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Investigation of Agitation Effects on Electroplated

Copper in Multilayer Board Plated-Through Holes in

a Forced-Flow Plating Cell

Werner Engelmaier* and Thomas Kessler!
Bell Laboratories, Whippany, New Jersey 07981

ABSTRACT

The effect of electrolyte agitation in plated-through holes (PTH’s) of
multilayer boards (MLB’s) is investigated for high conductivity CuSO./H2SO4
electrolytes with and without brightener additives. The experiments were
carried out in an 80 liter forced-flow plating system capable of agitation by
air sparging also. PTH quality is assessed in terms of the PTH electrical re-
sistance, the PTH deposit uniformity, and the deposit morphology. Correla-
tions are made with plating current density, electrolyte velocity in the PTH’s,

and two dimensionless plating parameters, ¢r« and 7/7um The results show
that for additive-free plating, the agitation requirements to prevent mass
transport-limited plating conditions increase rapidly with increasing current
densities and decreasing cupric ion concentrations. At the current densities
common in MLB production, the low levels of agitation produced by air
sparging alone provide only for marginal plating conditions particularly at
the board edges where the test coupons are located. The plating criteria for
good PTH deposits, tr« < 1 and J/Tim < 0.25 are confirmed by the experi-
mental results. Plating with Cubath®M additives is shown to be considerably
less sensitive to variations in the plating parameters which are likely to
occur in production. The criteria for good PTH quality can be extended to

tre < 2 and §/9um < 0.25, which allows for more latitude for plating current

density variations.

Among the many critical process steps that a multi-
layer printed wiring board (MLB) undergoes during
its production, the electroplating of copper is one of
the most important. MLB’s contain plated-through
holes (PTH’s) which provide electrical connections be-
tween the various circuit layers of the MLB (see Fig.
1). During the electroplating step, copper is deposited
in the drilled PTH’s as well as on the outer MLB sur-
faces. Since the plating of PTH’s in MLB’s places much
more complex demands on the plating process as com-
pared to standard electroplated product, a better un-
derstanding of the plating process and its controlling
parameters is necessary (1-3). Efforts have been re-
ported which were designed to gain understanding
either through analysis of the existing plating phe-
nomenology (1, 5-12) or through analytical modeling
(2-4, 13). Parameters were defined which provide a
gauge for the relative importance of the three mech-
anisms (electrical characteristics of the plating solu-
tion, electrochemical kinetics of the plating reaction,
and fluid dynamic conditions at the cathode) whose
interaction determines the performance of an electro-
plating process. Different mechanisms become domi-
nant for the copper distribution at the different scales
important in the plating of MLB’s: macroscale, mini-
scale, and microscale (3).

The macroscale is characteristic of plating of com-
plete panels, Plating at this scale is dominated by the
primary current distribution as long as sufficient elec-
trolyte agitation at the cathode surface prevents the
formation of significant gradients in the cupric ion
concentration,

For the miniscale, characteristic of the region within
and close to a PTH, current distribution, and thus the
plating thickness distribution, is determined by the
interaction of ohmic conduction, charge transfer kinet-
ics, and mass transfer conditions. Criteria, involving

dimensionless plating parameters ¢r. and §/jim, devel-

* Electrochemical Society Active Member.

1 Present address: Xerox Corporation, Webster, New York 14580,

Key words: morphology, throwing power, electrolyte brighten-
ers, printed wiring, solution agitation,
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oped by Kessler and Alkire (3) indicate which of the
mechanisms dominates.

On the microscale, which encompasses effects on the
scale of surface roughness, deposit thickness, and grain
size, additives play a major role. Additives affect the
microleveling capability of the plating solution and de-
termine the deposit morphology. Thus, additives have a
major effect on the properties of the plated copper.

Sufficient agitation is a common reguirement to all
three scales. The consequence of insufficient agitation
is inadeguate mass transport which in turn results in
large ion concentration gradients at the cathodic sur-
faces. Mass transport limited plating results in poor
quality deposits and the conditions at which the de-

Fig. 1. Sketch of plated-through hole cross section defining
throwing power.
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posits occur at the cathode do not reflect the condition
in the bulk of the plating solution,

For these reasons, agitation has always been an im-
portant aspect in the electroplating of copper. Most
commonly, agitation is achieved by the discharging of
air from sparging pipes located beneath the cathodic
work pieces near the bottom of the plating tank. The
most obvious effect of air sparging is a stirring of the
electrolyte. The rising air bubbles impart velocity to
the electrolyte close to the cathodic surfaces. Thus, the
surface boundary layer is reduced and plating condi-
tions are less likely to be mass transport limited, For
the plating of planar vertical surfaces, the agitation
provided by =zir sparging generally is sufficient for
good quality plating.

However, for MLB’s air sparging does not provide
sufficient agitation in the PTH’s in many instances.
Therefore agitation by air sparging is sometimes sup-
plemented by mechanical agitation. However, the level
of agitation in PTH’s resulting from these modes of
agitation is exceedingly difficult to.predict. The only
practical method for the parametric evaluation of the
effects of agitation on the electroplated deposit and of
what agitation levels constitute sufficient mixing to
prevent mass transport limited plating conditions ap-
pears to be a phenomenological study of PTH'’s plated
at varying plating conditions. The results of such a
study with parametric variations of current densities
and forced-flow PTH electrolyte velocities are re-
ported, Some experiments using only air agitation
were performed also. The experiments were carried
out using a high conductivity acid-copper sulfate plat-
ing solution with and without Cubatn®M proprietary
organic additives (14).

Analysis
Plating parameters.—Since this study is primarily
concerned with the plating inside of PTH’s, miniscale
considerations are the most important. For the mini-
scale, two-dimensionless criteria for good plating qual-
ity have been analytically determined (2)

fre <1 (1]

is necessary for sufficient uniformity of plated copper
thickness within PTH’s, since it indicates that charge-
transfer resistance rather than solution ohmic resist-
ance predominates.

7/tim < 0.25 [2]

indicates sufficient electrolyte agitation, the absence of
mass transport limitations, and smooth copper deposits
with acceptable grain structure. From Rer. (2)

acFtg?2 —
=—j (3]
o= S RoTre

and

[41

T 2sT(4/3) ( 9Dirotn )1/3 -
Jum  3nFDic, 47 !
For the conditions in this study (¢, = 0.3¢ » « =
0.52 0~1 cm~—1, D; = 0.55 x 10—5 cm2/sec) (2)
th -
e =477 X 10—5T j [5]
o

and

= Tot 1/3 -
2 —n10x 10-4( _EB ) j [6]

From Eq. [5] and [6] and the sample dimensions (tg
= 123 mil, 7, = 23 mil), the plating criteria can be re-
duced to

"j < 32 mA/cm2 7]
and _
—_ ({3
8]
15,500 L

From the Eq. [4] and the second criterion minimum
mean electrolyte velocities in the PTH’s can be calcu-
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Table 1. Minimum mean PTH electrolyte velocities for
electrolytes with different cupric ion concentrations

coo

(M/ _
liter) 100 40 32 25 15 10 5  j(mA/cm?)
027 129 8 4 2 0.44 013 0016 v(cm//sec)
03¢ 6 4 2 1 0.22 0065 0.008 v(cm//sec)

0.375 48 3 1.6 075 016 0.05 0.006 v(cm//sec)

lated and are presented in Table I. This electrolyte
velocity is in the direction of the long axis of the PTH’s
and thus perpendicular to the MLB’s (see Fig. 1 and
2). Minimum velocities are given for the cupric ion
concentrations used in this study and the preliminary
work discussed in Ref. (1).

The minimum mean electrolyte convection require-
ment of 4 cm/sec in PTH’s determined in Ref. (2) is
correct only for average plating current densities up
to 32 mA/cm? at the cupric ion concentration of 0.27
My/liter used in Ref. (2). The level of minimum agita-
tion required for good plating changes dramatically
for different current densities and cupric ion concen-
trations.

Agitation levels.—With forced-flow agitation of the
electrolyte, the mean electrolyte velocity in a PTH is
easily determined. However, in practical production
plating electrolyte agitation by air sparging and/or
side-to-side MLB motion are the means employed to
achieve electrolyte mixing, The flow fields generated
by air sparging cannot be sufficiently described to de-
termine the equivalent PTH electrolyte velocities.
Clearly, the mass transfer in PTH’s is enhanced by
air sparging resulting from the random short duration
pressure field variations creating localized pressure
differences from one side of the MLB to the other as
well as from mixing currents created by the bubble-
wake eddies, however, the equivalent PTH velocities
are obviously small as compared to either MLB mo-
tion or forced flow.

A simple model of the flow in a PTH resulting from
the side-to~side MLB motion gives for a typical MLB
(7o = 23 mils, tg = 123 mils) at a velocity of vg = 10

cm/sec a mean PTH electrolyte velocity of v = 3.4 cm/
sec, Decreasing MLB velocitites results in rapidly in-

creasing the vB/U ratios; thus, v = 1 cm/sec results

in v = 0.075 cm/sec.

The level of agitation achievable by transverse mo-
tion of the MLB’s has practical limitations. The maxi-
mum practical velocity in side-to-side agitation is
about 10 cm/sec. This would mean that about 3.4 cm/
sec is the maximum mean velocity of a near-sinusoidal
velocity distribution and that during a considerable
portion of the motion cycle the mean velocity falls
below the minimum mean electrolyte convection es-
tablished in Table I. However, these minimum agita-
tion levels are established for steady-state fully de-
veloped laminar flow conditions (2, 3). There are a
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number of considerations, which indicate that fully
developed laminar flow constitutes the conservative
bound for the mixing in the mass diffusion layer at
the PTH surface. Some of these considerations are:

1. The downstream distance from the mouth of the
PTH, L., to establish fully developed laminar flow is
a significant fraction of the total length of the PTH (L.

= 116 mils for v = 5 cm/sec and a 46 mil PTH diam).

2. The oscillating flow field generates a phase shift
between the flow in the PTH’s and the MLB motion.

3. The sharp-edged PTH entrance and exit result in
a vena contracta at the entrance and eddies at the exit.

The theoretical prediction of the electrolyte agitation
at the PTH surface and the species concentration
gradients is exceedingly difficult under these circum-
stances.

The results from forced-flow experiments, for which
the electrolyte agitation is clearly defined, can estab-
lish the effects of varying levels of agitation on the
quality of the electrodeposited copper. It also can serve
as a standard from which effective agitation levels in
PTH’s resulting from air sparging and/or side-to-side
MLB motion may be estimated.

In the determination of the level of agitation, an
additional factor can play a significant role. The den-
sity of the electrolyte decreases as the cupric ion con-
centration decreases. Thus, the large ion concentration
gradients generated under transport-limited plating
conditions result in natural convection flow into and
from PTH’s.

Mirarefi and Alkire (15-17) have shown that at low
flow velocities natural convection effects cause a devia-
tion from the Lévéque equation flow. From the data in
Ref. (15-17) and our data, which confirm this devia-
tion, the level of agitation provided by natural con-

vection is estimated to be equivalent to v = 1.7 cm/sec.
This result would indicate that agitation ‘levels much

below v = 1.7 ecm/sec cannot meaningfully be investi-
gated and that plating at current densities below minij-
mum values that can be estimated from Table I will be
independent of additional external agitation provided.
Natural convection appears to explain why air sparging
produces good quality PTH’s under plating conditions
where air sparging alone provides insufficient agitation.
Air sparging however is clearly desirable because it
provides the bulk stirring necessary to provide at each
PTH the bulk concentration of cupric ion.

Experiment

Plating apparatus.—The 80 liter forced-flow plating
system, shown in Fig. 2, consists of four discrete cham-
bers separated from each other by impermeable weirs.
Suction and discharge chambers separate the spaces
for solution pumping and discharge from the plating
cells to eliminate spurious flow currents at the cathodic
MLB samples. The electrolyte is pumped from the suc-
tion chamber by two Sethco Model ZDX-50A pumps,
filtered through a 5 um polypropylene filter, flows
through a flow metering valve and a flow meter, and
is discharged in the discharge chamber. The electro-
lyte flows over a weir from the discharge chamber
into the upstream plating cell, from there through
the PTH’s in the MLB cathode into the downstream
plating cell, and over a weir into the suction chamber.
Each plating cell contained an anode 11 cm from the
cathode and an air sparging pipe at the cathode weir
close to the tank bottom. The air spargers were sup-
plied with air from a Cyclonair Blower Model
VFC201P-IT through a metering valve and a flow
meter,

A Nova Tran Model 1221 Digi-Plate Pulse Plater
with Model 6001 Ampere Time Controller served as the
power supply. The MLB samples were connected to the
power supply via an insulated wire and the anodes
hung from standard titanium anode hooks. During
plating with electrolyte containing brightener addi-
tives, a Rapid Electric Precision Solution Metering
System Model MPAT-P-SMS in conjunction with a
Fisher Volustat metering pump provided for the auto-
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matic maintenance of the additive balance. Additives
were replenished at the rate of 1 ml every 120 A-min.

Electrolyte.—For the experiments a high conductiv-
ity acid-copper sulfate electrolyte containing 0.34M
CuSOy, 1.76M HySOy4 and 40 ppm Cl— was used. Ex-
periments were carried out with an additive-free plat-
ing bath and with the electrolyte containing the stan-
dard levels of Cubath®M proprietary organic additives
(14).

MLB samples.—The MLB samples used are 9 X 9 em
in size, have a thickness of 123 mils, and have 46 mil
diam PTH’s on 125 mil centers. The samples contain
812 PTH’s, except for the samples used for the high

velocity experiments (v = 87 cm/sec) where half the
PTH’s, and thus half the sample area, were masked
with plating tape to make the high electrolyte veloci-
ties possible. The samples were electroless copper
plated with a thin (~0.05 mil) conducting film.

Plating procedure.—To make electrical connection
to the plating power supply 18 gauge bare copper wire
was threaded through two PTH’s on the top edge of
the samples and crimped into place. The wire was then
insulated with plating tape for its remaining length
submerged in the plating solution. The following
cleaning procedure was carried out for all samples:
(i) Neutra-Clean soak of 30 sec at 50°C, (ii) DI water
rinse for 2 min, (iit) etch in 10% sulfuric acid for 3
min, and (iv) DI water rinse for 2 min.

After the cleaning procedure, the samples were
placed in the opening cut into the cathode weir (see
Fig. 2) for this purpose and held in place by a holding
frame. To prevent leakage flow of electrolyte from the
upstream to the downstream plating cell all seams were
sealed with plating tape.

Electrolyte velocities in the PTH’s ranging from 0.17
to 87 cm/sec were obtained by varying the solution
flow, the number of PTH’s in the sample, and by per-
mitting some known bypass flow. During the experi-
ments with forced electrolyte flow, air sparging was
not employed. No forced solution flow took place dur-
ing the air sparging experiments. Experiments were
carried out for two sparging rates: 0.25 and 1.0 liter/
min-cm sparger length. These rates prevailed per unit
length of the air spargers and were identical for the
upstream and the downstream cell spargers. The lower
sparging rate results in slight agitation of the electro-
lyte in the vicinity of the MLB samples, whereas the
higher rate gives a very vigorous stirring and agitation
of the electrolyte throughout the plating cells.

Experiments were carried out for plating current
densities ranging from 5 to 100 mA/cm?2. The plating
times for the experiments at different current densi-
ties were adjusted to plate every sample with the same
number of coulombs and thus to yield identical aver-
age plating rates per unit total sample area. An auto-
matic shutoff terminated each experiment when the
predetermined number of ampere-minutes was at-
tained. At the conclusion of the plating, the samples
were removed from the plating tank, thoroughly rinsed
with DI water, and dried in a forced air flow.

Sample preparation for analysis.—The MLB sam-
ples were visually inspected after the plating pro-
cedure and the quality of the deposit “read.” A 0.5 X
0.75 in, coupon was cut from the center of each sam-
ple. The land areas surrounding each of the 15 PTH’s
on these coupons were electrically isolated from each
other by cutting through the planar surface deposits
between the PTH’s on both sides of the MLB’s. PTH
electrical resistance measurements were made using
a 4-point probe technique (18). After the resistance
measurements, these coupons were cut in half, en-
capsulated, and the cross sections polished for metal-
lographic examination.

Results and Discussion
Additive-free plating.—The results of the experi-
ments employing additive-free electrolyte are illus-
trated in Fig. 3-8. In Fig. 3 the PTH resistance is cor-
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Fig. 3. Plated-through hole resistance as a function of plating
current density and agitation velocity for additive-free plating.

Fig. 4. Metallographic cross sections of plated-through holes

plated at an electrolyte velocity—v— = 0.17 cm/sec and various
current densities for additive-free plating.

related with the average current density for three solu-
tion velocities in the PTH’s. In all cases an increase in
the plating current density results in a higher PTH
resistance because of the deteriorating throwing power
and changes in the macrocurrent distribution. The re-
sulting PTH resistances at low current densities are
the same for all agitation velocities; however, as the
current density increases, the onset of mass transport-
limited plating is clearly reflected in a more rapidly
increasing PTH resistance for the lower agitation level
conditions. These deviations, signaling the onset of
mass transport-limited plating condition, are in good
agreement with the calculated minimum mean PTH
electrolyte velocities given in Table 1.

Figure 4. illustrates the results shown in Fig. 3 with
metallographic cross sections showing the changes in
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Fig. 5. Plated-through hole resistance as a function of agitation
velocity and current density for additive-free plating.

Fig. 6. Metallographic cross sections of plated-through holes

plated at a current density of?: 100 mA/cm?2 and various agita-
tion velocities for additive-free plating.

the copper deposit with increasing current density at
a constant electrolyte velocity of 0.17 cm/sec. The de-
posit quality for 5 mA/cm? is very good. At 25 mA/cm?
the deposit is rather rough and at 40 mA/cm? it is very
rough and discontinuous.

In Fig. 5 the PTH resistance is plotted as a function
of the mean PTH electrolyte velocity for current
densities ranging from 5 to 100 mA/cm?2 It clearly
shows that an increase in agitation beyond the level
required to prevent mass transport-limited plating
conditions does not improve the quality of the copper
deposit in the PTH’s, PTH resistances will decrease
with increasing levels of agitation until mass trans-
port-limited conditions no longer prevail and then will
remain at a constant plateau. This also shows that even
under optimum plating conditions, a minimum PTH
resistance exists for each plating current density. These
minimum resistances increase rapidly with increasing
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current densities due to the throwing power character-
istic for each current density.

Figure 6 exemplifies the results in Fig. 5. The photo-
micrographs show the PTH deposits for increasing

ing from the low level of agitation provided by v =

0.17 em/sec improves at v = 25 cm/sec to a still ex-
tremely rough deposit and changes to a good smooth
deposit at a velocity of 87 cm/sec.

In Fig. 7 the PTH resistance is plotted as a function

of the plating parameter j/jiim. Since it is shown in
Fig. 5 that increases in agitation beyond the minimum
level required to prevent mass transport-limited plat-
ing conditions have no effect on Rpru, correlation is
expected only for results obtained with insufficient
agitation. This correlation represents a lower bound
for PTH resistances. The results for 25 and 87 cm/sec
correlate rather well, but the PTH resistances for the

samples plated at v = 0.17 cm/sec are much better
than would be expected from the corresponding values

of j/i1m and indicate a higher level of agitation. When
the natural convection agitation effects are taken into

consideration in the calculation of j/jum, the low ve-
locity data correlate well with the high velocity re-
sults. The data plotted in Fig. 7 indicate that if both
plating criteria Eq. [1] and [2] are met, PTH resist-
ances of less than 450 u result. Dendritic deposits

form at values of j/jum = 0.3 for the 0.34M CuSO4 so-
lution used.

In Fig. 8 the throwing power is correlated with the
plating parameter ¢r« and the results from two plating
models (2, 4) are superimposed. The data show that
the results from samples plated under conditions that
meet the plating criterion Eq. [2] follow the Blue-
Kessler (4) model prediction closely. This confirms
the findings from a preliminary study (1), which con-
cluded that the Kessler-Alkire model (2, 3) estab-
lishes a bound for limiting case behavior and that the
Blue-Kessler model would give better predictions for
well-controlled nominal conditions. The throwing
power obtained under mass transport-limited plating
conditions is significantly worse than the predicted
optimum. From this plot it can be concluded that val-
ues of better than 1.5 for the PTH throwing power re-
sult from plating conditions meeting both plating cri-
teria, Eq. [1] and [2].

Plating with Cubath®M additives.—The results of
the experiments employing electrolyte with Cubath®M
additives are illustrated in Fig. 9 through 13. In Fig. 9
the PTH resistance is shown as a function of the aver-
age plating current density for six solution velocities
and two levels of air sparging. In contrast to the re-
sults for additive-free plating in Fig. 3, the PTH re-
sistance is a much weaker function of the plating cur-
rent density, Except for results from plating condi-

tions with clearly inadequate agitation (v = 0.17 em/
sec and air sparging), the PTH resistance shows an
increase with increasing current density only at values

in excess of 40 mA/cm? In addition, the results for v

= 25 and 43 cm/sec at j = 100 mA/cm? indicate a
greater tolerance for agitation levels below the mini-
mum electrolyte velocities established analytically (see
Table I). On the other hand, at the low agitation levels

provided by either forced flow at v = 0.17 cm/sec or
by any level of air agitation, the rapid increase of the
PTH resistance with increasing current density is in-
distinguishable from the results for additive-free plat-
ing. From these results it appears that the agitation
provided by air sparging in the PTH’s is roughly at
the same level as the agitation provided by forced flow
at v = 0.17 cm/sec,

In Fig. 10 the PTH resistance is correlated with the
mean solution velocity in the PTH’s. The results show
even more vividly than the results for additive-free
plating (Fig. 5) that an increase in agitation beyond
the level necessary to prevent mass transport-limited
plating does not further improve the PTH deposit
quality. Compared to the results from additive-iree
plating the “band width” of possible PTH resistances
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for plating current densities ranging from 5 to 100 mA/
em? is much narrower for plating at adequate agitation.
However, as for additive-free plating, but less pro-
nounced, plating at higher current densities yields
PTH’s with higher resistances.

In Fig. 11 the PTH resistance is shown as a function
of the plating parameter j/jim. As in Fig. 7, the lower
bound for PTH resistances is indicated. Unlike the re-
sults for additive-free plating (see Fig. 7), the PTH

resistance is virtually independenf_ gf —J'_/JTlim for val-
ues below the plating criterion j/jum = 0.25. For

higher values of 7/7um however, the PTH resistance in-
creases very rapidly. The results for very low agita-

tion plating (v = 0.17 em/sec) show, as was the case
for additive-free plating, improved correlation with
the other results when the natural convection agitation
effects are taken into consideration. However, for the
very rough samples with Rpru > 300 0, the natural
convection is apparently impeded by the surface
roughness in the PTH and thus a natural convection

correction of » = 1.7 cm/sec is too large.
An equivalent agitation velocity for both light and

vigorous air sparging of v = 0.25 ecm/sec was estimated
by fitting the PTH resistances for the air sparged MLB
samples onto the lower bound curve in Fig. 11. The
results from air sparging are plotted accordingly in
Fig. 11. It also appears that natural convection may
play a much less significant role in air sparging than
for low level forced flow. It can be speculated that air
sparging could disrupt natural convection sufficiently
to prevent the resulting beneficial agitation effect.
The independence of the PTH deposit from variations

in j/JTnm for values of ?/j-nm < 0.25 is further illustrated
in Fig. 12a and 12b. In these figures photomicrogfaphs

of PTH’s plated at consecutively larger values of 3/3tim

are shown. Samples (a)-(d), plated at /3w values
ranging from 0.02 to 0.14 all show good, almost indistin-
guishable deposits with good leveling characteristics.

However sample (e) plated at ;T/j]m = 0.41 shows a
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Fig. 12a. Metallographic cross sections of plated-through holes
plgl'ed with Cubath®M at consecutively increasing values of
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very rougl},_nonleveling deposit and for sample (f)

plated at j/jim = 0.66 no copper has been deposited
onto the electroless copper film and the electroderos-
ited copper formed isolated dendritic globules. The
grain structure from deposits at very low current den-
sities was columnar rather than fine as observed for
deposits from higher current densities. Examination of
samples (a) and (c), both plated at 5 mA/cm?2, show
a much more pronounced grain structure than the
other samples. Interestingly, sample (a) plated at a
high level of agitation shows a columnar structure,
whereas sample (c¢) plated at a very low level of agi-
tation shows a large grained structure.

In Fig. 13 the throwing power is correlated with
the plating parameter ¢y« and the curve from the Blue-
Kessler model (4) is superimposed. A curve is also fit-
ted to the experimental data. Generally, the throw-
ing power worsens as érx increases; however, this in-
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Fig. 12b. Metallographic cross sections of plated-through holes
plated with Cubath®M at consecutively increasing values of

i/ itim.

crease is less than predicted by the Blue-Kessler model
which correlated very well with the results from ad-
ditive-free plating. This would indicate that Cubath®M
additives make the plating quality less sensitive to
changes in the plating parameters.

Summary and Conclusions

Additive-free acid-copper sulfate electrolyte~—The
plating parameters developed in Ref. (2) correlate very
well with the quality of the copper deposit in the
PTH. The plating criteria established in Ref. (2) as-
sure good quality PTH’s with a throwing power ts/tn
of better than 1.5. Plating for a given number of am-
peres-minute, lower plating current densities give
lower PTH resistances and better throwing power. In-
creased levels of agitation improve the deposit quality
dramatically up to the point of eliminating ion con-
centration gradients causing mass transport-limited
plating conditions; further increases in the level of
agitation, however, provide no further improvement
in the PTH copper deposit. To prevent mass transport-
limited plating conditions, agitation requirements in-
crease rapidly with increasing current density and de-
creasing cupric ion concentration. For plating condi-
tions meeting the plating criteria from Ref. (2), the
Blue-Kessler model (4) predicts the throwing power
into PTH’s very well. The Kessler-Alkire model (2, 3),
on the other hand, establishes limiting case behavior.
Electrolyte agitation provided by natural convection
has to be considered when only low levels of electro~
lyte agitation are provided by other means; an equiv~

alent agitation velocity for natural convection of v =
1.7 em/sec has been determined from deviations from
the Lévéque flow (15-17) and provides for excellent
correlation of the low agitation results.

