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Abstract

The phenomenology and defects in former models are presented.

A model for obtaining the current-potential and current-frequency relation is set up.
The interaction energy of a photoelectron with a molecule adsorbed on the electrode is
obtained by considering the Coulomb interaction between the electron and the +ve and
—ve centres of the water dipole. Coulomb and Born interactions are accounted for.
The barrier height is evaluated in terms of these potential energies.

The equation for the current in photoemission accounts for the reflective properties
of the metal, electron-phonon and electron-electron scattering, the excitation probability
from photon-electron interactions, the probability of barrier penetration and the presence
of two kinds of acceptor states in solution.

The equation is evaluated quantitatively and gives an absolute value of the photocur-
rent. It shows that (photo-current®?” should be linear with the electrode potential. The
threshold energy evaluated for Hg is in fair agreement with experiment. The ability of
the equation to represent the 5/2 law is insensitive to the change of barrier parameters.

The photo-current is non-Tafelian because the incident photons in the range of >3.0
eV lift the photo-electrons to energies above the ground state of the H;O% vibrational-
rotational states: no distribution law for their presence is effective. The electrons of
the dark current emit at lower energies and are predominently accepted by the (exponen-
tially distributed) HsO™ states, and this fact leads to Tafel-like relations.

1. Introduction

Photoeffects at electrodes have been studied from early times"*®. Most
of the work before 1950 was complicated by a lack of definition of the
state of the electrode.

Since the mid-1960’s, reliable publications involving sophisticated tech-
niques have appeared*®. Two models exist. In one, the effect of light
upon the electrode reaction originates in the absorption of photons by
adsorbed molecules or radicals which are taking part in the rate determin-

*) School of Physical Sciences, The Flinders University of South Australia, Bedford
Park, South Australia, 5042.
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ing step®®. Thus, HEYROVSKY® considers the photoeffect to be associated
with decomposition (by light) of a surface charge transfer complex formed
by solvent or solute molecules. The absorption of a light quantum breaks
a bond ; bonding electrons are transferred to the electrode (anodic photo-
current) or to the adsorbed molecules, which migrate away from the elec-
trode surface (cathodic photocurrent).

The second mechanism concerns light induced electron emission from
the electrode. Experimental facts are shown in Table 1, and compared
with predictions for two theories which have expressed this mechanism
mathematically.

TABLE 1. Models of photoelectrochemical effects
Models
Photoelectrochemical | Experimental
phenomena facts HILLSON and BRODSKII et al.13)

RIDEAL® (1949)

(1968)

1. Mechanism consid-

ered by different
models.

2. Photocurrent Ip
and potential V.

3. Photocurrent Ip
z;.lnd light energy
V.

4. Threshold
potential V
:;.lnd light energy

V.

(IpP/5oc V4,6~8)

(Ipp/Scc hy®)

Voochyt6~8)

Activation of
adsorbed radicals
by light is rate
determining step.

log IV

log Iyochy

No connection
between Fermi
level electrons
in metal and
activation.

Used photoemission of
electron to electrolyte
as rate determining
step. Quantum
mechanical flux
expression used.
Schrodinger equation
solved to get wave
function for electron, ¢,
but only image interac-
tion used in potential
energy term.

(IppPecV

(IppAochy

Voochy

Theories connected with the photoemission mechanism are more con-
sistent with experimental facts than those associated with activation of
species on the electrode surface. Nevertheless, there must be some cases
where the absorption of light by surface radicals, or charge transfer com-
plexes, is important, because light does sometimes cause acceleration of an
anodic electrode reaction, in principle possible by the stimulated photoemis-
sion of an electron from species in the solution.

FowLERY deduced a law for the photoemission current at a metal-
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vacuum interface, according to which the photoemission current is propor-
tional to the square of the radiation frequency. The experimental photo-
current™'? at a metal-vacuum interface for most metals usually follows this
law (I¥?ochy). However, recent experimental investigations"®® show that
cathodic photocurrents at metal-electrolyte interfaces do not obey the square
law, but rather are proportional to the 5/2th power of radiation frequency
or electrode potential (5/2 law).

Two theories™® have been put forward to explain the dependence of
photocurrent, I,, on potential (I%*cV). Both lead to an interpretation of
the 5/2 law, but they do so either with neglect of the effect of the struc-
ture of the interface'®, or by consdidering it unrealistically for the time
domain of electron transfer'.

2. Quantitative Discussion of BRODSKII's Model (1968)

Direct photoemission of an electron is considered to be the rate
determining step in this model™. An expression for the photocurrent is
derived from a usual quantum mechanical expression for flux, but the
wave function used in the expression for the flux was obtained by solving
SCHRODINGER’s equation in which it was assumed that the only potential
energy experienced by the escaping electron was the image potential of
the electrons in the metal. This choice of potential energy is the difficulty
of BroDskII's model, because at the short times involved there is no image
potential between metal and electron (see section 3(d)), and because other
sources of potential energy (apart from that of the image energy) are
experienced by an electron during its escape from a metal through the
interface’. Another difficulty of the Bropskil model is that its principal
approximations involved the use of the static dielectric constant of the
solution, whereas in fact an optical dielectric constant should be used for
the time domain of electron emission from the electrode to solution. Use
of an optical value for the dielectric constant, ¢,,, in BRoDskil’s photocur-
rent expression'® shows that, then, it does not give the 5/2 law.

