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Photoemission of Electrons from Metals into Electrolyte Solutions
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Photoemission of electrons from a metal into an electrolyte solution occurs when the metal is irradiated with sufficiently
energetic light quanta through a layer of the solution. The emitted electrons become solvated and take part in various
chemical and electrochemical reactions. Hence, photoemission studies in electrochemical systems can form the basis of

a method for investigating the kinetics of various reactions, the structure of the electrical double layer at the metal -electrolyte
interface, and the behaviour of electrons in liquids.

The theory of photoelectron emission, the relevant experimental techniques, and the most important results obtained in this

new branch of electrochemistry are discussed.
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I. INTRODUCTION. HISTORICAL REVIEW OF THE
PHOTOEFFECT IN ELECTROCHEMICAL SYSTEMS

The phenomena which have been termed photovoltaic
(and photogalvanic) at the boundary between a metal and an
electrolyte solution have been studied for over 130 years.
In 1839 Becquerel found® that the potential of metal elec-
trodes immersed in salt solutions or in solutions of acids
or alkalies is affected by illumination. This effect,
known as the “Becquerel effect”, has been the object of
detailed studiest. It is clear, from the multiplicity of
systems which have been examined and of explanations
which have been put forward, that the “Becquerel effect”
is a complex combination of different phenomena. Only
recent progress in photoelectrochemical research has
made it possible to separate the effect into its “component
elements”.

The revival of interest in photoelectrochemistry in the
early 1960's was due to the efforts of three workers, each
of whom put forward his own explanation of the origin of
the photocurrent (or of the photopotential)i.

Berg studied the effect of light ' ~2° on the dropping
mercury electrode by the standard techniques of polaro-
graphic analysis (“photopolarography”). He ascribed the
appearance of a photocurrent to the increase in the energy

T The early work has been reviewed by Copeland and
coworkers®. The work of Bowden®, and of Hillson and
Rideal®, on the influence of light on the rate of cathodic
hydrogen evolution deserves a special mention.

i We shall not be concerned with phenomena associated
with the absorption of light by the solution, which give rise
to homogeneous photochemical reactions. In this case
the change in potential (or current) at the electrode is
simply due to the photolysis products, excited molecules,
etc. (see, for example, Refs.5and6). The following
photoelectrochemical processes are also beyond the scope
of the present review: processes on semiconductor elec-
trodes '*®, on metals covered with semiconducting oxide
films®, and on “insulator” electrodes™®.
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of an electron within a metal resulting from the absorption
of light by the metal. The probability of electron transfer
from the metal to ions or molecules is enhanced on such a
“hot” electrode, and hence the rate of electrochemical
reactions becomes greater,

According to Heyrovsky? ¢, the photo-effect is associ-
ated with the decomposition (under the influence of light)
of a surface charge-transfer complex formed by the metal
electrode with molecules of the solvent (water, ethanol,
etc.) or of the solute. The polarisation of the chemical
bond in a complex of this type can be of either sign,
depending on the electron donor or acceptor properties of
the adsorbate. Absorption of a light quantum can break
this bond: the bonding electrons are transferred either to
the electrode (anodic photocurrent) or to the absorbed
molecule, which then migrates away from the electrode
surface (cathodic photocurrent). It should be noted that
the idea of photodesorption or photodecomposition of a
surface compound as the elementary act in photogalvanic
processes is implicit in the earlier work of Veselovskii®”.

Lastly, Barker showed®”° that over some ranges of
light frequency and electrode potential the primary process
consists in electron transfer from the metal to the solu-
tion (the external photoeffect).

Strictly speaking, the concept of photoemission of elec-
trons in the metal—electrolyte system is not new: it was
first put forward in the 1920's to account for the photo-
potential of a number of metals*® and for the effect of light
on the rate of decomposition of alkali metal amalgams 2
The same concept is found in the work of Berg*®’ How-
ever, only Barker was able to prove (albeit by indirect
but reliable methods) the reality of photoemission into
solutions and to delineate the actual limitations of the con-
cept. Barker's work stimulated further experimental and
theoretical developments in the study of photoemission
into solutions, and in particular it led to the formulation
of a quantum-mechanical theory of the effect (Brodskii,
Gurevich, Levich®™*),

These three hypotheses have been considered to be
mutually incompatible. However, we now have grounds
to believe that each can be applied over a particular range
of experimental conditions.
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This review is concerned with the present state of the
theory of photoemission into solutions§. A few photo-
electrochemical phenomena not involving photoemission
but frequently associated with it are briefly considered in
Section VI.

IO. THEORY OF THE EXTERNAL PHOTOEFFECT AT
THE METAL-ELECTROLYTE INTERFACE

1. Photoemission of Electrons into Electrolyte Solutions

Photoemission at the metal-electrolyte interface
differs in a number of important respects from the photo-
emission of electrons from a metal into a vacuum. Pro-
cesses involving photoelectrons can be divided?*’* into
the following consecutive steps (Fig.1): 1) intrinsic
photoemission, i.e. the transfer of an electron through the
interface following the absorption of a light quantum by the
metal; 2)thermalisation and solvation of the electron,
which lowers the energy of the emitted electron to thermal
values and results in the formation (in times of the order
of 107! s**%) of a solvated electron?; 3) chemical reac-
tion between the solvated electron and species with elec-
tron-capturing properties present in solution (electron
acceptors). The commonest acceptors are the ions H;O*
and NOs, the molecules Oz and N:O, etc.
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Figure 1. Processes occurring in photoemission.

In the absence of acceptors, the solvated electrons are
quickly recaptured by the electrode, and the net photo-
current is approximately zerot. Thus, photocurrents in

§ A simplified treatment of the problem can be found in
the semi-technical literature 73,

7 The formation of a hydrated electron in aqueous solu-
tions, first suggested by Platzman®® in 1953, can now be
taken as established. In particular, the hydrated electron
appears as an intermediate in radiation-chemical and
photolytic reactions. Many publications and mono-
graphs **"~%" have dealt with the methods of preparation
of solvated electrons, their physicochemical properties,
and their reactivity.

1 The hydrated electron can undergo further reaction
with a water molecule: ezy + O — H + OH™. However,
the rate of this reaction is very slow, and in practice the
electron can reach the electrode before interaction with
H2O can occur.
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solutions (unlike photocurrents in the metal-vacuum sys-
tem) can be observed experimentally only in the presence
of electron acceptors.

Because there is an electrical double layer at the
metal-electrolyte interface, where practically the whole
of the externally applied potential difference appears, a
new photoemission parameter has to be considered: the
electrode potential. (This parameter is not relevant to
the metal-vacuum interface.) The emission properties of
the electrode can be drastically altered by varying the
electrode potential}.

Lastly, the work function of an electron is lower for
the metal-electrolyte than for the metal-vacuum transi-
tion, because the electron gains interaction energy when
it is emitted into a condensed medium. The motion of the
electron in solution during the period preceding thermalisa-
tion and solvation is also different from the motion of an
electron in a vacuum.

The photoemission of electrons from a metal into an
electrolyte solution shows features similar to those of
electrochemical reactions: both types of electron transfer
reaction at the metal-electrolyte interface are described
by essentially similar fundamental laws.

