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ABSTRACT

The dielectric breakdown of water under static fields has been studied by current-potential relation for six metals. The
relations are quasi-linear up to a current density of a few A-cm™2 The limiting current continues for a few volts to a few
hundred volts, depending on the metal. A glow develops at the electrode and becomes continuous at the end of the pla-
teau, where the current density increases irregularly (breakdown). The breakdown potential does not depend on the field
in the water. It occurs at about the same current density for most of the metals. When electrolytes are added, the cell poten-
tial at the breakdown is decreased. Adsorbed layers and organic coatings increase the breakdown potential. Electrical
energy storage in water is increased by ~10 times by coatings. The breakdown potential decreases with increase of log of
rate constant for hydrogen evolution on the various electrodes and with the corresponding work function. The cell poten-
tials for breakdown correspond to fields in the dielectric below that needed to dissociate it. The limiting current is caused
by the formation of a H,-steam layer at the interface, which causes increase in the electrode potential at constant current.
The H,-steam layer plasmolyzes. When the Fermi level in the cathode reaches the conduction band of water, electrons
enter the water and remain stable therein. They interact nonadiabatically with water and are the head of streamers. An
analogous model holds for holes in the valence band. “Dielectric breakdown” depends on the Fermi level of the electrons
in the condenser plate and the semiconductor characteristics of water. It can be eliminated by modifying the electrode

surface.

It is well known that when an increasing electric field is
applied to the dielectric between two condenser plates, a
value of electrical potential between the plates is reached
at which “breakdown of the dielectric” occurs. In solids,
this event is irreversible. Dendrite-like “spikes” strike out
between the plates, and the material of the dielectric un-
dergoes chemical or electrochemical decomposition. In
gases and liquids, the breakdown is temporary, and the di-
electric recovers when the field is removed.

In recent times, interest in creating particularly high
electric fields in pulse power technology has re-evoked in-
terest in the mechanism of dielectric breakdown, particu-
larly with respect to water, which is the preferred dielec-
tric in large scale applications.

The mechanism of breakdown in liquids is not well un-
derstood. Several stages occur. So called “streamers” de-
velop between the electrodes (1). The latter phenomenon
proves that some degree of decomposition of the water di-
electric between the condenser plates occurs.

However, the charges which constitute the streamer
head emanate from the surface of the condenser plates,
i.e., the electrodes, and for this reason, interfacial charge
transfer may be an important, and perhaps the rate-deter-
mining step in breakdown.

The techniques used for the study of dielectrics (1-15)
have involved the application of voltage pulses to systems
of different geometries with electrode separations in the
range of 0.2-2.5 cm. Among the liquids studied have been
pure water and a number of organics. Optical and electro-
optical approaches have been used (14, 15).

In this paper, a study of the current-potential relation
under steady-state conditions has been made up to and
past the potential at which light emission at the electrode
begins. The steady-state condition, rather than transient
pulses, was studied because it is more demanding, i.e.,
breakdown occurs at lower applied voltages, than it does
under pulses regimes.

Experimental
Figure 1 shows the schematic diagram of the experimen-
tal setup used. The experiments were carried out some-
times in a glass, but mainly in a Teflon, cell.

Water purification methods.—The methods used to pu-
rify water were (i) four-fold distillation, the third dis-
tillation being over KMnO,, (ii) double distillation fol-
lowed by passage through an ion exchange column, and
(i11) once-distilled water passed through “Millipore-Q sys-
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tem” which consists of four cartridges, two of which are
ion exchange while the other two are used to remove or-
ganic impurities from water before passage through a 0.1
pm filter.

The highest resistivity of water (16-18 MQ-cm) and low-
est concentration of organics (<40 ppb) was obtained
using the third method (i.e., Millipore Q system). The con-
centration of the organic impurities was determined by ox-
idizing them with persulfate (K,S;0;) to CO; and measur-
ing the amount of CO, with total organic carbon infrared
analyzer (Model 700).

The purified water was then transported to a pre-electro-
lyzer (Fig. 1). The pre-electrolysis cell had two large area
platinum electrodes. Impurities were removed by ad-
sorption on to the electrodes and/or by oxidation. The elec-
trolysis cell voltage was 30-40V and the time ~24h. The
water in the pre-electrolysis cell was bubbled with high
purity argon. The Ar itself was purified by passing it
through a copper column maintained at 260°C and another
column containing molecular sieves (44, 13 X).

Finally, the water was transported under argon pressure
to the experimental cell.

Preparation of electrodes.—The working electrode was a

microelectrode with planar tip and the counterelectrode
was a 0.6 cm diam plane platinum electrode. The elec-
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Fig. 1. Schematic diagram of experimental setup
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trodes consisted of Pt, Cu, Fe, Ni, Au, and Co. The diame-
ters of the electrodes were; Pt, 10, 25, and 100 pm; Cu,
127 um; Fe, 102 um; Ni, 23 pm; Au, 76 pm, and Co, 76 pm.
The purity of the metals was >99.9%.