3. The Present Model (Qualitative)

The photoemission of an electron from the metal to acceptor states
in the electrolyte across the potential energy barrier at the metal-solution
interface is taken to be the rate determining step. The potential energy
barrier was constructed by considering the path of a hypothetical electron
which would move classically over the top of the barrier to a defined
acceptor state. The following considerations have been made in construct-
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ing the potential energy barrier for the electron at the interface.

(a) The Interaction energy of an electron with the water
molecules adsorbed on the electrode

During the transfer of an electron across the electrode-electrolyte inter-
face, an important interaction will be with the positive and the negative
centres of adsorbed water molecules on the electrode surface.

This classical interaction energy can be calculated as a function of
distance from the metal by considering the Coulomb interaction of the
electron with the positive and the negative centres of the adsorbed water
molecules during its transit across them. This Coulomb interaction in the
first water layer, Uy, can be obtained using the relation'®

Zg[3 _1
" ~R [2—-2 Rz] 0<r<R o
H,0 =
—éfo—, r=R

where Z is the charge on the positive or the negative centre (i.e. the
hydrogen or oxygen atom) respectively, ¢ is the electronic charge, R is
the radius of the sphere (i.e. of the hydrogen or oxygen atoms), which
is considered to have a uniform distribution of charge Ze, and r is the
distance from the centre of the sphere (Fig. 1a).

(b) Coulomb Interaction

When a photo-ejected electron leaves the metal surface, it experiences
the Coulombic attraction and repulsion from all ions in the outer HELM-
HOLTZ plane (OHP), and their electrical images in the metal at an optical
frequency. Equation (2) represents the Coulomb energy of these interac-
tions™®.

__a 624
(d—x)e, (d4+2)ep  eop
& 1 1

. 7§1 " [ [(d—xp+22R”  [(d+ x)z+n’Rf]l/2] (2)

where U,=the Coulomb interaction energy between the emitting electron
and the central ion in the OHP; U,=the Coulomb interaction energy
between the image of the central ion in the metal electrode and the emit-
ting electron; Us;=the coulomb interaction energy between the emitting
electron and the ions on the rings around the central ion in the OHP;

Ucoulomb = Ul + UZ+ U3+ U4 =

*) This is deduced in a similar way as eq. (7.139) by BOCKRIS and REDDY!D.
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Fig. 1. The Schematic model used for the estimation of the
Coulomb interaction energy of electron with the +wve
and —ve centres of the water molecules adsorbed on
the electrode surface.

(a) Shows typical region of electron paths using two water
molecules.
(b) Shows hexagonal arrays of six water molecules.

and U, is the corresponding interaction energy with images of the ions of
the rings in the metal electrode; R, is the average distance between the
ions in the OHP depending on its coverage and determined using R;=4r/
(=6)"%, where 8 is the coverage of ions in the OHP, r; is the radius of the
ions, and 7 is the number of rings around the central ion (Fig. 2).
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Fig. 2. The schematic model used for the estimation of the Coulomb
interaction energy between the emitting electron (from the
metal surface) and the ions in the outer Helmholtz plane and
their images in the metal.

(¢) Optical Born Energy of the Electron

It is more difficult to evaluate the potential energy of the electron with
the second layer from the electrode than from the first, for the structure
of water here is extremely heterogeneous. Hence, we follow previous
authors™*? in considering the second layer of solvent molecules into the
bulk from the electrode as a continuum. Thus, when the electron enters
the second water layer after crossing the first structured water layer, it
derives some energy from the optical Born energy of the continuum die-
lectric. This contribution, Upy; pora has been estimated by considering the
charging of the electron cavity, 7. e,

Uopn.Born = eg [1_ 1 ] (3)

2r, Eop

where 7, is the radius of electron cavity. The latter term has been used
here following the SCF calculations of FUEK! et al.?

(d) Image Interaction
The photoejected electron does not interact with its image in the
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metal since the relaxation time of the electrons within the metal conduc-
tion band is usually 107 sec, (for Hg~10"" sec/® i. e. longer than the
electron transfer time across the interface 7. e.~107' sec.® MARGENAU et
al® first showed that image forces were effective only for slowly moving
charges. Although earlier GoMER* accounted for the image forces in
electron exit calculation, more recently they have been neglected in such
calculations®®,

4. The Height of the Potential energy
Barrier at the Interface

The potential energy of interaction experienced by an electron when

16.0
region 3
14.0 |-
Solvent states
12.0
region 2

100 [-g-~-~--- Eg. Ground
Potential T state of
energy of 0 | A€ region 1 acceptor
electron J_ U

E;—] -

(ev) ! Distributed
sor acceptor levels
{ -

4ot OH.P.