2. Quantum-mechanical Theory of Photoemission

The general theory of photoemission phenomena,
including emission into electrolyte solutions, was developed
by Brodskii and Gurevich®™'. ~ Previous theories had a
limited, 5ghenomenological approach (Fowler's theory, for
example®®*®), and included a number of artificial assump-
tions or relied on models of doubtful generality °""**. Mea-
surements of photoemission into a vacuum at frequencies
close to the threshold value wo agree very well with Fow-
ler's parabolic law** I ~ (w = wo)?. However, attempts
to apply Fowler's theory to Bhotoemission into an electro-
lyte have been unsuccessful “®**°,

The modern quantum-mechanical theory of photoemis-
sion phenomena at the metal-electrolyte interface has been
discussed in detail by Brodskii and Gurevich®, and in this
review the discussion will be confined to the underlying
physical concepts.

Let a semi-infinite metal sample (¥ < 0) be irradiated
with light of frequency w (Fig.2). Energies will be mea-
sured relative to that of an electron in solution, and the
thickness of the layer affected by surface forces at the
interface will be denoted by 8. In the present case, the
thickness 0 is that of the electrical double layer. The
work function for the transfer of an electron from the
metal to the solution is equal (but opposite in sign) to the
energy of an electron at the Fermi level.

The current density of the emission from a microscopi-
cally uniform metal surface can be expressed in the form*

1

! =SJ(E,P||,'4)7;u
T

e -1

o(E,py)dEdp). (1)

1 At very negative potentials (for example, on mercury
in alkaline solutions) thermal emission of electrons from
the metal into the solution cannot be excluded ®’*®, The
resulting hydrated electrons can be treated as intermedi-
ates in cathodic electrochemical reactions. However, a
more recent analysis®* has shown that the probability of
thermo-electron emission into agueous solutions is very
low.
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In this expression, E and p|| = {py bz} are the energy and
the momentum (in a direction parallel to the surface) of
the emitted electrons; A is an arbitrary term which
allows for interactions with any external electromagnetic
field; J(E,p],A)is the asymptotic value (i.e. at a point
far removed from the metal surface) of the partial current
density; p(E,pj) is the function which describes the dis-
tribution of the density of states for the electrons in the
metal; p is the chemical potential of the electrons.
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Figure 2. Electronic energy level diagram for photo-
emission from a metal into an electrolyte.

The limits of integration with respect to E and pzh are
obtained from the law of conservation of energy:

p=VonE - ha)—p3, @)

where p and m denote the x-component of the momentum
and the mass, respectively, of the emitted electron.
Since the partial photocurrent J differs from zero only for
real values of p, the integration must extend over all
values of E and p|| which satisfy the condition
2m(E + ko) >p} or (3)
0< pt C2m(E +ho), —ho<< E< oo,

Essentially, the quantum-mechanical problem consists
in calculating the partial photocurrent J(&,p}). The
motion of the electrons with an energy higher than 27 can
be treated as the motion of free particles with an effective
mass m; in this case the wave function of the electron
far from the metal surface hastheformy s =A(p)exp(ipx /7).

It follows from the general expression for the quantum-

mechanical current density operator ® that our expression
for J must be of the form

J =e(p/m)| W, . (4)

The function h¢I? can be treated as independent of the
momentum of the emitted electron as long as its kinetic
energy is less than 7 /2m&. In other words, the de Brog-
lie wavelength of the emitted electron must be greater

than the thickness of the double layer,

A0, (5)
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Another condition for constant hy¢l? is given by the
inequality

1(0 — og) < Er, (6)

where EF is the energy of the Fermi level, measured from
the bottom of the conduction band. The significance of
inequality (6) is the following: the frequency of the light

is so close to the threshold frequency that only those elec-
trons within 7(w — wo) of the Fermi surface can take part
in the photoemission process.

Eqns. (5) and (6) are the conditions for the threshold
approximation, which allows the problem to be solved
without reference to any specific model of the metal or of
the interface. This approach has been used to discuss
quantum-mechanical threshold phenomena *.

Image forces, which operate at long range, play an
important role in electron emission into a vacuum. At
sufficiently low energies, ¢l ~p™ and J = const *>¥";
this justifies Fowler's approach, which involves substi-
tuting into Eqn. (1) some constant (for p > 0) or zero (for
p < 0) instead of Eqn. (4).

However, when the electrons are emitted into an elec-
trolyte, and conditions (5) and (6) apply, J = const.p/m,
and the electron density in the metal can be treated as
constant to a first approximation and equal to the electron
density at the Fermi surface.

Inserting the value of J into Eqn. (1), and simplifying,
gives the following expression for the density of the emis-~
sion current:

R\ Yo, T
I :Ao(ﬂ) Tu:'\ T 1du. )
where Ao is Sommerfeld's constant, equal to 120 A cm™
deg™, x is a dimensionless function depending on the prop-
erties of the metal and the interface, and 8 = 7#(w - wo)/kT.
At T =0,

I=0 (8a)

for - wy,
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I =A% (0 —wg)"

T
Sk

(8b)

for o -

Eqn. (8) shows that Fowler's parabolic law for the
photocurrent as a function of frequency close to the thres-
hold value is replaced by a “five-over-two” law. Formu-
la (8b) applies also at ordinary temperatures if
Ti(w = wo)/kT > 1,

The current-voltage characteristic for the photocurrent
can be obtained by allowing for the effect of the electrode
potential on the electron energy in the metal. A negative
shift of the potential by ¢ raises the Fermi level of the
metal by e¢. Thus, the electronic work function from the
metal into the solution varies linearly with potential:
Fiwo(¢) = Tiwo(p=0) + e¢. Hence, the current—voltage
characteristic takes the form

[ ~A(ho — hwy— eq)’, 9)

The work function %w, applies for ¢ = 0, and is (of
course) a function of the chosen reference electrode.

It follows from the inequality (5) that the “five-over-
two law” should hold only in concentrated solutions of
electrolytes (= 0.1 M). In dilute solutions the thickness
of the double layer is greater than the wavelength of the
electron, and condition (5) is not satisfied. If the thick-
ness of the diffuse part of the double layer is much greater
than the de Broglie wavelength, the final state of the
emitted electron in solution will be altered by an amount
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—ey, where Y, is the potential at the outer Helmholtz
plane. Therefore we must re-write Eqn. (9) in the form

(10)

(which in any case is correct for 1 > 0). In dilute solu-
tions, therefore, we expect a linear relationship between
I°*and (¢ - ¢1). Thus, the “five-over-two law” applies
also to dilute solutions, but the electrode potential in this
case must be “corrected” by subtracting the 1 potential.
An analogous correction of the Y, potential appears also
in the electrochemical kinetic equations ®. In both cases
(photoemission and discharge at the electrode) the rate of
the electron transfer process is controlled by ¢ ~ Yn
rather than by ¢.

A quantitative analysis of photoemission, allowing for
the finite thickness of the fixed part of the double layer ®,
has yielded an expression for the photocurrent which
differs from the five-over-two law only in having an addi-
tional factor depending on the potential and on the energy
of the light quantum. The deviation of the photocurrent
from the five-over-two law at high potentials can be used
to calculate the thickness of the fixed part of the double
layer.

