We have seen that such multiplicity can have a significant im-
pact on system performance. It thus appears desirable to study
further how to detect such multiplicities, both from process models
and from operating data, and to generalize as far as possible the
characteristics of processes likely to lead to input multiplicities. The
potential benefits include elimination of the possibility of transients
such as those illustrated by Figures 10 and 12. In these transients,
the existence of input multiplicities has allowed a transition of the
process to an undesirable steady state. Such transitions may be very
difficult to detect in practice, and may show up only in longer-term
economics of the process operation.

NOTATION

A = general square matrix
ay = partial derivatives, defined by Eq. 33
Cy4, Cr, Cs = concentrations of chemical species
¢ = general controlled variables
c* = desired value of c; set-point values
Ca,CR,Cs = normalized concentrations defined by Eq. 27
= quantity defined by Eq. 46
= determinant, defined by Eq. 35
= activation energy
= function symbol
= quantity defined by Eq. 43
= diagonal matrix of reset gains, Eq. 4
= gain ratio, Eq. 43
= reset gain used in ith control loop
= reaction velocity constant, time units normalized
to one typical residence time
= reaction velocity constant at temperature T,
= deviation in manipulated variable, Eq. 9
= general manipulated variables
= defined by Eq. 28
= gas law constant
= absolute temperature

NWT IRE O TER OOSEHAY

T, = reference absolute temperature

t = time

tr = trace

u = normalized absolute temperature, T/T,

oc/om = process gain matrix, Eq. 8

(oc/dm), = transformed process gain matrix, Eq. 18

(] = redefined residence time. Eq. 32

n = interaction matrix, relative gain array, Eq. 19

T = residence time, normalized to be unity at typical
throughout
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Photo-Assisted Heterogeneous Catalysis

with Optical Fibers

Part lil: Photoelectrodes

The concept of using optical fibers to distribute light within heterogeneous
photo-assisted catalysts is extended to photo-electrochemical cells. The potential
drop in a semiconductor photo-electrode is predicted for various types of ohmic
electrical contacts, and the optimum contact location is determined. The variation
of electrical conductivity with temperature in non-isothermal bundles of semi-

conductor-coated optical fibers is considered.
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SCOPE

Optical fibers coated with heterogeneous photo-assisted
catalyst are a possible scale-up configuration for all such cata-
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lysts. Previous papers considered light transport from the fiber
to the catalyst (Marinangeli and Ollis, 1977), and heat and mass
transport in bundles of such fibers (Marinangeli and Ollis, 1980).
In this paper the bundle of coated optical fibers is analyzed as
a photo-electrode for photo-electrochemical cells. Appropriate
expressions for the position-dependent conductivity and current
density in the semiconducting photo-catalyst are developed.
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With these expressions, the local potential gradient in the
semiconductor can be evaluated. The optimum location for
minimum power loss, or power input, is calculated for an ohmic
contact to remove majority carriers to a counter-electrode. These
results depend only on the characteristic penetration depth of

light into the fiber, ¢. A similar analysis for the potential dis-
tribution may be applied to non-isothermal bundles of semi-
conductor-coated optical fibers. The radial temperature gradi-
ents and resulting non-isotropic conductivity lead to two di-
mensional potential distributions.

CONCLUSIONS AND SIGNIFICANCE

Photo-electrodes fabricated from semiconductor-coated op-
tical fibers may be useful for large-scale solar energy conversion
to electricity and/or to storable fuels such as hydrogen. An im-
portant scale-up consideration is minimization of internal po-
tential losses. In this paper the potential loss in a semiconduc-
tor-coated optical fiber is determined. An optimum axial loca-
tion for a single ohmic contact to minimize resistive power
losses is

Multiple contacts and continuous conductor contacts for with-
drawal of current to the counter-electrode are also consid-
ered.

Large-scale use of such photo-electrochemical cells probably
would involve bundling the coated fibers together. The same
potential drop occurs for an isothermal bundle of coated fibers
as for a single-coated fiber provided the average catalyst
thickness per fiber remains the same. In a non-isothermal fiber
bundle, heating due to light absorption will increase the con-
ductivity (photo-conductivity may increase or decrease de-
pending on the light intensity) and may reduce the potential
drop.

INTRODUCTION

In the conversion of light to chemical or electrical energy with
semiconducting photo-electrochemical cells, radiant energy inci-
dent on a semiconductor electrode generates holes and electrons.
In operation, the minority carrier may diffuse to the surface due
to bending of the energy bands. The majority carrier will move to
the counter-electrode. When the photo-generated holes and elec-
trons are sufficiently anodic and cathodic respectively with ref-
erence to a redox couple, the redox reactions will occur at the
electrode surfaces. Chemical energy may be stored if the products
of an endothermic redox reaction are collected; the photo-elec-
trolysis of water is interesting in this regard. If the redox reactions
are simply reversed at the two electrodes so that no net chemical
change (storage) occurs, purely electrical energy is obtained.
Photo-electrolysis may be considered as a particular application
of photo-electrochemical cells; the same principles apply whether
predominantly chemical or electrical energy is obtained. The
principles of photo-electrochemical cells have been reviewed
elsewhere (Albery and Archer, 1976, 1977; Archer, 1975; Bockris
and Uosaki, 1977; Gerischer, 1975, 1976: Manassen et al., 1976;
Nozik, 1976a; Wrighton et al., 1976c¢).