Acid-copper sulfate electrolyte with Cubath®M addi-
tives.—The findings for additive-free plating generally
hold for plating with Cubath®M. However, Cubath®M
plating is considerably less sensitive to changes in plat-
ing parameters such as current density and level of
agitation. The dimensionless criteria for good plating
(throwing power ts/tg == 1.5) of the miniscale can be
relaxed to

frie < 2
and

/91im < 0.25

The experimental results show a better deposit quality
for higher values of .« than is predicted by the Blue-
Kessler model (4). The assumption of negligible ef-
fects of additives on the miniscale plating (2, 3) used
in the development of the Blue-Kessler model (4)
cannot be maintained. This is indicated by the de-
creased sensitivity to plating parameter variations as
well as the higher deposit quality (Rpru, ts/tm) of
PTH’s plated in Cubath®M when compared to PTH’s
plated under the same conditions but in an additive-
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free solution, From a comparison of the plated deposit,
assuming no interaction between the sparging air and
the brightener additives, it is estimated that air sparg-
ing provides electrolyte agitation in PTH’s equivalent

to v = 0.25 cm/sec. It also appears that natural convec-
tion agitation effects benefiting low level forced flow
agitation are impeded by air sparging. It is expected
that this estimate is valid for additive-free plating also.
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LIST OF SYMBOLS

c, cuparic ion concentration in bulk region, gmole/
cm

Dy diffusion coefficient of species i, cm2/sec

F Faraday’s constant, 96,494 C/g-equivalent

i average current density, mA/cm?2

Jlim average limiting current density, mA/cm2

Le entrance length of undeveloped PTH flow, cm

M molecular weight, g/gmole

n number of electrons taking part in electrode
reaction

Re gas constant, 8.21 J/gmole-°K

Rpra  PTH electrical resistance, uQ

To PTH radius, cm

Si stoichiometric coefficient of species i, dimen-
stonless

T temperature, °K

tg MLB thickness, PTH length, ¢m

tu plated copper thickness in PTH center, mils

tp plated copper thickness on planar MLB sur-
face, mils

ts plated copper thickness at PTH entrance or
exit, mils

ts/tu  throwing power

v mean electrolyte velocity in PTH, cm/sec
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VB MLB velocity in direction of PTH axis, cm/sec
o %a;hodic transfer coefficient, dimensionless ~

T'(4/3) Gamma function, dimensionless

K electrolyte conductivity, @ —lem—!

fTe ratio of ohmic resistance to Tafel charge trans-
fer resistance, dimensionless (see E. [3])

REFERENCES

1. W. Engelmaier, T. J. Kessler, and A. J. Colucci,
Paper 150 presented at The Electrochemical So-
ciety Meeting, Dallas, Texas, Oct. 5-9, 1975.

2. T.(Kess)ler and R. Alkire, This Journal, 123, 990
1976).
3, T. Kessler and R. Alkire, Plating Surf. Finish, 63,
22 (1976).
4, J. L. Blue and T. J. Kessler, Submitted to This
Journal.
5. J. (W. l))ini, Plating (East QOrange, N.J.), 51, 119
1964).
6. R. F. Rothschild, ibid., 53, 437 (1966).
7. E. B. Saubestre and R. P. Khera, in “3rd Sympo-
sium on Plating in the Electronics Industry,”
A(‘xmer)ican Electroplaters Society, pp. 230-242
1971).
8. J. W. Dini, H. R. Johnson, and D. E. Brown, Photo

Chem. Mach. Photo Chem. Etching, 7, (March-
April 1972).

9. D. A. Rudy, in “Symposium on the Design and Fin-
ishing of Printed Wiring and Hybrid Circuits,”
America Electroplaters Society, ¥Ft. Worth, Texas,
Jan. 21-22, 1976.

10. D. R. Turner, Plating Surf. Finish, 63, 41 (1976).

11. D. A. Rudy, Paper 264 presented at The Electro-
chemgcal Society Meeting, Washington, D.C., May
2-7, 1976.

12. D. A. Rudy, Paper 266 presented at The Electro-
chemical Society Meeting, Las Vegas, Nevada,
Oct. 17-22, 1976.

13. T. H. Irvine, Met. Finish., 65, 85 (1967).

14, Operating Instructions MC-OI 127, “Sel-Rex Cu-
I()ath®M Process,” Sel-Rex Co., Nutley, N.J.

1974).

15. A. A. Mirarefi and R. C. Alkire, Paper 267 presented
at the Electrochemical Society Meeting, Washing-
ton, D.C., May 2-7, 1976,

16. R. C. Alkire and A. A. Mirarefi, This Journal, 124,
1043 (1977).

17. R. C. Alkire and A. A, Mirarefi, ibid., 124, (1977).

18. D. A. Rudy, Paper 257 presented at The Electro-
chemical Society Meeting, Washington, D.C., May
2-17, 1976.



Auger Spectroscopic Evidence That Plasma Anodization
Involves Mass Transfer from the Cathode to the Anode
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ABSTRACT

Auger spectroscopic evidence is presented that cathode material is trans-
ported to the anode during plasma anodization, even when the anode is facing
away from the cathode and is located on the back of a shield. In the prepa-
ration of the plasma oxide samples, anodes of Ta, Nb, and Cu and cathodes
of Ta, Nb, Al, and C have been used in various combinations. The Auger
spectroscopic results indicate that cathode material does not deposit on the
anode unless the anode is passing a current and that the oxide on the anode
formed by plasma anodization generally has two layers, with the outer layer
consisting of oxide of the cathode material and the inner layer consisting of
oxide of the anode material. Evidence is presented which suggests that the
transfer of cathode material to the anode is an integral part of plasma anod-

ization.

In this paper we would like to report on an Auger
spectroscopic study of metal oxide films produced
by plasma anodization. Auger spectroscopy (1) is
a technigue for identifying atomic elements and de-
termining their percentage concentration on the surface
of a sample. When combined with in situ ion etching,
it allows one to determine the depth profile of the
percentage concentrations of the atomic constituents
of the sample (2).

In 1963, Miles and Smith (3) introduced a method
of forming an oxide layer on a metal surface which
they called plasma anodization. They utilized a d-c
oxygen gas at a pressure of 0.05 Torr. The surface
ring cathode held at —1000V in a bell jar filled with
oxygen gas at a pressure of 0.05 Torr. The surface
of the metal sample to be anodized was mounted so
that it would not see the cathode directly, supposedly
to eliminate direct sputtering of cathode material onto
the metal sample surface. If a thin oxide layer was
desired, the glow discharge was maintained for a
short period of time: a few seconds to some tens of
minutes. If a thicker oxide layer was desired, the
metal sample was made positive with respect to the
system ground by means of an external positive volt-
age applied to the sample by a direct electrical con-
nection, thus making the sample the anode. They found
that the oxide thickness increased linearly with the
anode voltage applied and that for a fixed anode
voltage the anode current decreased to zero as the
limiting thickness associated with that voltage was
reached. By comparing this behavior with the sim-
ilar behavior of anodization in an aqueous electrolyte,
they called their process plasma anodization and sug-
gested that the oxygen plasma was playing the role
of an electrolyte that supplies negative oxygen ions
to the surface of the metal anode where the oxide
growth occurs.

Since the pioneering work of Miles and Smith,
there have been a number of investigations of the
phenomenon of plasma anodization. [See the article
by Dell’Oca, Pulfrey, and Young (4) for a review
of the work up to 1971.] While many of these investiga-
tors have questioned the role of negative oxygen ions
assumed by Miles and Smith, there have been only
a few indirect tests of the effect of negative oxygen
ions on plasma anodization. O’'Hanlon and Pennebaker
(5) by applying a combination of d-¢ and rf voltages
to the anode claimed to have shown that anodization

1Present address: Department of Physics, Queen’s University,
Kingston, Ontario, Canada.
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would not occur under conditions where the negative
oxygen ion component of the anodizing current was
zero. Olive et al. (6) questioned the conclusion of
O’Hanlon and Pennebaker, in that they pointed out
that the bias conditions employed would have pre-
vented oxide growth whether or not negative oxygen
ions from the plasma were needed for growth. Olive
et al. repeated this d-c and rf biasing experiment,
but utilized a constant d-c current, and claimed from
the result of their experiment that negative oxygen
ions in the plasma were not utilized in plasma ano-
dization. However, this test is a very indirect one
and, as Olive et al. pointed out, it depended on the
validity of some of the theoretical equations assumed.

The role of the cathode in plasma anodization, apart
from that of being the source of the oxygen plasma, has
always been assumed to be that of a source of con-
tamination via reactively sputtered cathode material
(7, 8). It is for this reason that in the literature it
is always advocated that the sample should face away
from the cathode and be suitably shielded, so that
the surface being anodized cannot see the cathode
directly. However, Leslie and Knorr (9), in an earlier
ellipsometric study of the plasma anodization of tan-
talum, showed that under certain conditions, even
if the sample was facing the cathode, there was no
direct sputtering contamination of the sample, in
that the sample was not being coated with sputtered
material independently of the growth of the oxide
layer. However, as Knorr and Leslie (10) showed
in this earlier work on the plasma anodization of
niobium and tantalum, it is necessary to assume a
model, i.e., one layer or two, values of refractive in-
dexes, to interpret the ellipsometric data. For this
reason, it was decided that only a more direct tech-
nique such as Auger spectroscopy would be useful
in the present study.

Experimental Procedures

The vacuum system and experimental arrangements
for producing the plasma anodized samples were the
same, in general, as those used in the earlier ellipso-
metric studies (9, 10). However, one significant dif-
ference was that the samples were mounted facing
away from the cathode. An aluminum shield that
was 5 em wide by 10 cm high was positioned parallel
to the cathode and & cm away and was isolated elec-
trically from the rest of the vacuum chamber. The
samples were 0.1 mm foil and were mounted between
mica sheets on the side of the shield away from the
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cathode. The top mica sheet had a hole 0.5 x 1.0 cm
that defined the active area of the sample. The sam-
ples had a wire spotwelded to them, so that the
anodization current could be supplied, and the wire
was insulated over its entire length in the vacuum
space to prevent leakage current.

Because of the location of the sample facing away
from the cathode, it was not possible to make ellip-
sometric measurements during the growth of the
oxide. The thickness of the oxide layer was estimated
during growth from the change in the sample voltage
at fixed anode current, which was compared to sim-
ilar plots that had been calibrated in earlier ellip-
sometric studies.

Before mounting the samples, we had cleaned them
by heating the foils to a red heat in a pressure of
10—8 Torr for a few minutes. The samples were all
polycrystalline foil, and the material was Marz grade
Ta and Nb foil purchased from Materials Research
Corporation. After the cleaned sample was mounted
in the vacuum chamber where the plasma anodiza-
tion would take place, the system was pumped down
to less than 10-7 Torr. Then research grade oxygen
gas was admitted to the vacuum chamber through
a leak valve while a mechanical pump connected to
the chamber through a sorption trap kept the pres-
sure in the vacuum chamber at 0.05-0.07 Torr under
flow conditions. Once the pressure was stable, the
glow discharge was initiated by applying —800V to
the cathode. The anodizing current applied to the
sample was typically 2 mA, and the samples were
anodized for periods of 2-6 hr. A number of different
cathode and anode material combinations were used.
We used cathodes of Ta, Al and C, which all mea-
sured 4 X 10 cm and a Nb cathode which measured
2.5 x 8 cm.

The Auger spectrometer used in this study was
manufactured by Physical Electronics Industries and
consisted of a stainless steel vacuum system (Model
12-100) with ion pumps and titanium sublimation
pump, a cylindrical mirror analyzer (Model 10-150)
with an integral 5 keV electron gun, a 2 keV sputter
ion gun (Model 04-161), a carousel specimen manipu-
lator (Model 10-502), and associated electronics. The
plasma anodized samples were mounted on the carousel
specimen manipulator, which could accommodate 12
samples at one time. After the vacuum system had
been pumped down to 10—9 Torr, the ion pumps were
turned off and the system was backfilled to a pres-
sure of 5 X 10-5 Torr of krypton so that the ion
etching could take place. Although the sputtier ion
gun had a maximum ion voltage of 2 keV, the
normal conditions used in these experiments were
a 1 keV etching voltage and a constant etching cur-
rent. Auger spectra were obtained in two ways: First,
complete Auger spectra (Auger signal wvs. electron
energy) were taken after different amounts of etch-
ing. In this way it was possible to examine the sur-
face of the sample after a specified thickness of
the sample had been removed. In particular, this was
useful for determining all the elements of particular
interest in a plasma oxide associated with a par-
ticular combination of cathode and anode materials.
Second, through the use of a multiplexer, it was
possible to scan the Auger signal occurring within
up to eight separate electron voltage ranges. In this
way it was possible to pick a voltage range for each
multiplexer channel associated with a particular Auger
peak identifying a particular element, By scanning
cyclically through these voltage ranges and displaying
the Auger signal vs. ion etching time, it was possible
to see directly the variation of the concentration of
the different elements -as we etched through the
sample. Thus we could arrive at an Auger depth
profile of the atomic element concentrations through-
out the thickness of the plasma oxide layer. The
“depths” in these depth profiles are initially in terms
of etching time, but by performing subsidiary ion
etching experiments, it is possible to find the appro-
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priate factors for converting etching times into thick-
nesses in angstroms.

These subsidiary experiments consisted of the fol-
lowing: A fairly thick (approximately 2000A) layer
of the plasma oxide, whose etch rate was to be deter-
mined, was formed on the anode sample in the stan-
dard way, but a cathode of the same metal was
used. Then a stainless steel mask with a 2 mm hole
in it was placed over the anode sample, which was
then mounted in the Auger system. The anodic oxide
layer was etched away using the constant current beam
of krypton ions of specified voltage, until the oxygen
Auger signal had dropped to half its initial con-
stant value. The total etching time for this was noted
and the etch was discontinued. The sample was re-
moved from the Auger system and the depth of the
resulting circular hole in the plasma oxide layer was
measured using a Talysurf 4 depth profile measurer
and/or a Gaertner interference microscope. By divid-
ing the measured depth in angstroms by the mea-
sured etching time in seconds, one can arrive at the
etching rate in angstroms per second for that plasma
oxide for the constant current of Kr ions of the
specified voltage. This procedure was checked by
growing a known thickness of anodic oxide on Ta
or Nb in an electrolyte. The thickness was determined
from the anode voltage used and the known anodiza-
tion constant. The resulting anodic oxide layer was
then masked, ion etched, and the thickness measured
in the same way as for the plasma oxide samples.
The thickness measurements so found were within
5% of those given by the anodization constants and
the anode voltages, and so we estimate that the
thicknesses of the plasma oxide layers were deter-
mined within 5%.

Experimental Results

Ta anode and Nb cathode.—The first system that we
studied was the plasma anodization of Ta using a Nb
cathode. Figure 1 shows the complete Auger spectrum
for the surface “as is” of a Ta sample, which we es-
timated to have a plasma oxide of approximately
1750A on its surface. The largest peak at 510 eV is
associated with oxygen, as are the smaller peaks be-
tween 460 and 510 eV. The low energy peaks be-
tween 150 and 200 eV are associated with Nb, except
for the one peak at 180 eV which is associated with
Cl. All the peaks between 1600 and 200} eV are also
associated with Nb. The peaks at 260, 380, and 660 eV
are associated with C, N, and F, respectively. The most
interesting thing about this spectrum is that there is
absolutely no indication of Ta on the surface of the
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Fig. 1. Complete Auger spectrum of the surface of a plasma
anodized Ta foil. Experimental conditions of the anodization: Nb
cathode, cathode voltage —800V, oxygen pressure 0.06 Torr, sam-
ple area 50 mm?, anode current 2 mA for 2 hr.
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sample. The arrow in Fig. 1 at 1680 eV indicates the
position of the main line for Ta which is at least
as strong as the main line for Nb at 1944 eV. In Fig.
1, there is an increase of signal sensitivity of a factor
of 10 for the region with electron energy greater than
550 eV. By using the multiplexer, and establishing
appropriate channels, e.g., 250-300 eV for C, 490-520
eV for O, 1650-1710 eV for Ta, 1920-1960 eV for Nb,
etc., it was possible to monitor the Auger depth pro-
file of the atomic constituents of the plasma oxide
layer. We chose to observe the higher energy peaks
of Ta (1680) and Nb (1944) rather than the stronger
low energy peaks, because the Ta and Nb peaks
overlap at low energy.

Figure 2 shows the plot of the Auger signals for
Nb, Ta, and O vs. etching time in seconds. The Auger
signals are plotted in arbitrary units, although it
would be possible to process the data to give surface
percentages. The Auger peaks associated with Cl, C, N,
and F disappeared within 100 sec of etching, so they
are associated just with surface contamination of the
plasma oxide sample from the laboratory environ-
ment during the transfer to the Auger system. The
etching was performed with a beam of 1 keV krypton
ions. In separate etching experiments, the etching
rate of such a beam was established to be 1 A/sec for
Ta oxide and 0.8 A/sec for Nb oxide,

Figure 2 shows that there is no indication of Ta
for at least 1000 sec of etching. The Auger signals
for Nb and O are large and constant for the first
1000 sec (apart from the initial 100 sec of surface
contamination). Although Auger spectroscopy cannot
establish the chemical state that the atomic con-
stituents are in, the constant Nb and O Auger signals
and the known reactivity of Nb indicates that the Nb
is present as an oxide. We can estimate the thickness
of the Nb oxide layer in the following way. If we
take the time at which the Nb Auger signal falls
to half its initial constant value as an indication of
the thickness of the Nb oxide, we see that this is
1520 sec. If we take the half-height of the O Auger
signal as a measure of the total oxide thickness, we
see that this is 1850 sec. We see that over the time
between 1520 and 1850 sec the Ta signal is rising
sharply, so we can attribute 1520 sec of etch time to
Nb oxide and 330 sec, i.e., 1850 — 1520, to Ta oxide. Us-
ing the etch rates of 0.8 A/sec for Nb oxide and
1 A/sec for Ta oxide, we find that the plasma oxide
consists of a top layer of 1220A of Nb oxide and a
bottom layer of 330A of Ta oxide. These thickness
estimates may be in error from two sources. First,
we are neglecting the mixing effect of the Ta and
Nb, in that we are using the etching rate for Nb
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Fig. 2. Auger depth profile of the atomic constituents of the
plasma oxide on the Ta anode of Fig. 1. Etching time is a mea-
sure of the thickness of the oxide layer that has been etched
away, and the Auger signal gives the relative concentration of the
atomic constituents on the surface of the layer remaining.
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oxide to convert the etching time into a thickness,
even though the last few hundred seconds involve
an increasing component of Ta oxide. Second, the
Ta oxide layer actually produced during the plasma
oxidation process will certainly be less than our
estimate here, because as soon as the clean Ta surface
is exposed to oxygen, a surface layer of oxide will
form immediately, even without a plasma.

The interface between Nb oxide and Ta oxide is
quite thick, in that the Nb Auger signal drops from
90 to 10% of its initial value over 420 sec of etching
time, which corresponds to a thickness of 336A. The
corresponding 10-90% of the final value for the Ta
Auger signal yields a width of 640 sec, which would
translate into 6404, if we use the Ta oxide etching
rate. However this figure is not as meaningful as that
for Nb, since, if there is a 330A layer of Ta oxide,
we would expect the Auger Ta signal to increase
to a plateau through the oxide region and then
increase again as we reach pure Ta. There is a
suggestion in Fig. 2 that this is occurring, so we
should really take 90% of this plateau value, which
appears to be 130, and 90% yields 117. Therefore the
appropriate Ta oxide interface thickness is 3204; i.e.,
(1660 — 1340) sec X 1 A/sec. Thus this simple anal-
ysis suggests that there is a cross-over or transition
region of Nb oxide to Ta oxide of approximately
320-340A. The mean escape depth of the Auger elec-
trons in this energy range is 204, so this cannot
account lor such a broad transition region. It may
be a real effect of the oxide formation or it may be
caused by the polycrystalline foils that we are using,
which have very small grain size. The resulting grain
boundaries might affect the results in two ways. First,
diffusion along grain boundaries is known to occur
much faster than through the bulk, and this may be
producing a greater mixing distance of the species
during the oxidation process. Second, it is possible
that the ion etching rate may be greater at the grain
boundaries than through the bulk, and thus the
etching would expose material farther into the sample
along the grain boundaries. This would cause an
apparent broadening of the transition region. The
magnitude of both of these effects is unknown. Ob-
viously, repeating these experiments on single crystal
anodes would eliminate these possible problems and
show whether the large transition regions that we
obtain in these experiments are intrinsic to the
plasma oxidation process. It is for this same experi-
mental reason that we have adopted a rather simple
approach to analyzing the plasma oxide into two
layers, and we have not worried about the details
of what is occurring in the interface region between
the layers.

Figure 3 shows the Auger depth profile of the
atomic constituents of another plasma oxide layer
produced on a Ta anode using a Nb cathode. The
experimental conditions of cathode voltage, anode
current, and oxygen pressure were similar to those
for the sample of Fig. 2, the only major difference
between the two being that the plasma oxide in Fig. 3
was grown for a longer time. The most siriking fea-
ture of Fig. 3 is that once again, as in Fig. 2, there
is no indication of any Ta until the sample has been
etched for 1500 sec. Let us use the half-heights of
the Auger signals for Nb and O to indicate the thick-
ness of the Nb oxide and the total oxide thickness,
respectively, i.e., the same procedure as in Fig. 2.
We find that the Nb oxide has an etching time of
2220 sec which corresponds to a thickness of 1780A.
The total etching time for the oxide is 2500 sec. There-
fore the Ta oxide thickness is 2804, i.e., (2500 — 2220)
sec X 1 A/sec. The main point to note is that the
Nb oxide in Fig. 3 is 560A thicker than in Fig. 2,
whereas the Ta oxide layer is almost the same thick-
ness for the two samples. The other striking feature
of Fig. 3 is that there is no indication of a shoulder
associated with a plateau in the Ta Auger signal. The
thickness of the transition region is hard to establish
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Fig. 3. Auger depth profile of the atomic constituents of the
plasma oxide on a Ta anode. Experimental conditions of the
anodization: Nb cathode, cathode voltage —800V, oxygen pres-
sure 0.05 Torr, sample area 50 mm2, anode current 2 mA for 3 hr.

because of this fact and also the fact that the Nb
Auger signal starts to fall slowly for 502 sec, between
1500 and 2000 sec before descending sharply. If we
take the sharp descent as the indication of the inter-
face, then the 90-10% Nb Auger transition region
occurs over 400 sec of etching time between 2080
and 2460 sec. This translates into a 320A Nb oxide
transition width which is almost identical to what
was found for Fig. 2. However, there is some indica-
tion of a slightly longer tail in the Ta distribution
into the Nb oxide. The total sample thickness is
1780A Nb oxide + 320A Ta oxide for a total thick-
ness of 21004

Now, from the results of Fig. 2 and 3, one might
suspect that all that is happening is that cathode
material is being sputtered onto the anode sample
and contaminating it. However, we must point out,
most emphatically, that if no voltage is applied to
the anode sample then less than 100A of cathode
oxide is formed on the sample regardless of the
length of time that the sample is left in the glow
discharge. Ta samples were processed in exactly the
same way as those of Fig. 2 and 3 and were exposed
to the plasma for the same times as those samples,
with the exception that no anode current was sup-
plied. The samples were analyzed in the Auger sys-
tem, and the Nb oxide on the surface etched away
in less than 100 sec. This initial buildup of less than
80A of Nb oxide can be understood in terms of an
effective voltage on the sample due to a difference
in potential between the plasma and the sample.

Nb gnode and Ta cathode.—Next we studied the
growth of a plasma oxide on a Nb anode using a Ta
cathode. The experimental conditions of cathode volt-
age, anode current, and oxygen pressure were similar
to the earlier samples. Figure 4 shows the Auger
depth profile of the atomic constituents of a plasma
oxide layer produced on a Nb anode with a Ta
cathode. The most striking feature of Fig. 4 is that
a Nb oxide layer has been formed under the Ta
oxide layer on the surface, Using the half-heights
of the Ta and O Auger signals to determine the etching
time through the Ta oxide and the total oxide thick-
ness, we arrive at etching times of 820 sec for the
Ta oxide and 2980 — 820 = 2160 sec for the Nb
oxide. Using the etching rates of 1 A/sec for Ta
oxide and 0.8 A/sec for Nb oxide, we arrive at 820A
of Ta oxide as the outer layer and 173%A of Nb oxide
as the inner layer for a total thickness of 2550A.
Other interesting things to note about Fig. 4 are

that a low concentration of Nb penetrates through
the Ta oxide layer almost to the surface of the
sample and the Ta concentration drops throughout
the outer oxide layer. So we probably have some
mixing going on in this outer layer, with the outer
surface being entirely Ta oxide and the concentra-
tion of Nb oxide increasing throughout this layer.
Using the 90-10% drop in Auger signal for Ta to
define the thickness of the Ta oxide interface region,
and using the value of the Auger signal at 600 sec,
i.e., 186, we find that the interface thickness of the
Ta oxide is 320 sec, which translates into 3204, which
is exactly the same as what was found for the samples
of Fig. 2 and 3. Since there is this large penetration
of Nb oxide into the Ta oxide, it is a little harder
to define an interface thickness for the Nb oxide, but
if we take 10-90% of the jump between the plateau
at 20 and the final value of 100, we find an etching
thickness of 310 sec, which is very close to the time
for Ta oxide, but using a conversion of. 0.8 A/sec
this translates into a thickness of 248A. The O peak
drops off more slowly as we approach the end of
the oxide, and the interface region is 640 sec thick,
which corresponds to 512A.

Nb anode and Al cathode—Many studies of plasma
oxidation have used aluminum as the cathode material,
consequently, we thought that we should see what
effect this would have on the growth of the plasma
oxide on Nb and Ta anodes. The experimental condi-
tions of cathode voltage, anode current, and oxygen
pressure were similar to the earlier samples. Figure 5
shows the Auger depth profile of the atomic constitu-
ents of the plasma oxide obtained for a Nb sample
plasma oxidized using an Al cathode. Once again, the
most striking feature of Fig. 5 is that the plasma
oxide consists of an outer layer of Al oxide and an
inner layer of Nb oxide. Using the half-heights of
the Al and O Auger signals to determine the etching
time through the Al oxide and Nb oxide, we arrive
at etching times of 590 sec for the Al oxide and
1820 — 590 = 1230 sec for the Nb oxide. The etching
rate for Nb oxide is 0.8 A/sec and the etching rate
for Al oxide is also 0.8 A/sec, thus, the Al oxide outer
layer is 470A thick and the Nb oxide inner layer
is 980A thick. The 10-90% thickness of the Al oxide
interface is 360 sec which corresponds to 290A. Quite
a pronounced dip in the O Auger signal is seen at
the interface of the Al oxide and Nb oxide in Fig. 5.
It can also be seen to a lesser extent in Fig. 4 at
the interface between the Ta oxide and the Nb oxide.