Lastly, Brodskii and Gurevich*’® have developed a
multiphoton theory of the external photoeffect.

I =~ Ao — By, —e (g — )"

3. Theory of Photodiffusion Currents?®’®’%

As stated above, the photoemission of electrons from
a metal into an electrolyte is accompanied by successive
steps leading to the formation of solvated electrons in
solution. The products of the reaction between the elec-
trons and acceptor species in solution can take part in
electrode reactions. This process gives rise to “photo-
diffusion” currents in solution, resulting from discharge
of the solvated electrons and their reaction products. The
observed photocurrent, corrected for the backward migra-
tion (towards the electrode) of the solvated electrons and
their reaction products, is described (at steady state) by
the equation$§

j=v cj‘:f(x) {1— exp[—(kc/De)‘/‘x]}dx.

0

(11)

The function f(x) of the electron source describes the
rate of formation of solvated electrons as a function of
distance from the electrode; k is the rate constant for the
reaction between electrons and acceptors (present in solu-
tion at concentration c¢); De is the diffusion coefficient of
the solvated electron; the stoichiometric number v cha-
racterises the reactions, at the electrode and in solution,
of the products formed by the capture of solvated elec-
trons. For example, v = 0 corresponds to oxidation of
free radicals formed by electron capture, and v = 2
corresponds to reduction of these radicals with emission of
one additional electron from the electrode for each par-
ticle undergoing reduction.

At low acceptor concentrations, and noting that the
source function differs from zero only in a narrow region
close to the electrode, the expression for the current can

§ Eqn. (11) was obtained making the following assump-
tions: the emitted electron reacts with an acceptor only
after being solvated; the concentration of solvated elec-
trons is so low that interaction between these species can
be ignored; no electric field exists in the solution.
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be simplified by a series expansion of the exponential in
Eqn. (11) to give

j=vVEIDe<xy 1, 12)

where <x> characterises the average distance from the
electrode at which solvation occurs. It follows from
formula (12) that the potential dependence of the photo-
current is the same as that of the photoemission current
to the precision of the factors v and <x>. The variation
of v and <x> with potential will be discussed below by
considering real examples.

If the electrode is illuminated with light of variable
intensity, or polarised with a fluctuating potential, a sig-
nificant difference is found experimentally between the
time dependence of the photocurrent and that of the emis-
sion current. In particular, j and I show a phase shift
whose magnitude and sign are determined by the diffusion
rate of electrons and free radicals in solution and by the
rate constants of the chemical reactions in the solution
and at the electrode surface. The ?hase angles for some
specific cases have been calculated®®®,

Rotenberg and coworkers ® have calculated the photo-
impedance Z, of electrochemical systems, measured at
an illuminated electrode polarised with a fluctuating poten-
tial of amplitude ¢o, and defined by the expression ¢o =
Zplo (where I, is the amplitude of the fluctuating photo-
current). The equivalent circuits of a cell undergoing
various photodiffusion Brocesses have been discussed by
Barker and coworkers®®,

III. EXPERIMENTAL TECHNIQ UES USED IN PHOTO-
EMISSION STUDIES

Photoemission studies in metal-electrolyte systems
are usually made by illuminating the electrode with light
of 250-450 nm wavelength (quantum energy 2.5-5 eV).
The most popular light sources are high-pressure mer-
cury and xXenon lamps, giving a continuous spectrum or
line spectra. The required part of the spectrum is iso-
lated with a high-intensity monochromator or with inter-
ference filters. The latter can produce a spectral band
5-10 nm wide. The cell and its associated optics are
made of quartz.

Experimental assemblies for photoemission studies can
be arbitrarily divided into three types (direct current,
alternating current, and pulsed) according to the mode of
illumination used and therefore also to the design of the
measuring circuit. In assemblies of the first type the
light intensity is kept constant and d.c. measuring circuits
are used. For the light intensities most commonly used,
the measured photocurrent densities are of the order of
107°-10"" A cm ™.

Time-modulation of the light intensity offers (in prin-
ciple) a solution to two problems: the scientific problem
of identifying processes in the electrochemical cell which
may result in slow relaxation of the photocurrent (for
example, the diffusion of reactants or of intermediates),
and the experimental problem of exploiting the more con-
venient measuring systems based on a.c. amplifiers. In
the first case, frequencies above 10 kHz are required, but
in the second case it is sufficient to modulate the intensity
of the light at a frequency of the order of 100 Hz, either
mechanically (by inserting a rotating, perforated disk in
the path of the light beam), or by modulating the power
supplied to the lamp. The photocurrent (or photopoten-
tial) is measured with a selective amplifier tuned to the
chosen modulation frequency. The most sophisticated
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apparatus of this type was described by de Levie and
coworkers ®~"°, It uses a dropping mercury photocathode,
with a constantly renewed surface, and the photocurrent

is measured at a predetermined stage in the life of the
drop. The state of the surface is monitored by measuring
the components of the electrode impedance as well as the
photocurrent.

The technique developed for flash photolysis ™ is used
in pulsed measurements. The light source is a flash
lamp, fired by discharging a condenser. The normal
duration of a flash is 10™*~107% s, the energy of the flash
can be as high as 100 J.

We have shown, in Section II. 2, that the photoemission
current density is a fundamental characteristic of the
photoemission process which readily lends itself to experi-
mental determination. For accurate measurements, the
potential of the electrode must be kept constant and inde-
pendent of the intensity of illumination. Under steady
light, or with low-frequency modulation of the light beam,
this condition is easily satisfied by practically any design
of potentiostatic current source. On the other hand, a
potentiostat for high-frequency or pulsed measurements
is much more difficult to construct, because the low
impedance of the electrode (determined by the capacity of
the interfacial double layer) requires a circuit with a very
low source resistance. Under these conditions, mea-
surements are usually made in the galvanostatic rather
than the potentiostatic regime (i.e. with a constant current
flowing through the electrochemical cellT), and the mea-
sured quantity is the photopotential instead of the photo-
current. Provided that the differential capacitance of the
electrode is known, no difficulty arises in converting one
measured quantity into the other. Delahay and cowor-
kers®®’™ used a pulsed coulostatic apparatus to study the
photoemission from stationary and dropping mercury
electrodes.

Comparing the merits of the three methods, we note
that steady illumination offers the simplest and most
accurate measurement of photocurrent, but the method is
not applicable in the presence of significant dark currents,
and it cannot give any information on the relaxation pro-
cesses involved. The pulse method has a low precision,
and it requires correct measurements of the electrode
capacity, which introduces additional uncertainty. The
most universally applicable method is undoubtedly the
modulated beam method.

Most of the work on photoemission published so far has
been done with a dropping, or stationary, mercury elec-
trode in aqueous solution. The most widely used electron
acceptors are hydrogen ions and nitrous oxide.