Figure 1 illustrates an n-type semiconductor photo-electrode.
The band bending occurs because the bulk Fermi levels of the
electrolyte and semiconductor must be equal at equilibrium. The
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DISTANCE FROM SURFACE

Figure 1. Bending of the energy bands at the semiconductor-electrolyte in-
terface; the equilibrium case.
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electrolyte Fermi level is the equilibrium redox potential of the
electrolyte (Er = 4.5 eV + E cdox vs. sHE)- Consequently, the po-
sitions of the semiconductor Fermi level and bulk bands are shifted.
The conduction and valence bands are pinned at the surface to their
original values, however (Morrison, 1977). The bands are bent in
a depletion layer of about 10 to 1,000 nm. For an unbiased n-type
semiconductor, the potential curvature drives hole migration to
the surface, and the electron is removed to the counter-electrode.
When (a) the hole energy (given by E, + V}) is less than the oxi-
dation potential, and (b) the electron energy (given by Ep) is
greater than the reduction potential, the redox reaction will pro-
ceed. Additional potential may be supplied to the semiconductor
from an external bias in order to satisfy these energy require-
ments.

The most frequently studied photo-electrode materials are listed
in Table 1. Many papers have been published on this subject in the
last five years, suggesting the proximity of practical application
of photo-electrochemical solar energy conversion.

A previous discussion of light transport in a-coated optical fiber
(Marinangeli and Ollis, 1977) suggested that such a configuration
(Figure 2) was potentially useful for scale-up of all reported pho-
toassisted heterogeneous catalysts, including photo-assisted elec-
trolysis. The essential feature of the coated fiber design is that light
enters the end of the optical fiber and is repeatedly internally re-
flected at the semiconductor-fiber interface. At each reflection,
a small portion of the light is absorbed by the semiconductor
(catalyst) coating. The resulting minority carriers may drive a re-
action at the semiconductor-liquid interface, for example, elec-
trolysis of water.

We expect that the fibers may be bundled together into mac-
roscopic arrays for practical applications. The small diameter
(10-100 um) of commercially available fibers insures a large ratio
of light transfer surface area to reactor volume. A second study

TO COUNTER ELECTRODE

OXIDATION

o I

=4 [
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GENERATION —~
P4 i
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Figure 2. Semiconductor-coated optical fiber.
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TABLE 1. SEMICONDUCTOR PHOTO-ELECTRODES

Band

Material Gap(eV)
TiOg 3.0

References
Carey and Oliver, 1976;
Fleischauer and Allen, 1976;
Frank and Bard, 1975;
Fujishima and Honda, 1973,
Fujishima et al., 1975;
Gissler et al., 1976;
Hardee and Bard, 1975, 1977;
Harris and Wilson, 1976;
Keeney et al., 1975;
Kohl et al., 1977,
Laser and Bard, 1976;
Mavroides et al., 1975;
Morisaki et al., 1976;
Nozik, 1975, 1976b;
Ohnishi et al., 1975;
Ohashi et al., 1977;
Wrighton et al., 1975,
Yoneyama et al., 1975;
Harris et al., 1977;
Nozik, 1977;
Spitler and Calvin, 1977
Mavroides et al., 1976;
Ohasi et al,, 1977;
Wrighton et al., 1976b
Chai and Anderson, 1975;
Ellis et al., 1976a,c, 1977a,
Gerischer, 1975;
Kohl et al., 1977,
Miller and Heller,1976;
Heller et al., 1977;
Inoue et al,, 1977;
Nozik, 1977;
Owen, 1977
Ellis et al., 1976a,c, 1977a;
Gerischer, 1975;
Hodes et al., 1976;
Manassen et al, 1977;
Heller et al., 1977,
Owen, 1977
Ellis et al., 1976b, 1977a;
Ohashi et al., 1977
Gerischer, 1977;

SrTiOg 3.2

CdS 2.4

CdSe 1.7

CdTe 15

GaP 2.3

considered heat and mass transport in layers of photo-assisted
heterogeneous catalysts coated on optical fibers and in bundles of
coated fibers (Marinangeli and Ollis, 1980). The present paper
analyzes the influence of bulk electron (hole) transport when cat-
alyst coated fibers are used as photo-electrodes.

PHOTO-ELECTRODE APPLICATIONS

This paper considers the application of the coated optical fiber
concept to photo-electrochemical cells. Photo-electrochemistry
with coated optical fiber electrodes will require the following
events to occur (Figure 2):

{a) Light entering one end of the optical fiber (light pore) is
“piped” down the fiber by internal reflection at the catalyst fiber
interface.

(b) At each reflection, due to surface scattering and absorption
of the evanescent wave, the intensity propagated down the fiber
diminishes (exponentially in an isothermal system).

(¢) The absorbed light drives the photo-electrochemical half-cell
reaction of the electrode, and

{d) simultaneously heats the semiconductor.

(e) The majority carriers created in the above reaction are
transported, via conduction, to the counter-electrode. Events (a),
(b) and (d) have been considered previously {(Marinangeli and Ollis,
1977, 1980). This discussion focuses on (c) and (e).