Ta anode and Al cathode—Figure 6 shows the Auger
depth profile of the atomic constituents of the plasma
oxide obtained with a Ta anode and an Al cathode.
The experimental conditions of cathode voltage, anode
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Fig. 5. Auger depth profile of the atomic constituents of the
plasma oxide on a Nb anode. Experimental conditions of the ano-
dization: Al cathode, cathode voltage —800V, oxygen pressure
0.06 Torr, sample area 50 mm2, anode current 2 mA for 4 hr.
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Fig. 6. Auger depth profile of the atomic constituents of the
plasma oxide on a Ta anode. Experimental conditions of the
anodization: Al cathode, cathode voltage —800V, oxygen pressure
0.07 Torr, sample area 50 mm2, anode current 2 mA for 3 hr.

current, and oxygen pressure were similar to those
for the other samples. Although Fig. 6 shows a much
thinner plasma oxide layer than some of the other
samples, the general feature of an outer oxide of
cathode material and an inner oxide of the anode
material can be clearly seen. Using the half-height
Auger signals for Al and O to denote the thicknesses
of the outer layer and of the outer plus inner layers,
respectively, we find that the etching time for the
Al oxide layer is 240 sec and for the Ta oxide layer
is 930 — 240 == 690 sec. Using the etching rates of
0.8 A/sec for Al oxide and 1 A/sec for Ta oxide, the
Al oxide has a thickness of 190A and the Ta oxide
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has a thickness of 690A. The transition width (de-
fined as the etching time to go from 10 to 90% of
the Auger peak) is 280 sec for both the Al peak
and the Ta peak and 590 sec for the O peak.

Cu anode and Ta cathode.—Since all the anode
materials that we had tried up to this point were
substances that oxidized reasonably well, i.e,, Ta and
Nb, we thought that it might be interesting to try
as an anode material a substance that did not oxidize
as readily. We therefore decided to try an anode of
Cu foil. We thought that this might give some infor-
mation on the importance of the oxidation ability of
the anode in this plasma anodization process. Figure
7 shows the depth profile of the atomic constituents
of the resulting plasma oxide on a Cu anode due to
a Ta cathode. Figure 7 shows that a layer of Ta oxide
was formed on the surface of the Cu during the
plasma anodization process, but there is no evidence
of oxidation of the Cu. This can be seen from the
fact that the O and Ta Auger signals drop to zero
together, and there is no appreciable shift as is
evident in the earlier samples (see Fig. 2-6). Using
the half-height of the Ta Auger signal, we find that
the etching time for the Ta oxide layer is 730 sec
which corresponds to a Ta oxide thickness of 730A.
A very small Cu Auger signal was discernible through-
out most of the Ta oxide layer, but it only started
to increase appreciably at a depth of 700A into the
Ta oxide layer. One other feature that is notable in
Fig. 7 is the presence of a sizable C Auger signal
throughout the Ta oxide layer. In all the other sys-
tems studied, the C Auger signal dropped quickly
to zero after the etching commenced, indicating that
the C was present just as surface contamination.
Whether the presence of this C is important to the
formation of the Ta oxide layer is unknown at this
time, but the C was present in all samples of this type.

Cu anode and Al cathode—Having succeeded in
forming a Ta oxide layer on the surface of a copper
anode using plasma anodization, we thought that it
might be interesting to repeat this experiment with
an Al cathode. Figure 8 shows the depth profile of
the atomic constituents of the resulting oxide. The
experimental conditions of cathode voltage, anode
current, and oxygen pressure were similar to those
for all other samples. While growing this oxide, we
noted that the anode voltage was not changing with
time as occurred with all the other samples. We con-
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Fig. 7. Auger depth profile of the atomic constituents of the
plasma oxide on a Cu anode. Experimental conditions of the
anodizotion: Ta cathode, cathode voltage —800V, oxygen pres-
sure 0.07 Torr, sample area 50 mm2, anode current 2 mA for
4 hr,
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tinued the experimental run for 6 hr, whereas all
other runs took between 2 and 4 hr. Figure 8 shows
that there is at most 100 sec of Al oxide on the
surface of the copper and that there is no appreciable
indication of oxidation of the Cu. The Cu Auger
signal is observable at the surface of the sample and
starts to increase as soon as the ion etching com-
mences. The C Auger signal quickly drops to zero
within 50 sec of etching, unlike the situation with
the Ta cathode, and indicates that C is present only
as a surface layer,

C cathode.—All the data that has been presented in
Fig. 1-8 involved the use of cathodes such as Nb,
Ta, and Al which form stable oxides. If the only
thing that is important about the cathode is that it
should have a low sputtering rate, then it should
be possible to do plasma anodization using a carbon
cathode. Carbon has as low a sputtering rate as Ta
and Nb and lower than Al. We tried using a graphite
cathode and successively anodes of Nb, Ta, and Cu.
The experimental conditions of cathode voltage, anode
current, and oxygen pressure were similar to those
for the other systems. In each case we observed the
following two things. First, the anode voltage did
not increase with time, although some of the experi-
mental runs lasted for several hours. Second, the
plasma was a different color, i.e., a deep blue rather
than the greenish white that occurred with the other
metallic cathodes. When we observed the anode sam-
ples with the Auger system after several hours of
trying to form a plasma oxide, we found that there
was no evidence of oxidation of the anode metals,
apart from the approximately 100A surface layer of
anode oxide that resulted from exposure of the clean
anode surfaces to oxygen.

Discussion of Results

Let us commence by enumerating the facts that
have been established by this Auger spectroscopic
study of plasma anodization:

1. There is clear evidence of transport of cathode
material to the anode during plasma anodization, even
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when the anode is facing away from the cathode
and is located on the back of a shield.

2. Deposition of cathode material on the anode
does not occur unless a current is passing through
the anode.

3. Cathode material is present in the form of an
oxide on the anode.

4. The oxide on the anode formed by plasma oxida-
tion is generally composed of two layers, with the
outer layer being composed of oxide of the cathode
material and the inner layer being composed of oxide
of the anode material. The point to note is that the
cathode oxide is always found as an outer layer.

5. The cathode oxide thickness can be a significant
fraction of the total oxide thickness, but the fraction
depends on what materials were used for the anode
and cathode.

6. In certain cases, it appears to be impossible to
form substantial amounts of cathode oxide on the
anode. For example, it appears to be impossible to
grow more than 100A of Al oxide on Cu, but it is
possible to form 730A of Ta oxide on Cu in a com-
parable amount of time.

7. It is impossible to plasma oxidize Ta, Nb, or Cu
using a C cathode.

With the information that is available from these
Auger spectroscopy experiments, we cannot arrive
at a complete theory of what is occurring in plasma
anodization. But we can take the first step toward a
theory by considering different possible models that
are consistent with the facts revealed in these Auger
experiments. In arriving at such models, the best that
we can do at this stage is to ask questions and give
the most plausible answers consistent with the facts.

The Auger results show that cathode material
reaches the anode and is present there as an oxide.
Is this cathode material reaching the anode in ele-
mental form or as an oxide molecule? Is the cathode
material charged or neutral as it reaches the anode?
We feel that it is most likely that the cathode material
is reaching the anode in the form of a negatively
charged oxide molecule of the cathode material. We
feel that the cathode material has to be oxidized, be-
cause what is taking place is reactive sputtering of
the cathode. We feel that the cathode material has
to be charged, because, if it were neutral, what would
cause it to reach the anode only when the anode is
passing a current? The charging of the cathode oxide
molecules could occur during the sputtering, i.e, a
certain percentage of the molecules sputtered off the
cathode would be charged, or within the plasma by
electron attachment.

Is the cathode oxide formed on the anode just a
“dirt” effect or is it an integral part of the plasma
oxidation process? The usual approach in the litera-
ture is to assume that sputtering from the cathode
is just a dirt effect that can cause contamination of
the growing oxide. The proposed solution is to turn
the anode away from the cathode so that the anode
sample cannot see the cathode directly. However, the
assumption in this approach is that any material
sputtered from the cathode will travel in a straight
line of sight and stick to the first thing that it hits.
At the pressures of 0.05-0.07 Torr used in these
studies, the mean free path is so shert that any
sputtered material is going to make many collisions
with gas molecules while traveling from the cathode
to the anode, and thus be scattered throughout the
volume of the gas. This sputiered cathode material
is not sticking to the first surface that it hits, as is
assumed, because substantial amounts of cathode ma-
terial, i.e., more than 1004, are not found on the
anode surface unless the anode is passing a current.
Finally, if the cathode oxide is just a dirt effect and
the oxide growth is by some other means, e.g., negative
oxygen ions, why is not the cathode oxide incorporated
into the anode oxide in a uniform manner through-
out the whole thickness of the oxide layer on the
anode? Instead, we always find that the cathode oxide



50 J. Electrochem. Soc.: ELECTROCHEMICAL SCIENCE AND TECHNOLOGY

occurs as a well-defined layer on the outside of
any oxide of the anode material.

Can we suggest a model to explain the observed
two-layer structure of the oxides produced by plasma
anodization? One possible model is the following: The
outer oxide layer is formed by absorption of charged
cathode oxide molecules, which have been attracted
to the anode surface by the electric field at the sur-
face of the outer oxide. The oxygen for the growth
of the inner oxide layer, i.e., the anode oxide layer,
comes from the oxygen in the outer oxide layer. Thus
the relative reactivity of the anode and cathode ma-
terials would be important in determining the rela-
tive thicknesses of the inner and outer oxide layers.
In this way, one could explain why little Ta oxide
forms under the Nb oxide in the Ta anode and Nb
cathode situation, whereas lots of Nb oxide forms
under the Ta oxide in the Nb anode and Ta cathode
situation, if the Nb is more reactive than the Ta and
the Nb oxide has a much larger binding energy than
the Ta oxide. In this model, no oxygen would have
to come directly from the plasma in the form of
negative oxygen ions. The absence of oxide growth
observed when a carbon cathode is used in the plasma
anodization experiment supports this model. The car-
bon sputtered off the cathode is probably in the
form of CO or CO; molecules. The binding energies
of these molecules are large and it is not possible to
form a layer of CO or CO; on the surface of the
anode, Therefore, we get no layer of cathode oxide
which can be a source of oxygen for the growth of
the underlying layer of anode oxide.

The only other model that we could have to ex-
plain the two-layer nature of the oxides produced
in the plasma anodization process is the following:
The outer oxide is formed by deposition of the cathode
oxide material on the anode surface or by reaction
of cathode material and oxygen ions on the anode
surface. However, as soon as this outer cathode oxide
is formed on the anode surface it is then inactive, and
the growth of the underlying anode oxide is due to
oxygen ions moving through the outer layer to reach
the anode metal underneath. This might be called
the cathode dirt model, in that the sputtering of
cathode material is given the role of just producing
a layer of cathode oxide dirt on the surface of the
anode and another mechanism has to be invoked for
the growth of the underlying anode oxide. However,
such a model has a number of problems. How can
it explain the fact that Ta oxide does not grow
appreciably under the Nb oxide layer whereas Nb
oxide does grow appreciably under a Ta oxide layer?
How can it explain the fact that anode materials
do not oxidize when a carbon cathode is used? Since
C has as low a sputtering rate as Ta and Nb, if we
invoke the presence of oxygen ions as the oxidizing
agent in the case of Ta or Nb cathodes, it is difficult to
see why there would not be oxygen ions present also
in the case of a C cathode and we would, consequently,
expect some oxidation of the anode materials in con-
trast to what is observed.

It must be emphasized that the results of the
ellipsometric studies (9, 10) mentioned earlier are
consistent with the present Auger spectroscopic stud-
ies. For example, the ellipsometric study of the plasma
oxidation of tantalum (9) showed that there was
no direct sputtering contamination of the sample, in
that the sample was not being coated with sputtered
material independent of the erowth of the film.
Exactly the same result is observed in this Auger
spectroscopic study, in that no appreciable, i.e., more
than 1004, deposition of cathode oxide occurred re-
gardless of the length of time that the sample was
exposed to the plasma as long as no anodizing current
was supplied to the sample. Of course we can even
understand this initial buildup of 100A of cathode
oxide in terms of an effective voltage on the sample
due to a difference in potential between the plasma
and the sample. The fact that the ellipsometric results
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for the plasma anodization of Ta could be fitted with
a single Ta oxide layer model with a refractive index
of 2.21 is not at variance with the general behavior
revealed by these Auger spectroscopic studies of a
two-layer model, consisting of an outer layer of
cathode oxide and an inner layer of anode oxide. In
those ellipsometric studies of plasma anodization of
Ta and Nb (9, 10), the cathode material used was
Ta. Thus in the plasma anodization of Ta, the cathode
oxide and the anode oxide would both be Ta oxide
and a single layer model could be expected to be an
excellent fit. Even in the case of the plasma anodiza-
tion of Nb, the ellipsometric results could be fitted
with a single Nb oxide layer model with a refractive
index of 2.30. The Auger spectroscopic results of Fig.
4 for the Nb anode and Ta cathode case suggest that
the plasma oxide consisted of an outer layer of Ta
oxide comprising 32% of the total thickness of the
film and an inner layer of Nb oxide comprising 68%
of the total thickness of the film. If the true index of
refraction of the Nb oxide layer were slightly higher
than 230, e.g., 2.37 (4), it is not surprising that a
single layer model with an index of refraction of
2.30 might fit quite well to an actual situation con-
sisting of two layers with indexes of refraction of
2.21 and 2.37 with the lower index for 32% of the
film thickness and the higher index for 68% of the
film thickness.

These Auger spectroscopic results also help us to
understand the earlier ellipsometric studies of plasma
anodization of Ta and Nb by Lee et al. (11). They
found that they could fit their ellipsometric results
only with a two-layer model for the plasma oxide
on Ta or Nb, although Knorr and Leslie (10) showed
later that this two-layer fit was not unique since the
ellipsometry data could be fitted equally well by a
single oxide layer possessing some absorption. How-
ever, apart from the problems of interpretation, there
are definite differences between the ellipsometry data
of Lee et al. and that of Knorr and Leslie on the
plasma anodization of Nb and Ta. The present Auger
spectroscopic study suggests the reason for these
differences. In the case of Knorr and Leslie, a Ta
cathode was used, while in the case of Lee et al.,
an Al cathode was used in the plasma anodization
process. Figure 5 suggests that their plasma oxide
layer on Nb might have consisted of an outer layer
of Al oxide forming 32% of the total film thickness
and an inner layer of Nb oxide forming 68% of the
total film thickness. Figure 6 suggests that their plasma
oxide layer on Ta might have consisted of an outer
layer of Al oxide forming 22% of the total film
thickness and an inner layer of Ta oxide forming
78% of the total film thickness. The index of refrac-
tion of Al oxide is 1.62 (12) and is thus very different
from the index of refraction of Ta oxide or Nb
oxide, which are 2.21 and 2.37, respectively. Thus it is
not surprising that Lee et al. could not fit their ellip-
sometry data with a single layer model with a real
index of refraction.

Conclusion

These Auger spectroscopic studies of plasma oxides
indicate clearly that mass transfer from a cathode
to the anode is occurring in the plasma anodization
procedure, They show that in general the plasma
oxide consists of two layers, with an outer layer
consisting of oxide of cathode material and an inner
layer consisting of oxide of the anode material. Evi-
dence is presented which suggests that the transfer
of cathode material to the anode may be an integral
part of the plasma anodization procedure, in that
the oxygen for the oxidation of the anode material
may come from the outer layer of cathode oxide
rather than directly from oxygen ions in the plasma.
Obviously, such a suggestion needs further experi-
mental testing before one can conclude that this is
the dominant mechanism in plasma anodization. Work
is continuing on this aspect of the problem, but
perhaps the results so far will focus more attention
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on the exact role of the cathode in the plasma ano-
dization process, rather than the current assumption
in the literature that the cathode is needed just to
produce the oxygen plasma and that any sputtering
of cathode material is an unwanted side effect.
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On the Influence of Sensitization of the Electron Transfer
Through the Interface Zinc Oxide/Electrolyte by Salt Additions

U. Bode and K. Hauffe*

Institut fiir Physikalische Chemie der Universitit Gittingen, Gottingen, Germany

ABSTRACT

To study the mechanism of the spectral sensitization with the electro-
chemical cell
+ In/ZnO-single crystal/dye + electrolyte/Pt —

measurements of the photocurrent influenced by salt additions to the elec-
trolyte were performed. The ZnO-semiconductor-anode operates as a probe
for excited states of dyes acting as sensitizer for the charge transfer through
the interface zinc oxide/electrolyte. By addition of Br—, J—, SCN-, and
SeCN- ions to the dye-containing electrolyte a significant increase of the
sensitized photocurrent was generated. This enhancement can either be at-
tributed to a change of the dye adsorption on zinc oxide or be explained by
the fluorescence quenching of the adsorbed sensitizer in the presence of halide
ions. With this quenching, radical anions F - or excited triplet states 3F* of
the dyes are produced which are responsible for the increase of the photo-

current. The possible single steps of this reaction are discussed.

The electrochemical photosensitization of the elec-
tron transfer through semiconductor interfaces has
been studied extensively because of its importance for
photographic and electrophotographic processes (1-4).
Recently, it has also gained interest with regard to
possible application to direct solar energy conversion
into electrical energy (5). Proposals for such solar cells
have been made (8), however their technical usability
must be tested critically for every system. One of the
main difficulties of photoconductor-electrclyte cells is
the insufficient photochemical stability of the semicon-~
ductor electrode, as well as of the electrolyte at con-
tinuous operation, a problem which still has to be
cleared, although attempts have been made in this field
¥

The first experiments with zinc oxide single crystals
as the electrode in an electrochemical cell were car-
ried out by Dewald (8). This technique permits the
investigation in more detail of the sensitized charge
transfer caused by dyes and dye mixtures which are

* Electrochemical Society Active Member.

Key words: dye sensitization, photosensitization, ZnO/electro-

lyte interface, electrochemical cell, reducing fluorescence guench-
ing, dye adsorption,

dissolved in the electrolyte. Zinc oxide belongs to the
group of n-type semiconductors because of the presence
of an excess of zinc existing as zinc ions in interstitial
positions accompanied by an equivalent number of
free electrons. With anodic polarization ah exhaustion
boundary layer is generated owing to a decrease of
the concentration of free electrons in zinc oxide near
the ZnO/electrolyte interface which results in a bend-
ing up of the bandedges. Consequently, by this for-
maticn of a blocking barrier layer the inhibited anodic
current amounts only to 10-11-10-1 A/em? (V = 1-
3V vs. Ag/AgCl/0.1N KCl) compared to 10—6-10-5 A/
em? with cathodic polarization (V = —1 to —2V wvs.
Ag/AgCl/0.1N KC1) of the zinc oxide crystal.
Illumination with a wavelength of » = 385 nm, cor-
responding to the distance of the bandedges of Eg =
3.2 eV (9), causes a photoconductivity. A photocur-
rent can also be produced if dye molecules adsorbed
at the surface are illuminated and inject electrons into
the conductfon band of zinc oxide. Generally, such a
process occurs by electronically excited molecules,
generated either by a chemical reaction (10) or by
optical excitation, The charge carriers increase the
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anodic current by several orders of magnitude attain-
ing values of iphoto = 1078-10—7 A/cm? The electronic
transfer reaction by means of a dye D can proceed in
the following way ‘

h
Di(solv) = D(ads) = D*(ads) » D ' (ads) + ¢ (ZnO)
[1]

In previous investigations (11), it was demonstrated
that an enhancement of the sensitized photocurrent ap-
pears if halides are added to the dye-containing elec-
trolyte, This process was explained by the fluorescence
quenching of the excited dye, particularly rhodamine
B, giving rise to the tentative assumption that the
halides react by an electron exchange with the dye.
Therefore, the yield of fluorescence and thus the cor-
responding yield of the photocurrent should depend
on the redox potential of the added halides as dis-
cussed by Baur (12) as well as by Weiss and Fischgold
(13). This reducing fluorescence quenching described
by Forster (14) effects a permanent regeneration of
the injecting sensitizer. In the absence of the quench-
ing anions, the oxidized dye radicals which are formed
according to Eq. [1] can bleach photochemically much
more easily and are no longer available for a repeated
sensitizing reaction. Under this aspect, it was of inter-
est to study the correlation between the decrease in
the fluorescence of the sensitizer and the observed
increase in the quantum yield of the sensitized photo-
current. These measurements were performed with
the following electrochemical cell

+ In | ZnO | dye + electrolyte | Pt —

The anodically polarized ZnO electrode is a probe
for the detection of excited states of the adsorbed dye
molecules. In contrast to a metal electrode an electron
transfer to the semiconductor anode is only possible
via energetically high dye levels which can be occupied
by optical excitation. In the following experiments,
rhodamine B (RHB) was used as sensitizer because
of its good sensitizing efficiency. In order to clarify the
adsorption of RHB, zinc oxide powder was employed
since the amounts of the dye adsorbed on a ZnO single
crystal are too small. By these experiments, particu-
larly the guestion had to be clarified to what extent
an increase of the photocurrent is related to an en-
hanced dye adsorption by addition of salts. Neces-
sarily, a current flowing through the electrochemical
cell requires a charge exchange through the interface
ZnQ/electrolyte. Furthermore, an increase of the
anodic photocurrent under constant potentiostatic con-
ditions corresponds to a larger electron injection into
the conduction band of ZnO. By means of anodic polar-
ization experiments, the discharge kinetics of the
space-charge layer was measured after switching off
the external voltage source. The capacity of the space-
charge layer will be discharged owing to an uptake
of electrons by the positively rolarized ZnO crystal
which are released due to an oxidation of the adsorbed
sensitizer molecules.

As is demonstrated in this paper, under certain con-
ditions measurements in the electrochemical cell rep-
resent model experiments for the discharge of electro-
photographic layers.

Experimental

Photocurrent measurements.—The experimental set-
up including the circuit with the electrochemical cell
is schematically represented in Fig, 1. An extensive
description was published earlier (1). The undoped
ZnO singie crystal was with its (0001) face (= Zn2t
face) in contact with the electrolyte. It was polar-
ized potentiostatically with a voltage of +1.5V vs. a
Ag/AgCl/0.1N KCIl reference electrode. The cathode
consisted of a platinized platinum net with a suffi-
ciently large area. The iliumination was carried out
with a xenon high pressure lamp XBO T75W/2 of
Osram and a Farrand grating monochromator through
the rear of the crystal. The used light was irradiated
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Fig. 1. Electrical circuit and optical arrangement of the ex-
perimental setup. P, potentiostat; Z, electrochemical cell; 54, So,
recarder; M, monochromator; V, electrometer; E, ZnQ-single crys-
tal; A, picoammeter; R, reference electrode.

in the cptical absorption maximum of the dye (=
RHB) amounting to &+ = 555 nm. The density of the
photon flux had a value of 3 X 1014 photons/cm? sec at
550 nm and was measured by means of a RCA photo-
diode SD 100. The action spectra of the photocurrents
have been corrected to this photon flux.

The current and the voltage were recorded with a
Keithley picoammeter 417 and a Keithley electrometer
810 R, respectively., The aqueous electrolyte with a
volume of 15 ml consisted of an acetic acid-sodium
acetate buffer of 0.1 mole/liter yielding a pH of 4.6.
An addition of a conducting salt was not necessary.
For the removal of oxygen in the electrolyte, the cell
was flushed with purified nitrogen 15 min before
every measurement.

Polarization measurements.—In addition to photo-
current measurements discharge experiments were
carried out in the electrochemical cell at the ZnO
single crystal polarized anodically with 4V. After
switching off the external voltage source, the time
slope of the discharge of the space-charge layer in the
crystal and the electric double layer at the interface
ZnO/electrolyte was recorded by potential measure-
ments. These experiments were performed in the
presence of various salts in the electrolyte at an open
external circuit both in the dark and under illumina-
tion.

Discharge experiments with ZnO-resin layers.—In
order to study the influence of salt additions to a ZnO-
resin layer on the speed of the sensitized discharge
under illumination, suitable ZnO-resin layers were
charged up under a corona operating at about 12,000V.
Then they were exposed to light of a defined photon
flux and wavelength in a closed chamber with a re-
volving plate and a translucent probe for potential
measurements. The exact experimental details have
been published (15). .

For this purpose a dispersion consisting of a RHB?
dored zinc oxide powder? in a toluene-resin solution?
with and without a salt admixture was coated on an
aluminum foil as conductive support. Subsequently,
the layer which had generally a thickness of 20., was
dried at 80°C for 60 min. To obtain constant and re-
producible conditions, the preparation of the disper-
sion and the technique for coating remained un-
changed. Finally, the sample was mounted on the
revolving plate in the measuring chamber and charged
up with a corona. The change of the voltage with time
was measured by a probe in connection with a Keith-
ley electrometer and a recorder for the graphs. By
this technique we were able to determine the value of
the charge of the electrophotographic layer and its
charge decay. For a good quality of an electrophoto-
graphic copy, this charge decay should proceed slowly
in the dark and fast under illumination.

10.05 mg RHB/g ZnO,

2 “Fotosiegel K1” of the Zinkweiss-Forschungsgesellschaft, D-4200

Oberhausen.
3 Sinolac 602 S.
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Optical measurements.—The photocurrent measure-
ments of the respective dye solution were compared
with its optical spectrum. These two spectra often are
identical, in some cases, however, a significant shift
of the absorption maximum was detected. The extinc-
tion spectra were recorded by a spectral photometer
DMR 21 of Zeiss. Complementarily, emission spectra
were measured by means of a fluorescence equipment
ZFM 4. It is then when the apparatus operates as a
one-single beam spectral photometer. The yield of
fluorescence was converted into a relative intensity. As
an excitation irradiation was emitted, light of a wave-
length of 436 nm separated from the line spectrum
of a mercury lamp by a monochromatic filter. In order
to prevent a reabsorption of the fluorescence light, the
cuvette of 1 cm thickness was brought into a sloping
position. In combination with the spectral photometer
and its remission equipment, remission spectra of the
dye adsorbed on zinc oxide were determined. By means
of this technique, the scattered remission of a dull sur-
face could be analyzed. For these experiments, zinc
oxide powder was mixed with a dye solution and
filtered after 30 min stirring. Afterward, the dyed
zinc oxide was washed with small amounts of dis-
tilled water and finally dried in air at 50°C for 1 hr
in a drying chamber. As a white standard a pressed
tablet of undyed ZnO “Fotosiegel K1” was used. The
relative remission compared to this white standard
was measured,

Adsorption measurements.—Furthermore, adsorp-
tion measurements on zinc oxide powder were per-
formed. For these experiments 1g ZnO powder was
added to a 20 ml dye solution of a defined concentra-
tion. The slurry was stirred as long as the adsorption
equilibrium was adjusted (about 30-60 min). After
centrifuging the dispersion, the concentration of the
dye remaining in the solution was determined photo-
metrically. To prevent a bleaching of the adsorbed dye,
all adsorption experiments were carried out under
red light or in the dark. For the interpretation of the
photocurrent measurements it was important to study
the influence of salt additions on the extent of the
dye adsorption.