IV. EXPERIMENTAL STUDIES ON THE BASIC LAWS OF
PHOTOEMISSION

1. Dependence of Photocurrent on Electrode Potential and
Quantum Energy of the Light

As shown in Section II. 2, existing theories of the photo-
effect predict different variations of the photocurrent with
electrode potential and with the energy of the light quanta.

1 The coulostatic method (zero current through the cell,
constant charge on the electrode) is a special case of this
regime.
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According to Fowler's modified theory, used to explain
some of the early experimental measurements of photo-
emission in solutions?®**’™ the photocurrent is a quadra-
tic function of the quantity (fw - #iwo — e@). The theory of
Brodskii and Gurevich leads to the “five~over-two” law.
Lastly, Heyrovsky's model (photodissociation of surface
charge-transfer complexes) predicts an exponential
dependence of the photocurrent on potential or quantum
energy.

The inadequacy of the quadratic law when applied to
photoemission in solutions was demonstrated by Gurevich
and coworkers . The first experimental test of the
“five-over-two” law was reported by Korshunov and
coworkers ™, but these workers used a pulse method with-
out allowing for the potential dependence of the electrode
capacity.

In order to provide the data for a rational choice between
the “five-over-two” law and Fowler's law, measurements
of photocurrent have been made "™ as a function of poten-
tial under steady illumination, i.e. under conditions likely
to yield the required precision and uncomplicated by con-
siderations of double layer capacitance. The experimen-
tally measured photocurrents were plotted in both j*°~¢
and j°*~¢ coordinates. Straight lines were drawn through
the experimental points, using a computer for the least-
square calculations. The intercept of the straight line on
the potential axis (termed the threshold potential ¢g) was
noted in each case, and used to calculate the work function
of electrons in water and also the dispersion of the results
(standard deviation of the experimental points from the
best straight line).

()
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Figure 3. Graphical treatment of the experimental
photocurrent-potential curve according to the theoretical
formulae of Fowler (°°), Heyrovsky (lgj), and Brodskii
and Gurevich (j°*). 0.1 N KF solution saturated with
NeO; light of 436 nm wavelength ™.

The dispersion was found to be much lower for the j°*-
¢ plot than for Fowler's j°°°~¢ plot. On this evidence,
therefore, we must conclude that the “five-over-two” law
is the more satisfactory.

These results were later confirmed by other workers.
Fig. 3 shows the results of photocurrent measurements ™
on a dropping mercury electrode with modulated illumina-
tion, plotted as j%*~¢ (according to Brodskii and Gurevich),
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j°%-¢ (according to Fowler), and lgj-¢ (according to
Heyrovsky). It is evident from the Figure that a good
straight line can be drawn only in the first plotf.

Although the reliability of the above results is lessened
by occasional failure to comply with the condition of high
acceptor concentration (see Section IV. 5), we may never-
theless conclude that photoemission in electrolyte solu-
tions (in contrast to emission into a vacuum) is more
accurately described by the “five-over-two” law than by
Fowler's law.
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Figure 4. Plots of j°* against (a) ¢, and (b) ¢ = Y1 for

KF solutions of different concentrations, saturated with
N;O0.™ In Figs.4, 6, 7, 9, 10, and 13 the wavelength of
light is 365 nm and the potential is referred to the satu-
rated calomel electrode.

2. Photoemission into Dilute Electrolyte Solutions

The diffuse potential barrier found in dilute electrolyte
solutions leads to a potential dependence of the photocur-
rent different from that observed in concentrated solutions
(the “modified five-over-two law”, Eqn. (10))}.

Fig. 4 shows plots of the photoemission current in KF
solutions at different concentrations 5 with NzO as the elec-
tron acceptor ™. Straight lines in °*~¢ coordinates are
obtained only in concentrated solutions (1 M and 3 M, see
Fig. 4a).

In Fig. 4b the same experimental data are re-plotted as
j%*=(¢ - y1). The plots now show linear portions over
a wide potential region for all concentrations of indifferent
electrolyte. Furthermore, all the curvescanbe extra-
polated to the same point on the potential axis, showing
that the threshold potential is the same for all concentra-
tions. The linearity of these plots, and the fact that they
can be extrapolated to the same threshold potential, are

1 The deviations from linearity at voltages close to
threshold are discussed more fully in Section IV. 5.

1 If the measured photocurrent is lower than its limiting
value, secondary effects of the Y, potential on the photo-
current are also possible: changes in the concentration of
charged acceptors near the electrode, and also drift of
solvated electrons in the electric field of the diffuse part
of the double layer.
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convincing evidence that Eqn. (10) can be confidently applied
to dilute solutions of electrolytesS§.

Similar results were reported by Korshunov and cowor-
kers™. However, de Levie and Kreuser ™ found that the
potential dependence of the photocurrent was satisfactorily
described by Eqn. (9) in dilute as well as in concentrated
solutions: the reason for this discrepancy is not clear.

An attempt has been made ™ to allow quantitatively for
the drift of solvated electrons in the field of the electrical
double layer in dilute solutions.

3. Lack of Dependence of Photoemission Threshold on the
Electrode Metal and on Adsorption

When photoemission proceeds in a vacuum the “red
edge” of the photoeffect depends on the electronic work
function of the metal: the standard method of measuring
work functions is based on this effect. By analogy, we
could expect the threshold potential at the metal-electro-
lyte interface to be a function of the metal: in other words,
the intercept at j = 0 of the j°"*—¢ straight lines obtained
for different metals should be shifted by an amount equal
to the difference in work function (or in the point of zero
charge) of the metals *°.

However, there is one very important difference between
the metal~electrolyte and the metal-vacuum interface:
the former is the seat of an additional variable—the elec-
trode potential. Changes in electrode potential are
reflected in the work function, and therefore the latter must
always be referred to some defined potential. However,
if we assign a potential to the electrode we simultaneously
fix the initial energy level of the electron. In practice,
different metals at the same electrode potential have the
same Fermi level. On the other hand, the final energy
level of the electron in solution is independent of the nature
of the metal. The specific properties of the metal influ-
ence only the height and the shape of the potential barrier
at the interface (i.e. the region of thickness 6, as shown
in Fig.5). But under the conditions of the threshold
approximation (A > &) the properties of the barrier are
irrelevant to the energetics of the photoemission process,
which are determined only by the difference between the
initial and the final state of the electron. Hence, the
photoemission threshold in an electrolyte should be inde-
pendent of the electrode metal.

This conclusion is fully consistent with the general laws
of electrochemical kinetics. Indeed, the electronic work
function of a metal in a vacuum does not appear explicitly
in the kinetic equations if potentials are measured with
respect to that of some arbitrary but constant reference
electrode ®~®., Photoemission, like any other type of
electron transfer process at the metal-solution interface,
must obey this law. Yet, photoemission offers a new
insight into the role of the electronic structure of metals
in electrochemical kinetics, because (unlike the majority
of “classical” electrochemical reactions) it does not involve

§ It would be incorrect to conclude, however, that the
emission of electrons proceeds only as far as the Helm~
holtz plane. The potential continues to vary (albeit slowly)
beyond this plane. Hence, even if the point which des-
cribes the final state of the emitted electron is further from
the electrode surface than the Helmholtz plane, the barrier
presented by the diffuse part of the double layer remains
practically impermeable to electrons, and the applicability
of Eqn. (10) is unaffected.
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the formation and breaking of chemical bonds, which com-
plicate the interpretation of experimental results.