The axial light intensity in the fiber, I,, is related to the light
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Band
Material Gap(eV) References
Kohl et al., 1977;
Nakato et al., 1975, 1976;
Nozik, 1976;
Ohashi et al., 1977;
Tomkiewicz and Woodall, 1977;
Yoneyama et al., 1975;
Eliis et al., 1977b;
Nozik, 1977
GaAs 15 Chai and Anderson, 1975;
Ellis et al., 1977b;
Gourgaud and Elliot, 1977;
Kohl et al., 1977,
Chang et al,, 1977
WO3 2.7 Butler et al., 1976;
Hardee and Bard, 1977;
Hodes et al., 1976;
Butler, 1977
ZnO 3.2 Fujishima et al., 1976;
Gerischer and Camman, 1972
SnOq 3.5 Kim and Laitinen, 1975;
Wrighton et al., 1976a
Si 1.1 Candea et al., 1976;
Kohl et al,, 1977;
Nakato et al., 1975;
Jayadevaiah, 1974
FexOs 22 Hardee and Bard, 1977;
Quinn et al., 1976;
Yeh and Hackerman, 1977
KTaOs 3.4 Ellis et al., 1976d
Bix0O3 2.8 Hardee and Bard, 1977
CuO 1.7 Hardee and Bard, 1977
InP 1.3 Kohl et al,, 1977
BigS3 1.3-1.4 Miller and Heller, 1976
BaTiOg 33 Nasby and Quinn, 1976
Pbo selag 14 Nasby and Quinn, 1976
(Zro.10Tio.90)0.965
033.0 (PLZT)
Pbo.golag o 2.9 Nasby and Quinn, 1976
Tig9803 (PLT)
FeTiOg, FesTiOy, 1.7-1.8 Ginley and Butler, 1977
Fe,TiOs Tributsch, 1977
2.1-2.2MoSg

intensity in the semiconductor at the semiconductor-fiber interface,
I, by a factor 3, (or B, or 5,).

Ioe = Bela

The factor S, is a function of the incident angle of the internally
reflected light and the relative refractive indices of the media in-
volved (Marinangeli and Ollis, 1977; Harrick, 1967).

Control of the intensity, and thereby the electrochemical rate
is important for several reasons. First, the quantum yield (number
of carriers in the external circuit per incident photon) often de-
creases with increasing light intensity (Carey and Oliver, 1976).
[The quantum yield is the same as the photo-conductive gain
{Bube, 1960). The use of the term photo-conductive gain is espe-
cially appropriate when an external bias voltage is applied to in-
crease the quantum yield (gain).] Thus, photons may be used more
efficiently at lower local absorption rates. In addition, an electrode
overpotential is minimized for slower electrochemical rates per
unit catalyst area. Reduction of the local over potential increases
the energy efficiency of photo-electrochemical cells (Nozik, 1975;
Manassen et al., 1976). Finally, quenching of the semiconductor
dissolution as in, e.g., cadmium sulfide or cadmium selenide
electrodes by polysulfide electrolyte, might be mass transfer limited
at high light intensities or high electrochemical rates (Ellis et al.,
1976¢). Moderation of the rate would allow the dissolution to be
quenched by lower concentrations of polysulfide.

Light supplied to a photo-electrode by optical fibers will not pass
through most of the bulk reactant-product phase. This may be
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advantageous in two cases. When a gaseous product is formed from
a liquid reactant, as with hydrogen and/or oxygen from water,
bubbles may be generated when the liquid becomes supersaturated.
These bubbles will scatter some of the incident light away from the
photo-catalyst. Also, some electrolytes, including polysulfide and
ditelluride solutions, absorb light. In either case, use of optical fibers
to supply light will reduce light loss in the bulk electrolyte.

A photoelectrode of appreciable semiconductor-electrolyte in-
terfacial area arises from coating the fiber with a porous semi-
conductor layer formed by sintering a deposited semiconductor
powder. Such a porous structure would allow a semiconductor-
electrolyte interface to exist throughout the coating. The disorder
in the sintered regions joining the semiconductor particles would
reduce carrier mobility, but might also generate numerous donor
or acceptor states. Consequently, the conductivity will depend on
the preparation technique.

We may anticipate that a central problem with using thin
semiconducting layers coated on the walls of optical fibers is the
resultant potential loss for transport of electrons (or holes) to the
counter electrode. A simple energy balance on a photo-electro-
chemical cell (Nozik, 1975, 1976a) shows that

Eg—VB“(EC—‘EF)=%§‘+ Ne + N + ir + vy
when AG/nF is the free energy per electron for the cell reaction,
Nq and 7. are the anodic and cathodic overpotentials respectively,
ir is the ohmic loss and V is the potential drop across the Helm-
holtz layers in the electrolyte (Figure 1). This balance shows that
ohmic loss must be subtracted from the available photo-electro-
chemical energy (terms on the left hand side of the equation).
Obviously, the design of the photo-electrochemical cell must
minimize internal losses.

In this paper we examine how the ohmic losses vary with the
parameters of a coated optical fiber photo-electrode. As such losses
depend, inter alia, on external junction (contact) location, several
junction locations will be evaluated. First, some of the general
features of transport in thin films of amorphous semiconductors
must be considered as these are expected to resemble the semi-
conductor coatings envisaged above.

ELECTRON TRANSPORT IN AMORPHOUS SEMICONDUCTORS

Although amorphous semiconductors lack the long range order
which give sharp energy bands for crystalline solids, the energy
band concept is still valid (Adler, 1971; Grigorovici, 1971; Hill,
1972). Structural disorder causes a smearing of the sharp energy
band edges of crystals with consequent formation of tails of states
in the energy gap. In some instances, the band tails may overlap.
Consequently it appears to be more realistic to consider a carrier
(electron or hole) mobility gap, that is a range of energies in which
electrons (or holes) have negligible mobility, rather than an energy
band gap. Nevertheless, Ohm’s law is usually valid for low fields.
(Only for very low temperatures or very high concentrations of
defect levels in the gap, will a hopping mechanism, that is tunneling
between localized states, be responsible for conduction.)

