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A photophysical technique for the measurement of local
oxygen concentration near an electrode surface
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Electrochemical processes involving gas production are of great technical importance but the mechan-
isms involved in the growth of electrogenerated bubbles and transport processes involving gas near an
electrode still remain obscure. This paper describes an original technique, based on the inhibition of
the fluorescence of an appropriate substance by dissolved oxygen, for the measurement of the local
concentration of dissolved oxygen near an electrode. The possibilities offered by this technique and

typical results are presented and discussed.

1. Introduction

Electrogenerated gas is produced by a sequence of
several steps. First, an electrolytic process occurs
involving dissolved matter, which is followed by
bubble nucleation and then growth. Gas supersatu-
ration is to be expected near the electrode surface at
low rates of nucleation or growth, and may be an
alternative method for supplying concentrated dis-
solved gas in reactors, e.g. oxygen in chemical or bio-
chemical reactors [1]. In addition, the phenomenon of
supersaturation is of obvious fundamental interest.
An analogy between electrolytic bubbles and vapour
formation in boiling liquids has already been devel-
oped by several authors. In particular, several attempts
have been made to establish models for bubble growth
[2] and mass transfer at gas—liquid interfaces [3]. The
various models described in the literature show the
complexity of this phenomenon [2, 3].

The supersaturation of electrogenerated gas has
been investigated over the last thirty years by using
microelectrodes or transient electrochemical tech-
niques. For the case of hydrogen evolution on a
platinum surface, measurements of overpotential
and the observation of the potential transient indi-
cates concentrations up to five times the saturation
value [4, 5]. More recently, Bon and Tobias [6]
obtained concentrations at an electrode correspond-
ing to a hydrogen pressure of between 4 and 70
bars, depending on the operating conditions.
Oxygen evolution was later investigated by Shibata
[7] using a galvanostatic method which showed con-
centrations 70 times greater than the saturation
value. Other devices e.g. the rotating disc cone elec-
trode, have been used for investigating the evolution
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of hydrogen [8] or the production of oxygen [9]. Pres-
sures corresponding to between 10 and 36 bars were
reported. Theoretical studies based on Scriven’s
model [10] and taking into account the growth rate
of oxygen bubbles, showed that the concentration
could attain 36 times its saturation value [10, 11].

All the methods mentioned above yield estimates
for the concentration of dissolved matter at the elec-
trode surface. However, the spatial distribution of
this concentration is not directly available. Concen-
tration profiles can be obtained by a theoretical
model of oxygen transport from the electrode surface
to the bulk, in relation to its transfer to an existing
bubble. Nefedov er al. [12] recently measured oxygen
concentration profiles using either a microdisc facing
the gas evolving electrode, or a high speed photo-
graphy. Supersaturation was claimed to exist only in
a 50 um thick layer near the electrode surface [12].

This paper presents a new method for determining
the local concentration of dissolved oxygen, based
on fluorescence inhibition. A laser beam is focused
near a small platinum electrode which is the source
of oxygen production in a solution containing a fluor-
escent substance. The fluorescence emitted by the
focal zone, with reference to that where oxygen is
absent, gives the local oxygen concentration. Concen-
tration profiles of oxygen near the electrode surface
are obtained and discussed.

2. Fluorescence inhibition by oxygen

Substances which fluoresce are excited by absorption
of radiation of a suitable wavelength. The back tran-
sition to the fundamental state is accompanied by
light emission at a longer wavelength. Fluorescence
is the light emitted in a singlet—singlet transition to
the fundamental state. Oxygen can quench fluores-
cent emission by absorbing the energy of the excited
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molecule. This side phenomenon hinders fluorescence
and is the principle of the method used here for
measuring the local concentration of dissolved
oxygen.

The following photonic processes are involved:

M+ hy, — M*

Absorption of the excitation light at a rate I,
M* — M+ Ay
Fluorescence emission with rate constant kg
M*"+0, — M+0;

Inhibition by oxygen with rate constant k;
MY — M
Nonradiative transition, with rate constant k,

All the processes can be assumed to be first order with

respect to all species. Therefore, the rate of formation
of excited M* may be expressed as

dM*

=1

dt ?