Experimental Results and Discussion

In previous experiments it was observed that addi-
tions of suitable salts to the electrolyte of the elec-
trochemical cell influence considerably the sensitizing
ability of RHB concerning the anodic photocurrent
(11). While several ions decrease the sensitized photo-
current (e.g., JO3—, JO4~) and other ones have no in-
fluence (e.g., NO3g—, S042), the photocurrent is sig-
nificantly increased in the presence of halide ions in
the sequence Cl—, Br—, and J—. Particularly, high
photocurrent yields have also been obtained in the
presence of SCN— and SeCN- ions while NOg~ and
S2032~ ions exhibit only a poor action. The depen-
dence of the RHB sensitized photocurrents on the salt
concentration are represented in Fig. 2. As can be
seen, the enhancement of the current is elevated in the
sequence Cl— <« Br— <« J—. The rise of the photocur-
rent with an addition of thiocyanate can be detected
at low concentrations and nearly attains the maximum
value at 0.1 mole/liter. Selenium cyanate ions cause
an extraordinarly strong increase. At a concentration
of 0.05 mole/liter the photocurrent will be enlarged
to a factor of about 20 of its initial value. Due to a
precipitation of selenium at higher pH values and
higher salt concentrations the current decreases at ¢ >
0.05 mole/liter. In a similar way with thiosulfate a
decomposition occurs accompanied by a precipitation
of sulfur, the current attaining again its initial value.
According to the time slope of the currents in Fig. 3, a
slow exponential decay occurs after a steep initial
rise. Depending on the salt concentration, the photo-
current can fall back again to the half and only then
remain constant,

An entirely different course of the photocurrent can
be obtained with thiocyanate and selenium cyanate
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ions. With SCN— ions the photocurrent mounts con-
tinuously and attains a plateau with an insignificant
decay during a long time period. A conspicuous bath-
ochromic shift of 15-20 nm, depending on the salt
concentration, has been found in the action spectrum
of the photocurrent in the presence of SCN— and
SeCN- ioms, This shift can be gathered from Fig. 4.
The photocurrent is plotted vs. the wavelength using
electrolytes containing RHB and NaSCN of various
concentirations, represented by curves 1 and 2. Cor-
responding curves are plotted with electrolytes satu-
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Fig. 4. Photocurrent spectra of RHB with NaSCN addition. RHB
-+ 0.2M NaSCN, curve 1; RHB + 0.01M NaSCN, curve 2; RHB

(saturated solution), curve 3; RHB (only), curve 4. Crup =
2 X 10—¢ mole/liter, except curve 3.

rated with RHB (curve 3) and with a RHB concentra-
tion of 2 X 10—% mole/liter (curve 4). The band of
the spectrum of curve 4 at 555 nm does agree with
the optical absorption of a dye solution of the same
concentration. The maximum of the photocurrent of
curve 1, however, is shifted at larger wavelengths to
575 nm. Since a saturated RHB solution without
NaSCN addition exhibits the same shift, we may as~
sume a salt-out effect. Obviously, the adsorption of
the dye on the ZnO anode is intensified by the salt
addition detectable by the large increase of the pho-
tocurrent and by its kinetic (Fig. 3). We may assume
an aggregation of the dye which seems also to be re~
sponsible for an increased dimer formation. A term
scheme for the dimer formation of RHB has been
describad by Kriiger and Memming (16). The S; term
of the dye is split up into two levels which correspond
to the dimer bands. For the longer wavelength main
band, an energetic shift of 0.06 eV is outlined. This
value corresponds rather well to the experimentally
observed shift of 15-20 nm found in the maximum of
the action spectrum of the photocurrent with sensi-
tization using the system RHB/SCN- as well as
highly concentrated or saturated RHB solutions,
Further information is obtained from the remission
spectra represented in Fig. 5. Because of the increase
of adsorption of RHB in the presence of SCN— ions
the remission at A = 555 nm is decreased. However, the
adsorption of the dye is not so high that the maximum
of the remission spectrum is shifted. Therefore an
aggregation of the dye does not occur, If the sample
tablets are exposed to the daylight, then the dye is
bleached. Compared to curve 1, which represents the
spectrum of a new sample, both the intensity of re-
mission and on a lower scale the position of the band
maximum are changed. Due to the increased dye ad-
sorption by the salt-out effect of NaSCN, a bleaching
of the sample, curve 2a, cannot be detected. The ex-
tent of the influence of the adsorption of RHB on zinc
oxide by anions which influence the photocurrent in
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Fig. 5. Remission spectra of RHB with NaSCN addition ad-
sorbed on zinc oxide. RHB, just after the preparation, curve 1;
RHB, bleached, curve 1a; RHB 4~ NaSCN, just after the prepara-
tion, curve 2; RHB 4- NaSCN, bleached, curve 2a.
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Fig. 6. Change of the RHB adsorption on zinc oxide by addi-
tion of various salts, T = 23°C,

the electrochemical cell was measured on ZnO powder.
In Fig. 6, the adsorbed amount of the dye is plotted
vs. the salt concentration. While NO;—, CH3;COO-,
S2032—, and Cl— ions decrease the adsorption of the
dye, Br— ions have no influence on it and J— ions
cause an insignificant increase. The measurements
demonstrate undoubtedly that the rise of the sensi-
tization by the halide ions as well as S2032~ and NOg~
ions cannot be attributed to adsorption effects. A
salt-in effect by halides intensifies the solubility of an
organic compound according to the sequence Cl— <
Br— <« J— (17) and consequently lowers the sensitiza-
tion because of the decreasing adsorption. Then es-
pecially, the well-known salt-out by the sulfate ions
should increase the sensitized photocurrent, but no
influence is observed. An addition of NaSCN to the
electrolyte results in a remarkable enhancement of
the adsorption of RHB. With a salt concentration of
0.2 mole/liter the amount of the adsorbed dye is in-
creased about one order of magnitude. As can be seen
from the change with time of the photocurrent, the
remission spectra and the band shift in the sensitiza-
tion spectrum in accordance with the adsorption mea-
surements with ZnO powder; the considerable rise of
the sensitization with the system RHB/SCN- is the
consequence of an increase of the dye adsorption. A
similar mechanism can be assumed with the SeCN-
ions. Adsorption measurements could not be per-
formed because in the presence of the dye selenium
is precipitated at low concentration of SeCN—

As may be concluded, the anions in the electrolyte
may react electronically with the adsorbed dye mole-
cules whose redox potential is changed during illu-
mination favoring the reaction and, therefore, in-
creasing the speed of electron injection into the con-
duction band of zinc oxide. The electron injected from
the dye molecule into ZnO cannot return to the ground
state because it has already been filled up by an elec-
tron of the anion. This mechanism has been discussed
earlier by other authors (2, 3) assuming a mere redox
process, During these redox steps a short-lived inter-
mediate dye radical appears, for example, as a semi-
reduced sensitizer. Allylthiourea (ATU) and hydro-
quinone (H2Q) were often employed in these experi-
ments as effective reducing agents,

Recently, it has been demonstrated with an oxazine
dye (oxonine) that ATU not only operated as a mere
redox species but also tcok part in a bimolecular
quenching reaction with the excited singlet state of
the dye (28). This singlet quenching process involves
a rise of the intersystem crossing rate and hence leads
to an increase of the triplet yield. In a consecutive
step via the ftriplet state a semireduced dye radical

e
and an oxia‘zed ATU radical, ATU ', are formed. Pre-
liminary experiments carried out by these authors
show that with this dye the halides Br— and J— cause
in a similar way an enhanced triplet formation. In the
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same manner as ATU, HoQ also increases the photo-
current spectrally sensitized by RHB at an n-CdS
single crystal operating as anode in an electrochemical
cell (27). Here, also, the correlation between cosen-
sitization and fluorescence quenching was discussed.
This relation has been stated in a previous paper
(11) in which the influence of the viscosity of the
electrolyte on the cosensitized current was presented.
With increasing viscosity of the solvent the singlet
quenching decreases (14). Since the rise of the photo-
current can be traced back to this reaction, conse-
quently the current too should be reduced with grow-
ing viscosity. This expectation was confirmed by ex-
periments. In Fig. 7 the results showing the influence
of halides on the fluorescence yield of RHB were plot-
ted in a Stern-Volmer relationship. The dependence
on the fluorescence efficiency on the salt concentration
is described by the following expression.

$o/9 =1 + kqr[@] [2]

In this equation ¢ denotes the intensity of the fluores-
cence in the presence and ¢, in the absence of the
quenching anion, [@~] the concentration of the
quencher, and 1 the singlet-state lifetime. The ex-
perimentally obtained slope kqt of the Stern-Volmer
plot is in the case of J— in approximate agreement
with the data published by Wawilow (29). The values
with SCN—, Br—, and Cl- are a little larger than
those quoted by Majumdar (20). The fluorescence
quenching grows in the same sequence NO;~ < Cl— <
Br— < SCN- < J— « SeCN-— as the sensitized photo-
current in the electrochemical cell except for SCN—
ions. This series of the (pseudo)halide ions has been
found by other authors by quenching experiments
with hydrocarbons (19) and with dyes belonging to
the group of acridine and xanthene compounds (20).
Forster (14) has discussed redox reactions for the
mechanism of the fluorescence quenching assuming an
intensive electronic interaction between excited dye
molecule and quencher,

McKay and Hillson (21) have found from photomet-
ric investigations with rhodamine 6 G and other dyes
that, depending on the concentration and the type of
the solvent, the dye ions and their counterions are not
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aqueous RHB solution depending on the salt concentration, Aex
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separated by solvent molecules. The counterion is in-
corporated particularly at higher concentrations in the
solvating envelope of the dye resulting in correspond-
ing ion pairs, Furthermore, since the action spectrum
of the sensitized photocurrent agrees with the optical
spectrum of the dye solution except for the systems
RHB/SCN—- and RHB/SeCN~—, we may assume that
the solvating envelope of the dye ion will survive dur-
ing the adsorption and the sensitization steps. In the
case of the pseudo halides, an increase of the dye ad-
sorption has been found which presumably causes a
simultaneous formation of aggregates and, therefore,
a bathochromic change in the spectrum of the photo-
current.¢ The particularly strong rise of the measured
photocurrent could be attributed to a static quenching
which appears at an associate formation of two or
more molecules according to Forster (14) besides an
increased adsorption and a reducing quenching of the
fluorescence,

For the halide ions it is obvious to assume a dy-
namic quenching mechanism which occurs in the tran-
sition state via a complex formation of the dye cation
and the halide. This very short-lived charge-transfer
state and its reaction have often been discussed (19,
23, 24). This reaction is characterized by the fact that
only after the formation of the encounter complex with
the excited singlet state the specific activated quench-
ing step occurs according to

1D* 4 @~ = (!D*-@~) - quenching [3]

Leonhardt and Weller (24) were the first to supply
proofs by spectroscopic methods for a charge transfer
during the fluorescence quenching of aromatic hydro-
carbons, for example, rerylene, ete. It results in a re-
duction of the excited singlet state under formation
of a radical anion at simultaneous oxidation of the
quenching molecule. The effectiveness of the quench-
ing anion occurs parallel to the change of the redox
potential of Q /@~

(ID*-Q-) > D" + @ [4]

These results, found particularly at aromatic hydro-
carbons with amines as quenchers, cannot be trans-
ferred arbitrarily to other systems.

Further experiments of the fluorescence quenching
with the strongly effective halides demonstrated that
besides the radical anion generated according to step
[3] also excited triplet molecules are observed whose
formation in some cases is mainly responsible for the
quenching process (25, 28)

(*D*-Q~) > (*D*-Q7) »D* + @~ [5]

Here, the singlet quenching does not occur by an elec-
tron transfer but by an intersystem crossing reaction
of the singlet to the triplet state during the lifetime
of the encounter complex. It depends primarily on the
type of the quenching molecule whether radical ions
or triplet states are formed predominantly,

The mechanisms of the fluorescence quenching admit
an interpretation of the spectral sensitization reaction
and its modulation by anionic quenchers. If radical
anions are formed by reduction of the dye then the
probability of the electron injection from these species
is significantly increased because the deactivation gen-
erally occurring as competition reaction is no longer
possible. The ground state of the dye molecules is
already filled up and a regeneration can occur only by
delivery of an electron, During the total reaction, the
dye will not be changed and is available for repeated
sensitization steps. This, however, is not the case if
the electronic interaction with the quencher delivers
a larger yield of triplet states. Under these circum-
stances, the increase of the sensitized photocurrent in
the electrochemical cell can be attributed also to the
longer lifetime of the triplet states. After the electron

4 Similar results have been obtained by Killesreiter (22) who
was able to demonstrate that with RHB a solvate chromic shift in

the optical absorption spectrum also occurs in the sensitization
spectrum,
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injection, the dye is present as a radical cation so that
a regeneration cannot occur in a primary step. The se-
quence of the single steps can be stated as follows

D (solv) =D (ads) K (ads) [6]
D(ads) +4 hy - ID*(ads) kil [7]

where I == light intensity. The adsorption equilibrium
is given in Eq. [6]. Furthermore, it may be assumed
that with steady-state conditions the dye diffusion
toward the electrode from the solution occurs rapidly
enough and thus despite consecutive reactions the con-
centration of the adsorbed sensitizer D(ads) can be
considered constant. Especially, the desorption of prod-
ucts being formed by photochemical bleaching should
proceed quickly. This condition is better fulfilled the
lower the pH value of the electrolyte, and in an acid
environment a constant dissolution of the zinc oxide
takes place. The surface of the single crystal will
then be etched and therefore renewed continuously.
Besides the electrochemical step, the anodic oxidation
of the excited and adsorbed dye molecules, the singlet
and triplet states, too, are deactivated. In the absence
of a quencher the equations can be specified as below

D* D" + ¢ (ZnO) Ko [8a]
1p* = D koa [8b]
1ID* — 3pD* Kise [8c]
5D* > D" + ¢ (Zn0) ks [9a]
3PD* ;3 D ks [9b]

ko = ka1 + ka2 + Kisc
ke’ = kg 4+ Kisc

To simplify the above and following equations the
adsorbed state of RHB was not marked. It results
from the fluorescence lifetime of t = 4.3 nsec (in
aethanol) (30) for kg’ a value of 2.3 x 108 sec—l.
That means for an effective electron injection via S;
according to Eq. [8a] kg1 must be greater or at least
comparable to ky. With optical excitation an intersys-
tem crossing process populates the triplet state Ty
[8c]. The rate constant kgz amounts to ksz ~ 2.5 X
103 sec—! given by the triplet lifetime of T ~ 0.4 msec
thus being higher by several orders of magnitude com-
pared to the singlet lifetime. This suggests a consider-
able share of the electron injection via T; according
to Eq. [9a]. Here, too, the deactivation in Eq. [8b] and
[8c] is found as a competitive step. Further considera-
tion shall demonstrate the influence of a quenching
anion on the fluorescence and on the cosensitized
photocurrent. Given the excited singlet state S; th

quenching is described as below ’

ID* 4+ Q™ — (!D*-@") ka (10]
(ID*-Q-) - D" +Q kst [11a]
(!D*-Q~) —»3D* 1+ @~ Kso [11b]
({D*-Q@-) - D + Q- kss [11c]
(D*-Q~) =DQ

ks = ks1 + ksz2 + kss

ks’ = k51 + ks2

First, according to Eq. [10] an encounter complex D@
is formed by collision with a high rate of formation.
During the short lifetime of the complex the electronic
interactions between the singlet RHB cation and the
added anion take place. The subsequent dissociation
leads to a dye radical [11a], to a dye triplet [11b], and
to a 'molecule in the ground state [1llc]. In principle,
the rate constants of the above single steps are to be
accessible by photoflash experiments carried out with
dye solutions. The results available at present regard-
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ing certain dye-quencher systems (28) show that the
intersystem crossing is mainly responsible for the
singlet quenching. So, the electron injection in Eq.
[12a] and [12b] can occur as the consecutive process
of Eq. [11a] and [11b], these leading to an increased
photocurrent with participation of the added halides

D — D + ¢'(Zn0) [12a]

3D*——>D.‘I- -+ €' (Zn0) [12b]

One should notice that even the excited triplet can be
quenched by anions, either the quencher being oxi-
dized or only the T; — S, transition being promoted.

Since, under continuous illumination, the cosensi-
tized current remains roughly constant the relation be-
tween current and quencher concentration is given by
a steady-state treatment. The kinetics of the forma-
tion and the decay of the encounter complex D@, as
well as of the excited singlet, read

d[DQR1/dt = kiI[D(ads)] — (ks + k4[@~D) [ID*][13]

d[1D*]/dt = k4[1D*] [@~] — ks[DQ] [14]

According to Eq. [12a] and [12b] and taking [11a] and
[11b], respectively, into consideration, the cosensi-
tized current I.os can be stated as

Ios = ks'[DQ] [15]
Substituting and rearranging Eq. [13], [14], and [15]
Ioos = ks’ ka[@~] X kiI[D(ads) 1/ks (k2 + k4[Q‘][)16]

A = ksks/ks'kak1I[D (ads) ] = constant [17]
B = k5/ks’kiI[D (ads) ] = constant [18]
1/Ieos = A+ B/[Q] [19]

A linear function should be obtained if the reciprocal
cosensitized photocurrent 1/I..,s will be plotted vs. the
reciprocal value of the quencher concentration 1/[Q ]
= 1/Cnax. This correlation is represented in Fig. 8
and is indeed realized for Cl—, Br—, and J— additions,
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Fig. 8. Reciprocal cosensitized” shotocurrent as a function of
1/Cnax. Data calculated from Fig. 2.
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However, it must be noted that the actual concentra-
tion of the quenching anion at the electrode surface is
higher by specific adsorption at zinc oxide than the
bulk concentration in the electrolyte (31). Therefore,
the relation between the fluorescence quenching (Fig.
7) and the change of the photocurrent (Fig. 8) can be
given only qualitatively at present. Using the halides
as quenchers the kinetic model is confirmed but devia-
tions have been found with SCN—- and SeCN-— ions.
This result is not surprising since the SCN— ions influ-
ence the adsorption equilibrium of the dye before the
sensitization step, so that the increase of sensitization
is mainly determined by the enhancement of the dye
concentration on the surface. A similar behavior may
be assumed for the SeCN— ions.

In order to demonstrate the effectiveness of salt ad-
ditions on the sensitization of electrophotographic lay-
ers we performed the following model experiments in
the electrochemical cell by a 4V anodic polarization of
the ZnO crystal. This previously used technique (26)
can be compared with charging and discharging ex-
periments with ZnO-resin layers. In Fig. 9 the course
of the dark and photodecay after the external voltage
is switched off is represented. One can recognize
clearly that the sensitized voltage decay is accelerated
by the various salts, if the illumination takes place
in the optical absorption maximum of the dye causing
an electron injection into the ZnO crystal responsible
for the avoidance of the barrier effect. The sequence
of the effectiveness of the cosensitizing ability of the
salts in these experiments is identical to that in the
sensitized photoconductivity. The same results have
been obtained with discharging experiments employ-
ing ZnO-resin layers charged up to about —300V. As
can be seen from Fig. 10, where the photodischarge
is recorded, a salt addition to the electrophotographic
layer accelerates the voltage decay in the same se-
quence of the salts as was found for the polarization
experiments with the ZnO crystal in the electrochem-
ical cell, With too large salt additions, however, the
conductivity of the electrophotographic layer becomes
too high, so that the charge acceptance becomes too
small. Therefore, the optimum concentration of salt
and dye must be elaborated for practical purposes.
The resin employed for the preparation of the layer
undertakes the role of the electrolyte since it acts as
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resin layer with addition of various salts (respectively, 10—3 mole
NaX per 20g ZnQ).

solvent for the dye and the salts. It is well known that
the type of the used resin determines also the quality
of the electrophotographic layer, presumedly due to
the different influence on the solubility and the adsorp-
tion of the sensitizer on zinc oxide.

Unfortunately, the results obtained with the electro-
chemica]l cell technique based on aqueous electrolytes
cannot be transferred for the evaluation of electropho-
tographic discharging experiments in any case. There-
fore, it is desirable to carry out investigations on the
sensitization with dyes dissolved in nonpolar solvents,
e.g., toluene. Such experiments, which also allow the
study of the influence of the resin on the sensitization,
are planned,.
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The Effect of Electrode Placement and Finite Matrix
Conductivity on the Performance of Flow-Through

Porous Electrodes

James A. Trainham*! and John Newman*

Materials and Molecular Research Division, Lawrence Berkeley Laboratory,

ABSTRACT

A one-dimensional model for flow-through porous electrodes is used to
predict the effluent concentration as a funcfion of matrix conductivity and
electrode length for upstream and downstream placement of the counterelec-
trode and current collector relative to the fluid inlet to the working elec-
trode. Two chemical systems are considered: (i) the removal of copper from
sulfate solutions, and (ii) the removal of silver from thiosulfate solutions.
For an infinite matrix conductivity, the lowest effluent concentration is
achieved when the counterelectrode is placed upstream to the fluid inlet of
the working electrode. When the matrix conductivity is small, the lowest
effluent concentration is still achieved for upstream placement of the
counterelectrode; however, the optimum placement of the current collector
depends on the chemical system and the value of the matrix conductivity
that can be achieved in practice. Calculations show that for downstream
placement of the counterelectrode a limiting current distribution cannot be
achieved (for electrode lengths of interest here). The most undesirable con-
figuration for achieving a low effluent concentration when the matrix con-
ductivity is low is when both the counterelectrode and current collector are
placed downstream of the fluid inlet. Distribution of potential, reaction rate,
and electric driving force are presented for four different configurations: (i)
upstream counterelectrode, downstream current collector, (ii) downstream
counterelectrode, upstream current collector, (iii) upstream counterelectrode,
upstream current collector, and (iv) downstream counterelectrode, down-
stream current collector.

and Department of Chemical Engineering, University of California, Berkeley, California 94720

The model used in calculating the effects of counter-
electrode placement and current collector placement
(when the matrix conductivity is moderate) on the
performance of flow-through porous electrodes was
developed in a previous paper by the authors (1);
however, results were presented only for the effective
matrix conductivity ¢ much greater than the effective
solution conductivity «. To date, previous models for
flow-through porous electrodes (2-6) have considered

* Electrochemical Society Active Member.

Present address: College of Engineering, The University of
South Carolina, Columbia, South Carolina 29208.

Key words: current distribution, potential distribution, mass

transﬁey, axial dispersion, side reaction, copper deposition, silver
deposition.

only an infinite matrix conductivity, and no compari-
sons have been made on the performance of these elec-
trochemical reactors as a function of counterelec-
trode placement.

The purpose of this paper is to suggest the opti-
mum electrode configuration for two cases: (i) when
¢ >> « we are concerned only with the upstream and
downstream placement of the counterelectrode and
(ii1) when ¢ ~ «, placement of not only the counter-
electrode is important but also the current collector
placement must be considered. At least four geometric
configurations are possible: (i) upstream counterelec-
trode, downstream current collector (UD); (ii) down-
stream counterelectrode, upstream current collector
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Fig. 1. Various configurations of counterelectrode placement
and current collector placement relative to the direction of the
fluid flow.

(DU); (iii) upstream counterelectrode, upstream cur-
rent collector (UU); and (iv) downstream counter-
electrode, downstream current collector (DD); and
are shown schematically in Fig. 1. It should be noted
that the direction of fluid flow through the counter-
electrode is unimportant to the analysis to be con-
sidered as long as the products do not enter the elec-
trode of interest.
Analysis

As mentioned earlier, calculations presented here
are a direct application of a model for flow-through
porous electrodes developed by the authors in a pre-
vious paper (1), and, therefore, detailed derivation of
the governing equations are not presented here.

For the removal of metal ions from dilute streams,
the behavior of a flow-through porous electrode with
parallel current and fluid flow as shown in Fig. 1 can
be described by two ordinary differential equations:
one equation which describes the conservation of the
metal-ion reactant

_d_ﬂ _ d2s - Py exp { (car/acr + 1)7] [
dy dy? 1+ exp ()
and one charge balance equation
dey’

=P, { Pg exp (—acsn’/acr)

[1—P4exp( aas + acs 11’)]
%cR

8 — Py exp [(aar/acr + 1)0'] } 2]
1+ exp(n)

where 4 is the reactant concentration divided by its
value upstream in the feed, n’ is the dimensionless
local overpotential defined by

'nakach

s RiOR,ref

dy?

exp (') = — exp («.rRFn/RT) [3]

and the reactor coordinate x was made dimensionless
by
Y = xakm/v = Ta [4]
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Equation [1] describes the conservation of the
metal-ion reactant and states that convection is bal-
anced by axial diffusion and dispersion and by the
rate of disappearance of the metal ions due to elec-
trochemical reaction at the matrix-solution interface.
Mass transfer limitations are included by introducing
an average mass-transfer coefficient km (see dimen-
sionless parameter defined below) and eliminating the
wall concentration of the metal-ion reactant.

The charge balance equation utilizes Ohm’s law in
both the matrix and solution phases and states that a
change in the total current at any point within the
electrode (d2n'/dy?) is due to the rates of the side
reaction and the main reaction. The term for the rate
of the main reaction is the same in Eq. [1] and [2].
The side reaction is characterized by its rate at the
half-wave potential of the main reaction.

The dimensionless parameters in Eq. [1] and [2] are
defined as follows (1)

D’ = (Dgr + D) aky/v?

SRioR,ref
b= (- Jmimne

)1 + aag/0ten
nFkmCre

P aerF202CRe ( 1 1 )
g = — | — 4+ —
sgraknRT K o
SRi nFkmc ®cs/CcR
Py= — _ORboS.ref eacsFAU/RT( — ___mi)
nFkmCrs SRoR,ref

a8 + Qes

( SRioR,ref )
Pl ——
anmCRf
exp [— (aas + acs) AUF/RT] [5]

Boundary conditions.—Before Eq. [1] and [2] can
be solved simultaneously for ¢ and 7', four boundary
conditions are required for each electrode configura-
tion shown in Fig. 1. For ¢ the following conditions
were used

QcR

de

§—D —=1aty=0
dy

and

dé

—=0at y =alL [6]

dy
which are the Danckwerts (7), Wehner-Wilhelm (8)
conditions when axial diffusion and dispersion are in-
cluded. 1he conditions on 7’ depend on electrode con-
figuration and may be determined from Ohm’s law

dn d(® — &2) )
—_——— e = e = 7
dx dx 0'+K 7]

and are tabulated in Table I. The dimensionless pa-
rameters Ps and Ps which arise in the analysis are
related to Pa

P,
Ps= — e
4+ &
and
«Pg
Pg= — [8]
o4 k&
so that
—P>=P5+ Pg [91

The total current density i to the reactor was made
dimensionless with the limiting current density that
would exist if all the reactant in the feed were com-
pletely reacted

SRi

*

[10]

nFvcrs

Now that all the boundary conditions for each elec-
trode configuration have been specified, Eq. [1] and [2]
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Table 1. Current and potential boundary conditions for various electrode configurations

Electrode

configu- i R .
ration i1(0) i (L) i2(0) 2 (L) dn/dx|z=0 dn/dx|z=L dy'/dyly= dn’'//dy|y=er
UD 0 -1 —1 0 —i/k ila Psl* —Pel*
DU i 0 0 i -]-i/a' 1 i/k Pel* — PgI*®
uu i 0 —1 0 —-i(— + —) 0 —PoI* 0
g K
1 1
DD 0 —1i 0 i 0 i|— + — 0 PaiI*
a K

can be solved simultaneously for ¢ and v’ using New-
man’s method (9).