Ohm’s law states (Kittel, 1971)

j=oE

where j is the current density, o is the conductivity and E is the
electric field. The conductivity for a semiconductor is

o = (ney, + pepp)

where e is the electrical charge; n and p are the concentrations of
conduction band electrons and valence band holes respectively;
and u, and u, are the mobilities of these holes and electrons re-
spectively. For a photo-electrode, the minority carriers may be
consumed by electrochemical reaction near their site of generation
or by recombination with a majority carrier. For simplicity, we
consider the most typical photoelectrode: an n-type semiconductor.
Here, we will consider only the transport of the photo-generated
majority carriers.
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The mobility is the magnitude of the drift velocity per unit
electric field, expressed as
et
H=—
me
where 7 is a collision time and m, is the effective mass of an elec-
tron. The collision time may be related to a characteristic collision
distance or electron mean free path € by

£ =oyT

where vy, is the electron thermal velocity.

The collision length in the bulk is related to the frequency of
defects or disorder in the semiconductor crystal. Obviously,
amorphous semiconductors contain much disorder and have rel-
atively short collision distances, hence are typified by low mo-
bilities. The mobility can be increased significantly by annealing
to decrease the disorder. In thin films, the mean free path £ can
be reduced further by collisions with the free surface (Chopra,
1969) (here, the solid-electrolyte interface). In the simplest case,
the thin film mobility, up, is related to the bulk mobility, up,
by

=_HB
1+ ¢/t

where t is the film thickness. Note that mobility and conductivity
are averaged transport properties since, like molecular diffusion,
they are meaningful over a region necessarily larger than the ap-
propriate mean free path.

The current density, j = ned,, where &, is an electron velocity,
and the conductivity, o = nep,, each depend on the concentration
of conduction electrons. Carrier concentrations in semiconductors
are typically low, since they arise from thermal excitation across
the band gap (intrinsic carriers) and impurity doping (extrinsic
carriers). In photoelectrodes, however, additional carriers will be
generated by photons. Thus the current and conductivity will each
depend on the light intensity and will be larger than the corre-
sponding thermal values.

MF

CALCULATION OF THE POTENTIAL LOSS

The internal axial potential gradient for a semiconductor pho-
toelectrode coated on an optical fiber (Figure 2) is given by Ohm’s
law in differential form:

dv 1

Iz s j(z) (1)
First, expressions for the position dependent current and conduc-
tivity must be determined. Then (dV/dz)dz may be evaluated for
the appropriate current path in order to determine the potential
loss. Note that Ohm’s law behavior is observed for both amorphous
semiconductors {Grigorivici, 1971) and semiconductor particles
of sufficiently small size, such as less than 0.1 pm (Mark and Sang
Lee, 1974).

For the semiconductor coated optical fiber, in the annular cat-
alyst layer both the current density and the potential will be
functions of axial position, and a reactant, light, has an axially de-
pendent magnitude. The current density at z is obtained by a
summation of the photo-generated electron (hole) flux and division
by the axial cross sectional area of the coating. The potential dis-
tribution is obtained from Ohm’s law, using the previously deter-
mined light intensity profile (Marinangeli and Ollis, 1977). The
radial flux of liquid electrolyte should be insignificant; the potential
loss will occur in axial majority carrier transport.

We first assume that the single fiber is isothermal. A previous
paper (Marinangeli and Ollis, 1980) showed that the heating due
to light absorption is insignificant for single fibers coated with
catalyst. For photo-electrode applications, resistive heating also
occurs. In the absence of an external bias, the energy for resistive
heating is supplied by the incident photons. Hence, resistive heating
cannot exceed heating which occurs if all of the incident photons
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Figure 3. Metal-semiconductor contacts for withdrawal of majority carriers
to the counter-electrode: a) a single contact, b) a continuous contact, and
c) a series of contacts.

are converted directly to thermal energy.

Consider a semiconductor film of length L and thickness d,
coated on an optical fiber of diameter dy (Figure 2). The total
current generated by light absorption, J, in the length 2, and 2z

18
zg de
J= f | J; ol xdsdzdy @)

where «, is the absorption coefficient, I, is the light intensity in
number of photons per area per time, and x is the quantum yield.
We will use the convention that a current of electrons (negative
charge) in the direction L to z (negative) is positive. The integration
is taken over a thin (slab) annulus, a valid assumption when inte-
grating the evanescent light intensity (for which d,, << dy) (Mari-
nangeli and Ollis, 1977). Division by the semiconductor annular
area, wdgd,, yields the current density at z.