20}

0.0 P L 1 1 1 1

0.0 1.0 20 3.0 40 5.0 6.0 7.0 8.0

Distance from the electrode surface (A)

Fig. 3. A schematic diagram of the potential energy barrier for electron
transfer from a mercury electrode (@=4.5 eV and Ef=70 eV) to
acceptors in the electrolyte at the outer Helmholtz plane (6 A from
the electrode surface).

*} Considering electron energy at Fermi level of Hg electrode as 7.0 eV the velocity

of electron becomes v = «/% =15X10-8 cm/sec. Hence, the time required to

. . . xX10-8
tunnel a distance of ~5A at the interface is = _i,fg(_olﬁ = 3.3X10-16 gec.
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it is in the first structured water layer is given (Fig. 3) from egs. 1 and
(2) as

UTotal = UH,O + Ucoulomb ( 4 )

Hence, the height of the potential energy barrier at the interface measured
with respect to the bottom of the conduction band of the metal is given by

Um = Ef + @+ UTotal, maximum value > ( 5 )

where E;=the Fermi energy of the electron in the metal;
@ = the work function of the metal.

5. The Energy of an Electron in the Ground
State of an H;O" Ion

To find the energy of an electron in the ground state of H,O" near
an electrode in solution, one brings an electron from vacuum to H,O* in
solution forming: H,O---H near the electrode surface. ‘

The energy change in this process can be written as

—L,—J+R+A,
where L, is the solvation energy of H* in water, J the ionization energy
of the H-atom, R the repulsive interaction for the H---H,O distance at the
moment of arrival of the electron, and A is the attractive M---H interac-
tion at that moment.

On uses values™® Ly=—11.4eV; J=13.6eV; R=10eV and A=—-—0.3
eV. Thus, —L,—J+R+A=—15eV. Hence, the difference in potential
energy between the electron in the ground state of HyO* and that at the
Fermi level of the electrode (Hg) is (Fig. 3)

dE=—15eV+@ = —15+45=3.0eV (6)

where @ is the work function® of the Hg-electrode. The 4E value indi-
cates that the energy of the electron in the ground state of the acceptor
(H;O" ion) is 3.0 eV above the Fermi level of the mercury electrode and
the ground state energy of the acceptor, E,, is

E,=E+A4E=170¢eV+3.0eV=10.0eV (7)
above the bottom of the conduction band of mercury (Fig. 5).

*) The value of @ is not the hypothetical value of @ in solution but the @ for the
metal-vacuum interface. Thus, the changes caused by the work done to expel an
electron from the metal to states in the solution has been allowed for in the calcula-

tion of the interaction of the electron with the water layer on the electrode surface
(eq. 1).
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In the estimation of the ground state energy of the acceptor (H,O*
ion) we have considered that the Fermi level of the mercury electrode is
not changed from its vacuum value when it is dipped into the solution,
disconnected from an electric circuit, inasmuch as the Fermi energy is
a bulk property of the metal, and hence E; (vacuum)=E; (at the p. z. c
in contact with the solution). Thus, the Fermi energy at some rational
potential, V, becomes

(Ef)V = (Ef)Va.cuum'—eOV’ ( 8 )

where V must be used with the appropriate sign.

6. Theoretically Expected Threshold
for the Photocurrent

Figure 3 shows that only electrons which have an energy equal or
greater than 4E will cause emission of electrons to acceptors of electrons
in the water states and not in the distributed states in H;O". Detailed
computations of the relative contributions of the various terms in the
expression for the photocurrent, (see eq. (33)), show that the second term
predominates. As this term represents the rate of electron transfer through
the barrier to solvent states in the solution, it is possible to associate the
threshold energy of photons as that of those which are able to increase
the energy of electrons in the Fermi level to values equal to E, This
value is 3.0 eV above the Fermi level (see section 5). (The experimental
value® is 3.15 eV.)

7. Photoemission Current into an Electrolyte

(i) The number of photoelectrons which reach the metal surface

Let a monochromatic beam of photons having an energy Av be incident
upon a metal-electrode surface in the x direction of a rectangular coordinate
system. Some light will be reflected, some absorbed within the metal, and
some excite electrons in the metal conduction band. We calculate the
following :

(a) The number of electrons per unit area and time which are excit-
ed by an incident photon of intensity I, at depths between x and (z+dx)
inside the metal from the surface. It is simple to show that this is:

N(x, z+dx) = I,(1—R;)aye *dx (9)

where R; is the reflection coefficient of the metal and «, is the absorption
coefficient of the metal for the photon of frequency v.
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(b) The probability P, (E, hv) of excitation of an electron in the metal
electrode to an energy state E from an energy state (E—hAv). This is
given by