Assuming steady-state conditions, the formation rate

is equal to zero and
I = (M) ks + ke + i (O))] (2)

The fluorescence intensity is defined as the product
k¢(M*) and can be written as
Lkg
Iy = 2 3
U T+ ke + K, (05)] ©
In the absence of oxygen, fluorescence is emitted with
an intensity I, given by

— ki(M™) = 5i(M")(0;) — k,(M¥) (1)

Lk;
Iy = o 0 4
Combining the above two expressions for fluorescence
intensity leads to the Stern—Volmer relation:

I, . ki(Oy)
A ©)

This equation states that the oxygen concentration
can be determined by measurement of the fluo-
rescence intensity in an oxygen-free solution, and in
actual conditions of oxygen production.

Using suitable optical devices, and provided there is
a sufficient convergence of the beam, a laser can be
focused to a point of less than 30 um diameter.
Thus, without perturbing the electrochemical reac-
tion, this technique allows the measurement of local
oxygen concentrations by the fluorescence emitted
from such small focal zone.

3. Molecule and laser

Pyrene tetrasulfonic acid (PTSA) was selected for this
study since this molecule exhibits significant fluo-
rescence inhibition by oxygen over a suitable range
of pressure [13] and is of sufficient solubility in water
or in aqueous solutions. In addition, this molecule
has very different wavelengths for absorption and

fluorescence emission. One absorption peak is in the
range 290-330nm and a continuous He—Cd laser
(A =325nm) was therefore used. Significant fluo-
rescence intensity at 405 nm was measured for PTSA
concentrations near 10 M in a 0.1M NaOH
solution.

3.1. Electrical stability of the molecule

The stability of PTSA in an electrical field was initially
verified at the bench scale. Oxygen was generated at a
platinum coated titanium electrode (area ~ 40 cm?)
for a period of 10 min at controlled potential with con-
tinuous recording of the electrical current. The elec-
trolyte solution was 107 M PTSA in a 0.1 M NaOH
medium. Both absorption and fluorescence spectra
were compared before and after electrolysis. Appreci-
able changes in the spectra were observed when the
electrode potential exceeded 1.30V vs SCE for more
than two hours. The average corresponding current
density was close to 100 Am™. Additional experi-
ments showed that the molecule had an acceptable
stability at current densities of up to 1000 Am™2,
but for shorter periods.

3.2. Calibration

Fluorescence inhibition was calibrated in a glass cell
operating at gas pressures up to 10 bars, as shown in
Fig. 1. The volume of the cell was approximately
20cm’. For this purpose, the fluorescence signal was
measured in an equilibrium solution having a gas
phase of known oxygen partial pressure. Varying
this pressure from 0 to 5 bars gave a calibration
plot. Because of the slow rate of gas—liquid mass
transfer, the cell was thoroughly shaken several
times between short rest periods. Equilibrium was
assumed to be attained when the fluorescence signal
from the solution became steady. The oxygen pres-
sure was measured at an equilibrium using a mano-
meter with an accuracy of 0.05bars. Fluorescence
emitted in an oxygen-free solution was observed by
reducing the gas pressure in the glass cell down to
1073 atm, using a vacuum pump for approximately
30min. The intensity of the fluorescence signal U,
obtained for various partial pressures of oxygen,

Calibration setup
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Fig. 1. Experimental setup for calibration of the fluorescence
technique.
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Fig. 2. Calibration curve of fluorescence inhibition by dissolved
oxygen, expressed in the form of a Stern—Volmer relationship: U
denotes the signal delivered by the photoamplifier at oxygen pres-
sure P(O,).

was plotted using the Stern—Volmer relation. Because
of its importance in estimating the oxygen concen-
tration, or its corresponding partial pressure, cali-
bration was repeated four times and experimental
data were found to be of a satisfactory consistency
(Fig. 2). The following relation was obtained:

% = 140.235P,, (6)

where Py, is the oxygen partial pressure (bars) in equi-
librium with the 10™> M PTSA, 0.1 M NaOH solution
and U, is the fluorescence signal measured in an
oxygen-free solution.

The amount of dissolved oxygen in the electrolytic
cell was expressed in terms of the corresponding pres-
sure Pg, in equilibrium with the alkaline solution. The
fluorescence signal at Pg, = 0 could not be measured
in this cell and was therefore estimated from the inten-
sity observed under ambient conditions, with no
oxygen evolution (i.e. for Py, = 0.21 bar), using the
calibration relation (Equation 6).

4. Experimental device

Figure 3 shows a schematic diagram of the experi-
mental setup. The optical components were fixed on
an optical bench and the electrolytic cell was attached
to a X-Y-Z microcontroller table.