Je) =X (= “ I, dyds 3)

An appropriate form for the conductivity is
0(z) = 0o + 0p(z), ()

where the photo-conductivity ¢,(z) is taken as the increase in
conductivity due to incident radiation (Kittel, 1971). The posi-
tion-independent part of the conductivity, o,, is the intrinsic
conductivity. The photo-conductivity, o,,(z), depends on the light
intensity and therefore is position-dependent. The photo-con-
ductivity for amorphous semiconductors is directly proportional
to the rate of photon absorption for moderate carrier generation
rates, where electron trapping is the principal recombination route.
At higher absorption (carrier generation) rates, hole-electron re-
combination becomes significant and the photo-conductivity tends
towards a square root dependence on carrier generation (Kittel,
1971; Taylor and Simmons, 1972; Simmons and Taylor, 1972). At
such high generation rates (light intensities), hole-electron re-
combination will also decrease the quantum efficiency of the
semiconductor photo-electrode. We will be primarily concerned
with the linear region of the photo-conductivity-light intensity
dependence, that is the high quantum yield region. If we assume
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that the effect of the light intensity is to increase the conduction
band electron concentration from its intrinsic value, n,, to a new
concentration equal to the number of photons absorbed divided
by the recombination rate due to trapping, R’, (Kittel, 1971) the
expression for the photo-conductivity in a differential volume do
is

_ag adde
n, r'dv

0,(2) (5)
Recall that for this application we need only consider the concen-
tration of the majority carriers since the minority carriers are not
transported through the photoelectrode, but are removed instead
by the half cell reaction at the local surfaces.

Both the current density and the conductivity depend on the
light intensity.

We hve shown (Marinangeli and Ollis, 1977) that the appropriate
form for the evanescent light intensity is

I, = 8.1, exp(— fl—ié - Z—y) (6)
P

[If most of the light is supplied to the semiconductor by scattering
at the fiber-semiconductor interface, a similar exponential ex-
pression for the light intensity is correct (Marinangeli and Ollis,
1977). In this paper we will use the light intensity for the evanescent
wave only. ]

ELECTRICAL CONTACT AT THE FIBER END

With the contact made at the most intensely illuminated end of
the fiber (Figure 3a), the current flux at any point z is given by Eq.
7.

oy XeX L de
ie) =% f j; Ldyds ™

The conductivity in a segment dx is given by

dc
Idy(mwdd
g=0, + aoacj; y(rfz)
° 7 nyd.R’ (mwdsdz)

In each case the light intensity in the semiconductor is given by Eq.
6. Performing the integration yields

(8)

o) = SLEXBL | grasipye—so— o) (9

and

oc=0, + MB (1 —_ ezdc/d,,)e—w/L‘ (10)
2n,R'd,
Substitution of these expressions into Ohm’s law (Eq. 1) yields

dV _ Be~¢ — Be—*¢/L

—_— l
dz C + De~#¢/L ()
where
B = %cPloxdy L (1 — e2de/dy)
2d. ¢
C=g,
I,d
D=Mo_z 1 — e2dc/dp).
onoiid, )
The total potential drop in the semiconductor film is
L (dv
V= f @y
0 (dz) :
LBle=¢. [Ce® + D 1 C+D
=—|—lh|———|-=Ih{j=———}|- (12
sl C (C+D) D“(C+De—d>) (12)

Relative plots of the light intensity (or photoconductivity or local
reaction rate), the current density, and the potential are shown in
Figure 4.
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a)

b)

c)

Figure 4. Relative plots of a) light intensity (or photo-conductivity or reaction
rate), b) current density, and ¢) potential, for a coated fiber with an ohmic
contact at the end.

ARBITRARY CONTACT LOCATION

Suppose the electrical contact is located at an arbitrary position,
2*, between 0 and L. The solution for the segment from 2* to L
is similar to the result obtained for the contact at one end. The final
integration is from z* to L rather than 0 to L. The result is

LBle=¢ (Ce*+ D)\ 1 [C+ Du™!
7 = — —_ l 1
S G ln(Cu+D) Dn(C+De—*")] s

where u = exp(z*¢/L).
For the segment from 0 to z* the current density expression in-
cluding the direction change of the current flow is

. _ o aX z* de
jo-sr() = = j; ﬁ Ldyds

= a_%%f_de!; (1 — e2de/do)(eze/L — 1), (14)

The potential change from z* to O is
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Vo_t=£§[lln(C+D)+i]n_.c-*-—D_
“ ¢o{Cc \Cu+D "D \C+ Du?

OPTIMUM CONTACT LOCATION

Part of the electrochemical energy generated in the photo-
electrode will be dissipated internally by resistive heating. This
power loss can be minimized by proper choice of the contact lo-
cation. In differential form, the power consumed by resistive

heating is
22 dv
P=f —](z)a(—)dz (15)
z] dZ
or, using Ohm’s law,
22 j(z)%a
P = ——dz.
i M (16)

For a semiconductor photo-electrode with an ohmic contact at z*
the total power dissipated is the sum of the power dissipated in each

segment.

* 2 Li 2

p= f" fos(zle j‘ jL—(zVa . a7
0 2 z* o

The optimum contact location for minimum power dissipation
is obtained from

dP _ jos(z*)%a _ jir-1(2*)a

-— =0 1
dz* o(z*) a(z*) (18)
The value 2* thus satisfies the relation
jo-ee(z*) = jR_L(3*), (19)
Use of Egs. 14 and 9 gives
¥ 1, Al—e"9)
L e SR
L o n (1= e29) (20a)
The asymptotic values are
*
%=1—r;—235¢—>w (20b)
z*
A =1lsas¢ — 0. (20¢)