P (E, hv)ocp(E)(1—f(E)) P (E—h) f(E—hv)dE (10)
Normalising P, (E, hv) to unity one gets
P(E)Y1—f(E))e(E—hv)f(E—hv)dE

P(E, h) = =
S 0 (E)(1—F(E)) o (E—h) f(E—hv)dE

- 69(12)(1— F(E)) 0 (E—hv) f(E—hv)dE (11)

ie Q= SP(E)(l—— F(E)) p(E—h) f(E—hv) dE (12)

where Q is the normalisation factor, #(E) is the density of elctron states,
(L—F(E)) e (E) the number of vacant states at energy E, 0 (E—hv) the den-
sity of state corresponding to energy (E—hv) and f(E—hv) is the Fermi
distribiution of electrons in the metal corresponding to the energy (E—hv).

(c¢) The probabilities of photo-excited electrons from within the bulk
of the metal reaching the surface at different angles without suffering an
inelastic electron-phonon ; and the electron-electron scattering event. Each
probability is given by (Fig. 4):

x
P, = —_ 13
2 = €XP L, cosﬂcos¢] (13)
where L, is the electron-phonon or electron-electron scattering length.
Thus, the number of electrons, N (per cm® per sec) which absorb photons
at a depth between x and (z+dzx), and which reach the surface without
undergoing inelastic scattering is given from egs. (9) and (13) by:

N

N(x, z+dx) exp[— m] dx

Ol 8 Oy §

: 1 :
I,(1—R;) a, exp [— [ap+ m] x] dx

%p

Io (I_Rf) 1 (14)
at L, cos 6 cos ¢
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Fig. 4. Vectorial representation of the angular distribution of
the electrons which move towards the metal surface
from within the bulk when stimulated by light.

In eq. (14), L, is either the electron-electron or the electron-phonon
scattering length. In some metals, the electron-phonon length is dominant,
and, in others, it is the electron-electron scattering length. In the present
phenomena (electron energy range 2.5 to 11.0eV for the metal Hg) electron-
phonon scattering length is dominant®. The factor cos@cos ¢ has come
into expression (14) to account for the three dimensional angular orientation
of the outgoing electron towards the surface. This angular factor can be
expressed in terms of the total velocity (v), and the x component of
velocity (v,), and thus also in terms of total energy, E (Fig. 4). It is
evident that (Fig. 4)

Ve E*
cos § cos ¢ = V(x v, z) = EV2 (15)
From egs. (14) and (15) one gets
1
N=L(1-R)——F———
0( f) 1+ &JE (16)
a, V E,

11
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where a, = (L)

Since z_p >1, N=~IL(1—R,) Z: \/_? (17)

(d) The number of electrons having a velocity component perpen-
dicular to the surface (i. e. parallel to the z-axis) corresponding to energy
E, and (E,+dE,). This number can be obtained from equations (11) and
(17) as follows :

The number (per unit area and time) of unscattered excited electrons
at any energy E, is given from egs. (11) and (17) (considering the z com-
ponent of energy E,) as

_ 1/2
NP\(E,, hy) = I°(1Q R 2 gﬁ,z

Qg

x 0(E,)1—f(E,)) P (E,.—hv) f(E,—hv)dE, (18)
Putting in the standard values of 2(E) and 1—f(E) one gets

i — — -1
NP\(E,, hv) = %ML B [exp[Efk E] +1]

< [0(Ea—hv) f(E.— ) dE, | (19)
where B’ = 4ﬂ(2m)3/2/ h.

In equation (19) we have considered the probability of having the
vacant states of fraction (1—f(E,)) corresponding to the x component of
velocity in velocity space, i.e. corresponding to the energy E, only. This
is a good approximation since the factor (1—f(E)) is unity in most situa-
tions when (E,—E;)> kT.

The factor (E,—hv) f(E,—hv)dE, of eq. (19) is obtained by integrating
P(E—hv) f(E—hv)dE with respect to the y and z components of energy
E and this gives the number of electrons having their z component of
energy, E, directed normal to the surface. Since energy E is a scalar
quantity one prefers to do this integration in terms of velocity. The
equivalent expression for P(E—hy) f(E—hv)dE in terms of momentum and
then velocity is given by

2 dp.dp,dp.
P(E—m) f(E—h)dE = 43 E’i-hv—jz':
exp| F | 1
_, [ m ]9 dv.dv,dv,
+1 @0

2 2 2 — p—
exp[ m(vi+ % +k1’?‘)/2 hy E,]
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Transforming in terms of polar coordinate system the integral of eq.
(20) can be written as

~ _ _ ﬁ s o 2r Eds d0
ffoE—m)pE—m) dE_Z[ v, | | — =T
00 exp kT +1

(21)
where ¢ =V 2 +72 .