The electrodes were sealed into a soft glass tube. Before
each experiment the surface was mechanically polished
with alumina paste. The electrode surface was monitored
with an Olympus optical microscope (200 times magnifi-
cation).

Before the breakdown experiments each electrode was
activated by cathodic-anodic polarization.

The distance between the working and counterelectrode
was measured by means of a digital micrometer. It was ad-
justed over a range of 2-10 mm. After preparation, the elec-
trodes were mounted in the cell which was then filled with
the pure water, as described above. Temperature and resis-
tivity probes were introduced into the cell and monitored
the state of the solution.

Most measurements were carried out in the Teflon cell,
which had provisions for illumination of the interior using
a light pipe. The cell was fitted with a quartz window to ob-
serve  luminescent phenomena  associated with
breakdown. The electrode was polarized cathodically.

Electronic equipment.—Electrochemical treatment and
characterization of the electrodes were carried out using a
potentiostat fitted with sweep generator (Pine Instruments
Company, Model RDE 4). The X-Y recorder was from Yo-
kogawa, Model 3023.

For studies of electrical breakdown phenomenon, a high
voltage dec power supply (Hipotronics, Model 830C), elec-
trometer (Keithley, Model 616), multimeter (Hewlett Pack-
ard, Model 3466A), and X-t recorder (Fischer, Model 5117)
were used.

The conductivity of water was measured using a con-
ductance meter (Cole Parmer, Model 1481-60) and water
purity meter (Barnstead, Model PM-5D).

Results

The study of current-voltage behavior—Figure 2 shows
the dependence of current density for hydrogen evolution
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Fig. 2. The i-V dependence for Fe electrade for different spacing be-
tween the cathode and the anode.
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on the cell potential for an Fe electrode with different sep-
aration between the electrodes. In the low voltage region
(first few hundred volts), the current varied exponentially
rather than linearly with the potential. In the higher poten-
tial region, above about 4000V, a sudden increase in the
current density occurred. An intermediate region (3000-
4000V) was observed, in which the current density forms a
plateau. A glow discharge around the electrode was ob-
served near the end of the plateau. The current density at
the start of flashes was around ~2.5 A-cm~? and was inde-
pendent of the distance between the electrodes. In the re-
gion after the beginning of the plateau, the glow was peri-
odic, reoccurring at intervals of about 30-50s. At higher
currents, the glow became continuous. The linear extent of
the glow was of the order of 1 mm.

Figures 3 and 4 show the current-density as a function of
cell-voltage for electrodes of various metals. The I-V
curves have the same characteristics although the plateau
was well resolved only for Pt, Fe, and Au.

The I-V characteristics for Pt, Au, Cu, Ni, and Co, when
measured as a function of distance between the electrodes,
had the same features as in Fig. 2. The measurements
showed that the breakdown occurred at a certain current
density but was not dependent on the electric field in the
bulk of solution.

The influence of electrolytes on the breakdown
potential—To study the influence of electrolytes on the
breakdown potential, sodium chloride and ammonium hy-
droxide were chosen. The concentrations were in the
range from 3 x 107¢ to 5 x 107*M and from 1 x 107 to
5 x 1073M, respectively. The corresponding I-V curves are
plotted in Fig. 5 and in Fig. 6. The breakdown potential de-
creased with increase in concentration of conductance
(Fig. 7 and 8).

Effect of surface modification.—The influences of sulfide
layer (16, 17), paraffin film, and a black wax layer were
studied.

Sulfur was deposited by means of electrochemical ad-
sorption on the surfaces. After polishing, the electrodes
were placed in an electrochemical cell containing 1M
H,;SO, solution for the activation of their surfaces by
means of the potentiodynamic sweep method. After this
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Fig. 3. The i-V dependence for different cathode materials for the
same spacing between the cathode and the anode.



2514

071 470
® Au
0.6- N -80
0.5+ 450
o 04 140 <
£ g
< 34;
S gar 430
—
-
02F 120
+
0.1} 4o
1 1 1 i
1000 2000 3000 4000
V/V

Fig. 4. The i-V dependence for Au and Ni electrodes for the same
spacing between the cathode and the anode.

step, one of the electrodes was placed in a cell containing
0.1M Na,S + 1M Na,SO, solution. The adsorption of sulfur
was carried for 40 min. It was monitored by registration of
current-potential dependencies and shifted the H, evolu-
tion reaction by ~400 mV in the cathodic direction.

The poisoning of the electrode increased the breakdown
voltage by ~2000V in the case of Pt electrode (Fig. 9).

In Fig. 10, curve a was obtained for a paraffin film thick-
ness about four times smaller than that for curve b. A re-
markable increase in breakdown potential by 3-4 kV in
comparison with that at a bare Pt electrode was observed.

The influence of a film of black wax on the breakdown
potential is shown in Fig. 11. The shift varies from 6 to
25 kV depending on the thickness of the film. With 0.5 mm
thick film, the breakdown potential was >30 kV.