The potential distribution in each phase 6:(z) and
®2(x) can then be obtained by solving Eq. [3] for n
using the known distribution for v/, along with the
conservation of charge condition

di di;
Lo -2 [11]
dx dx
and substituting this condition into the derivative of
Eq. [7] .
M k4@ di
- () 2 [12]
dax? Ko dx

then finally substituting the derivative of Ohm’s law
for the matrix phase into Eq. [12] to yield

dm k4o d2e;
dx? ~  «  da?

Equation [13] may be integrated twice to yield an ex-
pression for &;

[13]

K

& = (n+ Cix 4+ Cy) [14]

K a

The value of C; for the various configurations is ob-
tained from the derivative of Eq. [14] using the values
of i; and dn/dx at the boundaries found in Table 1. The
value of C; is then obtained by specifying &1 = 0 at
the current collector and using a known value of n at
the appropriate boundary. Table II summarizes the re-
sults for ®;(x) for the various configuration; ®s(x) is
simply obtained by subtracting n(x) from &;(x).

Chemical systems.—For the calculations to be pre-
sented, two different chemical systems [copper re-
moval from sulfate solutions (11) and silver removal
from thiosulfate solutions (10)] are used to illustrate
the effects of counterelectrode placement and current
collector placement (when the matrix conductivity is
finite) on electrode performance. The purpose of pre-
senting results for two different chemical systems is
to obtain reasonable values for the model parameters
so that a valid comparison of electrode performance
can be made when the side reaction is substantial [as
for silver removal from thiosulfate solutions (10)] and
when it is small [as for the copper recovery process
ani.

Figure 2 compares model calculations to the data of
Van Zee and Newman (10) for silver removal from

Table [1. Matrix potential distribution for various
electrode configurations

Matrix potential
distribution

K
Electrode ®1(x) )
configuration K+ a
i
ub 7(x) ~ 9(L) + —L(x/L — 1)
K
i
DU n{x) ~ 7(0) — —x
K
uu n(x) — 7(0)

DD n(x) ~ (L)

thiosulfate solutions using a porous carbon electrode.
The quantities I and VOP are the total current to the
reactor and the potential of the cathode current col-
lector relative to a saturated calomel reference elec-
trode placed in the effluent stream, respectively. The
experimental effluent silver concentration (in milli-
grams per liter) are shown as the numbers below each
curve corresponding to the open circles 0. The num-
bers above each curve correspond to the solid dots e
and are the calculated values of the effluent silver con-
centration (in milligrams per liter).

A similar model fit to the data of Bennion and New-
man (11) for copper removal can be found in Ref. (1).
Values of the parameters used to fit the data in Ref.
(1) and in Fig. 2 are given in Table III

Four parameters were adjusted to obtain agreement
between calculated and experimental values in Fig. 2:
one value of the exchange current density for the
main reaction (silver deposition from thiosulfate so-
lutions), assumed to be the electrode reaction (12)

Ag(S203)28~ + e~ = Ag 4 25042~ [15]
and has a standard electrode potential (12)
Upg/ng(s003)23— = 0.0164V; one value of the exchange

current density for the side reaction (the reduction of
thiosulfate), which was assumed to be the following
reaction (10)

800 T
0.8
- 09
600 |— -
I,mA
400 ]
200+ ]
84;
0 | | | 1
-300 -400 -500 -600

VOP, mv

Fig. 2. Current-potential curve for an electrode 5.5 cm deep
and superficial electrode area of 61 cm2, packed with carbon
flakes and chips. Flow rate = 22 cm3/min and the feed con-
centration — 1000 mg Ag/liter. Numbers below curve correspond-
ing to the open circles O are experimental effluent concentrations
(in milligrams per liter). The small numbers above the curve cor-
responding to the solid dots @ are calculated effluent concentra-
tions (in milligrams/liter). YOP is the potential of the current
collector with respect to a saturated calomel reference electrode
placed in the dilute product stream.
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Table 111, Values of the parameters used in fitting the data in Fig. 2 and in generating
Fig. 3 through 17

Copper deposition with simultaneous generation of dissolved hydrogen

a = 25 cm! e =03 Do = 6 x 10-% cm?/sec
n = T = 298.15°K aaR = 1.5
acs = 0.5 Us — Ur = 0.281V L =6cm

foR,rer = 7.009 x 10-9 A/cm?
cst = 10-3 mole/cm?

osiret = 3.717 x 102 A/cm?

Silver reduction with simultaneous reduction of thiosulfate

a = 25 em™?! €= 0.3 o =1 X 10-5 cm/sec
n=1 T = 238.15°K aak = 0.5
aes = 1.25 Us — Ur = 0489V L =55cm

iorsret = 9.134 x 10-5 A/cm?
cst = 0.951 X 10-3 mole/em?

tosirer = 1.20 x 10-2 A/cm?

ko = 0.17 mho/cm sg = —1

ack = (.| ass = 0.5

km = 0.1922 x 10-3 cm/sec v = 3.328 x 10-3 cm/sec
cre = 1.05 x 10— mole/cm?

ko = 0,123 mho/cm s = —1

er = 0 cas = 2.75

km = 3.330 x 10-% cm/sec v= 6.011 x 10-2 cm/sec
cre = 9.27 X 10-% mole/cm?®

Dimensionless parameters

Copper Silver
Py 1.050 x 10-7 9.404 x 10—+
Py —3.254 to —6.508 —3.738 to —7.476
Ps 1.247 x 10+ 5.364 x 10—+
Py 5.863 x 10-8 6.341 x 10-40
Ps 3.254 3.738
Pe 9.089 x 101 to 3.254 3.777 x 10-% to 3.738
D’ 0.1217 0.1168

Ss052— + 8e— 4 8H* - 2HS— + 3H,0  [16]

where the standard electrode potential can be calcu-
lated (13, 14) to be Ufus—/ss052— = 0.221V; one value
each for the transfer coefficients for the side reaction
ags and aes, which were assumed to sum to four. The
freedom to assign arbitrary values to ass and a.g is al-
lowed in the model since the composition dependence
of the polarization equation for the side reaction is
neglected.

The value of the mass transfer coefficient kp used in
fitting the data was that obtained in fitting the data of
Bennion and Newman (11), which was correlated to

be (1 )0 5454

In obtaining the fit to the silver removal data in Fig.
2, it should not be interpreted that there is anything
fundamental about the values of the fitted dimensional
parameters found in Table Iil, because not only are
the data insufficient, but also the electrode is operating
with a highly nonuniform current density and mass-
transport limitations dominate in certain regions.

The model predictions of the current-potential be-
havior in Fig. 2 are in satisfactory agreement with ex-
perimental data between 50 and 500 mA total current.
However, at higher currents (above 500 mA), the data
indicate the beginning of an additional limiting-cur-
rent plateau, and agreement of the model calculations
cannot -be expected for the following reasons: (i) The
postulated side reaction (10) (Eq. [16]) for the reduc-
tion of thiosulfate could be incorrect and there appears
to be no fundamental kinetic information on this re-
action, and (ii) if the limiting reactant species for the
higher plateau were known, the model used here would
not be sufficient since the concentration dependence
for the side reaction was neglected and a more general
model such as the one proposed by Alkire and Gould
(4) would be more appropriate.

Agreement between model predictions for the silver
effluent concentration and the experimental values
shown in Fig. 2 are satisfactory near the limiting cur-
rent. This is because the model parameters were
chosen so as to fit the data in this region. However,
agreement should not be expected over the entire cur-
rent-potential range because the data exhibit unex-
plained anomalies (10): (i) current efficiencies above
100%, and (ii) a minimum in the silver effluent con-
centration with increasing values of VOP.

A comparison of the dimensionless parameters in
Table III between the two chemical systems suggests
that the parameters P; and P; account primarily for
the difference in behavior of these systems. The param-
eters P; and P; represent the relative importance of
the backward rate of the main reaction and the for-

ekm

[17]

= 0.07054 (

aDo aD o

ward rate of the side reaction and are 10¢ and 4.3 times
greater, respectively, for the silver system than for
the copper system. As is observed later a low effluent
concentration cannot be achieved for the silver system
and this is due to the combined effect of the param-
eters Py and Ps.

The magnitude of the side reaction is substantial for
the silver system and this shields the back of the elec-
trode (in the case of an upstream counterelectrode)
from having a large electric driving force which re-
sults in a very small rate for the deposition of silver
in this region. This is accentuated by the fact that P;
is large, which causes the backward rate of the depo-
sition reaction to be of the same order on the forward
rate and the reactor can become thermodynamically
limited.

Results and Discussion

As a unifying concept here, let us consider how we
can achieve a very high conversion or, equivalently, a
very low effluent concentration of the limiting reac-
tant while, at the same time, operating the reactor at
as high a flow rate as possible. Toward these ends, we
can consider variations of electrode current density
and length, flow rate, configuration, and matrix con-
ductivity. By means of the computer program, we have
the means to investigate in detail how the presence of
a side reaction places limitations on the attainment of
these goals.

Effect of electrode length.—For the case of a very
high matrix conductivity, Fig. 3 shows the effect of
electrode length and current density on the effluent
concentration for the copper system. We see, first of

all, that we must operate at or above the limiting cur-

rent in order to reach a really low effluent concentra-
tion. If we operate at I* = 0.9501, we cannot expect to
remove more than 95% of the copper even if we have
very high current efficiencies and substantial electrode
lengths.

The curve on Fig. 3 for an upstream counterelectrode
and I* = 1.038 shows essentially a limiting-current
condition, the effluent concentration decreases almost
exponentially with electrode length. [See, for example,
the analysis of Bennion and Newman (11) and that of
Newman and Tiedemann (15) when axial diffusion and
dispersion are included.] However, for downstream
placement of the counterelectrode, a limiting-current
distribution cannot be maintained except for electrode
lengths less than 2 c¢cm, and a truly low effluent con-
centration cannot be attained at all with this electrode
configuration (at this flow rate). The current efficiency
must necessarily be somewhat lower, and the extent
of the side reaction somewhat higher, with the down-
stream counterelectrode.

Figures 4 and 5 introduce the effect of a finite matrix
conductivity o. Now, according to Fig. 1, four different
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Fig. 3. Effluent copper concentration as a function of electrode
length for cps = 0.0105M.
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Fig. 4. Effluent copper concentration as a function of electrode
length.

configurations are relevant since the placement of the
current collector must also be considered. Figure 4
shows that the UU configuration retains the exponen-
tial decrease of ¢ with L, although performance is
slightly degraded by the additional ohmic potential
drop compared to the case of the infinite matrix con-
ductivity. (The curve for ¢ = 10« is discussed later in
connection with the optimum matrix conductivity.)
Figure 5 shows the relatively poor performance
achievable with the other configurations. In these
cases, the ohmic potential drop in the matrix and so-
lution phases prevents the entire reactor from being
operated at a limiting-current condition, as is discussed
in more detail later.

Figure 6 displays the silver effluent concentration as
a function of electrode length for the various electrode
configurations for cases where ¢ >> «x and ¢ = . The
results show that none of the electrode configurations
yields an exponental decrease in 6, with electrode
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Fig. 7. Dependence of the copper effluent concentration on the
matrix resistivity.

length; thus a limiting-current distribution cannot be
achieved in any of the geometries due to extensive
interference by the side reaction.

Effect of matrix conductivity.—Figures 7 and 8 show
the dependence of the effluent copper concentration
on the matrix resistivity (1/¢). Figure 9 shows similar
results for the silver system. Calculations for a DD
placement are not presented here since this configura-
tion does not allow a low effluent concentration, in
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Fig. 8. Dependence of the copper effluent concentration on the
matrix resistivity.
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Fig. 9. Dependence of the silver effluent concentration on the
moirix resistivity,

comparison to the other configurations when the
matrix conductivity is small.

In Fig. 7 and 9, we observe that the UD configura-
tion exhibits a minimum with matrix resistivity and,
therefore, has an optimum value for ¢ (about equal to
0.1« for the copper system). On the other hand, ior the
UU configuration, 65, increases monotonically with in-
creasing matrix resistivity. The DU configuration on
Fig. 8 would also show a minimum at values of /¢
substantially greater than unity. This is of less interest
than the minima for the UD configuration because
matrix resistivities are usually much less than solu-
tion-phase resistivities and because the effluent con-
centrations are inherently large with the DU configu-
ration. For example, the DU and UD configurations
give the same effluent concentration when ¢ = « (see
Fig. 5) but at this point, the value of #;, has risen to
0.0125 from a minimum of 414 X 10—% on Fig. 7. At
¢ = «, the UU configuration is still able to attain a
value of 41, of 6.08 x 10—% (see Fig. 4). (Note, however,
that the DU configuration performs better than the
UU configuration for ¢ = « in the siiver system, as dis=
played on Fig. 6.)

Return for a moment to the dashed curve on Fig. 4.
For this curve, ¢ = 10k, which corresponds to the
minimum for the UD configuration shown in Fig. 7,
and an exponential dependence of 6, on L can evi-
dently be maintained. The performance is superior to
the high matrix-conductivity case for L less than about
10 cm, after which it becomes somewhat inferior. The
optimum ratio of «/o depends on electrode length, for
example, for an electrode 4 ¢m in length the optimum
ratio is approximately 0.17, for an electrode 8 cm long
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the optimum ratio is approximately 0.07. Note that we
get a markedly different view of the effect of configu-
ration and matrix resistivity if we confine our atten-
tion to the cases ¢ >> x and ¢ = « on Fig. 3, 4, and 5
from what we get if we include the variation of ¢ and
the optimum value of . The UD configuration is totally
unsatisfactory at ¢ = « but excellent at ¢ = 10x.

For the silver system, other calculations show that,
even at the optimum ratio of /¢ = 0.2 shown on Fig. 9
for the UD configuration, a limiting-current distribu-
tion and an exponential dependence of 6, on L cannot
be achieved. Similar results for the copper system can
be obtained by increasing the flow rate to somewhat
less than three times the value used in calculating Fig.
3,4, and 5.

Bennion and Newman (11) and more recently Wen-
ger and Bennion (16) have formulated design con-
siderations for achieving a low effluent concentration
while operating at as high a flow rate as possible, First,
the electric driving force within the electrode must
be maintained high enough to attain a limiting-current
condition throughout the reactor. The electric driving
force must also be maintained low enough to avoid
excessive side reactions. These two conditions thus de-
fine a limited range of potentials allowable within the
reactor. Since the electrode must be of substantial
length in order to achieve a given effluent concentra-
tion, there is an upper limit on the flow rate above
which these constraints cannot be satisfied simultane-
ously.

The effect of the side reaction is not one which can
be compensated for by using a longer electrode or a
higher current, even if one is willing to pay the price
of a lower current efficiency and a higher cell poten-
tial. 1t is a characteristic of porous electrodes, leading
to their inherently nonuniform reaction rate distribu-
tions, that substantial current densities flowing over
substantial distances in either the matrix or solution
phases make it impossible to maintain a uniform elec-
tric driving force (for the reactions) throughout the
electrode.

On the basis of these considerations, an important
quantity is the difference between the minimum elec-
tric driving force mmin and the maximum electric driv-
ing force mmax that prevail within the reactor. Figure
10 displays this quantity as a function of the conduc-
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Fig. 10. Variation in the difference betweer the maximum and
minimum driving force for copper deposition with the matrix re-
sistivity.
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tivity ratio for the copper system and corresponds di-
rectly with the conditions of Fig. 7. The ordinate, made
dimensionless with nFv2crg/Sp«xakm, will have a mag-
nitude on the order of unity if the current density is
distributed like that for the limiting current for the
main reaction (11, 15). A graph similar to Fig. 10 is
given by Newman and Tiedemann (15) for the case
where the current densities are calculated according
to the limiting-current distribution for the main reac-
tion. The computer program used here permits analysis
above and below -the limiting current and in the pres-
ence of a side reaction,

The fact that the ordinate values on Fig. 10 are of
order unity illustrates how the constraints on the flow-
through porous electrode can better be satisfied by
operation at lower flow rates.

There is a correspondence between the shapes of the
curves on Fig. 7 and 10. Conditions which lead to an
inherently smaller value of |max — Tmin] Make it pos-
sible to achieve a limiting-current condition through
a larger portion of the reactor, without extensive side
reaction. For the UD configuration, the maximum elec-
tric driving force occurs at the fluid inlet for «/o <
0.175. The position of the maximum electric driving
force then shifts to the fluid outlet for /¢ > 0.175. This
leads to the sharp minimum for the UD configuration
in Fig. 10.

Detailed distributions.—The behavior of these sys-
tems can be understood better by consideration of the
calculated current, potential, and electric driving force
distributions within the electrode. These are illustrated
for the copper system with an electrode 6 cm long and
by a 5.5 cm electrode for the silver system.

For the copper system with an infinite matrix con-
ductivity, Fig. 11 shows the relative rates of reaction
for both the main and side reactions for both upstream
and downstream placement of the counterelectrode.
Figure 12 shows the corresponding distributions of po-
tential in the matrix and pore solution. The total cur-
rent density to the electrode was chosen close to the
limiting current (I* = 1.038) for the deposition of cop-
per. For upstream placement of the counterelectrode,
the main reaction rate decreases almost exponentially
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Fig. 11. Current distributions for deposition of copper and gen-
eration of dissolved hydrogen within a porous electrode. Calcu-
lated for crs = 0.0T05M.
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Fig. 12. Calculated solution phase and solid matrix phase po-
tential distributions for the deposition of copper and simultaneous
formation of dissolved hydrogen.

with distance through the electrode [as predicted by
the limiting-current analyses in Ref. (11) and (13)].
At the same time, the side reaction follows the electric
driving force (see Fig. 12), which is high at the fluid
inlet and decreases toward a uniform value near the
fluid outlet.

On the other hand, for the downstream place-
ment of the counterelectrode, the main reaction rate
does not show an exponential dependence on distance,
Figure 12 shows that the electric driving force is very
large at the outlet but too low at the inlet. Conse-
quently, a limiting-current condition is not maintained
near the front. At about 65% of the distance through
the electrode, the electric driving force has become
large enough to assure a limiting-current condition,
and subsequently an exponential dependence on dis-
tance is exhibited. However, failure to utilize effec-
tively the front part of the electrode makes it im-
possible to achieve a truly low effluent concentration,
and increasing the electrode length would not help
(see Fig. 3). The resulting reaction-rate distribution
now has a maximum; as the electric driving force in-
creases toward the back of the electrode, the reac-
tion rate goes up, and copper is depleted from the
solution to the extent that the mass-transfer driving
force becomes small. The reaction rate exhibits a
maximum and then decreases with distance. [Similar
reaction-rate distributions have been reported by Al-
kire and Gould (4). These are examples of a general
phenomenon (17-20) resulting from the competition
of electric and mass~transfer driving forces.] The side
reaction has a distribution in Fig. 11 that again follows
that of the electric driving force in Fig. 12. Because of
the somewhat lower rate of the main reaction, in
comparison to the upstream placement of the counter-
electrode, the side reaction now occurs at a somewhat
higher rate on the average. For these comparisons at a
constant total current (I* — 1.038), an increase in the
effluent concentration from one electrode to another
is accompanied by a corresponding decrease in the
current efficiency,

As in porous electrodes in general, the reaction rate
distributions and ohmic potential drop shield the more
remote parts of the reactor from having an adequate
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electric driving force. In this particular situation,
the contrast between the cases of upstream and
downstream placement of the counterelectrode arises
in the following way. In order for there to be a high
conversion, there must be a high reaction rate (gen-
erating high current densities in the solution) near the
fluid inlet. Since the solution-phase conductivity « is
not high, potential variations in the solution phase can
be minimized if the current flows out of the elec-
trode at the nearest possible point, namely, to a coun-
terelectrode placed upstream. If the counterelectrode
is placed downstream, the large currents which should
be generated near the fluid inlet must flow in the solu-
tion through most of the thickness of the electrode, and
this necessarily leads to large variations of potential.
A similar explanation applies in the more complex
cases to follow, where the matrix conductivity is also
finite.

Figure 13 shows the reaction-rate distributions for
the main and side reactions for the copper system
where ¢ — . The corresponding potential distributions
are shown in Fig. 14. Because of the complexity of
Fig. 14, the distributions of electric driving force are
also shown in Fig. 15.

The reaction-rate and electric driving force dis-
tributions for the UD and DU configurations happen to
be identical when ¢ = « since the boundary conditions
given in Table III are then identical. However, the po-
tential distributions in each phase will be different, as
seen in Fig. 14. In these configurations, the counter-
electrode and the current collector are not at the same
end of the reactor. Consequently, the current flows in
the same direction in the matrix as in the solution,
and to a certain extent the potential drop in the
matrix can match in the solution (see Fig. 14). This
makes it possible, in some cases, to reduce the varia-
tion of the electric driving force within the reactor
(see Fig. 10). It also means that the extreme values
of the electric driving force occur at the ends of the
reactor, with the minimum value occurring somewhere
between (see Fig. 15), and the side reaction follows
this distribution (see Fig. 13).
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Fig. 13. Current distributions for deposition of copper and gen-
eration of dissolved hydrogen within a porous electrode. Calecu-
lated for crs = 0.0105M.
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For the UU configuration, the maximum electric
driving force occurs at the inlet, and the minimum at
the outlet, and conversely for the DD configuration.
For the main reaction, only the UU configuration
shows an exponential dependence of rate on dis-
tance (see Fig. 13). For the other configurations, the
main reaction is below the limiting current for a sub-
stantial (DD) or moderate (UD or DU) region near
the inlet, and consequently the effluent concentration
cannot be reduced to a truly low value. Only in the
UU configuration are the current densities in both
the solution and matrix phases small near the back
of the electrode. In this region the electric driving
force varies little (as is the case also for the upstream
counterelectrode case in Fig. 12, where ¢ >> «), and
measurement of &; — & at x == L can lead to a lower
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Fig. 17. Electrical driving force distributions for the deposition
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bound thermodynamic estimate of the minimum at-
tainable concentration in a flow-through porous elec-
trode (12).

Figures 16 and 17 show the reaction-rate and elec-
tric driving force distributions for the silver system.
A limiting-current distribution is not achieved for any
electrode configuration, due to extensive interference
by the side reaction, as indeed, it is not, even for an
infinite matrix conductivity (see Fig. 6). As for the
copper system, the electric driving force for the DD
configuration is small at the front of the electrode and,
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for the UD and DU configurations it is small in the
middle and only moderately large at the front. Under
these conditions, the front and middle regions of the
reactor are not effectively utilized, and a low effluent
concentration cannot be achieved even though a limit-
ing-current condition is maintained near the rear.
However, for the UU configuration, the lowest electric
driving force occurs at the rear of the reactor, and
the rate of the main reaction does not decrease ex-
ponentially with distance. In fact, with the higher
value of P; for the silver system, the effluent con-
centration is very close to the thermodynamic limit
determined by the electric driving force prevailing
at the fluid outlet (12).

Effect of configuration.—The preceding discussion
has permitted a comparison of several configurations
under a variety of operating conditions. It is im-
portant to recognize that the lowest effluent concen-
tration is achieved for upstream placement of the
counterelectrode (see Fig. 3 through 6). For down-
stream placement of the counterelectrode, a limiting-
current distribution cannot be obtained (see Fig. 11
and 13), principally because the current in the solu-
tion must flow through most of the length of the elec-
trode, and this leads to a large ohmic potential drop.

For the DU configuration shown in Fig. 8. 6 de-
creases with increasing values of matrix resistivity.
For a downstream counterelectrode, a situation is
created where the ohmic potential drop in the solu-
tion is working against the favorable mass-transfer
condition near the fluid inlet. Increasing the matrix
resistivity increases the electric driv.ng iorce near the
fluid inlet because the matrix current must leave
through the current collector placed there. This causes
the rate of the main reaction at the front of the elec~
trode to increase from about 0.05 when 1/¢ - 0 (in Fig.
11) to 0.67 when ¢ = « (in Fig. 13).

As mentioned earlier, the DD configuration is the
least efficient of the configurations shown in Fig. 1.
If the matrix resistivity is increased from zero,
the electric driving force is further reduced near the
fluid inlet, while it increases somewhat near the fluid
outlet (compare Fig. 14 and 15 with Fig. 12). This
causes the rate of the main reaction near the front to
decrease from about 0.05 when 1/c = 0 to 0.012 when
¢ = « (see Fig. 11 and 13). Since the rear of the elec-
trode was already at a limiting current, the increase
in the electric driving force in this region is of little
benefit; the rate of the main reaction is higher than
with 1/¢ - 0 because the flowing stream was not de-
pleted as much in the upstream region, not because
the electric driving force is larger. The integrated re-
action rate is 6.3% lower when ¢ = «, and the rest of
the current goes into the side reaction, driven by the
higher electric driving force near the rear.

For upstream placement of the counterelectrode,
conditions are already more favorable when the ma-
trix resistivity is small. For the UU configuration, in-
crease of 1/¢ decreases the electric driving force in the
rear region and causes the current locally to drop be-
low the limiting value. Consequently, ¢ increases, as
shown in Fig. 7 and 9. For the UD configuration, the
electric driving force decreases near the inlet and in-
creases near the outlet as 1/¢ increases. This is favor-
able until the reaction rate drops below the limiting
value near the inlet, and this leads to the minimum
in the curve of 61, vs. «/¢. The choice between the UD
and UU configurations is dependent on the chemical
system and the matrix conductivity. However, the UD
configuration will display a minimum in the effluent
concentration as a function of «/c and is therefore
the best configuration if this electrode could be built
in practice.

Conclusions and Summary

A theoretical model for flow-through porous elec-
trodes (1) has been used to evaluate the effects of
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electrode placement relative to the fluid inlet and
finite matrix conductivity on the performance of flow-
through porous electrodes. If a low effluent concen-
tration is desired, the electrode must be operated at a
superficial current density sufficiently high so that
the main reaction may achieve a limiting-current
distribution. Calculations show that a limiting-cur-
rent distribution can only be achieved for upstream
placement of the counterelectrode and not for a down-
stream counterelectrode. However, if interference by
the side reaction is substantial, as is the case for silver
removal from thiosulfate solutions or for the copper
system if the superficial velocity is too high, a limiting-
current distribution cannot be achieved for any elec-
trode configuration at any matrix conductivity.

For an upstream counterelectrode when the matrix
conductivity is not large, the choice between upstream
or downstream placement of the current collector de-
pends on the chemical system and what matrix con-
ductivity can be achieved in practice.

Below the limiting current, the performance is only
slightly better for an upstream counterelectrode than
for downstream placement of the counterelectrode.