4.1. Optical device

The optical system was designed to allow accurate
focusing of the He—Cd laser beam in a defined
volume in the electrolyte solution (Fig. 3). Lenses 1
and 2 broaden the beam and the small numerical aper-
ture avoids the microscope objective getting in the
way of the beam. The laser was then focused to a
small volume (diameter =~ 30 ym) by the large numeri-
cal aperture lens 3. This system ensures focusing on an
accurately located small volume of liquid. All optical
components upstream from the electrolytic cell were

Experimental setup
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Fig. 3. Measurement of local oxygen concentration in the liquid
phase. (a) Experimental setup. (b) Views of the electrode tip and
the oxygen bubble: side view on left and top view on right.

purchased from Ealings, France and were compatible
with u.v. wavelengths.

When irradiated by a concentrated laser beam the
liquid volume emitted high density fluorescence in
all directions of space. In order to avoid damaging
the amplifier by the incident beam fluorescence was
measured perpendicular to the laser beam. Even
though the incident beam and the emitted fluores-
cence are of different wave lengths, and despite the
fact that measurements were made at a 90° angle, an
interferenciel filter at 405nm was located between
the cell and the photoamplifier to avoid the side-
absorption of incident light. Two double lens,
(Melles-Griot, France) were installed on the measure-
ment axis focusing the emission from the test volume
in to a 80 um pinhole close to the photoamplifier. The
amplifier was mounted on a secondary X-Y-Z micro-
controller table and its location was carefully checked
by measuring the maximum fluorescence.

4.2. Electrolytic cell

Experiments were conducted in stationary fluid in a
parallelipipedic cell made from plates of Altuglas™
(methyl polymethacrylate) and provided with quartz
windows for the laser beam and the emitted fluo-
rescence. The working electrode was a 100 ym dia-
meter platinum wire, embedded in an Altuglas
cylinder (Fig. 4). The conical end of the electrode sup-
port was machined and smoothed with emery paper
and diamond paste. A sheet of expanded platinum
coated titanium acted as the counter-electrode. The
electrode potential was referred to a saturated calo-
mel electrode located in the cell. The cell was enclosed
in a lightproof box.
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Fig. 4. Schematic view of the platinum electrode; distances are given
in millimetres.

4.3. Experimental procedure

The platinum electrode was activated by hydrogen
evolution at —1.25V vs SCE for 10 min prior to fluo-
rescence measurements. A positive potential was then
applied to the electrode for 5-20 min, depending on
the current density for oxygen production. For
lower current densities, the cell current was shut off
before measurements. For higher current densities,
the electrode potential was reduced to 0.7-0.9V vs
SCE to avoid bubble detachment from the electrode
surface. However, the first series of measurements
was found to give data of poor reliability and was sub-
sequently considered to be only an additional acti-
vation of the electrode.

The box surrounding the electrolytic cell prevented
continuous observation of the electrode surface and
attached bubbles. After a series of fluorescence
measurements the bubble diameters were determined
by means of a microscope eyepiece to an estimated
tolerance of 50 ym.

5. Results

Preliminary experiments showed the feasibility of the
online technique in that oxygen production was
observed to give an appreciable reduction in fluo-
rescence intensity. Moreover, transient signal peaks
indicated bubble detachment from the metal surface
and sudden changes in the concentration profile due
to the bubble motion. Transient oxygen production
and the effects of the interface near the electrode
were investigated prior to measurement of the concen-
tration profile.

Bubble diameter was found to increase with current
density, in good agreement with the conclusions of
Janssen and Hoogland [14]. The diameters of typical
oxygen bubbles increased from 150 um at 50 A m~>
to 500 um at 1200 Am~2. However, the bubble dia-

meter was also influenced by the roughness of both
the platinum surface and the edge of the 1nsulator
Thus a 300 um bubble could be formed at 30 Am >
if there was a rougher surface.

5.1. Fluorescence decay transient

Fluorescence decays were measured for oxygen pro-
duction experiments at controlled potential. The dis-
tance z between the electrode surface and the focal
point was 50 um. The current rapidly decreased and,
in most cases, reached a constant value after a few
minutes. Signal decay exhibited similar variations
reaching a steady-state level after Smin. The corre-
sponding oxygen pressure was in the range of 5-
10 bars, depending on operating conditions.