The lack of dependence of the photoemission threshold
upon the nature of the metal was discovered experimentally
in an investi%zation of mercury and of thallium and indium
amalgams ™" (Fig. 6)3 and subsequently confirmed for
various other metals®. In spite of the large difference
between the points of zero charge of the metals examined
(up to 0.4 V), the photoemission threshold potentials are
indistinguishable within experimental error (+0.03 V).
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Figure 5. Energy diagram for photoemission into elec-
trolytes from metals with different work functions.

Specific adsorption of surface-active ions or molecules
is also not expected to shift the photoemission threshold
provided that the condition A > § is not violated, i.e. as
long as the thickness of the adsorption layer remains
smaller than the wavelength X of the emitted electron.
(This wavelength is ~ 10 A for an electron energy of ~ 1
eV.) For example, with the relatively small halide ions
the conditions are satisfied and the photoemission thres-
hold of a mercury electrode is practically unaffected by
adsorption (Fig. 7) in spite of significant changes in the
point of zero chargef. Similar results were obtained
for the adsorption of small organic molecules "%,
Adsorption of organic molecules with long carbon chains
invalidates the condition A > 6 and (as expected) influences
the potential dependence of the photocurrent. Thus,
photoemission experiments can provide information on the
extent of adsorption and on the characteristics of the
adsorbed layer %57%¢,

¥ The reported ™ shift in threshold following adsorption
of halide ions on mercury is due to a misunderstanding.
The shift was observed in the so-called “rational” potential
scales for the adsorption of halide ions, and was effectively
equal to the difference between the origins of these scales.
When the results are recalculated for a common reference
electrode the shift in photoemission threshold for different
ions almost completely disappears.
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4. Influence of Polarisation of the Light on the Photo-
emission Current

A characteristic feature of photoemission, which dis-
tinguishes it from other photoelectrochemical phenomena
(such as photodissociation of surface charge-transfer
complexes), is its sensitivity to polarisation of the light.

!
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¢, V(S.CE)

=05

Figure 6. j°*-¢ curves for different metals: I) mer-
cury, 2) thallium amalgam (3%), 3) indium amalgam (18%),
4) indium amalgam (50%), 5) lead ™.
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Figure 7. j°*-¢ curves for a mercury electrode in 0.1 A
solutions of KF, KBr, and KI saturated with N;O. 8¢

An electron cannot emerge from the metal after absorption
of a light quantum unless its momentum in a direction
perpendicular to the interface is greater than zero. It
follows from the law of conservation of momentum that the
transition can be induced only by the x-component of the
electric vector. The absorption of a wave which is
polarised in the plane of the surface cannot generate a
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significant amount of photocurrent. Hence, we expect the
photocurrent to increase with the projection of the electric
vector on the normal to the metal surface (j ~ sin*6-cos?y,
where 6§ is the angle of incidence of the light and ¢ is the
polarisation angle in the plane of incidence, see Fig. 8).

i
1207

0 30° 60° 90°

Effect of polarisation of the light on photo-
Mercury electrode in 0.1 N KzSOq solutlon
The full curve is a plot of cos®y,*

Figure 8.

emission.
(open triangles).

The variation of photoemission current with polarisa-
tion of the light, which had been previously observed
experimentally at the metal-vacuum interface®’, has been
reported also in electrochemical systems * 70788 Fig, 8
reproduced from the paper by Korshunov and coworkers
shows the photocurrent at a mercury electrode in KzSO4
solution saturated with N:O (electron acceptor) as a func-
tion of the polarisation angle ¢ of the light (for a fixed
value of 8). The relatively small discrepancy between
the experimental points (triangles) and the expected cos®y
law (solid line) is obviously due to incomplete polarisation
of the incident light.

Experiments with polarised light allow us to separate
photoemission from other concomitant photoelectrochemi-~
cal processes which do not show polarisation selectivity
(photoeffect in the bulk electrolyte, photodissociation of
charge-transfer complexes, etc.).

5. Photoemission into Solutions with Low Concentrations
of Electron Acceptors

If the concentration of acceptors is insufficient, some
of the emitted electrons will be recaptured by the electrode
and the measured photocurrent will be smaller than the
true emission current. The expected proportionality (at
low acceptor concentrations) between the photocurrent and
the square root of acceptor concentration (Eqn. (12)) has
been observed experimentally #,%:78:82-91  The propor-
tionality coefficient can be used to assess the mean dis-
tance <x> from the electrode surface at which hydrated
electrons are formed in solution. In concentrated elec-
trolyte solutions (0.1-1 M) this distance is found ***® to
be ~ 20 A but as the ionic strength of the solution
decreases <x> appears to increase to ~ 100 A%

The calculated value of <x> is a mean over the whole
energy spectrum of the emitted electrons for given values
of ¢ and w. The function f(x), i.e. the distribution of
velocities of the solvated electrons along the coordinate x,
can be evaluated in principle from the dependence of the
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photocurrent on the concentration of acceptors (at inter-
mediate concentrations), or alternatively from relaxation
experiments ®. The calculation has not yet been attempted,
because of the inadequate preclsmn and reproducibility of
photocurrent measurements ™, but it may already be
stated that <x> increases with the electron energy E,

since <x> increases when the potent1al is shifted towards
more negative values (for iw = const ) 298% 1t should be
noted that Korshunov and coworkers *° arrlved at the
opposite conclusion from their measurements of photo-
current as a function of electrode potential and acceptor
concentration. But we must stress that the precision of
measurements on concentration dependence is often sus-
pect. A more reliable argument for the dependence of
<x> on electron energy is the experimentally observed
shift ** of the threshold potential (found by extrapolating the
j%*—¢ straight lines) on increasing the concentration of
acceptors in solution (Fig.9).

=0.5 ~1.0
¢, V(S.CE.)

Figure 9. Effect of acceptor concentration (HsO") on the
apparent photoemission threshold: 1) 0.42, 2) 0.25,

3) 0.11, 4) 0.063, 5) 0.044, 6) 0.03, 7) 0.018, 8) 0,

9) 0.0012 mole litre™. %

This shift does not imply a change in the “true” work
function of the electrode metal with respect to the electro-
lyte; it is merely the result of a change in the dependence
of the photocurrent on potential as the concentration of
acceptors is varied but the method of graphical interpre-
tation of the results is kept unchanged. By assuming an
explicit form of the function <x> (E) we can calculate a
j=¢ curve which is not described by the “five-over-two”
law. The positive deviations from this law (see Fig. 3)
have been explained qualitatively by these arguments.