ALTERNATE CONTACT CONFIGURATIONS

We have thus far considered only a single point contact to the
semiconductor photo-electrode. Several other possibilities exist.
If the conductivity of the illuminated semiconductor is too low to
allow a single end contact, a continuous metal wire or strip could
be imbedded in the semiconductor or on either surface of the
semiconductor along the axis of the fiber (Figure 3b). This con-
figuration might be especially attractive if the fibers are bundled
together. High conductivity wires, acting as contacts, could be
interspersed with the fibers. [SnOz coatings are often used to make
conducting transparent coatings. SnQx is transparent to visible light
(Eg = 3.5 ¢V) and has a relatively high conductivity for a semi-
conductor. SnO, coated optical fibers could be used to supply light
and remove current. The SnO; coating would be equivalent to an
embedded wire.] Since the conductivity of the metal contact
(typically 108Q~lem™1) is much greater than that of the annular
semiconductor (102 to 1092~ 1cm™1), the axial conductivity be-
comes simply

o = ¢,{(metal)

and the appropriate cross-sectional area for current flow is the
cross-sectional area of the wire. Obviously the axial potential drop
should be negligible unless the wire cross-sectional area is very
small.

In addition, there will be a radial potential drop in the semi-
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TABLE 2. PARAMETERS FOR POTENTIAL DROP CALCULATIONS
o, = 100 em™!

x =01
B =01
|
I, =2 x 1078 22
s+ me
dp = 400 nm
cm?
=210 —
He Vs

conductor around the annular fiber coating. This potential drop
may be calculated between the contact wire and the opposite side
of the fiber, a distance of wd;/2. Modelling the annual layer asa
slab wdy along with the contact at the origin (Figure 5) yields

_ Bo(wdy)? vy
8L
V= Dot @1)
Of course the voltage drop depends on z because of the dependence
of the radial current and the conductivity on the light intensity.
A series of contacts located at positions zq, 2], 22. . . 2, may be
used (Figure 3c). The potential loss in each segment consists of two
parts. Current in the length z,, to z* will flow to z,,, and current in
the length 2’ to 2, ;. ; will flow to 2, ,. | where 2’ is the equipotential
point between z,,, and z,, 1 | (i.e., value of 2’ satisfying

j; . (‘-g) da = f s (dg‘zi) dz.

The lengths will be unequal due to the axially diminishing light
intensity. The values of dV/dz may be obtained as for the case of
an arbitrary contact location.

NUMERICAL EXAMPLES

The potential loss for a semiconductor-coated optical fiber with
an ohmic contact at z = 0 was calculated using the parameters in
Table 2. These values might be typical of CdS illuminated by
sunlight. The fiber diameter, fiber length, and catalyst thickness
were varied. The potential drop was calculated for various values
of the intrinsic conductivity and recombination rate. The intrinsic
electron concentration was calculated from the relationship ¢ =
noe/ te.

Table 3 shows caleulated potential drops for various catalyst
thicknesses on a 0.1 m long optical fiber with a 200 um diameter.
The conductivity is 1002~ cm~! which is high for a semiconductor.
(Values for semiconductor photo-electrodes are reported in Table
4.) The following features are apparent. First, ¢ = 1 for thin
semiconductor (catalyst) films even for this short fiber. Thus, all
of the light can be absorbed in a short fiber. Next, large potential
losses in thin films (d, < 500A) can occur even for very high con-
ductivity. The potential loss is negligible only when all of the light
is absorbed near the entrance (¢ is large, e.g,, d. > 500 nm for Table
3 example). Finally, a large change in the recombination rate
produced only a small change in the potential loss. The difference
decreases as ¢ increases since most of the light is absorbed very near

TABLE 8. CALCULATED POTENTIAL DROP
0, =100 Q' em™!

df = 200 um
L=01lm
\Y% \Y%
d; (nm) (R’ =2 X 1011571 (R"=1X108s71)

5 0.987 ~5.07 -1.87

15.8 3.04 —-1.62 —1.62
50 8.85 —2.17 X 1071 —-1.69 X 107!
158 21.85 —2.79 X 1072 —1.85% 1072
500 36.71 —5.25 X 1073 -3.28 X 1073
1,580 39.98 -1.53 %1078 —1.53 X 1073
5,000 39.99 —4.82 X 10 ~4.82 X 10—
15,800 39.99 —-1.52 X 1074 ~1.52 X 10~
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TABLE 4. PHOTO-ELECTRODE CONDUCTIVITIES

Conductivity
Material* (@1 em-1) Reference

TiOg 0.3 Nozik, 1975, 1977
TiOg 0.1-1. Morisaki et al., 1976
CdS 0.166-0.5 Ellis et al., 1976¢, 1977a

2. Nozik, 1977
CdSe 0.07-10. Ellis et al., 1976¢, 1977a
GaP 1.-8.7 Ellis et al., 1977b

3.-10. Nozik, 1977
GaAs (Si or Te Doped) 333.-1.000. Elliset al., 1977b
W03 0.001  Butleret al, 1976
S$rTiOs 0.07 Mavroides et al., 1976
BaTiOs 0.55 Nasby and Quinn, 1976
FeTiOs, FeaTiOy, Fea TiOs 0.01-0.001 Ginley and Butler, 1977
FegOg 0.003  Quinnetal, 1976
$nO; (Sb Doped) 10. Wrighton et al., 1976
MoS. (I.) 0.1-1. Tributsch, 1977

* Single crystals except where indicated.
** Chemically vapor-deposited amorphous material.

the fiber end and the resulting length scale for electron transport
is very small. The reason for the relatively small change in voltage
drop with R’ is that for the larger R’ (probably a more realistic
value) the photoconductivity is negligible. For the smaller R’, the
photoconductivity is still small in comparison to the intrinsic con-
ductivity.