Discussion

The main results to be interpreted are:

1. The form of the I-V curve.—A schematic is in Fig. 12.
The section below about 2-3 A-cm~? is that expected in
terms of the electrode kinetics for Hy and O, evolution in a
solution of very low conductance. Then follows a plateau
region, extensive for some electrodes, hardly distinguish-
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Fig. 5. The i-V dependence for Pt electrodes in different concentra-
tions of NaCl in high purity water.
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Fig. 6. The i-V dependence for Pt electrodes in different concentra-
tions of NH,OH in high purity water.
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Fig. 7. The dependence of the breakdown potential (V}) on the log of
concentration {log C) of NaC! (@) and of NH,OH (+).

able for others, though always present. At the high poten-
tial end of the plateau a glow is observed, at first sporadi-
cally but continuously at higher potentials. The current in-
creases sharply and becomes irregular.

2. Dependence of the breakdown on cell potential.—The
breakdown is not dependent on the field strength in the
bulk. It begins when the current density has reached a
value of a few A-cm™2,

3. Electrode glow.—The glow is blue-white in color.

4. Electrode materials.—The breakdown voltage de-
creases linearly with increase of log i, for the hydrogen
evolution reaction of the cathode material and with work
function.

5. Effect of electrolyte added to pure water.—The
breakdown potential is lowered with the increase of con-
ductance, i.e., breakdown is not primarily dependent on
the cell potential.

6. Adsorption.—Adsorption on the electrode of materials
which inhibit the hydrogen evolution reaction, increases
the breakdown potential. A 0.5 mm coating of the elec-
trode with black wax increases the breakdown potential to
>30,000V.

Electrode kinetics before breakdown.—The cell voltage
for an electrochemical cell can be calculated from

Ecell = Erev + Na,c + MNa ™ MNee ™ Me + IR
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Fig. 9. The effect of poisoning the electrode surface with sulfide on
the i-V characteristic of the Pt electrode in pure water. Inset, potentio-
dynamic curve for the poisoned electrode in H,SO, solution, showing
the shift in the H, evolution potential.

where E.., for an electrochemical cell where the cathodic
and anodic reactions are H; and O, evolutions, respec-
tively, is given as

E.o, = 1.23 + (RT/2F) [In(pg,) + In(po,)®°] [1]

The overpotentials (v's) calculated using the Butler-Vol-
mer equation (28) gives (a = 0.5)

M. = (2RT/F) sinh ! (i/2i,,) 2]
and
M. = —(2RT/F) sinh ! (i/24,,) [3]
For the cathodic reaction of hydrogen evolution on Pt

foe = 1077 - (@n )% - (PR )*? 4]
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Fig. 10. The i-V dependencies for Pt electrode covered with (a) 0.1
and (b) 0.4 mm thick film of paraffin.

and for the anodic reaction on Pt

o = 10710+ (ag)?? - (po,)128 [51
For pure water, where ay- = 10 7
foe = 10 5 - (py, ) [6]
and
foa 107135. (p02)0.125 [7]
The overpotential due to concentration polarization is
Nee = (RT2F) In [1 — {i/i}] [8]

where 1y, is the diffusion limited current, given by
iy, = (DnFc°)/3

The solution resistance R = pl/A, where A is the electrode
area, 1 is the separation between the electrodes, and p is the
solution resistivity. Thus

IR =ipl (9]
The above equations were used to calculate the I-V

curves. For current densities varying from 107 to 107?
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Fig. 11. The i-V dependencies for Pt electrode covered with (a) 0.1
and (b) 0.5 mm thick film of black wax.
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Fig. 12. Schematic representation of the i-V curves obtained with dif-
ferent electrodes in pure water.

A-cm™2, the cell voltage is proportional to log i and the line
has a slope of 120 mV/decade. Because of the low concen-
tration of ay+, the limiting current density is 2 x 107°
A-cm™2 Higher current densities can be obtained, only if
H,0. is assumed to be the source of carriers. In this case
log i-V has a slope of 120 mV/decade for current densities
up to 1078 A-cm~2 For current densities >107¢ A-em™2 the
current is limited mainly by the solution resistance. In the
lower current density range, po, and py, have an effect, but
this becomes negligible above 107% A-cm 2.

The equations derived above were used to fit the experi-
mental curves. Figure 13 shows the experimental I-V
points and the calculated points. The experimental and
calculated curves match well for cell voltages up to 120V.
Thus, in this low cell voltages the experimental curves fol-
low the modified Butler-Volmer equation.

Calculation of electric field for the dissociation of water
in the bulk.—The electric field necessary for possible disso-
ciation of water caused by the effect of the field between
the electrode on the dipoles is given by Ep = AH/p, where p
is dipole moment of water molecule. With AH = 286 kJ-
mole™ (18) and . = 2 Debye, Ep = 7 x 10® V-cm™, which is
higher than the electric field strength in the solution.

Similarly, the field needed to ionize water is given by
E; = I/n where I, the ionization energy of water is equal to
12.6 eV. Use of appropriate values gives, E; =3 x 10°
V-em™! which is decisively higher than the field in the so-
lution.

In the usual breakdown experiments the applied electric
field is in the order 10°-10¢ V-cm™!, while in the electro-
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Fig. 13. The comparison of experimental data with theoretical points
calculated using modified Butler-Volmer equation.
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chemical double layer the field is of the order 107-10°
V-em™ (18).