As already stated, the precision of present-day experi-
ments is insufficient to calculate the functions f(x) and
<x> (E). The greatest accuracy is obtained in measure-
ments of photoemission at high acceptor concentratlons,
when diffusion processes play only a minor role™

The true photoemission threshold has been determmed 93
by correcting the apparent shift due to diffusion of
hydrated electrons, and used to calculate the work function
for electron emission from mercury into water at the zero-
charge potential (3 eV). (This value 1s lower by 0.2-0.3
eV than the previously accepted value '™, which did not
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include a diffusion correction.) The lower work function
of mercury in water as compared with the vacuum value
(4.5 eV) is due, as we have already pointed out, to the
interaction of a super-thermal electron with the polar sol-
vent medium. The lowering (1.5 eV) is less than the
hydration energy of the electron (1.7 eV*’). Hence, the
final state of the photoemission process is a quasi-free
electron rather than a fully thermalised and hydrated elec-
tron.

The electronic work function in other solvents, mea-
sured by the photoemission method, has also been found to
be lower than the work function in a vacuum. The lowering
is close to the energy of the electronic polaron in these
solvents, and is evidently due to the electronic polarisation
of the medium by the emitted electron®,

6. The Multi-photon Effect

The experiments discussed above relate to the one-
photon photoeffect, in which the energy of a single light
quantum is sufficient to cause photoemission. Korshunov
and coworkers ** discovered two- and three-photon exter-
nal photoeffects at the mercury-solution interface. A
laser was used as the light source: a ruby laser in the
first case (quantum energy 7w = 1.78 eV), and a neodymi-
um laser in the second (Aw = 1.18 eV). As in the one-
photon effect, the photocurrent varies with potential
according to the “five-over-two” law. The relationship
between the photocurrent and the light intensity is, as
expected from the theory, an exponential function with an
exponent approximately equal to the number of photons
absorbed for every emitted electron.

V. PHOTOEMISSION AS A METHOD OF STUDYING THE
KINETICS OF CHEMICAL AND ELECTROCHEMICAL
REACTIONS

When electrons are emitted into a solution as a result
of irradiation, many processes in which the solvated elec-
trons are involved in further transformations can occur
in the layer of solution adjacent to the electrode. The
most interesting of these are homogeneous and hetero-
geneous reactions involving free radicals. The kinetics
of these reactions are reflected in the magnitude of the
experimentally measured photocurrent, and therefore we
may think of photoemission as a convenient method of
monitoring such processes. We shall limit the discussion
to the simplest systems, for which quantitative experi-
mental data are available.

1. Kinetics of the Electrochemical Conversion of Atomic
Hydrogen at a Mercury Electrode

Atomic hydrogen is formed in solution by the capture
of a hydrated electron by a hydrogen ion:

e;l -+~ H:5O* =H + Hzo- (A)

The hydrogen atom undergoes reduction over a wide
range of potentials (from -0.7 to —1.5 V against the satu-
rated calomel electrode)

H4-HS +-e” =H, + S. (B)

In the above equation the symbol HS denotes a source of
protons, which could be H;O* or H.O. At more positive
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potentials the ionisation of atomic hydrogen becomes
increasingly important

H 4 H,0 = H,0* --e", ()

leading to a drop in the measured cathodic photocurrent
(tirst observed by BarkerZ®).

We shall outline the results of some kinetic studies of
the conversion of atomic hydrogen, obtained from photo-
electrochemical measurements*>>’*®, Photoemission is
used as a source of atomic hydrogen in the region of the
electrode surface: the procedure is more convenient than
others used so far "~

The photocurrent experimentally measured in the elec-
troghemical system is defined by the expression j = jo +
j =37, where jo is the emission current (not including the
current of electrons recaptured by the electrode without
having reacted), j is the cathodic current of reaction (B),
j is the ionisation current of atomic hydrogen. The varia-
tion of jo with potential, as already stated, has approxi-
mately the form jo ~ (¢ — ¢3)*?, where ¢ is the threshold
potential for light quanta of a given energy.

A hydrogen atom can take part in reactions (B) and (C)
either in an adsorbed state at the surface of the metal or
in the layer of solution adjacent to the electrode.

At negative potentials, when the rate of oxidation of the
H atom can be ignored, j = 2jo, and the experimental
dependence of the photocurrent on potential is (to a first
approximation) the same as that of the emission current.
In the more general case, when reaction (C) cannot be
neglected, the photocurrent j is given by the expression *°

23RT ﬂ4 - %L
@ Hi)F[lg(i - lgzg]’

¢ = (13)
where o and 8 are the transfer coefficients of reactions
(B) and (C) respectively, and k; and . are the rate con-
stants of these reactions at ¢ = 0f.

Eqn. (13) predicts a linear relationship between ¢ and
1g (2jo/j — 1), with a slope determined by the transfer
coefficient of the appropriate reaction. The current 2jo
(in the absence of oxidation of the atomic hydrogen) can be
found either by extrapolating the linear portion of the
7% *~=¢ plot to the potentials where non-linearity sets in
owing to the oxidation of hydrogen (see Fig.10), or by
measuring the photocurrent with a different acceptor,
reacting with the hydrated electron to give products which
are not oxidised at the electrode. One such acceptor is
nitrous oxide, which forms the OH" radical after capturing
an electron. This radical is reduced at the electrode to
the hydroxyl ion over the whole of the accessible range of
potential.

Fig. 10 shows some plots of the photocurrent (j°*)
against potential in KC1, KBr, and KI solutions containing
0.01 g-equiv. litre™ of HCl. The relationship is linear
at negative potentials, and the deviations from linearity
(i.e. decrease in photocurrent) set in at increasingly
negative potentials on going from C1™ toI~. It is evident
from Fig. 10 that specific adsorption of the iodide ion has
a strong positive effect on the anpdic current j (as com-
pared with the cathodic current j ). The experimental
data for all solutions give linear plots in ¢ -lg (2j,/j — 1)
coordinates, thus confirming the correctness of Eqn. (13).
The slopes of these straight lines (100-120 mV) indicate
that ¢ + B = 1/2, i.e. the transfer coefficient of one of the

-— _f The logarithmic term 2jo/j ~ 1 is identically equal to
ili.
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conjugated reactions is zero and hence its rate is inde-
pendent of potential. Additional information on the mecha-
nism by which atomic hydrogen is removed from solution
can be obtained from the effect of pH in decreasing of
photocurrent.

09

i
=10

», V(S.CE)

Figure 10. Effect of oxidation of H on the photocurrent.
Mercury electrode in 0,1 N solutlon of: 1) KCl, 2) KBr,
and 3) KI containing 0.01 N HC1.®

Fig_ 11 shows the variation of the potential ¢*, at which

= ~7}, with the concentratlon of hydrogen ions, over the
cH O+ range between 10™° and 1 N in solutions contamlng a
total concentration of electrolyte of 1 N, As the Figure
shows, ¢* increases monotonically with acidity, the
mcrease being most marked in the most strongly acid
solutions. At low acid concentrations (102-107% N) @* is
practically independent of pH.

From these results it was concluded * that two mecha-
nisms of hydrogen removal are possible: the two conju-
gated reactions proceed without an adsorption step, or
both reactions involve adsorbed hydrogen, in which case
one of the reactions is non-activated§. Further experi-
mental data are needed to identify the potential-independent
reaction: in particular, we need information from other
metals, having a hydrogen adsorption energy different
from that of mercury.