After integration with respect to the y and z component, i.e. with
respect to & and @ one gets

o(E,—hv) f(E,—w)dE, = % [—’,’li]s
< In 1 4 exp [ Bt meil2 ]] do, (22)
Rewriting the eq. (22) in terms of energy, one gets
p(E,—hy) f(E,—hv)dE, = ”—(Z}fﬁz—w
% In [1 +exp [Ei,g’:;—E]] E;dE, (23)

Thus, eq. (23) gives the number of electrons with a velocity component
v, and v,+dv, and in terms of energy, the number of electrons in the
direction x towards the surface which has the energy E,, E,+dE, A sub-
stitution of P(E,—hv)f(E,—hv)dE, from eq. (23) to eq. (19) and making the
transformation for the presence of applied potential, V (negative for the
cathodic polarization) will then give the number of photoelectrons per unit
area and time which strike the surface and have energies between E, and
E,+dE, This is:

-1
NyE, B+ dE) = B1=Rda, 1B [exP EERSAN 1]

A0 B, T
« In 1+exp[Ef+hv—e°V—E”] dE, (24)
T
where
/2 2
B~ [é’f_(?ﬁﬂs_] (25)

QB=Q (26)
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Equation (24) represents the number of photoelectrons at any energy E the
resolved velocity components v, of which are normal to the surface and
which can reach the surface without scattering.

The quantity Q' defined in eq. (26) is obtained from eq. (12) with the
use of standard values of 9(E), #(E—hv), f(E) and f(E—hy) as,

oo

Q= S E(E—hv)” Iexp [ B ] + 1]

-1
«Jen[E ] | o @)

(i1) The number of photoelectrons per unit area which pass through
the barrier to acceptors in solution

The photocurrent is proportional to the number of photoelectrons
which can reach the surface without scattering, N,(E, E,+dE,), the pro-
bability of tunneling of these through the potential barrier at the interface,
P (E,) and the probability of the presence of acceptor states, G(E,), of the
same energy as that of an emitting electron. Hence, the photocurrent
(amps cm™) can be expressed as

I, = e % S N,(E,, E,+dE,) Py(E,) G(E,)dE, (28)
T
hv
where C, and C; are respectively the total number of acceptors per unit
area of the outer Helmholtz plane (OHP) and the total number of sites per
unit area of OHP; P,(E,) is the W. K. B. tunneling probability of electron
across the potential barrier of height U, and width /, i. e,
2

PyE) = exp{~ 5t [2m(U.—E)]") (29)
and G(E,) represents the population of vibrational-rotational states of accep-
tor in solution™® at different energies E,, i.e.,

G(E.) = exp {~B(E,~EJ)[kT} (30)
Using eq. (24) in eq. (28) one gets

_ A &]" [Ef—eoV—E,] ]
IP Q’ CT J [exp kT +1

*) This BOLTZMANN function is an appropriate function for the acceptors in solution
since their energies are smoothed out. The factor § is the symmetry factor.
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« In [1+exp[E'+hvk_7€°V_E' ]] P{E)G(E)AE,  (31)

where

_ IL(1—R)a kT

A Aa,

(32)

For the practical evaluation of the photocurrent one can write the
integral (31) in three parts for the three regions of the barrier (Fig. 3), i. e.

, By _ _ -1
= Gl e[ Bmgl=E] )

» In|1+exp [ Eth—aV—F, ]] P:(E,) G(E,)dE,

« In|1+exp [ Ec+ "”;;" V-E, ]] Py(E)dE,

L

o [ ~1
+ S {exp[—————Ef_Z’Y‘{—E’]+1]
UID

x Inll+exp [ Eithv—eV~E, ]] dEz} (33)

kT

The first integral of the eq. (33) gives the contribution of photocurrent
from the photoelectrons which tunnel through the barrier to the distributed
acceptor states corresponding to the vibrational rotational energy of an
acceptor, H;O*.

The second integral of the eq. (33) gives the contribution of photocur-
rent from the photoelectron which tunnels through the barrier and goes
to the solvent states. The major contribution for photon energies greater
than 3.0eV and not more than about 10.0 eV comes from such electrons.
After emission into the solution these high energy electrons lose their kinetic
energy by inelastic collision with the bulk water molecules and ultimately
get accepted by the solvent molecules.

The third integral of eq. (33) gives contribution to the photocurrent
from the photoelectron which can go over the barrier.

15
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8. The Present Model (Quantitative)

(a) Quantitative estimation of the interaction energy of an electron
with the adsorbed water molecules :

The quantitative estimation of the interaction energy of an electron
with the positive and negative centres of the adsorbed water molecules
can be made using the eq. (1). A hexagonal arrangement of the adsorbed
water molecules around a reference water molecule has been considered
(Fig. 1b) and thus a region from the centre of the reference water molecule
to the centre in between the reference molecule and the adjacent water
molecule can be considered as the typical region such that all other regions
in the surface become equivalent to this typical region with respect to
interaction with the electron. In this typical region, three water molecules
are involved in the interaction with the electron (during its passage) along
with the reference one. In Fig. 1a only two water molecules have been
shown, but the situation considered is shown in Figs. 1a and 1b.