Calculation of the field between the electrodes.—In most
of the calculations it is assumed that the field between the
electrode is constant and given by the cell voltage divided
by the distance between the electrodes. This is true if the
electrodes are of infinite dimensions (or the distance be-
tween electrodes is smaller than the diameter of the elec-
trodes). If the distance between the electrodes is more than
the diameter of the electrode, as in most studies of the di-
electric breakdown, the electric field will depend on the di-
mension and geometry of the electrodes and the location
of the point with respect to the electrodes. The potential at
a point in the liquid due to charge on two parallel plates
(electrodes) can be calculated (19) by taking small areas on
the electrode, writing an'equation for the voltage at these
points and summing over the whole areas of the plates.

Consider the plates to be in the x,z planes, located at
y = 0 and at y = y, with charge densities of o; and o, re-
spectively. The point P where voltage and electric field is
to be calculated has coordinates of (x1,y;,21). In an infinites-
imal area da located at (x,0,2) in the lower plate there is an
electric charge o,da = o dxdz, and directly above it in the
upper plate at a point (x,y;,2), there is electric charge o,
da = o, dxdz. The distance from the electric charge in the
lower plate to the point P is

= [(x-a)® + i + (z-z)" 1"
and from the electric charge in the upper plate to point P is
1y = [(T-21) + (Yoryn)® + (z-20)]*
Thus the voltage at point P is given by
V = (1/4 we)f(ada/r)
= (1/4 we)[ f{(o1/11) + (09/72)] dxdz

where the integration is to be carried out over the dimen-
sions of the plates.

The integration can be solved in the closed form if the
plates are assumed to have infinite dimensions. In a practi-
cal situation where the dimensions are finite, the integral
cannot be solved in the closed form. Consequently, the in-
tegration has to be carried out numerically.

As the electrodes in our studies have a circular face, the
equations given above were transferred into cylindrical co-
ordinates. Two plates with radii of a; and a,, separated by a
distance b were considered. The first plate is assumed to
be at z = 0 and has a charge ¢, while the second plate is at
z = b and has a charge q.. Because of the circular symme-
try, potential V and electric field E are dependent only on r
and z.

Figure 14 shows the electric field distribution as a func-
tion of distance from the working electrode, for a system
with a microelectrode of 100 pm diameter and a counter-
electrode of 0.6 cm diam with a distance of 0.3 cm between

Log F[Vem™]
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Fig. 14. The log-log dependence of electric field on distance from
the working electrode.
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them. The total charge on each electrode has the same
magnitude but different sign.

The figure shows that the field near the electrode is
higher than the field in the solution or near the counter-
electrode. The figure also shows that for distances smaller
than the radius of the smaller electrode, the field is almost
independent of the distance from the electrode.! The maxi-
mum value of field near the smaller electrode is ~4 x 10*
V-em™! which is much smaller than the field required in
the bulk to dissociate water.

Hence, the breakdown of water is not due to field in the
bulk of the water, but to happenings at the metal-water in-
terface.

The i-V relationships up to breakdown.—The i-V rela-
tions (Fig. 12) can be subdivided into those with a limiting
plateau region of several hundred volts (Fig. 2-4 for Fe, Pt
and Au), and those (Fig. 3 and 4 for Co, Cu, and Ni) in
which the plateau region is a mere inflection.

In Fig. 15, the I-V curve of Fe is plotted together with the
dV/dI values. In the initial region up to the plateau, the sit-
uation is that of the electrolysis of water. The I-V relation is
dominated by the resistance of the solution.

The change of species from which H, is evolved from
H;0* to HyO has been studied by Bockris et al. (20) in the
pH range between 2 and 5. As the source of the protons for
a current density above ca. 107® A-em™2 is water, the pla-
teau region cannot be seen as the (activationless) limiting
current of electron transfer as discussed by Despic and
Bockris (21) and particularly by Krishtalik (22).

The current is constant in the plateau region and does
not fall because steam is evolved sporadically and will
allow a continued, but restricted, evolution of hydrogen
within this region.

The plateau region.—The length of the plateau can be as
much as 800V, but some 99% of this would be in the solu-
tion as the ohmic drop. Thus, the likely change of elec-
trode potential corresponding to the several hundred volts
drop in the solution would be of the order of 1V.

Thus, when the potential reaches the level C, at the be-
ginning of the plateau, two processes may combine to pre-
vent further increase of current density.

! Such behavior is consistent with that expected from simple

electrostatics; according to which the field sufficiently near to a
charged plate is 4 wo'e, i.e., independent of distance.
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Fig. 15. The (a) i-V and (b) dV/di dependencies for Fe electrode in
pure water.
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1. At the current-density of a few A-em~2 so much H, will
be evolved that access of the water to the electrode be-
comes increasingly difficult. At the same time, local heat-
ing will give water vapor formation further obscuring con-
tact between solution and metal.