Calculations for a small matrix conductivity show
that the DD configuration should probably never be
built,

It is evident from the results that simple limiting-
current calculations are inadequate for describing the
behavior of flow-through porous electrodes. Thus, the
ability to calculate distributions of current, potential,
and concentration in the presence of side reaction
above and below the limiting current makes it possible
to choose the optimum electrode configuration so as to
design and optimize an electrode system for the most
economical removal of metal ions.
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LIST OF SYMBOLS

a specific interfacial area, cm~!

CRf upstream feed concentration of metai-ion re-
actant, mole/cm3

DD downstream  counterelectrode,
current collector

DU downstream counterelectrode, upstream current

downstream

collector

cs hydrogen ion or thiosulfate ion concentration,
mole/cms3

D, axial dispersion coefficient of metal-ion re-
actant, cm2/sec

D, molecular diffusion coefficient of metal-ion re-

actant, cm2/sec

Dgr effective diffusion coefficient of metal ion re-
actant, ecm2/sec

D’ dimensionless parameter describing the relative
importance of axial diffusion and dispersion

F Faraday’s constant, 96,487 C/equiv.

i superficial current density to an electrode,
A/cm?

fojref exchange current density for reaction j at a
reference composition ¢jrer, A/cm?

i1 superficial current density in the matrix, A/cm?

ip superficial current density In pore-solution
phase, A/cm?

I* dimensionless superficial current density to an
electrode, see Eq. [10]

io* = sgiz/nFvcrs dimensionless current density in
pore-solution phase

I total current to an electrode, A

km average mass-transfer coefficient between flow-

ing solution and electrode surface, cm/sec
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L thickness of porous electrode, cm
n number of electrons transferred in metal dep-
osition reaction
Py dimensionless parameter describing the relative

importance of the backward term in the metal
deposition reaction

Py dimensionless parameter describing the rela-
tive importance of the ohmic potential drop

P3 dimensionless parameter describing the rela-
tive importance of the forward term in the side
reaction.

Py dimensionless parameter describing the relative
rate of the backward term in the side reaction

Ps dimensionless parameter which characterizes
the ohmic potential drop in the pore-solution
phase

Pg dimensionless parameter which characterizes
the ohmic potential drop in the matrix phase

R universal gas constant, 8.3143 J/mole-°K

SR stoichiometric coefficient of metal-ion reactant

T absolute temperature, °K

UD upstream counterelectrode, downstream cur-
rent collector
UU  upstream counterelectrode, upstream current

collector
U;f standard electrode potential for reaction j, V
AU = Us — Ur difference in open-circuit cell po-

tentials of the side reaction and primary reac-

tion at the reference composition, V

superficial fluid velocity, cm/sec

potential of the cathode current collector rela-

tive to a saturated calomel reference electrode

placed in the dilute product stream, V

x distance through porous electrode, cm

Yy xrakm/v dimensionless distance through porous
electrode

zi valance or charge number of species i

Greek letters

« = akm/v, reciprocal of penetration depth at the
limiting current, cm—1

aaj anodic transfer coefficient for reaction j

acj cathodic transfer coefficient for reaction j

€ porosity or void volume

n = &; — Py local overpotential, V

M dimensionless local overpotential

effective conductivity of solution, mho/cm

effective conductivity of solid matrix, mho/cm

1 electrostatic potential in matrix phase, V

9 quasi-electrostatic potential in the pore solu-
tion phase, V

8 = cr/Crt, dimensionless concentration of metal-
ion reactant

Subscripts

R metal-ion reactant or primary reaction
ref reference composition
S side reactant or side reaction
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Extension of Spectral Response of p-Type Gallium Phosphide
Electrodes by Metal Adatoms

Hiroshi Yoneyama, Shuichi Mayumi, and Hideo Tamura

Department of Applied Chemistry, Faculty of Engineering, Osaka University, Yamadakami, Suita, Osaka, Japan

ABSTRACT

The spectral response of p-type GaP electrodes was successfully extended
to longer wavelengths by depositing a monolayer of any of several kinds of
metal such as gold, silver, palladium, or copper onto the electrode surface and
then cathodically polarizing the electrode under illumination. The shape, but
not the magnitude, of the developed photocurrent spectra, which covered
wavelengths between 600 and 1400 nm, were independent of the kind of metal
chosen. Impregnated hydrogen seemed to be responsible for the enhanced

photocurrent spectra.

p-type GaP is useful as a photocathode of a water
photolysis cell (1, 2). Although it dissolves anodically,
no appreciable cathodic decomposition has been found
(3, 4). It is found that the quantum yield of the hydro-
gen evolution reaction (HER) on p-type GaP electrodes
exceeded unity if the electrode had an appropriate car-
rier concentration (5). Although no definite mechanism
for this phenomenon has been prorosed, we have spec-
ulated that surface states are responsible for it. A re-
cent report on cathodic polarization characteristics of
p-type GaP covered with a small amount of metal also
suggested with more clarity the contribution of surface
states to the HER (6).

It was first proposed by Memming et al. that surface
states played an important role in the cathodic reduc-
tion of several oxydizing agents such as hexacyanofer-
rate and persulfate (3, 4). However, rather ambiguous
results were presented by them for the role of the sur-
face states in the HER. Therefore, clear evidence for
the contribution of the surface states to the HER seems
to be required now.

For that purpose, we have investigated the spectral
response of the electrode with and without metal ad-
atoms as a function of the cathodic polarization time
and have discovered that the photoresponse of the elec~
trode is extended to wavelengths longer than the thres-
hold of the intrinsic absorption of GaP by cathodically
polarizing the electrode at potentials to cause hydrogen
evolution. In this paper, several results on this subject
are presented.

Experimental

p-type GaP wafers having the acceptor concentration
of 4 x 1017/cm3, supplied by Sanyo Electric Company
Limited, were used as the electrode. The (111) face was
chosen as the electrode surface, The wafer was etched
with hot aqua regia to give a shiny surface before being
mounted in a glass tube with epoxy resin. Just before
the electrodeposition, the electrode was dipped in aqua
regia at room temperature, followed by washing with
deionized water. The electrodeposition of several kinds
of metal was made potentiostatically onto the illumin-
ated electrode in the conditions given in Table I. The
deposition potential was selected in such a manner that
at that potential not the hydrogen evolution but the
metal deposition preferentially proceeded under a fixed
band bending of the electrode in all the electrolytes
chosen; i.e,, the deposition potential was shifted cath-

Key words: photoelectrochemistry, semiconductor electrode,
gallium phosphide, metal adatoms, surface states.

odically by 60 mV with an increase in unit pH of the
electrolyte. Thermodynamically, copper cannot be de~
posited at the potential selected. However, the deposi-
tion was possible at the illuminated electrode, since the
deposition reaction proceeded as a photosensitized re-
action,

The number of surface sites equivalent to the mono-
layer coverage was assumed to be 2.4 X 1013/cm? of
apparent surface area by taking the roughness factor
into consideration. The assumption of the number of
surface sites is not critical to this study, as is shown in
a later section. The deposition was made by employing
an electronic coulometer (Nichia Keiki, Model N-CR
404). The current for deposition was automatically in-
terrupted by an action of an electronic relay of the
coulometer when the charge amounted to the set value.
The deposition was usually completed within several
seconds at the longest when the monolayer was depos-
ited. If the metal deposition was made with the charge
equivalent to the monolayer coverage, the prepared
electrode is represented in this paper as M(¢ = 1)/
p-GaP. After the metal deposition, the electrode was
washed in a stream of deionized water for over 1 hr.

When it was necessary to use the wasted electrodes
again, the metal-deposited electrodes were usually
dipped in aqua regia at room temperature for 5 min
before use with the objectives of both removal of the
deposited metal and surface pretreatment, if they still
retained the shiny surface. The removal proceeded
very rapidly, judging from the fact that metals
deposited so much as to show their characteristic color
completely lost the color within several seconds after
immersion in the aqgua regia. On the other hand, no
appreciable etching of GaP seemed to proceed in a
comparable time. Therefore, we believe that the
etching proceeded fairly homogeneously throughout
the entire surface by the 5 min dipping even when the
deposited metal was distributed in patches on the
surface.

Table 1. Conditions for metal deposition

Poten-
tial

(vs.
Metal SCE) Composition of electrolyte (g/liter) pH

Pd -0.27 PdCl: - 2H20 16, NH.C1 30, NH:OH 30 10.36
Ag —0.40 KAg(CN)= 100, K2COs 45 12,51
Au —0.23 KAu(CN):z 170, NazHPC4 5 9.60
Cu 0.29 CuS04 200, H:504 50 0.90
Pb —0.05 Pb(BF4)2 200, HBF: 20, HsBOz 20 1.5
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The techniques of ion microprobe mass analysis
were employed to obtain information on the distribu-
tion profiles of the deposited metal on the surface. A
focused Ar+t beam of 1 X 10—7A with a 4 um diameter
was scanned on the sample surface with a suitable
choice of energy selection of the mass spectrometer of
an ion microanalyzer (Hitachi, Model IMA-2). The
surface distribution pattern of the deposited metal was
obtained as a specific ion image by observing the
objective metal ions produced only when the Ar+ beam
struck the deposited metal. This technigque has been
used by other investigators (7, 8). The in-depth
analysis of the surface composition was made in a
manner similar to that reported by Evans et al. (9)
by bombarding an Ar* beam of 0.5 vA with a 0.47 mm
diameter onto a fixed position of the sample surface,
and the signal intensity of the objective element was
measured as a function of the sputtering time.

The monochromatic light of wvarious wavelengths
was obtained by a prism monochrometer. A 500W
xenon lamp was used as a light source. A rather large
slit width of 2 mm or more was used in order to obtain
high illumination intensity of the monochromatic
light. The purity of the monochromatic light was,
therefore, not high especially in long wavelengths. The
number of incident photons at 450 nm, determined by
ferrioxalate actinometry, was usually around 2 x 101¢/
cm2sec for the monochromatic light obtained in this
manner. Owing to poor purity of the monochromatic
light, a photocurrent spectrum obtained is thought to
contain undefined errors. As far as discussion in this
paper is concerned, however, the purity of light does
not cause a serious problem, because we do not discuss
fine structure of the spectrum. A sequence of mea-
surements was done with the same experimental
setup, so that the irradiation intensity is believed to
have been kept constant during the measurements.

In order to develop photoresponse to light of wave-
lengths longer than that corresponding to the bandgap
energy, the electrode was polarized for a fixed period of
time usually in 0.5M NapSO4 at —2.0V under illumina-
tion with a focused light from the 500W xenon lamp.
The light intensity was around 1.2 W/cm?2, as deter-
mined by a laser power meter (Coherent Radiation,
Model 201). Then, the electrode was set in an electro-
Iytic cell for measurements of photoresponse. After be-
ing set in the cell, the electrode was repeatedly sub-
jected to potential sweep polarization at 1 V/min in
the dark in a potential range between —1.0 and the
potential at which the cathodic current commenced,
until stable current-potential curves were obtained.

The polarization curves were measured by using a
potentiostat having high input resistance of 10l1q
(Hokuto Denko, Model HA 104). The electrode
potentials cited in this paper are referred to SCE. The
differential capacitances of electrodes were measured
by means of a Wheatstone bridge assembly (1).

Results and Discussion

Appearance and disappearance of response to mono-
chromatic light of 1000 nm-—~When an Au (¥ = 1)/p-
GaP electrode was cathodically polarized in 0.5M
Na;S0O4 at —2.0V under illumination, a noticeable re-
sponse to monochromatic light of 1000 nm gradually
developed with polarization time; when the electrode
was not intentially subjected to the cathodic polariza-
tion, it was insensitive to this wavelength. Figure 1
shows typical results. The measurements of current-po-
tential curves were made not in 0.5M NagSO4 but in
0.5M HzSOy4, because a higher response was observed in
the latter electrolyte than in the former (see Fig. 3).
The electrode having no adatoms also showed response
to 1000 nm light, although very weak, when it was sub-
jected to the same cathodic polarization treatment as
stated above. Trials to characterize the deposited metal
layers are presented in a later section.

The initial surface etching with hot aqua regia to
give a shiny surface seemed to be essential for the elec-
trode to develop the response to 1000 nm light. The ini-
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Fig. 1. Increase in photocurrent at 1000 nm with polarization
time for an Au(¢ = 1)/p-GaP electrode polarized at —2.0V in
0.5M H>504 while under illumination with @ 500W xenon lamp.
Measuring solution — 0.5M HsSO4 and sweep rate = 1 V/min.
The cathodic polarization was successively conducted in the order:
Curve 1, before the polarization; curve 2, 10 min; curve 3, 20
min; and curve 4, 30 min.

tial etching with HCI, for example, brought about
quite different electrode behavior. In this case, the de-
velopment of photoresponse to 1000 nm light was usu-
ally negligible, and a relatively high anodic current
was observed at potentials anodic to around —0.5V,
even after the electrode was cathodically prepolarized
in the above-mentioned manner. The instability of
p-type GaP as a photocathode, which was reported
previously (1) and drew a contradiction from Bockris
and Uosaki (10), was also improved by the pretreat-
ment of the electrode with hot agua regia.

The developed response became weak and finally
disappeared if the electrode showing the response was
left to stand in the solution under the open-circuit con-
dition or taken out from the solution. Typical examples
are given in Fig. 2. ‘

Considering that the minimum bandgap of GaP is
2,38 eV (11), one should recognize that the response to
1000 nm light is caused not by the band-band transi-
tions of electrons but by band-surface state transitions.
Then, it seems reasonable to assume that these surface
states must have been formed during the 1 hr cathodic
polarization and that they disappear after interruption
of the cathodic polarization. The cathodic treatment to
create the surface states is, therefore, termed here
“the activation treatment,” and the electrode showing
the developed response, “the activated electrode.”

The developed response of the activated Au(s = 1)/
p-GaP was higher when measurements were made in
an acid solution such as 0.5M HySO, than in a neutral
or in an alkaline solution, as Fig. 3 shows. Therefore,
measurements of the developed response were usually
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Fig. 2. Decrease in photocurrent at 1000 nm for an activated
Au(0 = 1)/p-GaP electrode. Measuring solution — 0.5M HSO4
and sweep rate = 1 V/min. Curve 1, immediately after the
cathodic polarization for 1 hr under the same condition as given
in Fig. 1; curve 2, subsequent to drying for 10 min; and curve 3,
subsequent to standing in 0.5M H3S504 for 2 days. ’
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Fig. 3. Current-potential curves for an activated Au(¢ = 1)/
p-GaP electrode in; Curve 1, 0.5M H2SO4; curve 2, 0.5M No2SO4;
and curve 3, 0.5M NaOH. (—) In darkness, (~-~) A = 1000 nm,
(v =~ +} A = 440 nm.

made in 0.5M H3SO,. On the other hand, the response
due to the band-band transition of electrons was not
influenced by the nature of the electrolyte used in the
measurements.

Activation treatment.—The photocurrent spectra
given in Fig. 4 show how the response of an Au(s =
1) /p-GaP electrode changed with the time of the acti-
vation treatment. Notice that in this case in contrast to
the conditions of Fig. 1 and 3, the activation treatment
was conducted in 0.5M H2SOQ4 at —0.35V. Nevertheless,
response appeared at wavelengths longer than 550 nm.
This fact, together with a result obtained in 1M NaQOH
at —2.0V, indicates that the nature of the electrolyte
used in the activation treatment is not critical for de-

Photocurrent (pA/m?)
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Fig. 4. Development of photoresponse at Au(é = 1)/p-GaP by
the activation treatment in 0.5M H2S04 at —0.35V. Measure-
ments were made with the same condition as in the activation
treatment which was successively conducted in the order: Curve
1, 20 min and curve 2, 20 min, both in the dark, and curve 3,
20 min and curve 4, 10 min, both under illumination with a 500W
xenon lamp. (— () —) For p-type GaP having no adatom after the
activation treatment under illumination for 1 hr, (—e@—) for
“as chemically pretreated”” p-type GaP.
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veloping the photoresponse. Also noticeable is the fact
that no rigid condition seemed to be required for the
polarization potential in the activation treatment. By
comparing the potential chosen in the activation treat-
ment of Fig. 4 with'that of Fig. 1 and 3, it is recognized
that any potential seems to be sufficient to develop the
response, providing it is in such a potential region as to
give saturated photocurrent under illumination with
focused light from the xenon lamp. It follows from
these results that there are a variety of activation
treatment conditions. However, we usually performed
the treatment in 0.5M NaySO4 at —2.0V for 1 hr. The
results presented below are for electrodes subjected to
this treatment unless otherwise noted.

Figure 4 indicates that the development of response
was accompanied with a decrease in the photocurrent
owing to the band-band transition of electrons. How-
ever, the rate of decrease was quite low compared with
the rate of increase in photocurrent in the developed
spectrum. The spectral response of p-type GaP could
be extended by the activation treatment even when the
electrode had no adatoms on it, although the effect was
very small.

Effects of the amount of deposited metal on the de-
velopment of response.—The results given in Fig. 5
show that deposition of one or two monolayers of gold
was sufficient to improve the response of p-type GaP.
One-half a monolayer was too little and three layers
were too much. A similar relation between the amount
of deposited metal and the magnitude of photocurrent
was also found in the cases of silver and copper deposi-
tion. The results on Ag/p-GaP are given in Fig. 6.

These results suggest that the degree of coverage
may have a critical role in the improvement of re-

-100

, Photocurrent (pA /cm?)

Wavelength  {nm)

Fig. 5. Effects of the amount of deposited gold on the devel-
opment of photoresponse of p-type GaP. (—()—) 6 = 0, none;
(—A—) 86 =05, (—J—) o6 =1, (—m—) 0 = 2; (—A—)
6 = 3. ¢ is given in monolayers. (—@—) nonactivated for 4 —
0. Solution = 0.5M H2SQ4, E = —0.35V.
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Fig. 6. As in Fig. 5, but for Ag deposition. (——A—) 6 = 0.5,
(—O—)e =1 (—N—) 8 = 2, ond (—A—) 6 = 3.

sponse. Specific ion image patterns of gold obtained for
Au/p-GaP showed, however, that the deposited gold
did not cover the entire surface even when the amount
corresponding to twenty monolayers was deposited.
Therefore, no definite conclusion can be drawn on
whether or not the most favorable coverage was at-
tained at the optimum amount of deposition observed
and what the optimum coverage is, if any. Figures 4-6
show that the photocurrent spectra of the activated
electrodes covered a wide spectral region ranging from
600 to 1400 nm.

Nature of the developed photocurrent.—In order to
get information on the nature of the developed spectra,
a constant potential electrolysis was conducted in 0.5M
H2S0, by using the activated Au(¢ = 1)/p-GaP elec-
trode. The polarization potential was set at —0.35V, and
the electrode was illuminated with a focused light hav-
ing longer wavelengths than 600 nm which was ob-
tained by setting a colored glass filter (Toshiba, Vr-60)
between the xenon lamp and the electrolytic cell. The
cathodic current flow of 300 pA/cm?2 was caused by
light irradiation of 0.5 W/cm?2 and gas bubbles were
observed to stick to the electrode surface. After the
electrolysis for 2.5 hr, the evolved gas was analyzed by
a gas chromatograph using a molecular sieve 5A col-
umn and was identified to be hydrogen. After the elec-
trolysis no appreciable change was noticed in the elec-
trode surface condition.

Deposited metals as shallow surface states of the
electrode.—The monolayer amount of metal deposition
did not cover the entire surface of the electrode, but
was restricted to areas distributed in patches, as stated
above. The activation treatment did not make any
change in the ion image pattern obtained. The in-depth
analysis of gold, however, showed that the time re-
quired for the deposited gold to be sputtered out was

Sputtering time (min)

Fig. 7. In-depth distribution profiles for Au(6 = 1)/p-GaP be-
fore (——~) and after(—) the activation treatment.

changed and prolonged by the activation treatment
(Fig. 7). A simple interpretation may be made that the
deposited metal was forced into the electrode surface
by the activation treatment. However, this interpreta-
tion may draw criticism, since the secondary ion yield
for Au will be affected by a change in the bond strength
between the adatoms and GaP (12). If the prolongation
of sputtering time observed is ascribable to an increase
in the bond strength, then one may be able to conclude
that the deposited layers became dense by the activa-
tion treatment. Any discussion on coarseness of the de-
posited layers as was done on n-type GaP coated with
metal films (6), however, will not be so effective since
the deposited layers were distributed in patches. In any
case, the deposited gold seems to have no direct rela-
tion with the appearance of response at wavelengths
longer than 550 nm, because the activated electrode, as
mounted in the sample chamber of the ion micro-
analyzer, had already lost its developed response by
the time the ion microprobe mass analysis was made.

The results obtained on CdS and ZnO having metal
adatoms also eliminate the possibility for direct par-
ticipation of deposited metals in the development of
photoresponse. According to the results obtained by
Gerischer et al. (13, 14), the direct optical electron
transfer from the adatoms to the conduction band, ob-
served in the anode process, takes place with a very
low probability because an electron is required to move
in position from the energetic level in-the metal ad-
atoms to a place inside the electrode during the course
of the optical excitation. A quite analogous situation
will be met in the cathode process at p-type GaP hav-
ing metal adatoms. The optical electron transfer from
the valence band to the energetic levels in the metal
adatoms, which may lead to the hydrogen evolution,
must also proceed with a very low probability even if
it would occur.

Formation of deep surface states by the activation
treatinent.—The above discussion indicates that we
have to seek another origin for the development of
photoresponse. The results shown in Fig. 1 and 4 sug-
gest that the formation of surface states is a slow proc-
ess. This is important information for evaluating the
origin of surface states. Another important finding is
that the shapes of the photocurrent spectra of
M (p=1) /p-GaP are independent of the kind of metal
M (Fig. 8). This result suggests that the surface states
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Fig. 8. Photocurrent spectra of activated GaP having the mono-
layer amount of various metals. () Ag, (—A—) Pd, (—D—)
Au, (—1—) Cu, (—O—) Pb, and (—e@—) none. Solution —
0.5M H2504, £ = —0.35V.

formed have the same origin. Then, hydrogen impreg-
nation evolves as the most probable cause for the for-
mation of surface states, although we have no definite
knowledge of the impregnated condition.

It is well known that the cathodic evolution of hy-
drogen causes hydride formation for Ge (15) and leads
to its decomposition. In the case of compound semicon-
ductors, such as GaAs (16) and InP (17), the nonmetal-
lic elements are removed from the semiconductor sur-
face as hydrides during the course of hydrogen evolu-
tion. Compared with these semiconductors, GaP seems
to be suitable for the hydrogen evolution, so that it can
accommodate the impregnated hydrogen in the elec-
trode surface region.

It was noticed that the activation treatment for 1 hr
was enough to develop photoresponse at wavelengths
longer than 550 nm and that further activation treat-
ment brought about no appreciable effect. This finding
also supports the premise that hydrogen impregnation
is closely related to the formation of surface states. The
impregnation proceeds toward the interior of the elec-
trode during the course of the activation treatment, and
the formed surface states can trap photoexcited elec-
trons with energies smaller than the bandgap energy.
If the assumption is made that photoexcited electrons
from the valence band to levels of the formed surface
states are responsible for the developed cathodic pho-
tocurrent, then the magnitude of the developed photo-
current must depend on the trapping probability of
photoexcited electrons as well as on irradiation inten-
sity. The dependence of the developed photocurrent on
illumination intensity is given in Fig. 9. The trapping
probability will become saturated if the formation of
surface states extends into the interior for a distance
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Fig. 9. Photocurrent via the formed surface states as a function
of illumination intensity. . = 1000 nm, solution — 0.5M H2S04,
electrode = octivated Au(6 = 1)/p-GaP.

comparable to the penetration depth of the illuminated
light. The experimental results show that such a con-
dition was almost realized by the activation treatment
for 1 hr,

As shown in photocurrent spectra of M(s=1)/p-
GaP, growth of the developed spectrum was usually
accompanied by depression in the photocurrent at-
wavelengths of the intrinsic absorption of GaP. This
phenomenon possibly reflects that some of the electrons
photoexcited into the conduction band were trapped by
the formed surface states.

Energy levels of surface states.—It is possible to de-
termine the energy levels of the surface states from
the photocurrent spectra obtained. In the case of
Au(e = 1)/p-GaP, they are distributed from about 0.9
to 2.3 eV above the upper edge of the valence band with
a high density between 1.4 and 1.8 eV, although no
rigid determination was possible in the present study
owing to poor resolving power of the monochrometer
as used. It is evident that almost the same distribution
profile holds for electrodes having other kinds of de-
posited metals, From a knowledge of the flatband po-
tential of the electrode, which is given below, relative
positions of the energy levels of the surface states to
that of the hydrogen electrode can be pictured as
shown in Fig. 10. This figure is given for the case when
the electrode was polarized at —0.35V in 0.5M H,SO..
If one takes into consideration the distribution function
of unoccupied electron states in the hydrogen electrode
(18, 19), hydronium ions must find a distribution prob-
ability in the energies equal to or higher than the low-
est level of the surface states. Therefore, the electron
transfer from the surface states to hydronium ions in
the electrolyte must occur in the energy region cover-
ing the entire surface state. Furthermore, this trans-
fer seems to be more feasible than that via the
conduction band since the energy levels of the surface
states, rather than those of the conduction band, are
closer to the energy of the hydrogen electrode.

Memming et al. found participation of surface states
in the reduction of several oxidizing agents at p-type
GaP electrodes (3, 4). It is noteworthy that the energy
region covered by the surface states discovered by
them is in good agreement with that found in the pres-
ent study, although their results showed negligible par-
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electrolyte interface for an activated Au(¢ = 1)/p-GaP electrode
polarized at —0.35V in 0.5M H2S04,
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Fig. 11. Schottky-Mott plots of differential capacitances of
a p-type GaP electrode before and after the activation treatment.
Open symbol, after the treatment; closed symbol, before the
treatment. (], W) 10 kHz, (A, A) 5 kHz, and (O, @) 1 kHz

ticipation of the surface states in the hydrogen evolu-
tion reaction.

Flatband potentials.—Figures 11 and 12 show
Schottky-Mott plots of differential capacitance of
p-type GaP and Au(é = 1)/p-GaP electrodes, respec-
tively, before and after the activation treatment. As the
figures show, the potentials obtained by extrapolation
of the plots to 1/C2 = 0 were independent of the mea-
sured frequency. It is then possible to determine the
flatband potential in a straightforward manner (20).
The flatband potentials of M(s=1)/p-GaP electrodes
determined in this manner are presented in Table IL
It will be noticed that the flatband potential of the elec-
trode was shifted negatively by the activation treat-
ment regardless of whether or not the electrode had
metal adatoms.
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Fig. 12. As in Fig. 11, but for Au(é = 1)/p-GaP

In the case of Ge electrodes, the cathodic polarization
brings about a change in the surface condition from a
hydroxyl to a hydride nature, so that the flatband po-
tential is shifted in a negative direction. This phenom-
enon could successfully be elucidated only when a
rapid measurement technigue was employed (21, 22). A
quite analogous situation is expected on GaP elec-
trodes.