The variation of the ¢* potential with pH suggests a
new type of electrochemical desorption, involving hydro-
gen ions and water molecules simultaneouslyf. The
removal of adsorbed hydrogen by an electrochemical

{ It follows from Eqn. 13 that
23 RT Y
@FBF S

¢ = (D"

§ The hydrogen removal mechanism through the
adsorbed state seems the more probable, since both reac-
tions (ionisation and reduction in solution) should be non-
activated at these potentials'®®, and hence the experimen-
tally observed loss of photocurrent cannot be ascribed to
them.

T The observed variation of ¢* with pH can be formally
explained by assuming the formation (in acid solutions) of
the H; radical, which is subsequently reduced at the elec-
trode. However, the rate constant for the reaction
between H and HsO* is very small (10* litre mole™ s™)'®,
and therefore the contribution of this reaction to the photo-
current cannot be substantial.
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mechanism involving water molecules in acid solutlons
was first considered by Krishtalik'®

Specific adsorption of anions accelerates the ionisation
of hydrogen (if activated) by producing a more positive
potential difference across the fixed part of the double
layer. At the same time, anion adsorption should accel-
erate the electrochemical desorption involving hydrogen
ions. As Fig.10 shows, adsorption of iodide influences
ionisation more markedly than electrochemical desorption
(particularly, since water takes part in the latter)f.

©*, V(S.CE)
—06}
-5+ ?
-0y}
1 1 1
VA L

CH3O+ (mole litre'l)

Figure 11,
of HsO*,

Variation of ¢* potential with concentration

The concept of a non-activated electrochemical reac-
tion was first put forward in 1936'%'% byt it has not
been possible so far to observe limiting currents due to
non-activated discharge in direct experiments. Krish-
talik's barrierless processes'® may be quoted as an
indirect experimental proof of the reality of non-activated
reactions,

2. Homogeneous Chemical Reactions Involving Free
Radicals

The most detailed studies of homogeneous chemical
reactions involving the radicals H, OH'®, and NO3~ %~
have been made by the photoemlssmn method.

Barker '® studied the reaction between methanol and
ethanol, on the one hand, and H and OH radicals formed
by the photoemission of electrons into acid solutions and
into solutions containing N>O, on the other hand. We
know, from radiation-chemical experiments, that the H
and OH radicals attack the a-hydrogen in alcohols. The
resulting RCHOH radicals are easily oxidised at the elec-
trode to the corresponding aldehydes. For the case of
the oxidation of RCHOH radicals, the coefficient v which
appears in the kinetic equations (11) and (12) takes the
form

(14)

_ (1 1 kR‘”R/DR)“‘

Vk-c/D,

t The effect of iodide adsorption can be explained in a
similar way by assuming that the ionisation of hydrogen is
non-activated.
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where cR is the concentration of alcohol present in solu-
tion, kR is the rate constant for the capture of a radical
by the alcohol, and DR is the diffusion coefficient of the

H or OH radical.

Eqn. (14) predicts a decrease in photocurrent in the
presence of alcohol. The decrease is observed experi-
mentally at ¢ > ~1.4 V. At more negative potentials the
photocurrent is the same as in the absence of alcohol
(v — 2). The linear relationship predicted by Eqn. (14)
between the reciprocal of the current and the square root
of the alcohol concentration has been satisfactorily
demonstrated (Fig. 12) for the case of OH radicals. The
rate constants for the reaction of OH with methanol and
ethanol, calculated from the experimental results by
means of Eqn. (14), are both equal to 2 X 10° litre mole™
s™. For the reactlon involving H the result is kR = 8 X
10° litre mole™ s~
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Figure 12. Reciprocal of the photocurrent in 0.2 N KC1

solution contammg N2O against square root of ethanol
concentration®®

In the presence of alcohol, the variation of the photo-
current with the concentration ¢ of electron acceptors
(N2O and Hs0%) is also altered. When the products of the
capture of H and OH by the alcohol are not oxidised at the
electrode and at low concentration of acceptors, we have
j~ e [Eqn (12)]. 1f the RCHOH radicals are oxidised,
and the second term in Eqn. (14) is large compared with
unity, we have j ~ ¢. This dependence has been observed
experimentally.

Barker, using pulsed illumination, was able to monitor
the kinetics of the electrochemical oxidation of RCHOH
radicals on mercury by studying the anodic photocurrent
which persists after the period of illuminationf. The
observed exponential decay of the anodic photocurrent was
taken as evidence that the oxidation of RCHOH radicals is
preceded by an adsorptlon step The rate constant of the
oxidation was ~ 1073 cm s™ at -1.4 V (S.C.E.).

The rate constants for the reaction of H and OH with
alcohols found by the photoemission method are in good
agreement with experimental results obtained by pulse

radiolysis of the same solutions %8,

1 Levin and Delahay'® observed anodic currents during
the pulse irradiation of acid solutions in the absence of
added materials. Their results have not yet been
explained satisfactorily.
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The chemical reactions of the ion-radical NO3™ have
been studled by two photoelectrochemical methods, using
pulsed 10510 and steady °*** illumination. This radical
is formed when electrons are photo-emitted into solutions
containing NOs. The following chemical reactions take
place at the electrode and in its immediate vicinity

NOy™ -+ eag =NO™ }m solution , (D)
NOZ™ = NO; -0 (E)
NO;” =NOj e~ at the electrode , (F)
0O~ 4+~ H,0=0H 4- OH" in solution , (G)
OH --e”==OH" at the electrode . (H)

The NO3~ ion-radical is oxidised at the electrode at poten-
tials more positive than ~1.2 V leading to a decrease in
the measured photocurrent®,

A quant1tanve study of thlS react1on by Eletskii and
coworkers'®? showed that two ¢ ‘limiting” portions appear
on the photocurrent curve (at negative and positive poten-
tials respectively). Both portions obey the “five-over-
two” law, and extrapolate to the same threshold potential.
Fig.13 shows the j°*-¢ plot for a concentrated solution of

NaNOs.
|
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Figure 13. j%*-¢ curves in: I) 1 N solution of NaNO;

and 2) the same Solution containing 107 N tetrabutyl-
ammonium salt %

The experimental results are in good agreement with
the theory. Two linear portions (for high and low poten-
tials respectively) are separated by a curvilinear portion
extending from ~0.7 to -1.2 V relative to the saturated
calomel electrode Small additions of tetrabutylammo-
nium salt (107 mole litre™) produce a marked change in
the shape of the curve: all the points now lie on the same
straight line at potentials more positive than -1.4 V.

The influence of tetrabutylammonium is the result of
two separate effects: adsorption at the mercury surface
suppresses the em1ss10n current®, but it also inhibits the
oxidation of NO%~, thus suppressmg the decrease in photo-
current at positive potentials. The rate constant k4 for
the decomposition of NO3™ in solution, and the transfer
coefficient 8 of the electrochemical oxidation of NO3~, have
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been determined from the experimental results: g =~ 0.25,
kd=6X 10®s-1, A similar value of the transfer coeffici-
ent has been obtained by other workers %’

A much lower value of the rate constant (¢d = 10° s™)
has been reported '°"® from measurements of the emitted
charge under pulsed illumination of the electrode. Those
workers'®*® ascribe the increase in charge in the pres-
ence of NO3 to electrochemical reduction of the OH radi-
cals formed from the decomposition of NOz by reactions
(E) and (G); kd was calculated from the kinetics of this
growth of charge.