To calulate Ugo from eq. (1), the charge Z on each hydrogen atom
has been taken as Z=+0.19 and on oxygen atom as Z=—0.38". The
radius of hydrogen atom has been taken as the Bohr radius, i.e. 0.53A
and for the oxygen atom as 0.85A [=(1.38—0.53)A] where 1.38 A is the
radius of water molecule. In Fig. 1a, the lengths a and & represent the
radius of hydrogen and oxygen atom respectively. The length ¢ is the
distance between the edges of the two H-atoms in a water molecule and
which is equal to 0.23 A (calculated from the values of the distance between
the centres of the H and the O-atoms and the angle between H, O and H
in a water molecule). The length ¢, is the distance between two adsorbed
water molecules on an electrode surface=0.14 A (calculated considering the
coverage of 0.9 for water molecules on the electrode surface. To find the
distance r between the centres of hydrogen and oxygen atom and the
electron for its various positions across the adsorbed water layer, the values
of a, b, ¢, and ¢, have been used. The Coulomb energy, Ugo, has been
calculated for the various positions of electron from the electrode surface
to the end of the first water layer in the direction perpendicular to surface.
Similar calculations have been carried out for different paths of the electron
along the surface (i. e. parallel to the surface) from the centre of the
reference water molecule to the centre in between the reference and the
adjacent water molecules. These calculations have been carried out using
eq. (1) and the computer DEC system-10. Since the variation of the interac-
tion energies of an electron for the different paths in the typical region is
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not significant, we have averaged the interaction energies over the different
paths. A justification for this is shown in Fig.-5 where the potential
energy-distance relations for 3 paths are shown. The average interaction
energies of an electron with the adsorbed water molecules as a function
of distance from the metal surface up to the end of the first water layer
are shown in Table 2. The barrier model with these average interaction
energy along with other interactions from eq. (4) is shown in Fig. 3.

16.0

140

12.0

- 100 Eq, Ground state
Potential of acceptor
ener of
9y 8.0
electron
(eV) &)
6.0
OH.P.
40
20
[/} 1 1 i t i )
00 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0

Distance from the electrode surface (A)

Fig. 5. Schematic diagrams of potential energy barrier for three
typical paths of electron as shown in Fig. 1. I, for the
electron path when y=00A. II, for the electron path
when y=0.7A. III, for the electron path when y=1.5A.

(b) Coulomb Interaction Potential

The Coulomb interaction potential was calculated using expression (2)
with the help of Computer DEC syStemflo. ~ The distance, d, between the
outer Helmholtz plane and the metal surface was taken as 6 A (Fig. 2) and
the distance R between two solvated ‘ions. on OHP as 10 A for the coverage
6=0.1 for the H,O" ion. , N

The computed values of the Coulomb potential of the electron at vari-
ous distances from the metal surface are tabulated in Table 2.
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TABLE 2. The values of Coulomb potential at various
distances of electron from metal (eq. 2) and
the interaction energy of electron with the
adsorbed water molecules (eq. 1)

; 1 T
e Boms eV Ono i &V

00 - 00 ~130
02 - 02 ~13.02
0.4 - 05 —146
0.6 - 07 j —149
08 - 09 — 82
1.0 - 12 — 42
12 : — 14 ; - 11
1.4 - 16 § 1.4
16 - 19 3.4
18 ! - 21 48
2.0 ! — 24 56
22 ‘ — 27 ‘ 6.0
24 ! — 29 ‘ 5.9
2.6 i — 32 5 5.4
2.8 — 35 47
3.0 : - 38 :

3.2 | — 42

3.4 — 45

36 — 49

38 — 54

40 ~ 59

42 ~ 65 ,

44 — 72

46 | - 80

48 - 91

5.0 ~106

5.2 ~12.7

5.4 ~16.2

(c) The Born Energy of the Electron
Using equantion (3), the contribution of the Born energy of an electron
cavity (utilising the cavity radius of 1.0A, calculated by Fuekr®) was
computed to be Uspi.porn=3.2 eV.
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(d) The Barrier Height

The barrier height® with respect to the bottom of the conduction
band of the metal was esitmated using the eq. (5) and from Fig. 3.
{e) The Barrier Width
Taking into account the considerations mentioned in (a), (b), (c) and (d),
we have construced the barrier, and the corresponding schematic diagram
is shown in Fig. 3. The barrier width is 2.2 A in its most important part

(Fig. 3). The lower part of the barrier is wide and the contribution to
the photocurrent from such a region is negligible.