The surface Ga sites of GaP are believed to be re-
sponsible for formation of hydroxide and hydride, ac-
cording to the following equations

OH- H,O
Ga-OH + 2 Ga0~ 4 [13
H,0 H;O*t
OH- H;0
Ga-H 4+ 2Ga- + [2]
H;0 H;0+

The surface Ga-H will be too unstable to be detected
by a slow measurement technique of differential ca-
pacitance such as by employing a Wheatstone bridge
assembly, because gallium is an sp metal ‘and cannot
retain adsorbed hydrogen (23). In the case when hy-
drogen is impregnated, however, a different situation
may hold, and surface gallium may behave as if it re-
tains adsorbed hydrogen. This is a plausible explana-
tion for the negative shift of the flatband potential of
the electrode by the activation treatment.

The values of the flatband potentials were affected by
the kind of metals chosen, as Table II shows. An argu-
ment similar to that made for CdS electrodes having
various kind of metal adatoms (13) would hold here
also. Unfortunately, however, a linear relation has not
yet been established between the flatband potential of
M (¢=1)/p-GaP and the work function of the deposited
metals, possibly because of scarcity of experimental re-
sults.

1t is shown in Fig. 3 that the photocurrent caused by
illumination with monochromatic light of 1000 nm was
affected by the nature of the electrolyte. A plausible
explanation for this is as follows. By changing pH val-
ues of the electrolyte, the number of the surface hy-
dride sites will be changed according to Eq. [2]. The
continuity of the surface-state energy levels from the
surface into the interior is then affected, and there will

Table 11. Flatband potentials of M(8 = 1)/p-GaP electrodes
measured in 0.5M Hs504

Flatband potential (V vs.SCE)

M Nonactivated Activated
Au 1.20 1.02
Ag 1.0 0.9
Cu 0.90 0.86
Pb 0.94 0.80
None 0.95 0.3
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be a large tendency in a high pH solution for the con-
tinuity to be broken down and thus for the photocur-
rent to be suppressed.

Conclusion

Extension to longer wavelengths of the photocurrent
response of p-type GaP electrodes for the hydrogen
evolution reaction was successfully achieved by depos-
iting a monolayer of any of several kinds of metals onto
the electrode surface and then cathodically polarizing
the resulting electrode under illumination. The cath-
odic polarization must be related to surface-state for-
mation, and the impregnated hydrogen seems to be the
most probable cause for this. The developed response
was high enough to have practical significance for solar
energy utilization at least in the following two points:
First, the activated electrode responds in a wide wave-
length region below 1400 nm, so that a large part of the
solar spectrum can be utilized. Second, while the ac-
tivated electrode is being used as a photocathode, there
seems to be no problem in the stability of the metal
adatoms; thus a long life duration of the activated elec-
trode is to be expected. From a scientific point of view,
however, some questions remain on the development of
the response to be elucidated, especially on the mech-
anism of the appearance of the developed response,
and on the role of the deposited metals. On the latter
point, the catalytic activity of the metals for the hydro-
gen evolution may have some relation to the develop-
ment of the response, since deposition of Pb did not
give any apprciable effect.

Manuscript submitted July 7, 1977; revised manu-
seript received Aug. 30, 1977,

Any discussion of this paper will appear in a Discus-
sion Section to be published in the December 1978
JournaL. All discussions for the December 1978 Discus-
sion Section should be submitted by Aug. 1, 1978.

January 1978

REFERENCES

H. Yoneyama, H. Sakamoto, and H. Tamura, Elec-
trochim. Acta, 20, 341 (1975).

. A.J. Nozik, Appl. Phys. Lett., 29, 150 (1976).

R. Memming and G. Schwandt, Electrochim. Acta,
13, 1299 (1968).

K. H. Beckmann and R. Memming, This Journal,
116, 368 (1977).

H. Tamura, H. Yoneyama, C. Iwakura, H. Saka-
moto, and S. Murakami, J. Electroanal. Chem.,
80, 357 (1977).

o o W

6. Y. Nakato, S. Tonomura, and H. Tsubomura, Ber.
Bunsenges. Phys. Chem., 80, 1289 (1976).

7. J. M. Morabito and R. K. Rewis, Anal. Chem., 45,
869 (1973).

8. C. A. Evans, Jr., ibid., 44, 67TA (1973).

9. R. E. Powel, J. P. Pemsler, and C. A. Evans, Jr,
This Journal, 119, 24 (1972).

10. J. O'M. Bockris and K. Uosaki, ibid., 124, 98 (1977).

11. J. C. Philips, “Bonds and Band in Semiconductors,”
p. 169, Academic Press, New York (1973).

12. A. Benninghoven and A. Muller, Phys. Lett. A, 40,
169 (1972).

13. D. M. Kolb, M. Przasnyski, and H. Gerischer,
Z. Phys. Chem. N.F., 93,1 (1974).

14. H. Gerischer, B. Pettinger, and M. Lubke, in “Elec~
trocatalysis,” M. W, Breiter, Editor, p. 162, The
Electrochemical Society Softbound Symposium
Series, Princeton, N.J. (1974).

15. J. Berdeleben, Z. Phys. Chem. N.F., 17, 39 (1958).

16. H. Gerischer and I. Mattes, ibid., 49, 112 (1966).

17. S. Mayumi, C. Iwakura, H. Yoneyama, and H. Tam-
ura, Denki Kagaku, 44, 339 (1976).

18. H. Gerischer, Z. Phys. Chem. N.F., 26, 223 (1960);
ibid., 27, 48 (1961).

19. R. Memming and F. Méllers, Ber. Bunsenges. Phys.
Chem., 76, 475 (1972),

20. E. C. Dutoit, R. L. Van Meirhaeghe, F. Cardon, and
W. P. Gomes, ibid., 9, 1206 (1975).

21. H. Gerischer, M. Hoffmann-Perez, and W. Mindt,
ibid., 69, 130 (1965).

22. R. Memming and G. Newmann, J. Electroanal.
Chem., 21, 295 (1969).

23. S. Trasatti, 1bid., 39, 163 (1972).

Homomolecular Oxygen Exchange and the Electrochemical

Reduction of Oxygen on Semiconducting Oxides

D. B. Hibbert* and A. C. C. Tseung*
Department of Chemistry, The City University, London EC1V 4PB, United Kingdom

ABSTRACT

The activation energies of the reversible electrochemical reduction of oxy-
gen on LagsSresCo0; and lithiated nickel oxide were shown to correlate
with those of the gas phase exchange reaction between 160, and 1803 on these
catalysts. This result suggests that the rate-determining step of the reversible
oxygen reduction is the dissociative chemisorption of an oxygen molecule,
in agreement with the “joint pseudosplitting/dissociative chemisorption”
mechanism. The electrochemical reduction and isotopic exchange reaction
on high and low surface area lithiated nickel oxide showed that only above
the Neel temperature could oxygen be chemisorbed as 2 O—. The effect of
particle size distribution, leading to a mixed potential, may account for the
fact that high surface area lithiated nickel oxide is reversible only above

150°C.

Research into the mechanism of the electrochemical
reduction of oxygen has stemmed from the quest for a
reversible oxygen electrode. Work by Tseung, Hobbs,
and Tantram (1) and Bevan and Tseung (2,3) has
shown the importance of the magnetic properties of
semiconducting oxide electrocatalysts.

In this paper, the concepts developed in the earlier
work are discussed and further evidence from isotopic

* Electrochemical Society Active Member.

Key words: electrocatalysis, lanthanum cobalt oxide, magnetic
properties, lithiated NiO, isotopic exchange.

exchange experiments is reported which clarifies the
nature of the rate-determining step of the reaction.

The Theory of Electrochemical Oxygen Reduction

The reduction at an oxygen cathode in alkaline solu-
tion may take two paths

O + 2H20 + 4e = 4 OH~ [1]
O3 4+ Hs0 4 2e = HO;~ + ~“OH [2]
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A possible scheme for the four-electron process (Eq.
[1]) involves the so-called “joint pseudosplitting/dis-
sociative adsorption” mechanism (2, 4). “Side-on” ad-
sorption of an oxygen molecule followed by partial
electron transfer at the catalyst surface and hydrogen
bonding to adjacent adsorbed hydroxyl ions leads to
a low energy pathway for the cleavage of the oxygen
molecular bond. The scheme is depicted in Fig. 1(a)-
(d). The initial adsorption is seen as an interaction
between the n* electrons of Oz and partially filled d
orbitals of two adjacent transition metal ions of the
semiconducting oxide electrode. This is essentially the
“bridge model” discussed by Yeager (5).

If the conditions for side-on adsorption are not fa-
vorable bonding may occur through just one oxygen
atom leading to “end-on” adsorption and the pathway
of Eq. [2] (6). The participation of both reactions at
the cathode leads to a mixed potential and irreversible
behavior.

By this theory, therefore, an efficient material for a
reversible oxygen electrode should be able to chemi-
sorb oxygen in the side-on position. Tseung and Bevan
have argued that side-on adsorption of oxygen (a
paramagnetic molecule) will be facilitated by the
presence of parallel electron spins in the surface of
the electrocatalyst. Thus the requirement for the

Adsorbed oxygen molecule

H H H H H
O_ 0O_ 0Of 0Os_ 0. O O_
kink
(a) H HI H H
o. o_||site 0O- O_
Electrode surface
HOH_ M M. M H M _How
0. 0. 05 08_0- O- O
b H H H H
(b) o0} 10 O_
Electrode surface
HO—H H W H H M H—oH
\S_ Y. 0. 0. 6. O o-
H H H H
(c) O- - Qe O~

Electrode surface

HOH HH H H H H OH
O~ O. 0. 0. O. O- O

d H H H H
(@) O- O-] O~ O
Electrode surface

Fig. 1. Stages in pseudosplitting. (a) Partial electron transfer,
(b) hydrogen bonding, {c) completion of electron transfer, (d)
reorientation. Qver-all reaction: Oz + 2H0 + 4e » 4 OH~.
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catalyst is that it, too, should be paramagnetic at the
temperature of operation of the electrode.

Yeager (5), in a recent review, distinguishes two
modes of side-on adsorption involving one, or two
catalyst sites. A one-site adsorption, the Griffiths
model (7), although leading to a weakening of the
oxygen molecular bond, does not require a particular
magnetic state, in contrast to the two-site (bridge)
model discussed above.

In addition, correct spacing of the metal ions is a
prerequisite of the bridge model.

Two classes of oxides have been shown to reduce
oxygen in alkaline solution via the four-electron path
of Eq. [1]; perovskite oxides based on LaCoQj3 (3)
and lithiated nickel oxide (2). Lag.5Sre5C00Q;3 is ferro-
magnetic at room temperature. Nickel oxide is anti-
ferromagnetic with a Neel temperature (for massive
nickel oxide) of 247°C. The apparent Neel point is
extremely sensitive to particle size and is reduced to
room temperature for nickel oxide of mean particle
size diameter of 130A (8).

Experimental

Preparation of oxide catalyst.—Low surface area
lithiated nickel oxide [5 atom percent (a/o) Li*] was
prepared by the freeze drying technique (9) with a
reduced volume of nickel acetate and lithium acetate
(200 ml for 5g catalyst). Lag.58r9.5Co0O3 was prepared
using the same method from a solution of mixed
nitrates following the procedure of Tseung and Bevan
(3).

High surface area lithiated nickel oxide was pre-
pared by the method given by Teichner (10) in which
nickel hydroxide, precipitated by ammonium hydrox-
ide from a solution of nickel nitrate, was wetted with
a saturated solution of lithium hydroxide. After agita-
tion for 1 hr in an ultrasonic bath, the resulting slurry
was dried and decomposed under vacuum (10-3 Torr)
at 200°C. High surface area nickel oxide was prepared
by the same method.

Catalyst characterization.—The surface area of each
catalyst was measured by the BET method from the
adsorption of nitrogen at 77°K. The conductivity of
the catalyst was measured in a specially designed steel
die containing a fixed amount of catalyst powder
compressed at a fixed pressure by a Wayne-Kerr a-c
bridge (1592 Hz).

The composition of the catalysts was checked by
atomic absorption of a solution produced by dissolving
a known weight of the catalyst in nitric acid. For the
samples of high surface area lithiated nickel oxide, a
leach with water was performed to determine the
amount of lithium oxide which had remained un-
reacted on the surface of the nickel oxide.

X-ray powder photographs of LagsSresCo0Os; (a
Phillips machine with molybdenum targets and zir-
conium filter to select Ka radiation) revealed the cor-
rect perovskite structure. Table I gives details of the
physical properties of the catalysts used.

All the powders used for the isotopic exchange ex-
periments were examined by transmission electron
microscopy (by a JEOL, JEM 100B microscope, ac-
celerating voltage 100 kV). Samples were sprayed onto
a grid from a dispersion in water. Maximum magnifi-
cation available was 50,000 x which allowed the reso-
lution of particles of 40A diameter. From this it was
possible to obtain a particle size distribution of the
powders,

Electrode preparation.—Teflon bonded (1) porous
electrodes were fabricated to test the electrocatalyst
powders. A slurry of 10 mg catalyst and 3 mg 60%
PTFE dispersion in water was ultrasonically dispersed
for 10 min, then painted onto a preweighed, degreased,
and etched 100 mesh Ni grid. The electrode was cured
at 300°C for 1 hr, then spot welded onto a gold strip
attached to a gold wire.
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Table I. Physical characteristics of the electrocatalysts

Prepa- Sur- Conduct-
ration face ance** .
tech- area Q-1 X-ray Experimental
Catalyst nique* (m*/g) cm-1) analysis investigations
Lao.s5r0.5C00s £.d. 30. n.d. Perovskite 160,/1505 exchange
Lao.58r0.5C003 f.d. 38 >0.1 Perovskite Electrochemical
Lio.osNio.0500.675 h.p. 150 nd, n.d. 180,/1602 exchange
OCV determined
Lio.1Nio.0Q0.05 h.p. 180 >0.1 n.d. Electrochemical
Lio.s5Nio.e300,675 £.d. 2.5 n.d. n.d. 1504/1602 exchange
Lio.osNio.s500.975 f.d. 10 >0.1 n.d. Electrochemical
Nio f.d. 38 n.d. n.d. OCV determined
Nio h.p. 135 nd. n.d. 1802/1802 exchange

* f.d, = freeze drying, h.p. = hydroxide precipitation.

** nd. = not determined.

Electrochemical testing.—The cell used was a modi-
fication of the floating electrode cell of Giner and
Parry (11). Electrodes of 1 cm? area were used in an
electrolyte of 45 weight percent (w/o0) KOH up to
140°C and 75 w/o KOH between 140° and 230°C. A
Witton Model EC108L transistorized 1A potentiostat
was used. A platinized platinum electrode was used
as a dynamic hydrogen reference electrode (DHE),
which was periodically standardized against a re-
versible hydrogen electrode (RHE). The i-R drop be-
tween Luggin and electrode surface was determined
by the interruptor technique. A 20 cm? platinum gauze
was used as the counterelectrode,

Isotopic oxygen exchange experiments.—The ap-
paratus used to follow the equilibration of an 180,/180,
mixture is essentially similar to that used by Winter
(12) and is depicted in Fig. 2. The capillary leak join-
ing mass spectrometer to reaction vessel was such as
to allow a pressure of 10—5 Torr in the spectrometer
for a pressure of 100 Torr in the reaction vessel. The
volume of the reactor was 200 cm3 and for a total
pressure of gases of 100 Torr the leak rate to the mass
spectrometer caused less than a 2% change in this
pressure during the course of an experiment.

The mass spectrometer, an AEI MS10, scanned m/e
(mass: electron ratio) 36, 34, and 32 with a sensitivity
of 28 uA Torr—1 allowing the detection of about 0.1%
of any isotope in 10 Torr oxygen in the reaction vessel.
“White spot” nitrogen was dried over silica gel. Oxy-
gen containing 63.6% 180 was supplied by British Oxy-
gen Company, Special Gases Division.

In order to observe homomolecular exchange, the
catalyst (~1g) was preequilibrated overnight at the
temperature of the experiment with the 160;/1805
mixture. The system was then evacuated to 10—3 Torr
and filled with nitrogen to 100 Torr. To start the ex-
periment 5 ml of labeled oxygen mixture was intro-
duced into the reactor (giving a pressure of about 10
Torr). The ion currents of m/e 32, 34, and 36 were re-
corded at intervals for 400-600 min.

The accuracy of this method is limited by the rate
of change of the m/e 36:34 ratio. The results were not
considered if this ratio changed by less than 1% in 300

Leak

Manometer
l —@—,
Mass R —>To pump
Spectrometer

Penning ga

r 237

i
; eajalyst
| |

- over T
To ditfusion and "

rotary pumps

Fig. 2. Apparatus to measure the rate of oxygen exchange on a
catalyst surface.

min. Practically, the lowest temperature which could
give this rate for the catalysts investigated was be-
tween 100° and 150°C.

Results

Electrochemical testing.—Current-voltage relations
for LagsSresCo0Os and lithiated nickel oxide have
been published by Tseung and Bevan (2,3), and
Bevan (13).

Low surface area (12 m2g—1) lithiated nickel oxide
electrodes showed reversible behavior (correct OCV,
i o« Peyl’?, no change in slope of i/V curves through
OCV) above 240°C, but below 220°C the reduction of
oxygen was irreversible. For a high area sample (180
m2g—1) reversibility was shown above 150°C. In the
case of Lag sSry5C00; the electrodes were reversible
at room temperature.

To express the electrochemical rate of oxygen re-
duction in terms of the number of oxygen molecules
reacting per second per square centimeter of true
catalyst surface (&), the value of i, was calculated
from the i-V data. For all reversible electrodes the i-V
curves were linear within 50 mV of the OCV. i, was
therefore calculated from the linear approximation to
the Butler-Volmer equation given by Bockris and
Reddy (14)

Al uRT

1 = ——

Aan  nF

(3l

(Ai/Av) is the slope of current density-overpotential
line; » is the stoichiometric number (taken as 2 for
reaction [2]); n is the number of electrons associated
with the reaction (here 4); and R, T, and F have their
usual meanings. From i, the rate of reaction, corrected
for an atmosphere of 10 Torr oxygen (iapo®®) may be
calculated
Z = (Ni,/4AF) (1.32/poy) 172

where N is Avogadro’s number, A is the true surface
of the catalyst per square centimeter of electrode, and
Doy is the partial pressure of oxygen used in the ex-
periment expressed as a percentage (10 Torr is
1.32% of 760 Torr).

Figure 3 shows an Arrhenius plot of the results of
Lag sSre.sCo0; and 10 a/o Lit/NiO (ssa 180 m2/g).
These lines give: LagsSresCo03 Z = 101756 exp
(—13.0/RT kcal/mole); lithiated nickel oxide Z =
101228 exp (—~4.3/RT kcal/mole).

The open-circuit voltage (OCV) of nickel oxide elec-~
trodes made from both high and low surface area
oxide were measured at room temperature, At 25°C
hydrophobic nickel oxide electrodes (ssa 135 m2/g)
gave more than 1.063V vs. DHE (in 100% oxygen).
Attempts to purify the KOH solution by electrolysis
(15) resulted in no significant change. Increasing the
temperature to 70°C gave the expected decrease in
OCV. Low surface area nickel oxide (ssa 38 m2/g)
had an OCV of 1.053V vs. DHE in air.

No attempt to measure current voltage curves was
made due to the high resistivity of nickel oxjde [106Q
cm (1)].
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Fig. 3. The rate of the electrachemical reduction of oxygen
calculated from i; measurements, as a function of temperature.
M Lag 55r0.5Co03, ssa 38 m2/g; A 10 a/o Li/NiO, ssa 180 m2/g.

Isotopic exchange studies.—According to Boreskov
(16) the rate of exchange of oxygen on a catalyst
which has been equilibrated with an isotopic gas mix-
ture is given by

C® — Co
In—————=kt (4]
Co — Ct
where Ct is the fraction of 160180 molecules at time £,
and k is the rate constant for the homomolecular ex-
change reaction

160 L 180 &2 160180 (51

Values of the rate constant k, were determined from
Eq. [4] at temperatures between 150° and 300°C for
Lay.58rp.5C00s, 5 a/o Lit/NiO (ssa 150 m2/g and 2.5
m2/g) and for NiO (ssa 135 m2/g) at 160°C. k is related
to the number of molecules reacting per second per
unit surface area (Z) by

Nk
A

where N4 is the total number of oxygen molecules in
the reactor and A is the surface area of the catalyst.

Figure 4 is an Arrhenius plot of logie Z vs. 1/T for
the different catalysts. The rates for LagsSrpsCoO;3
and high ssa lithiated NiO are described by

Z=

{61

Z = 10172 .exp (—15.8/RT kcal/mole)
Z —= 10103 exp (—4.7/RT kcal/mole)
respectively.

It is noted that the single determination of Z for
NiOQO (ssa 135 m2/g) at 160° also falls on the
lithiated nickel oxide curve.

The line for the low surface area 5 a/o Lit/NiO
shows a distinct change in shape between 220° and
240°C which encompasses the Neel temperature for
this oxide.
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Fig. 4. The rate of homomolecular exchange of oxygen as a func-
tion of temperature. B Lag.55r55C00s3, ssa 30 m2/g; @ 5 a/0

Li/NiO, ssa 150 m2/g; A 5 a/o Li/NiO, ssa 2.5 m2/g; (O NiO,
ssa 135 m2/g.

Fig. 5. Electron micrograph of 5 a/o Li/NiO ssa 150 m2/g,
showing crystallite size distribution. Original magnification 50,000X.

Particle size distribution.—Figure 5 gives a trans-
mission electron micrograph of a lithiated nickel oxide
sample of ssa 135 m2/g. A count of the distribution
of particle sizes leads to a mean particle size diameter
(PSD) of approximately 100A. That this is larger
than is predicted from the BET measurement (674)
indicates the presence of particles smaller than were
resolved by the microscope (40A). Of interest is that
about 5% of the particles counted were of diameter
greater than 200A and particles greater than 600A
diameter were observed.

It is also of interest to note that low surface area
lithiated nickel oxide powders showed a much smaller
distribution of diameters.
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Discussion

The comparison of chemical and electrochemical
rates.—In comparing chemical and electrochemical
rates of reaction it must be noted that the electro-
chemical rate determined from i, will contain not only
an element due to the chemical step (here the
chemisorption of oxygen), but also to the added effect
of potential. However if the rate-determining step is
essentially a chemical adsorption of oxygen it would
be expected that the slopes of the Arrhenius plots
would be a measure of the activation energy of the
process for both chemical and electrochemical reac-
tions. It is seen immediately from a comparison of Fig.
3 and 4 that the activation energies for gas phase oxy-
gen exchange and reversible elecrochemical reduction
of oxygen on LagsSrgsCo03 and high ssa lithiated
nickel oxide have similar values (Lag.58rq;CoQO3: 15.8
kcal mole—! and 13.0 kcal mole—1; lithiated NiO: 4.7
kcal mole—! and 4.3 kcal mole—1, respectively). These
results support the theory that the rate-determining
step in each reaction is the dissociative adsorption of
oxygen, which, in the case of electrochemical reduc-
tion of oxygen, is the first step in the joint pseudo-
splitting/dissociative adsorption mechanism.

The effect of particle size on the reversibility of
lithiated nickel oxide electrodes.—In accord with their
theory that semiconducting oxide electrodes should
be reversible above the Neel temperature, Tseung and
Bevan (3) found that LagsSrosCo0; [LaCoO; shows
antiferro magnetic behavior below 100°K (17)] was
reversible at room temperature, and that lithiated
nickel oxide of ssa 12 m2g—1 was reversible above
220°C. However, when high surface area (ssa 180
m2g—1) lithiated nickel oxide was tested, reversibility
was shown only at 150°C although the apparent Neel
point of nickel oxide of ssa 180 m2g~1 is, according to
Richardson and Milligan (8), less than 120°K. The
predominance of peroxide production from massive
lithiated nickel oxide cathodes at room temperature
has also been noted by Yeager’s group (18).

There is some dispute concerning the effect of par-
ticle size on the Neel temperature of nickel oxide.
Richardson and Milligan (8), while finding that the
position of the maximum in the susceptibility vs. tem-
perature curve moved to lower temperatures with de-
creasing average particle size, concluded from neutron
diffraction studies that the true Neel point of NiO was
not changed and that the data could be explained by
a change in magnetic environment for small crystal-
lites. Later work by Cohen et al. (19) and Kawada
and Kawai (20) agreed with the experimental results
but attributed these to a shifting Neel point. Neel
himself (21) explained the magnetic behavior of small
particles of nickel oxide in terms of “superparamag-
netism” and “superantiferromagnetism.”

Of significance to the present work is that small
particles (<100A) of nickel oxide will show para-
magnetism at room temperature. The average particle
size diameter (PSD) of nickel oxide of ssa 180 m2g-1
is 60A and so it is necessary to explain why reversi-
bility was not shown at room temperature in our ex-
periments.

On examination of the distribution of particle sizes
of the 180 m2g—! sample (Fig. 5) approximately 5% of
the particles were of diameter greater than 200A. A
crystallite of this size will show the normal antiferro-
magnetic behavior of massive nickel oxide and would
not be expected to facilitate side-on adsorption of oxy-
gen at room temperature. Gross magnetic determina-
tions and the isotopic exchange reactions will be rela-
" tively unaffected by these particles. In the electro-
chemical environment, however, the presence of par-
ticles which may only allow oxygen reduction to the
peroxide via end-on [Pauling (22)] adsorption given
by Eq. [2], will give rise to a mixed potential which
will be less than a truly reversible potential from the
four-electron reaction.
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Isotopic exchange on low ssa lithiated nickel ox-
ide.—The break in the Arrhenius plot for low sur-
face area lithiated nickel oxide is explained by the
antiferromagnetic-paramagnetic transition at the Neel
temperature. Below 240°C the isotopic exchange rate
falls and soon becomes unmeasurable. These findings
agree with Winter (12) who suggested that adsorption
on nickel oxide occurred as 2 O~ above the Neel point
but Oz~ below this temperature. That the rate does not
fall immediately to zero below the Neel point, but
shows an exponential decline (Fig. 4), may again be
related to the particle size distribution (see previous
section). As crystallite diameter will be distributed
normally about the mean particle size, the number of
paramagnetic particles will exponentially decrease
below the Neel point,

Conclusion

Gas phase and electrochemical data support the
conclusion that the rate-determining step in the elec-
trochemical reduction of oxygen in alkaline medium
via reaction [2] is the dissociative adsorption of an
oxygen molecule. This is in agreement with the joint
pseudosplitting/dissociative adsorption theory of Gold-
stein and Tseung (6). :

The effects of particle size on the Neel temperature
and the reversibility of an electrode suggest that the
electrochemical reduction of oxygen is more sensitive
to the presence of large crystallites which will lead to
a mixed potential and over-all irreversibility.
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ABSTRACT

The primary and secondary current distributions and the primary re-
sistance for ring electrodes are presented. Current distributions, including
mass transfer ettects, for various potential dependent heterogeneous kineties
are computed for a representative set of rotating-ring electrode geometries.