It is evident, from the examples considered in this
Section, that the study of photoemission phenomena in
agqueous solutions offers a wealth of information on homo-
geneous and heterogeneous processes in the layer of solu-
tion adjacent to the electrode.

3. Competing Solvated-electron Capture Reactions

Competing reactions take place in solution when several
electron acceptors are present together. The competing
acceptor method is widely used in radiation chemistry to
determine relative rate constants. Barker and cowor-
kers®® have made a quantitative study of the photocurrent
in) the presence of two competing electron acceptors (A and
B).

Acceptors 10 lok , litre mole™ -1 l
photo- pulse radio-

A ! B emission lysis
Hy0+ N,O 1.5 1.4
In H,0+ 0.046 0.06
Cd2+ N0 3.6 2.1
Ni2+ N0 1.5 0.9
NO; N,O 2.0 1.76
NO, N,O 0.5 0.63

In the general case, the dependence of the photocurrent
on the concentration of the two acceptors (cA and ¢B) can
be written in the form

i = jo(vakaca 4 vakace)/(kaca-- kaca)'. (15)

In this expression kA and 2B are the rate constants for
the reaction of electrons with the acceptors A and B
respectively, vp and vp are the stoichiometries for these
reactions. The exponent 7 depends on the concentration
of acceptors. At high acceptor concentrations » = 1;
when both cp and cB are low » = 1/2, Eqn. (15) is strictly
applicable if the stoichiometries vA and vp are independ-
ent of acceptor concentration. Furthermore, the product
of the reaction of an electron with one of the acceptors
must not undergo further reaction with the other acceptor.
It follows from Eqn. (15) that the ratio of the rate con-
stants (?A/kB) can be determined by studying the variation
of the photocurrent with the concentration of both accep-
tors. The absolute values of the rate constants can be
deduced from the relative value if the rate constant of one
of the competing reactions is known. Absolute values of
the rate constant for the capture of a hydrated electron by
various acceptors, measured by the photoemission variant
of the method of competing reactions, are listgd in the
Table 2°, The values obtained by the pulse radiolysis
method are also given for comparison.
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In the calculations the absolute rate constant 2N,0 was
taken, on the basis of radiation-chemical measurements,
as 5.6 x 10° litre mole™ s~'. The satisfactory agreement
between the two methods is evident from the Table.

VI. SOME NON-EMISSION PHENOMENA ASSOCIATED
WITH THE EXTERNAL PHOTOEFFECT

As was stated above, photoemission is only one of the
many photochemical effects which make up the “Becquerel
effect”. A brief description of some of these phenomena
is appropriate here, because, like photoemission itself,
they can be used to study the structure of the interface
between an electrode and an electrolyte, and the kinetics
of reactions at such an interface.

1. Anodic Photocurrents

To explain the photoeffect, Heyrovsky suggested the
formation of a charge-transfer complex between the sur-
face of a metal electrode and molecules of solvent or
solute decomposed under the influence of light. This
explanation cannot be applied to a mercury electrode at
potentials more negative than its point of zero charge, i.e.
in the region of cathodic photocurrents. In this case,
photoemission is a more probable process. But at more
positive potentials, where emission is inconceivable and
the observed photocurrents are usually of the opposite
sign (i.e. anodic), Heyrovsky's explanation is probably
correct. Anodlc photocurrents are observed in solutions
of oxalic, chloroacetlc, tartaric, and other organic acids
and their salts®. The molecules of all these compounds

-C —C -
contain the |’ [ group, where X denotes an electro-

(0]

negative substituent. When these species are adsorbed
at the mercury surface a chemical bond is formed between
the metal (acceptor) and the O or X atom (electron donors).
The resulting bond can absorb light of greater wavelength
than the compound originally in solution. On illumination
the adsorption bond is broken, the electrons are trans-
ferred to the electrode, and the organic substance (in an
oxidised form) is returned to the solution.

A similar mechanism was invoked"° to explain the
photoeffect at a platinum electrode under the influence of
uyv. light.

The study of anodic photocurrents can yield valuable
information on the energy spectrum of the surface elec-
tronic levels of the metal corresponding to the adsorbed
particles.

2. Pulse Heating of the Electrode

According to Berg, light adsorption “excites” the
electrode and (in the presence of a depolariser) enhances
electrochemical reactions which are hindered in the dark.
The concept of a “hot” electrode has been tested by
looking for evidence of light-induced changes in progerties
such as surface tension and differential capacitance "°*'!
No significant change in the surface properties of mer-
cury was observed on illuminating a mercury electrode
with steady light from a super-high pressure lamp. How-
ever, a change in the differential capacity (due to the
heating of the electrode and the adjacent layer of solution)
has been observed by using very high energy light pulses.
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In dilute solutions the differential capacity of the elec-
trode is determined mainly by the capacity of the diffuse
part of the double layer, and therefore decreases with
increasing temperature. In the galvanostatic and the
coulostatic regime a change in capacity produces a shift
in the electrode potential; in the potentiostatic regime it
produces a change in the current flowing in the external
circuit. In both cases the sign of the effect depends on
the sign of the charge on the electrode. Korshunov and
coworkers ™ have proposed a method of measuring the
zero-charge potential of metals based on this effect: as
the (dark) potential of the electrode is varied, the sign
of the photoeffect is found to change at a value of the poten-
tial corresponding to zero charge on the electrode.
Long-wave light, which does not cause photoemission, is
used in this experiment§.

Other interesting photoelectrochemical phenomena,
on which we shall not dwell, include electrode reactions
of light-excited depolariser molecules®"'?, photoemission
of electrons from the surface of electrolyte solutions into
the surroundings ', and electro-reflection at the metal~
electrolyte boundary 47",

VII. FUTURE PROSPECTS

The special properties of the metal—-electrolyte inter-
face (in particular, the independently variable potential
of the electrode) offer a number of valuable facilities in
studies of photoemission. Studies of this phenomenon in
electrochemical systems can provide information on the
electron density in the metal and its distribution, on the
properties of the Fermi surface of the metal**’, and on
the mechanism of light absorption by the metal surface.

Furthermore, photoemission studies have led to the
solution of a number of purely chemical problems. For
example, the structure of the electrical double layer and
various adsorption phenomena have been studied in detail.
The potential variation within the fixed part of the double
layer can be investigated by monitoring deviations from
the “five-over-two” law. Also, definite conclusions
regarding the structure of the fixed part of the double
layer can be based on data obtained from the study of
photoemission into solutions.

Lastly, it is possible to study the behaviour of elec-
trons in liquids, and in particular to measure the rate of
solvation of electrons and the rate of capture of solvated
electrons by acceptors and by the electrode surface.

Thus, the photoeffect at the metal-solution interface
offers not only an insight into purely photoemission pheno-
mena but also a powerful new method of studying the struc-
ture and properties of this interfacial boundary and the
physicochemical processes of which it is the seat.
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