2. Another cause of a limiting current will correspond to
the nontransport controlled limiting current density men-
tioned above. Thus, in the region of electrode kinetic con-
trol, electrons tunnel to the vibrational levels in the water
molecules which can be exceeded for sufficiently negative
values of the electrode potential.

In the plateau region, an intermittent occurrence of a
glow is seen. An interpretation of this may be in terms of
electron levels in the metal which by now have become
sufficiently high to start a plasmolysis of the hydrogen-
steam layer. It is known that, for example Hs, Os, O3, HO,,
H,0,, and OH’ are formed in the plasma (23). The intermit-
tency of the glow at this stage may arise from a buildup of
the concentration of ions, radicals, and electrons, followed
by their recombination (which would give rise to the radia-
tion which constitutes the glow), then rebuild up, ete.

Under these conditions, the electron levels in the elec-
trode can be represented as shown in Fig. 16.

Breakdown.—The position of the Fermi level of elec-
trons in the electrode at the end of the plateau, where a
large increase in current occurs, may be estimated as fol-
lows (in the case of Fe electrode for which different re-
gions in the I-V characteristics are clearly differentiable):

At zero cell potential the Fermi level is at —4.1 eV. Tak-
ing i, for Fe in pH 7.0 solution as 107%! A-cm™? at the be-
ginning of the plateau, where the current density is ~4.5
A-cm™% the overpotential will be

n = —120log (4.5/107%1) = —-1.17V

Therefore, the Fermi level at the beginning of the pla-
teau willbeat -4.1 +1.2=-29eV.

Now the length of the plateau region is ~800V which
may be related to the electrode potential and hence Fermi
level change as follows:

In the region from A to C (for Fe), a change in cell poten-
tial of ~3500V results in change of Fermi level of ~1.17 eV.
Thus, an 800V change would be equivalent to ~0.27 eV
change in the Fermi level. However, in the plateau region
no further increase in the rate of electron transfer to the so-
lution occurs, so that an increase of total cell potential is
likely to increase the electrode potential (and hence the
Fermi level) by a greater degree (per unit of cell potential
change) than that at earlier conditions when an increase of
charge on the electrode surface resulted in an increase of
the rate of loss of electrons across the interface.

Taking now the ratio of dV/dI (Fig. 16) for region CD to
region BC, it seems acceptable to assume an enhanced rate
of increase in the Fermi level change, as a function of the
cell potential in the plateau region of about six from that
calculated from the condition in the region AC. Hence, the
expected change of Er over the plateau region would be
about 1.6 eV and the value of the Fermi level, therefore,
about — 1.3eV (-2.9 + 1.6).

Pure water can be regarded as a semiconductor (24). The
corresponding diagram is shown in Fig. 17 which shows
that the position of the conduction band of water is be-
tween 0 and —1.2 eV.

From the above estimates, at the end of the plateau re-
gion the position of the Fermi level of electrons in the
metal is ~—1.3 eV. Thus, it is hypothesized here that the
breakdown occurs (point D in the Fig. 15) when the Fermi
level of electrons in the cathode becomes equal to the con-
duction band of water.

Under these conditions, the situation is as depicted in
Fig. 18.

One of the more outstanding facts about the prebreak-
down region is that the breakdown occurs at approxi-
mately the same current density. (That is for 11 out of 14
systems this current density is 5 + 2 A-ecm ™% Three further
systems extend this limiting current from 0.3 to 25
A-cm™?).

An interpretation of this can be given in terms of the rate
at which electrons need to be injected into the hydrogen-
steam layer at the interface in order to make it into a
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Fig. 16. The schematic representation of the Fermi level of the elec-
trons in the electrode and different levels in H,0. E:%, E; and E; cor-
respond to the position of the Fermi level corresponding to the regions
B, C, and E, respectively, of the i-V curve. Ey and E¢ represent the val-
ence and conduction bands of water. Barrier for the electrons at the
metal-solution interface is also shown.

plasma.

As noted, the plasma begins sporadically, corresponding
to a charge-up and discharge. But to maintain itself, it
needs a minimum number of electrons per unit area in
time, and this is equivalent to about 5 A-cm~2,

Correspondingly, it is clear that the length of the plateau
varies rather considerably with varying metals, from a
maximum of 800V for iron, down to a mere inflection for
copper and nickel.

Qualitatively, this change can be rationalized in the
sense that the plateau begins when the gas layer precludes
further increase of current density, but the potential at this
point will be variable, depending upon the Fermi level of
the metal and the overpotential needed to reach the con-
stant current density at which the plasma forms.

In order, therefore, to reach the conductance band of
water (a constant independent of metal), different in-
creases of potential will be needed for each metal, i.e., a
length of the plateau will be a metal-dependent parameter.
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Fig. 17. Schematic representation of water as semiconductor [after
Watanabe and Gerischer (24)].
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Fig. 18. Schematic representation of the transfer of electrons from
metal to the conduction band of water in the region at D and after the
breakdown (region E).

Streamers.—In water, dielectric breakdown is associated
with the phenomenon of streamers (6, 13). These appear to
be luminous lines which pass sporadically between cath-
ode and anode and are a major characteristic of the
breakdown process in water. The velocity of these
streamers has been measured to be as high as 10" cm-s~!
(0.1% of the velocity of light) (6, 13). Such a velocity can
only be associated with the flow of electrons.