These calculations suggest that short optical fibers clad with thin
layers of a semiconductor might be useful photoelectrodes, but it
may be necessary to embed an axial metallic conductor in the
photoelectrode to reduce the internal potential drop. A small
continuous semiconductor coating would be required to avoid
metal-electrolyte short circuit.

A similar calculation for the radial potential drop around a fiber
with g, = 0.5 ¢~ lem™1, d; = 500 nm and dy = 200 um showed
that the maximum radial potential drop (z = 0) was negligible (1.5
X 1073 V),

THE FIBER BUNDLE

In a previous paper, we pointed out that a bundle of catalyst
coated optical fibers would be a reasonable large scale configura-
tion. This compact arrangement would allow contacting of a large
catalyst surface area within a relatively small volume. Three
possibilities are envisioned. Separate single fibers could be bound
together externally (Figure 6a), fibers could be embedded in a
continuous semiporous semiconductor (Figure 6b) or attached to
a planar metallic sheet (Figure 6c¢). In the latter cases, the porosity
required for electrolyte supply will diminish the conductivity very
markedly (due to reduction of the electron mean free path) unless
the semiconductor is sufficiently annealed. In this case, it is likely
that conducting wires would be embedded in the semiconductor
between the fibers.

Our previous analysis of axial carrier transport in coated single
fibers applies equally well for an isothermal fiber bundle, provided
that the ohmic contact is effective at each fiber in the bundle. Thus
the expression for the position-dependent current flux remains the
same, and the axial cross section of catalyst fiber is that of Figure

~<METAL
L = \'n 3 4
/ d SEMICONDUCTOR N
SEMICONDUCTOR 4 1 T
-wdy o] wdg
2 2
(a} {b)

Figure 5. Angular potential drop around a fiber: a) end view of coated tiber,
b) slab approximation of iconductor, ‘‘unwrapped’ from the fiber.
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Figure 6. Fiber bundles: a) bundie of individually coated fibers, b) fibers em-
bedded in a continuous semiconductor, ¢) fibers aligned parallel to metal
conducting sheet.

5a, b or ¢, as appropriate. The potential loss for a fiber bundle is
identical to that derived for the isolated fiber, provided that the
average catalyst thickness per fiber remains the same.

If conducting wires, between and parallel to the fibers, are
embedded in a semiporous semiconductor matrix, a radial potential
drop between the fibers and the wire will exist. An exact analysis
of the potential profile would require a complicated light intensity
summation from the neighboring fibers. Instead, an order of
magnitude estimate of the maximum radial potential drop to any
wire is obtained here. The radial potential change is approxi-
mately

v=1Lg (22)
g

where s is a characteristic distance.

Typically s would be about half of the interfiber spacing dp. The
minimum conductivity is d,, the intrinsic semiconductor con-
ductivity. The maximum current density is equal to the photon
absorption rate for the ny fibers in the bundle in a distance dz
multiplied by x and divided by the cross sectional area of the n,,
wires in the bundle. The total intensity loss in an axial distance dz

of the bundle is

Al = n4l, (exp (—2149) ~ exp (-——%29))

dz -z
=~ ngl, - ~I:2 - e —~LL¢
The maximum current density is at Z; = 0
wnl, ézf xd?
J= (23)

4m,wd,dz
where d,, is the wire diameter. Substitution into Eq. 22 gives
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V= ntloqﬁxdbd% (24)
8m,Ld, o
A calculation with typical parameters showed that this voltage drop
is negligible (2 X 107 V).

NON-ISOTHERMAL PHOTO-ELECTRODE

A previous paper (Marinangeli and Ollis, 1980) showed that heat
generation by light absorption may cause considerable temperature
gradients for large fiber bundles or high intensities. Since electrical
conductivity is a function of temperature (Kittel, 1971), the pre-
vious single fiber analysis may not apply to a non-isothermal fiber
bundle. Photoconductivity also depends on temperature as the
magnitudes of the various recombination routes depend on tem-
perature (Simmons and Taylor, 1972). Since appreciable radial
temperature gradients may occur in a bundle, a two dimensional
potential profile will now exist.

In an efficient photo-electrode, the resistive heating will be small,
and a portion of the photons, equal to the quantum yield, x, will
drive the chemical reaction. A fractionAH,,,/E, of this energy
portion will be stored in the chemical reaction. In this case a sim-
plified temperature profile may be used.

- _ XAHp) 4 _[R)2
e (12 (1)
where

~. . _ Ria,l,B, exp(—z¢/L)fds

Fla)= 2k, Tyed,

The temperature dependence of the conductivity for amorphous
semiconductors is (Grigorovici, 1971)

o= 0, exp (:—Eﬂ) (26)

2kT

The Fermi leve] is near the middle of the band gap for most
amorphous materials. For n or p type semiconductors

_(Ec - EF))
kT

The potential distribution may be obtained by solving the current
balance for a cylindrical shell of the fiber bundle. We assume that
the bundle radius is much greater than the radius of an individual
fiber so that average properties of the bundle may be used. The
conductivity will be non-isotropic, reflecting the non-isotropic (i.e.,
parallel) distribution of the insulating optical fibers,