Rotating-ring electrodes are a common and useful
device for the study of electrochemical systems. They
have appeared individually and in conjunction with
disks, spheres, and other rings. Ring electrodes have
very thin concentration boundary layers at the inner
or upstream edge of the electrode, so the limiting
current densities are high in that region and infinite
at the edge. The primary and secondary current distri-
butions have large densities close to both the inner
and outer edges; the primary distribution has infinite
values at both edges. The ring electrode thus behaves
very much like a short plane electrode in the wall
of a wide flow channel, and in the limit of zero ring
thickness becomes exactly such a plane electrode,
Very thick rings demonstrate characteristics of disk
electrodes, and in the limit of zero inner radius are
exactly disk electrodes.

A rotating-ring electrode can simulate two of the
classic tools used by electrochemical experimenters.
A ring electrode can be fitted to practically any ro-
tator used for disks, thus enabling an experimental
investigation of processes that were previously studied
in flow channels, which are more expensive and spe-
cialized pieces of equipment. The problems associated
with end effects at the walls of the flow channel do
not occur with the ring electrode. The current distri-
butions on rings used as collectors in ring-disk, ring-
sphere, and ring-ring systems are not radically dif-
ferent from that on solitary rings, so a detailed study
of ring electrodes yields basie information which can
be applied qualitatively to all the systems involving
ring electrodes.

The asymptotic behavior of thick ring electrodes
was experimentally investigated by Gregory and
Riddiford (1,2) when they reported the effects of
blocking off the center of a disk. Levich (3) pro-
vided an expression for the limiting current density
distribution on ring electrodes, which was extended
to show the average limiting current in a discussion of
Gregory and Riddiford’s work by Ibl (4). Dagunet
(5) first and then Kornienko and Kishinevskii (6)
used ring electrodes to study the effect of turbulence
on the limiting current. Deslouis and Keddam (7)
also measured limiting currents on rings in laminar,
transitional, and turbulent flows, and compared their
results favorably to the Levich equation for rings.
The effect of adding a drag-reducing agent, Polyox,
was examined by Deslouis et al. (8) with rotating-ring
electrodes by the change in limiting current. Shabrang
and Bruckenstein (9) experimentally determined the
resistance of several ring electrodes by applying alter-
nating current modulation techniques, and they also
computed primary resistances by finite differences.
Several theoretical studies on ring electrodes have
been made of highly reversible heterogeneous reac-
tions possessing potential independent kinetics. Rosner
(10) presented calculations for kinetics which in-
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cluded the effect of the reactant concentration only,
and he considered ring electrodes as partially blocked
disks. Redox kinetics, which included both product
and reactant, were analyzed by Albery and Brucken-
stein (11) for the case of very thin rings. Matsuda
(12) showed a method to compute current distribu-
tions for redox reactions on rings of any thickness.
Similar work (13,14) can be found in the literature
on ring-ring electrodes for rapid heterogeneous reac-
tions where the inner ring is decoupled from the
outer ring since the kinetics are not considered to be
potential dependent.

Primary Current and Potential Distribution

The primary current distribution for a ring elec-
trode can be easily computed following the method
outlined by Miksis and Newman (15) for ring-disk
electrodes. The technique involves the solution of
Laplace’s equation which Newman (16) reduced to an
extremely useful (17) integral equation

r’dr’

‘j‘n ) 4rr
1.(7")K( )
(r+m2/ r47

where &, is the ochmic potential drop between the sur-
face of the ring electrode and a large counterelec-~
trode which is far enough away from the working
electrode so that it does not influence the current
distribution, ¢ is the normal component of the cur-
rent density, K is an elliptic integral of the first kind
(18). The use of Eq. [1] implies that the electric con-
ductivity «, is constant and there are no concentration
gradients in the region. The primary current dis-
tribution assumes &, to be constant and allows no
kinetic effects. Figure 1 shows the primary current dis-
tributions for several values of the geometric param-
eter 7,/71. As r,/T1 approaches unity, the current dis-
tribution begins to look like the primary current on a
plane electrode which was given by Wagner (19) and
displayed in Fig. 3 of Parrish and Newman (20)

i 1 [ z ( )2 ]—1/2
lavg Fi L L
where x is the distance along the plane electrode and
L is the length of the electrode., When the geometric
rarameter tends to zero, the ring assumes essentially
the same primary distribution as a disk (21) with the
exception of an infinite current density at the inner
edge of the ring. The primary resistance of the ring
electrode R, is given in Fig. 2. The solid curve is the
result of our calculations. The dashed curve and the
bracketed data points are from Shabrang and Bruck-
enstein (9). The ordinate of Fig. 2 was chosen by
applying the criteria used in reporting thermodynamic
data such as activity coefficients which have large
changes in value with relatively small changes in
concentration (22). This allows the ring resistance to
be interpolated from the plot for thin rings easily. The
abscissa was chosen to show the asymptotic behavior
of a ring resistance as it approaches a disk. The rela-

B (1) = [1]

ik,

T

[2]
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Fig. 1. The primary current distribution on ring electrodes
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tive difference between the data points and the finite
difference calculations (9) and our calculations are
exaggerated by the ordinate. However it is difficult to
approach a primary distribution using alternating cur-
rent techniques unless frequencies can be extrapolated
to infinity. The small effect of a large laboratory-size
cell rather than the infinitely dimensioned cell used in
computing the resistance could also resolve some of
the difference between the data and our calculations.
The same sort of difficulty in getting good agreement
between the Levich limiting current and measured
limiting currents for thin rings was encountered by
Deslouis and Keddam (7). We feel that the method of
embedding essential singularities as employed in the
method of Miksis and Newman (15) is superior to a
finite difference approximation. The resistance varies
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from that of a disk electrode to large values for very
thin rings, which is given by (15)

1 7o \3 In 96
x,,,rlR,+E;2—ln (1 — (——-) ) = ) = 0.2312 [3]

1 JU

Equation [3] is the asymptotic value of the ring resist-
ance as the ring width goes to zero, and is the value of
the ordinate variable of the solid curve at the right-
hand side of Fig. 2 (See Appendix I for the analytical
development of Eq. [3].) Equation [1] is also used to
compute the variation in the ochmic drop extrapolated
to the surface of the ring for nonuniform potential dis-
tributions, in the same manner as for ring disks (17).

The Concentration Boundary Layer

A high Schmidt-number formulation of the convec-
tive diffusion equation appropriate for binary elec-
trolytes and minor reacting components in a solution
with an excess of supporting electrolyte, where mi-
gration effects can be safely ignored, has been used
in most of the previous studies involving potential
independent heterogeneous kinetics (10,12-14). An
integral equation has proven useful for computing
analytic and numerical results. The same equations
and approach for the concentration boundary layers
which were recently applied by Pierini and Newman
(17) to ring-disk electrodes are used here for com-
puting the surface concentration when ohmic effects
and potential dependent kinetics are included. The re-
sults of Levich (3) are easily reproduced with the in-
tegral equation to yield

T ( ay )1/3( Q )1/2 CR,» — CR,0
o T(4/3) \3Dg Y/ (a8 @)
[4]

Figure 3 shows limiting current distributions for rings
of various thicknesses computed with Eq. [4]. The
thin rings are similar to the limiting current for plane
electrodes shown in Fig. 3 of Parrish and Newman
(20) while the thick rings have fairly uniform dis-
tributions except in the central regions.

OCR
Y

y=

N

Fig. 3. The limiting current distribution on ring electrodes
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Kinetics
A single electrode reaction

2 Sijz! - ne- {5]
]

is chosen as the basis for the potential dependent
heterogeneous kinetics to demonstrate the manner in
which the current distribution varies between the
ohmically limited (Fig. 1) and the mass transfer-
controlled (Fig. 3) distributions. The applied voltage V
can be decomposed (23) as follows

V=20 +U+ns+mn (6]

where &, is the local ohmic potential drop extrapo-
lated to the ring surface and U is the open-circuit po-
tential calculated with the bulk concentrations. The
surface overpotential ns is given implicitly by the
kinetic expression

. Cio \" aZF
1 =10, I exp( RT MNs

] Cipw
ex (_ﬁ ZF )] (71
— €Xp RT Ns

and the concentration overpotential takes the form
(24)

= [0 (2) - (-32)]
e = ZF [ 2 I Cj,0 —tt- CR,» [&]

J

This basic equation covers a variety of situations, such
as deposition from a binary electrolyte and redox and
deposiiion reactions with supporting electrolyte.

Results
The problem as stated can be solved numerically
(17, 20, 21) with the basic parameters 7o/71, @, £, A 1,
Z, Di/Dp

i0,o71ZF
J= = [9]
RTx,

rea \1/2 13 nZF2Dpcn.,
e () () e

v 3DR SRRT(]. —_ t)

. T ZF

d = liave| RT [11]

where the limiting reactant has been subscripted as
R. J can be thought of as a dimensionless exchange
current density, and N is the dimensionless stirring
rate. The concentration boundary layer grows thinner
as N gets larger; when N is infinite the boundary
layer has zero thickness and the concentrations at the
surface of the electrode are uniform and equal to the
bulk concentrations.

For examples, three ring geometries are chosen. The
cases in which 7,/7; is respectively 0.5 and 0.7 repre-
sent situations that characteristically behave like
rings, that is, they do not tend to simulate either a
disk or a plane electrode. The case of 7,/r1 equal to
0.9 can be easily compared to plane electrodes.

Secondary current distribution.~~When N is infinite
and the concentration effects may be ignored, the sec-
ondary current distribution is achieved. For small sur-
face overpotentials Eq. [7] is linearized to read

i= (a4 M -2, [12]
T1

The average current density is much smaller than the
characteristic exchange current density in this case.
Figure 4 shows how a ring with r,/r; equal to 0.5 be-
haves over a range of kinetic parameters. The distribu-
tion varies from a basically uniform current when ki-
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Fig. 4. Secondary current distribution on a ring electrode for
linear kinetics. [iayg)io is equal to zero.

netics control, to the primary distribution when ohmic
effects dominate.

Tafel polarization occurs when one of the exponen-
tial terms in Eq. [4] is small enough to be dropped.
Then for a cathodic process the polarization equation
may be written

= RTl(') In (3o..) ] 13)
ﬂs——'ﬂ—'zi,—[n —1) — 1n (ip,4 [

and the characteristic parameter is

T i
66 = —-—ﬁR . _Tilisl [14]
KD

The current distribution now depends only on the
magnitude of the average current density, and the ex-
change current density has no effect. Figure 5 for Tafel
kinetics is similar to Fig. 4. The change in the shape of
the curves is principally due to the difference in the
geometric ratio 7./71. Both cases go to a primary dis-
tribution as the kinetic parameter goes to infinity, and
the effect of the radii ratio can be clearly seen in Fig.
1 for the primary distributions.

Concentration and kinetic effects.—Mass transfer
effects must be taken into account for finite values of
the dimensionless stirring rate N. Again the situation in
which the average current density is much greater
than the exchange current density is examined in
Fig. 6, where one of the exponential terms in Ea. [7]
may be neglected. The reaction is very slow as char-
acterized by the zero value of J, and is considered to
have Tafel kinetics but with concentration depen-
dence in contrast to the Tafel kinetics described by
Eq. [13] and shown in Fig. 5. The effect of the con-
centration boundary layer begins to dominate as the
controlling factor as the fraction of the limiting cur-
rent is increased. The behavior of the current distri-
bution at the outer edge of the ring is very similar to
that of both disk electrodes (23) and plane electrodes
(20) in exhibiting a maximum.

Curves for deposition kinetics in which both terms
of Eq. [7] make a contribution but where there is no
back-reaction are shown in Fig. 7. This particular re-
action, with J = 1, would still be considered slow, but
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Fig. 5. Secondary current distribution on a ring electrode for
Tafel kinetics.
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Fig. 6. Current distribution on a ring electrode for Tafel kinetics
where |iavg] >> io,, but N is finite and mass transfer effects
must be taken into account.

it is more reversible than the previous example as
indicated by a larger value of J. The distributions
appear to be more disk-like, primarily due to the
smaller 7r./r;, while the differences between the
maxima and minimum in the distribution are en-
hanced by the kinetics.

As a final example, a very fast redox reaction was
chosen in conjunction with a very thin ring. The in-
teresting feature of Fig. 8 is the comparison to the
limiting current curve (dashed line). The mass
transfer is dominant over a wide range of currents in-
fluencing the shape of the curves. Also the local cur-

Fig. 7. Current distribution on a ring electrode for product-inde-
pendent or deposition kinetics with an excess of supporting elec-
trolyte and with mass transfer effects.
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Fig. 8. Current distribution on a ring electrode for product-
dependent or redox-type kinetics with an excess of supporting
electrolyte with mass transfer effects. Dashed line is the limiting
current,

rent densities near the trailing edge of the ring are
driven above the local limiting current densities, a
situation which is similar to disks (23) and planes
(20). Since the ring is very thin, the distributions can
be compared to those of Fig. 4 of Parrish and Newman
(20), which is a plane electrode with Tafel kinetics.

Landolt, Mueller, and Tobias (25) assessed the de-
sign considerations for a cell to study electrochemical
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machining processes. The rotating disk electrode and
concentric rotating cylinders were deemed unfeasible
due to the difficulty in maintaining reasonable cell
voltages and because of the radial dependence of re-
sistance and characteristic length. A flow channel was
shown to have a primary voltage drop of 50V with a
100 A/cm? current for a solution with a specific con-
ductance of 0.1 &/cm and an interelectrode gap of 0.5
mm. An equivalent primary voltage with the same
solution and operating conditions can be obtained with
a ring electrode having an inner radius of 0.2480 cm
and a width of 0.0275 cm, dimensions well within
practical machining considerations. This particular
design required 7,/71 to be 0.9, which is the geometric
ratio used for the redox reaction shown in Fig. 4.
Alternatively the resistance and one length could be
specified; Fig. 2 would then provide the remaining
length, thus enabing the characteristic length to be
varied and the resistance to be fixed. Turbulent flow
can be maintained with most commercially available
rotators by keeping the inner ring radius greater than
1 ecm for common electrochemical machining solu-
tions. Ring electrodes seem ieasible to study high
current density processes with a smaller capital in-
vestment than a thin gap flow channel.
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APPENDIX

The Asymptotic Value of the Primary Resistance of
Thin Ring Electrodes

_The asymptotic value of the primary resistance of
ring electroaes as the geometric parameter r,/r; goes
to unity can be determined analytically. An ordaer of
magnitude analysis of Laplaces’ équation shows that
the terms associated with the eitect of curvature in the
radial direction are small. This means that the physi-
cal situation to be analyzed is an analog of the finite
width plane electrode embedded in an insulator
treated by wagner (19). Therefore the detailed vari-
ation of the current density can be expressed as

TL — Ta
2N/ =r T =1

where the total current to the ring is

i(’l‘) =

[A-1]

To

o 2t
Le=2e §itnmar =2 ) (4 1) 14-2)

The potential drop for the current I to the ring is then
computed by integrating Eq. [A-1] with Eq. [1] mak-
ing use of the property of the complete elliptic in-
tegral of the first kind that

4rr’ 1 r—1r \2
K (——————-)—)——ln( ) /16 [A-3]
(r 4 1)2 2 T4

’

-as
4rr

rt+me

This yields after manipulation

[A-4]
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Tg — T1 fl [ T ( 4rr’ )
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e 1L r4 7 T+

1 (z—z' TL— To )2] dz’
—1n [A-5]
+ 4 8 Ti+ To T =22
where the variables r and y are related by
27 — Ty — T,
2 — r—hn—h [A-6]
To —T1

Because this is the primary distribution, this potential
must actually be constant across the ring, and evalua-
tion gives

L —To In 16(r1 4+ 7o)

2« 71— To

&y (1) = [A~T]

and the resistance of thin rings is then given by

1 T — To In32
KTlRl- + In =

-8
2n2 71 22 [A-8]

This equation shows explicitly the manner in which
the value of R, increases to infinity as the ring width
goes to zero. After transformation to the variable
plotted in Fig. 2 is made, the right side of Eq. [A-8]
yieids the ordinate value of the solid curve at the
right side of Fig. 2.

LIST OF SYMBOLS
English Characters

a 0.51023

CR.o concentration of limiting reactant in the bulk
solution, mole/cm3

CR.0 concentration of limiting reactant at the elec-
trode surface, mole/cm3 .

Dj dirusion coetricient of the jth species, cm?2/sec

e~ symbol for an electron .

F Yaraday s constant, 96,487 C/equiv.

I, total ring current, A

i normal current density at the electrode sur-
face, A/cm? )

lave average current density on the ring electrode,
A/cm?

iavgLiM average limiting current density on the ring
electrode, A/cm? .
characteristic exchange current density, A/
cm?

dimensionless exchange current density
subscript variable .
complete elliptic integral of the first kind
length of planar electrode, cm

chemical symbol of the jth species
dimensionless stirring rate

number of electrons in reaction

universal gas constant, 8.3143 J/mole-°K
effective primary resistance of a ring elec-
trode, O

radial coordinate, cm

inner ring radius, cm

outer ring radius, cm

stoichiometric coefficient of the jth species
absolute temperature, °K

transference number of reactant

open-circuit potential, V

potential applied between the ring and a dis-
tant counter electrode, V

position from leading edge of plane electrode,
cm

normal distance from surface of ring, cm
—nor —z+2-/(z2+ —z-)

(2r — ro — 11)/ (711 — To) |

i charge number of j the species

Greek Characters

a, B,v; kinetic parametersin Eq. [7]
& dimensionless average current density
Ne concentration overpotential, V

.
e
B

WS ZE R

puNe 8 qQqoTHERIS
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Ns surface overpotential, V
Ko electrical conductivity of the bulk solution,
Q~l-cm—!
v kinematic viscosity, ecm2/sec
&, ohmic potential extrapolated to the electrode
surface, V
Q rotation speed, rad/sec
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Variational Approximations to Current

Distribution Problems

I1. Rectilinear Electrodes and Baffles

S. H. Glarum

Bell Laboratories, Murray Hill, New Jersey 07974

ABSTRACT

Current distribution problems for the flat-strip electrode and the rec-
tangular electrolytic cell with an arbitrary distribution of cathodic ele-
ments in a plane are analyzed using a previously formulated variational
integral. High impedance baffles permitting the control of macrocurrent dis-
tributions are described, equations for their design derived, and several ele-

mentary examples analyzed.

In a preceding paper we discussed the use of vari-
ational approximations for the analysis of current dis-
tribution problems at the rotating-disk electrode (1).
The present discussion focuses upon the application of
the variational function previously derived to recti-
linear geometries, more closely akin to practical elec-
troplating configurations. We treat first the case of an
isolated flat-strip electrode, and find a solution for
the current density distribution in terms of a super-
position of orthogonal polynomials. Next we consider
the more general problem of a rectangular electro-
lytic cell with an arbitrary electrode distribution in a
cathodic plane and insulating sidewalls or periodic
boundary conditions. Finally, we address the very
practical problem of controlling current distributions
on a macroscopic scale. High impedance baffles appear
to be attractive structures for achieving this objective.
General design equations are derived, and several
low order baffle designs are analyzed.

The Flat-Strip Electrode
The problem to be solved is depicted in Fig. 1. A
flat-strip electrode with width 2a is flushly embedded
in an infinite insulating plane. The strip is either
sufficiently long or.boundary conditions in the y direc-
tion are such that the potential is independent of y.
A surface s(x,2) to be defined, in the half-space

Key words: current distribution, high impedance baffles, vari-
ational analysis.

containing electrolyte lies at zero potential, while the
electrode is at a potential ¢,. This problem has been
previously analyzed by Wagner, using a different
approach (2).

We begin, as in our treatment of the rotating-disk

electrode, with the coordinate transformation

2 == afn
=21+ 2){1 —n) (1]
2ar— _——
//’/ \\\
T // ¢o N
z 7 \\
/
uL / \\
/ \
/ \
1/ ELECTRODE \\
o ll | L \ T | L\
-2a -a o] o] 2a

Fig. 1. The flat-strip electrode
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Within the electrolyte V2¢ = 0, and Laplace’s equa-
tion becomes

2,
P

om? on
0% op
+ [(1+g2)_._+§—-.—]:0 [2]
oE2 0t
Letting
¢ =F(n)G ) (3]
a separation of variables gives
92F oF
(1d—-—m) ——M—+n2F =0
an? om
G+ 2818 me=o [4]
—_— — — n2G =
e 613

where n? is the constant of separation. The further
substitutions

n=-cosa
¢ =sinhp [56]
reduce these equations to
i 2F =10
—_— (s =
da? +
G
—_——n?G =90 [6]1
op?
The boundary condition at the insulating surface
F
(6_) =0 [7]
om 7/ 3=0

requires that n be an even integer. At the surface de-
fined by ¢ — & we shall assume ¢ vanishes (fig. 1).
The resulting solution for ¢ is therefore

sinh [n(sinh—1¢& — sinh—1¢)]

™ = ¢, Tn 8
¢ nTn(a) sinh [ sinh—! £o] 18]

where
Trn(n) = cos [ncos~11] [9]
is a Chebyshev polynomial of even order and c, is a

constant. The general solution for the strip electrode
is thus

sinh [n (sinh—1! ¢, — sinh §)
2 cnln(n) [n¢ : !

- - [10]
sinh [n sinh~1 &]

¢ =
1=0,24...
This function satisfies Laplace’s equation in the bulk,
and meets all boundary conditions except those at the
electrode surface, which remain to be specified.
The linear coefficients may be evaluated by vari-
ational analysis. Our general variational function is

(1
bo—0d -
W=k f AtV - Vo + 2 fdsf(s) fo doF (8) [11]

where «, is the bulk electrolyte conductivity, F(8) is
an overpotential function, the first integral is over
the electrolyte volume, and the second is over its
bounding surface. The function f(s) vanishes on in-
sulating surfaces, and ‘may be set equal to unity when
the overpotential depends only upon local current den-
sity. If bulk concentration gradients are significant,
f(5) must be found from the simultaneous solution of
hydrodynamic and electrical expressions.
For the particular case of linear polarization

F(o) =90/z [12]

z being the surface impedance of the electrode in
units Q-cm2 Because V2¢ == 0 and the normal deriva-
tive 9¢/9n vanishes on the insulating boundary, the
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variational function reduces to an integral over the
electrode surface

W=2a :71—.___"3)—15 [Ko(b—z%'l'—} (0 — 9)2 ] (13]
The coefficients ¢, are found by setting
aW/ocn =0 [14]
This results in the set of linear equations
T'gnCn + 2 KnnCn = Kondo [15]
where v
T = nxz/4a

gn = n(1 4+ 84,0) coth [n sech—1¢]
1
Kon = J;dn n(1 — n2) ~Y2Tp (n) Tn. (n) [16]

Finally, the current density distribution over the strip
is given by

() = (1/z) [0 — ZCnTn(n)] [17]

Equations [15]-[17] are equivalent to those pre-
viously derived for the rotating-disk electrode. The
dimensionless parameter I' is again the ratio of the
characteristic throwing distance of the electrolyte-
electrode combination, x.z, to the electrode’s di-
mension. When I' is large the current distribution be-
comes uniform, and when small it approaches the pri-
mary distribution. The matrix Kuq., which couples the
basis functions, also involves integrals of a set of
orthogonal basis functions. In this instance, however,
they are Chebyshev instead of Legendre polynomials.

The expressions for the flat-strip and rotating-disk
electrodes are sufficiently similar to make further de-
tailed discussion repetitious. By analogy with disk
calculations, a low order polynomial accurately de-
scribes the current distribution when current varia-
tions are small (<10%). Wagner has derived a loga-
rithmic expression also accurate in this regime (2).
If larger variations are encountered, both the pro-
cedure described by Wagner and that presented here
require more extensive numerical computations. New-
man’s disk results indicate that 10 or more polynomial
terms are needed to approximate a primary distribu-
tion (3), while Wagner’s approach requires the solu-
tion of a like number of simultaneous linear equations.

The Rectangular Electrolytic Cell

We shall next examine ‘the rectangular electrolytic
cell (Fig. 2). Bounding planes at x = e and y = b
are insulating, and plane z = 1, is taken to be an
equipotential surface of zero potential. An arbitrary
cathodic surface distribution, f(x,y), is assumed for
the plane z = 0. The insulating planes may represent
either real surfaces or planes partitioning a large

/’
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Fig. 2. The rectangular electrolytic cell
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assembly of parallel cells, We shall, for convenience
only, assume f(x,y) to be symmetric in x and y.

A particular solution for ¢ satisfying all require-
ments except those at the cathodic plane is

mux ) ( nwy ) sinh[A(lo — 2)]
cos
b sinh (i)

¢(mm) = cos (
[18]

STE N

and m and n are integers. A general solution is given
by a linear combination of these solutions with coeffi-
cients ¢mn Since ¢ satisfies Laplace’s equation in the
bulk and all boundary conditions except those at the
cathodic plane, the variational function reduces to an
integral over this plane. The coefficients c¢un corre-
spond to the Fourier components of the current den-
sity distribution function. If f(x,y) = f(x) only
(n = 0), and a linear polarization function is assumed
(Eg. [12]), use of the variational integral yields the
set of linear equations

where

T'gmem + 2 KpmCm = Komoo [20]
me

with
T = nkoz/2a

gm = (1 4+ dm,0)m coth(mnl,/a)

mnx ) ( m'nx )
cos
a
[21]

The similarity of these equations with the rotating-
disk and flat-strip expressions reveals how certain ob-
vious limiting cases follow. Thus, if f(x) = 1, the
matrix Ky, is diagonal and ¢, = 0 for m = 0, giving
a uniform current distribution. A uniform distribution
is also achieved by making the diagonal elements
large, i.e., by increasing the throwing distance of the
bath, «,z, or decreasing the anode-cathode separation,

lo
The Baffled Rectangular Cell

The control of current distributions, either to obtain
more uniform electrodeposits or to plate selectively
upon cathodic surfaces, is a high priority technological
problem. One approach is through the use of baffles
composed of chemically inert, insulating material to
direct current flow. An important class of baffling
problems can be treated by compounding two rec-
tangular electrolytic cells (Fig. 3). The geometry and
boundary conditions are those of the previous prob-
lem except that at a distance ! from the cathodic plane
a.baffle with a spatially varying conductance function
is interposed. A perforated panel, immersed in elec-
trolyte, with holes of varying density and/or radii
would be one realization of such a baffle,

1 (+
Kopm: = -—-—f dx f(x)cos (
2a v e

BAFFLE

CATHODE o

Fig. 