Now, the ejection of electrons from electrodes into the
solution is a well-studied phenomenon. It is to be distin-
guished from the normal phenomena associated with elec-
trolysis in which electrons tunnel through barriers of a few
angstroms at the electrode and create, e.g., hydrogen
atoms in cathodic processes, i.e., do not form the solvated
electronic states. Electron ejection normally involves sol-
vated electron formation (25). It was first studied by Hart
and Boag (26). However, it is well known that the ejection
of electrons into agqueous solutions cannot occur normally
in thermal electrolytic processes because the potential
generated there is too low (i.e., insufficiently positive) on
the absolute scale. On the other hand, the ejection of elec-
trons into aqueous solutions can'be studied photoelectro-
chemically (27). Correspondingly, it is possible to eject
electrons into nonaqueous solutions thermally as was
shown by Barker and co-workers (28).

The study of the lifetime of hydrated electrons has been
carried out by Johnson (29), who found their lifetime to be
in the region of 107%s. Assuming a distance of 1 cm be-
tween cathode and anode, it is seen that the electron pas-
sage at 107 em-s~! would take about 100 times longer than
the lifetime. Thus, hydrated electrons cannot pass be-
tween cathode and anode.

If consideration be given to the high velocity of the elec-
trons concerned, one can expect a nonadiabatic interac-
tion to occur in respect to the electrons coming to the
water molecules, in contrast to the adiabatic which will
tend to occur with the production of H; when the electrons
are ejected from electrodes photoelectrochemically into
ionic solutions (i.e., when solvated electrons with a life-
time of about 107° s are formed).

Thus, consider a streamer-head velocity of 107 cm-s™.
Taking a water molecule as having a diameter of around
about 3A, the time the electron remains in the vicinity of a
water molecule is some 3 X 107 s. However, the vibra-
tional frequency of the proton in water is around 10'* s~
Thus, upon the approach of a high velocity electron, as in-
volved in the streamer process, to a water molecule, the
nonadiabatic interaction will allow the electron to pass es-
sentially freely through the water (under the influence of a
field in the bulk of solution of about 5000 V-cm™1).

In this way, the formation of streamers is given some
continuity with the prebreakdown theory developed
earlier.

Thus, in summary, the breakdown of the dielectric wa-
ter—and similarly for other liquid dielectrics—occurs
when the potential difference caused by the field applied
between the electrodes causes a change in the Fermi level
in the electrode so that the electron levels reach the level of
the conduction band of the liquid. The field between the
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cathode and anode then causes the electron velocity to be
around 107 cm-s7!, equivalent under a field gradient of
5% 10° V-em™ to an electron mobility of 5 x 10 cm?*
V-1s~1. Similar mobilities are known for electrons in solid
semiconductors (30).

The discussion given here refers to processes at the cath-
ode. However, analogous processes can be supposed to
occur at the anode where the effect of potential would be
opposite in direction to that for the Fermi level in the cath-
ode, i.e., the Fermi level would be lowered until it is coinci-
dent with the valency band and holes can tunnel from the
valency band of the solution and fransfer themselves to
the anode.

The dependence of the breakdown potential upon the ex-
change current density for hydrogen evolution and the
work function of the substrate—The experimental rela-
tionship obtained with six electrode materials is shown in
Fig. 19 and 20.

A qualitative interpretation is easy to make: Fig. 19
shows that the breakdown potential is higher when the hy-
drogen evolution rate is slow (i.e., small i,). To reach the
critical current density for plasma formation the electrode
potential must be increasingly negative for the electrode
with lower i,. Such an increasingly negative value of the
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Fig. 19. The dependence of breakdown potential (V}), on log of ex-

change current density (log i,) for hydrogen evolution reaction at differ-
ent cathodes.
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Fig. 20. The dependence of breakdown potential (V) on work func-
tion {®) of the electrode material.
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electrode potential would express itself in an increasing
cell potential.

The dependence upon work function follows from the
dependence found for the hydrogen evolution reaction. It
is known (31) that there is an inverse relationship between
the exchange current density and the work function such
that, with increase of work function, the i, for the hydro-
gen evolution reaction gets more. High breakdown values
will, therefore, correspond to smaller work functions.

Effect on the breakdown potential of addition of ionic
components—In Fig. 7 is shown the dependence of
breakdown potential on the concentrations of sodium
chloride and ammonium hydroxide: the breakdown po-
tential may be as small as 500V in the presence of ionic
conductors.

This diminution would be consistent with the model, be-
cause the field between the two electrodes is not of direct
importance. If serves to set up a condition which allows an
increase of the potential of the electrode to occur in such a
fashion that the Fermi level of the electrons in metal equal-
izes with the conductivity band of water. If the IR drop is
sufficiently small, the total potential difference required
for the condition for breakdown will also be smaller than
in the case of the lower conductivity (higher IR drop be-
tween the electrodes) associated with pure water.