A current blance on a cylindrical volume element yields

2m(R + AR)AszIR+AR - 27rRAsz'R + _27TRARjzlz+Az
— 27RARj, |, = xal.27R - ARAz (27)

o =0, exp ( (26a)

The axial and radial current fluxes are j, and jr respectively. The
light intensity has been averaged over the y direction for each in-
dividual fiber

& —piool
- J; Bcla exp( ¢L 2dp) dy

de
s et i)
=Lelofy _ ZZ9 (o8
v e | o et
The local current fluxes are given by Ohm’s law
14
IR R SR
o
Iz L.
Substitution into Eq. 27 gives
0 av _egd). o v\ .
oR (“" oR T R aR) M az(az bz) = xoele (29)
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When heating by light absorption dominates, the temperature
profile may be caleulated first from Eq. 25. Then the conductivity
at every point can be calculated (Eq. 26a). Finally, Equation 29
may be solved numerically.

Note that an increase in temperature will reduce the potential
drop in the bundle. Too high a temperature may deactivate
photo-assisted heterogeneous oxide catalyst for gaseous reactants
(Formenti et al., 1971); this dependence for liquid-phase systems
appears to be unexplored.
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NOTATION

= cross-sectional area
= concentration
= concentration in the external phase
- acﬁcIonEL 1 — e—2de/dp
2d.¢

> o &

)

=59

- ancﬁclodp_ (1 _ e—Mc/dp)
2n,R’d,
= effective diffusivity
= catalyst (semiconductor) thickness
= fiber diameter
= penetration depth of the evanescent wave
= wire diameter
= electronic charge
= electric field
= conduction band energy
= Fermi level energy
= energy band gap
= oxidation potential
= reduction potential
= valence band energy
= catalyst (semiconductor) fraction in a fiber bundle
= ratio of heat generation from light absorption to maxi-
mum heat conduction
= current
= light intensity in the catalyst (semiconductor)
= average I,
= initial light intensity in the fiber
= current density
= Boltzmann’s constant
= thermal conductivity
= electron mean free path
= fiber length
. = effective mass of an electron
w = effective mass of a hole
= electron concentration
ns = number of fibers
N,y = thermal equilibrium electron concentration
N = bundle Thiele modulus
Np, = Prater number
= hole concentration
= power
resistance
reaction rate
radial distance in the fiber bundle
recombination rate
" = fiber bundle radius
= characteristic distance
= film thickness
= Temperature
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T, = temperature in the external phase

u = exp(z¢/L)

v = volume

Ve = electron velocity

vy, = electron thermal velocity

\% = voltage

V, = magnitude of band bending (surface potential)

x = distance around a fiber perimeter

y = radial distance in the catalyst (semiconductor)

z = axial distance in the fiber of catalyst (semiconductor)
z* = arbitrary z

Greek Letters

o = absorption coefficient of the catalyst (semiconductor)
B: = ratio of light intensity inside and outside the fiber
€ = void fraction of a fiber bundle

M = carrier mobility

ug = bulk carrier mobility

Me = electron mobility

ur = thin film mobility

Hh = hole mability

¢ = characteristic decay length for light in a fiber

U = conductivity

o = intrinsic conductivity

4, = maximum intrinsic conductivity

op = photo-conductivity contribution

or = radial conductivity

o, = axial conductivity

T = characteristic carrier collision time

X = quantum efficiency
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Effects of London-van der Waals Forces on
the Thinning of a Dimpled Liquid Film As a
Small Drop or Bubble Approaches a

Horizontal Solid Plane

When a small drop or bubble approaches a solid surface, a thin liquid film forms
between them, drains, until an instability forms and coalescence occurs. Lin and
Slattery (1982a) developed a hydrodynamic theory for the first portion of this co-
alescence process: the drainage of the thin liquid film while it is sufficiently thick
that the effects of London-van der Waals forces and electrostatic forces can be
ignored. Here the effects of the London-van der Waals forces are included. The
resulting theory describes the evolution of the film profile, given only the bubble
radius and the required physical properties. The inclusion of a positive disjoining
pressure results in better descriptions of the film profiles measured by Platikanov
(1964) for air bubbles pressed against glass plates. When the disjoining pressure
is negative, an unstable draining film evolves and finally ruptures. Unfortunately,
there are no experimental data with which to compare our predicted coalescence
times.

SCOPE

JING-DEN CHEN and
J. C. SLATTERY

Department of Chemical Engineering
Northwestern University
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The rate at which drops or bubbles suspended in a liquid co-
alesce is important to the preparation and stability of emulsions,
of foams, and of dispersions; to liquid-liquid extraction; to the
formation of an oil bank during the displacement of oil from
a reservoir rock. On a smaller scale, when two drops (bubbles)
in a liquid phase approach each other or when a drop (bubble)
approaches a solid surface, a thin liquid film forms between
them, drains, until an instability forms and coalescence occurs.
We must understand the factors controlling the rate of coales-
cence,
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Lin and Slattery (1982a,b) considered the early stage of this
coalescence process as a drop approaches a solid wall or a
fluid-fluid interface. Their results are applicable, when the
draining film is sufficiently thick that effects of any electrostatic
double layer or of London-van der Waals forces can be ne-
glected.

In what follows, we extend their theory to include the effects
of London-van der Waals forces on the drainage process. In
order to simplify the problem, we consider only the case of small
drops or bubbles approaching a horizontal solid wall. The liquid
films are so thin that the Reynolds lubrication theory approxi-
mation can be applied.
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