9. Computation of the Photocurrent

Photocurrents at the metal-solution interface were computed at rational
potentials, V, by numerical integration of expression (33) using the computer

2.5

20

1.5

Photocurrent
I,(nA cm)

1.0

0.5

0.0 1 L )
0.0 0. 0.2 0.3 0.4 0.5 06 07 0.8 09 1.0

Electrode potential (V vs p.z.c) (volts)
Fig. 6. The dependence of the photocurrent on electrode potential
for electron transfer from a mercury electrode to acceptors
in the electrolyte for different incident photon energies, Av.
Curve 1, for hv=25eV. Curve 2, for hv=3.0 eV. Curve 3,
for hv=35 eV. Curve 4, for hv=40 eV.

*) The precise value of the barrier height turns out to be unimportant since variation
of even as much as +1.0 eV does not affect the applicability of the 5/2 law and
the calculated threshold energy is affected by less than 0.1 eV (Fig. 8). But it is
important for the absolute value of I,.

19



20

- J..O’M.. BOCKRIS ez al.

DEC system-10. Figure 6 shows the calculated photocurrents for different
incident light energies, Av.

The photocurrent I, is given in absolute units (nanoamps cm™), i.e.
an absolute calculation, and not in arbitrary units, as in previous models'*.
The incident light intensity I, used in this calculation is 10® quanta cm
sec™!¥,

-2

The constant A’ of eq. (33) has been computed from eq. (32) using reflec-
tion coefficient R; (values for Hg-electrode) and values of the a, for different
radiation energies hv. The parameter a, has been calculated using a,=

4zK,

p
parameter a, has been calculated for the energy of electrons corresponding
to the Fermi energy of mercury. Since in mercury the electron-phonon
scattering length is smaller than the electron-electron scattering length, we
have calculated o, using the relation a,=(Vr)™!, where V; is the electron
velocity. corresponding to the Fermi energy and 7 is the relaxation time
of the Fermi level electrons. The electron-phonon scattering is almost
independent o\f\the energy of the electron®®*®, We have not taken into
account its energy dgpendence since this is much less than the temperature
dependence® i.e. at room temperature, a, (electron-phonon) may be con-

sidered constant with cha}g\e\ of electron energy (see Table 3). The gA

, where K, is the extinction coefficient of the photon® (Table 3). The

value was taken as unity for the part of eq. (33) in which electrons are
being donated to the solvent and 0.1 when the acceptor is H,0*:

The electron-electron -scattering length is appreciably dependent on
the energy of the electron, but this scattering length is longer than the
electron-phonon scattering length in mercury, and hence electron-electron
scattering length has not been used here.

TaBLE 3. The values used to calculate the constant A’
of equation (33) used for the computation of
photocurrent for different photon energies, Av

Reflection Absorption
Photon : Electron-phonon : The value of
energy g?eﬁc(:f;: scattering length cc;)e}lﬁ;gx(;e: ti : f constant A’ used
v in Hg-metal, n_Hg-l_nletal, Hg-metal m e_qzuatlgln (33)
30 Lg=(as)™! (cm) Y (cm—2sec—! ergs)
(eV) Ry 30 ap (cm—1p0
2.5 0.747 9.69 X105 0.27
3.0 0.731 1.105X10-7 9.99X105. 0.30
3.5 0.705 94 X105 0.31
4.0 0.663 8.94%105 0.34
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1.0

Photocurrent
2,

(1)

(nAcm™)

L Il i | ul

0.0 I 1 )
0.0 0.1 0.2 0.3 0.4 0.5 06 0.7 0.8 09 1.0

" Electrode potential ( Vvs pzc.) {Voits)
. Fig. 7y The dependence of 2/5th power of the photocurrent on electrode
T potential for electron transfer from a mercury electrodé to accep-
tors in the electrolyte for different incident photon energies, hv.
Curve 1, for hv=25¢eV. Curve 2, for hv=3.0 eV. Curve 3, for
hv=3.5 eV. Curve 4, for hv=4.0 eV.

The photocurrent (I,}* against potential, V, has been plotted (Fig. 7)
for different incident light energies Av. There is linearity for a potential
change from the potential of zero charge (p.2.c.) for at least one decade.

The threshold energy, Ay, for photoemission into the electrolyte was
determined by plotting (I,}** against potentials, V (Fig. 7), and extrapolating
to (I,*=0. The extrapolated potential, corresponding to (I,)**=0 is the
threshold potential, V. The threshold photon energy Ay, was obtained
from the relation

]l)Jo = }ll)_e()Vo (34)

where hv is the incident photon energy. In each calculation to determine
the photocurrent, the ground state energy E, of the acceptor H;O* was
taken to be 10.0 eV with respect to the bottom of the conduction band,
and it is 3.0 eV above the Fermi level of the Hg-electrode. The results
of the extrapolated value of the threshold energy from the plots of Fig. 7
are in good agreement with the theoretically expected threshold (Table 4).
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The linear behaviour of the plot of (I,)”* against potential V, and agreement
of the extrapolated threshold light energy Av, with the experimental one®,
and also with the theoretically expected threshold energy (see Section 6
confirms the consistence of the model with experiment and

and Table 4)
with the 5/2

TABLE 4.