It appears from plots of V), against 1og Ceectrolyte O lOg
Setectroiyte (Fig. 7 and 8), that the curves do not extrapolate to
the same value of breakdown potential at zero concentra-
tion of the salts. There is a suggestion that higher values of
the breakdown potential could be obtained, e.g., in the
case of ammonium hydroxide, at very low concentrations.

The different slopes of the V}, — 10g Ceiectroiyte Ca0 be quali-
tatively explained on the basis of different dissociation
constant o which causes the number of ions in solution to
be different, so that IR and hence Vi, values will be dif-
ferent.

Practical aspects: improvement of the breakdown poten-
tial in cells involving a water dielectric.—It is desirable to
be able to induce higher voltages on condenser plates,
with the dielectric being water. The energy storage per
unit volume is proportional to the field squared, and there-
fore the energy stored increases rapidly with increase of
voltage.

The adsorption of sulfide on the electrode increases the
breakdown potential by about 2000V (Fig. 9). The black
wax deposits make the breakdown potential greater (Fig.
11).

The interpretation of this is that in order to reach the
conductivity band of the solution, and thus breakdown the
dielectric, the electrons must pass through the black wax,
and they cannot do this until they reach the conductivity
band of wax, which is evidently much higher than that of
water.

To es’.mate the energy stored, we note that the system
can %e represented as shown in Fig. 21.

To calculate the amount of energy stored in the system,
it is necessary to find the potential drop in wax and water
layers. This can be done either on the basis of Ohm's law
using cell voltage, V = 30,000V; cell current density,
i = 1072 A-cm™%; thickness of wax, L., = 0.05 cm; thickness
of water, l... = 0.5 cm; water resistivity, puater = 2 % 108
Q-cm or Gauss's law.

Calculation based on Ohm’s law.—The total resistance R
(=V/I= 30,000/107%) is 3 x 10° Q). As water and wax layers
are in series, R = Ryax + Ryaterr FOr water, Ryae
(Pwater X bwaterS = 2 x 108 X 0.5/1 = 1 x 108 Q.

Therefore, Ry = 3 X 108 — 1 x 108 = 2 x 10° Q, and py.y =
(2 X 108 x 1)/0.05 = 4 x 10" Q-cm.

This value is lower than that reported (32). Impurities
and water vapor may have been trapped in the layer, caus-
ing the drop in the resistivity.

The potential drop in the wax layer is then, Vi, =
Pwaxlwaxt = 4 X 107 X 0.05 x 1072 = 20,000V.

Hence, the potential drop in water, Ve, is

Viwater = 10,000V

(The potential drop in the water dielectric for the system
with an uncoated Pt electrode was 3000V).
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Fig. 21. (a) Schematic representation of water-black wax system and
(b) the circuit model of the studied system.

Calculation based on Gauss’s law.—As [Eds = qle.,
where q is free charge, E..x = g/€.,€wuxs Evater = Q/€c€pater, and
Vwax = qlwax/eoewaxs Vwaler = qlwalml(newalvr'

Hence7 Vwax/Vwater = lwaxewater/lwaterewax = (005 X 790/05 X
2.5) = 3.2.

As Vyax + Vaater = 30,000V, Vo = 20,600V, and Viper =
9,400V.

The ratio of energy stored in water with (E,) and without
wax film (E,) on the electrode surface is given by

EJE; = (Vl/Vz)Z = (9400/3100)2 = 9.2

In this calculation, the energy stored in the wax layer has
not been included.

Conclusions

1. The breakdown potential of water is not connected
with a certain electric field in the bulk dielectric.

2. Breakdown occurs at a specific current density.

3. The hydrogen evolution reaction plays an important
part as far as the cathode is concerned. The lower the ex-
change current density, the higher is the breakdown po-
tential.

4. The glow seen at the electrodes is probably due to the
plasma discharge in a steam-hydrogen gas layer formed at
the water-electrode interface.

5. The breakdown potential is the potential at which the
Fermi level of the cathode becomes equal to the energy of
the bottom up the conduction band of liquid water. Under
such conditions electrons can be readily transferred from
the cathode to the anode without interaction with water
molecules. At the anode, holes would enter the valency
band for water.

6. The head of the so-called streamers is occupied by
electrons moving in the conductivity band of water at a
rate too high for chemical interaction to occur.

dJ. Electrochem. Soc., Volt. 136, No. 9, September 1989 © The Electrochemical Society, Inc.

7. The breakdown potential can be modified by the use
of adsorbed layers of materials, and the storage in water-
can be increased by some ten times by the use of such
coatings.
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The Photoelectrocatalytic Reduction of Carbon Dioxide

J. O'M. Bockris* and J. C. Wass**
Department of Chemistry, Texas A&M University, College Station, Texas 77843

ABSTRACT

The kinetics of the photoreduction of CO, in nonaqueous solutions containing tetraalkyl ammonium cations has been
examined with special reference to the effects of surface decoration of p-CdTe with metals, organic complexes, and crown
ethers. The electrode surface was scanned by SEM, XPS, and particularly by FTIR spectroscopy. The principal product
throughout was CO, although small amounts of formate and methanol were observed. Catalysts, except for the crown
ethers, produce an anodic shift in the i-V curves which is in the region of 100-200 mV, equivalent to =10 times increases in
the rate constant. The efficiency of the conversion of light to CO is =5%. Crown ethers adsorb on the surface in a lying
down position and behave in a pseudo-Langmuirian way. The 18-crown-6 ether in the presence of tetraethyl ammonium
cations produces the greatest catalysis, a 410 mV shift, equivalent to about 10° times increase in the rate constant. The
photoelectrochemical kinetic parameters are consistent with a rate-determining step, CO, + H' + e + hv—>CO + OH".
The catalyst effect of the NR,' ions is interpreted in terms of the foregoing electrochemical reactions, NR;' + ¢ = NR;and
NR; + CO, 2 NRy' + CO,” which take place on different sites from that of the photoelectrochemical reactions. The cata-
lytic shifts are correlated with changes in bonding between intermediate radicals and the catalyst atoms as in electro-

chemical catalysis.

The electrochemical reduction of carbon dioxide has
been well researched (1-3), first on metals (4-33), then at
n-type semiconductors (34-41), and p-type semiconductors
(42-55), and illuminated semiconducting powders
(35, 56-62). The standard thermodynamic equilibrium po-
tentials for the reduction of carbon dioxide to various
products are in the range —0.2 to +0.17V (1). The mecha-
nism of reduction has been the source of much con-
troversy. Recently, the work of Chandrasekaran and Bock-
ris (63), which involved detection and measurement of
intermediate radicals by the use of in situ FTIR spectros-
copy, made it likely that the sequence of the reaction is as
follows (27, 28, 64, 65)

COZaq 2 COZads []]
CO2ads te &2 Co2ads_ [2]
COya:~ + HyO + e —> HCOO™ + OH~ 3]

The photoelectrochemical reduction of CO, has been
studied to a much less degree (38, 39). However, it has
great interest because photosynthesis can be interpreted
in terms of electrochemical mechanisms (66), and because
of the possibility that artificial photocells could be con-
trived which would give rise to the economic reduction of
CO; in the presence of light, to form products of interest,
e.g., methanol.

Investigations have been made which involved the
study of photocurrent-potential relations as a function of
the catalyst type and content on the semiconductor elec-
trode. In parallel, spectroscopic examinations of the struc-
ture of the adsorbed layers have been carried out.

The solutions used for these studies have involved
largely nonaqueous solvents, in particular DMF. Aprotic
solvents have advantages for CO; reduction to CO in that
hydrogen evolution which competes with CO, reduction
can be suppressed and the solubility of CO, is greater
(67-69) than in agqueous solutions. Based upon the studies
of Aurian-Blajeni et al. (70), however, it has been found
helpful to add 1-5% of water.

*Electrochemical Society Active Member.
**Electrochemical Society Student Member.

Experimental

Phosphorous-doped single crystals of p-cadmium tellu-
ride (100), 1 mm thick (Np = § x 10 ¢cm™3), were obtained
from SERI as a gift. The specific resistance was 1.5 x 10?
Qcm. Boron-doped single crystal p-silicon (100)
(Np = 9 x 10% em~3) was bought from Rockwell Interna-
tional. The resistivity was 0.03  em. Electrode materials
were sonicated in methanol for 15 min and rinsed with
triply distilled water before electrode preparation.

Part of the treatment of the semiconductor electrodes in
preparation for photoelectrochemical measurements in-
volves etching the crystal (71). The p-CdTe electrodes were
etched with aqua regia for 30s followed by a 5s washing
with triply distilled water and a drying under a stream of
argon. The p-Si electrodes were etched with the hydrofiu-
oric acid aqua regia mixture (1:1) for 5 min followed by a 5s
washing in triply distilled water and dried under a stream
of argon. This procedure was carried out three times suc-
cessively.

In accordance with the catalytic effects noted by
Taniguchi et al. (72), and supported by other work (73},
arising from the use of ammonium salts as supporting
electrolytes, tetraalkyl ammonium salts (Fluka) were used
as such after recrystallization from ethanol. The solvent for
the photoelectrochemical investigations, N,N-dimethyl-
formamide (Fischer Scientific) was used without further
purification. Gas chromatographic analysis was used to
verify that less than 0.5% degradation products were pres-
ent before use. LiCl0O, and LiF dissolved in HPLC grade
acetonitrile (Fischer Scientific) were the solvents used for
spectroscopic investigations. Triply distilled and pyro-
lyzed water were used to prepare aqueous solutions.

The experiments were carried out under potentiostatic
conditions using a Stonehart Associates, Incorporated, po-
tentiostat, Model BC1200 and a PAR programmer, Model
175. Irradiation was performed with an Oriel Corporation
lamp, Model 6136 and a Bausch & Lomb high-intensity
monochromator no. 33-86-76. All photoassisted controlled
potential electrolysis (CPE) experiments were carried out
at room temperature, 560 nm illumination wavelength
(0.5 mW cm~2), under a blanket of argon or carbon dioxide
after purification (43-45, 74).