J. O’M. BOCKRIS et al.

law for the photocurrent.

The results to compare the threshold energies Ay,
(extrapolated) with the expected and experimental
threshold energies at different photon energies Av

Threshold energy Theoretically .
Photon energy hyy (extrapolated) expected threshold thEx[Lerlxctlneﬁts;I
hy in eV in eV from figure 7 (see Section 6) resno V(:;) ergy
(from egq. (33)) in eV m e
2.5 2.9 3.0
3.0 2.8 30 3.15
35 2.8 30
4.0 2.7 3.0

0.8
Photocurrent
s
(Tp) 0.6
(nAcm™)
04 F
0.2
0.0 I 1 1 1 1 L L 1 {
0.0 ol 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 10
Electrode potential (V vs pzc.) (volts)
Fig. 8. The dependence of 2/5th power of the photocurrent on electrode

potential for electron transfer from a mercury electrode to accep-
tors in the electrolyte for photon energy, Av=3.5 eV and for differ-
ent barrier heights Um. Curve 1, for Un=13.8 (1.0 eV less than the
calculated Um=14.8 eV). Curve 2, for Un=143 eV. Curve 3, for
Um =148 eV (calculated value). Curve 4, for Un=15.3 eV and curve
5, for Un=15.8 ¢V (1.0 eV more than the calculated Umn=14.8 eV).
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Photocurrents were calculated using eq. (33) for radiation energy Av=
3.5 eV for arbitrary values of barrier heights from 1.38 eV to 15.8 eV, and
it was observed that, in such a range of the values of U,, the theory
gives rise to the 5/2 law, and the variation of the threshold energy in
this range of the U, (%1 eV) is negligible (Fig. 8 and Table 5).

TABLE 5. The threshold energy Ay, (extrapolated) for
different barrier height, Un

Ph B heich hExtﬁ'aﬂlolated
oton energy arrier height threshold energy
By in eV Un in eV hyg in eV Remarks
(from eq. (33))
13.8 2.8 N eg}lligib}lle 1ghange
in thresho
143 285 energy hyg with
35 14.8%) 2.85 change of barrier
15.3 285 height Um by+1 eV
15.8 2.9

*) The calculated value of Unm.

The present model takes into account the variation of the depth of
penetration with the energy of the radiation, the effect of absorbance
and reflectivity of light by different electrode materials, and the effect
of electron-electron and electron-phonon scattering length of electrons in
metals, on photocurrents. It also gives some account of the angular dis-
tribution of outcoming photoexcited electrons from within the metal bulk.

10. Non-Tafel Behaviour of the Photocurrent

It is well known that electrochemical dark currents follow Tafel’s law,
but one observes that the photocurrent does not follow it (Fig. 9).

There is a Boltzmann type of distribution of acceptor states in solution.
For the hydrogen evolution at the cathode, one finds that the ground state
of the acceptor is at 3.0 eV above the Fermi level of the Hg-electrode (see
Section 5). The distributed higher energy states are close to Fermi levels,

their number is reduced exponentially from the ground state and is given
by

N(E) = N, exp {~B(E,—E)[rT} (35)
where NN, is the number of acceptors at its ground state.

Correspondingly, dark current electrons come from the Fermi level,
because, even if the potential is as high as 2 volts (vs. the p.z.c), the
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06 [
Electrode
potential
(V Vs pzc.)

(Volts) 04 [

0.0 . __ )
=30 -20 -1.0 0.0 1.0

Log(Ip) (nAcm2)

Fig. 9. The dependence of the logarithm of the photocurrent, Ip, on
the electrode potential (shows non-Tafelian behaviour). Curve
1, for Av=3.0eV. Curve 2, for hv=35 eV. Curve 3, for hv=
4.0 eV.

Fermi level is still below the ground state of the acceptor, H;O* ions so
that the electrons go to it and not to the solvent state. As the acceptor
states are classically distributed in solution one gets an exponential behaviour
of the dark current with potential (since in eq. (35), E=E;—¢V) and,
therefore, the logarithmic Tafel law is followed.

For photocurrents the photon energy is such that the Fermi electrons
can be excited above the ground state of the acceptor (Fig. 3). The major
contribution to the photocurrent is then due to the photoelectrons which
tunnel through the potential barrier, and go to solvent states above the
energy of the H;O* states. The number of these states per unit area is
not distributed Boltzmannianly because the energy concerned is fotal, not
potential energy, and the states concerned are not bound states. Thus,
photocurrents do not depend on the availability of exponentially distributed
vibration-rotational states in H,O*, and accordingly do not follow Tafel’s
law for the exponential dependence of current on potential.
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11. Limitations of the Present model

The present model has not been applied to find certain secondary

effects such as the dependence of I, on the angle of incidence, the plane

of polarisation of the radiation®, and the effect of different crystal faces

35)

of the electrode. It cannot be used to interpret anodic photocurrents in
its present form.
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