A first attempt at modelling was made by neglecting
bubble formation and considering only the electro-
lytic production of oxygen and its diffusion in the
liquid. Solving Fick’s law with a constant concen-
tration gradient at the electrode, neglecting the time
variation of current density, yielded expressions for
the oxygen concentration with time and distance,
C(z,t). The theoretical relation was based on the
reduced variable C
C-Cioo
—
where C* denotes oxygen solubility under atmo-
spheric pressure (1.29molm™> at 20° C) and Ci_gis
the initial concentration. For current densities of
1000 and 100 Am ™2, respectively, the reduced concen-
tration at z = 100 um can exceed 20 for 1.5s and 205,
respectively (Fig. 5). As shown in Fig. 5, experimental
variations are much slower than predicted by the
model. The large discrepancy is due to the amount
of gas formed and the presence of an interface near
the focal point. More realistic models are required
for quantitative interpretation of fluorescence decay.

C=

5.2. Effect of an interface on fluorescence measurement

The incident laser beam is affected by the presence of a
phase discontinuity. A change in refractive index
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Fig. 5. Time variation of the concentration of dissolved oxygen from
the electrode surface. Comparison of experimental results with
predictions from the model, neglecting bubbie formation. Current
densities: (W) 100 (theoretical), ([1) 1000 (theoretlcal), (&) 700
{experimental) and (<) 1200 (experimental) Am™2.
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results in reflection and diffraction around the
object, deviates the laser beam in the gas phase
and consequently modifies the excitation in the liquid.
In addition, fluorescence emitted by the irradiated
zone near an interface may also undergo similar
phenomena. Both effects alter the fluorescence
measurements and the estimation of local oxygen
concentration.

Simulation tests were carried out using objects of
comparable size (200—800 um): (i) hydrogen bubbles
and (ii) glass spheres glued to the electrode tip. Fluo-
rescence intensity profiles were measured along the
axis of the photoamplifier, i.e. perpendicularly to the
incident beam. Coordinate x was arbitrarily con-
sidered as positive when the focal point was located
between the electrode tip and the photoamplifier.
Figure 6 relates to profiles generated by solids and
shows the significant effect of the interface, especially
when the laser is focused at the bottom of the
sphere (x =0). The decrease in the fluorescence
signal corresponds to oxygen pressures up to
2bars. For negative values of x, the sphere partly
hides the emitted fluorescence and the signal intensity
is underestimated. This corresponds to apparent
pressures of 0.5-0.8 bars for x below —0.5mm. The
well-defined and symmetrical peak of the concen-
tration profile is due to the maximum effect of the
spherical interface (Fig. 6) and the peak width is of
the same order of magnitude as the sphere diameter.
The effect becomes negligible as the laser is focused
far from the sphere and the oxygen pressure reaches
its bulk value (0.21 bar) for x > 0.5mm. It should be
noted that the electrode also alters the fluorescence
signal and results in an apparent supersaturation
(Fig. 6).

The profiles obtained with hydrogen bubbles are
shown in Fig. 7. Their behaviour can be seen to be
almost the same as for glass spheres and the apparent
gas pressure is of the same order, for comparable dia-
meters. The maximum apparent oxygen pressure is
obtained for a 800-900pum diameter hydrogen
bubble, and it seems that the larger the bubble, the
more significant is this side-phenomenon.
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Fig. 6. Effect of a solid phase (electrode tip or glass sphere) on the
fluorescence signal. The observed signal was converted into appa-
rent oxygen pressure; x is the coordinate in the direction of the
photoamplifier. Key: () electrode tip, (1) ¢ = 360 pum and (@)
¢ = 570 pm.
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Fig. 7. Effect of a hydrogen bubble on the fluorescence signal. The
observed signal was converted into apparent oxygen pressure; x is
the coordinate in the direction of the photoamplifier. Bubble
diam., ¢: (M) 200, (CJ) 250, (@) 500 and (&) 850 pm.

5.3. Concentration profiles of dissolved oxygen

The concentration profiles were measured under
steady-state conditions. The fluorescence signal at a
given location was checked at the end of a scan in
one direction. The results have a satisfactory consis-
tency indicating that there are only small variations
in bubble size and concentration profiles with time.
The relative stability of measurements with time is
probably due to the small amount of oxygen
produced.

Concentration profiles on the axis of the photo-
amplifier are reported in Figs 8, 9 and 10 for various
current densities and for bubbles of the same dia-
meter. For z of about 50 um, the profiles exhibit a
well-defined maximum at x = 0, but the observed con-
centration depends strongly on the bubble diameter.
For the smallest bubbles, the observed fluorescence
signals for oxygen evolution do not significantly
differ from those recorded for hydrogen bubbles
(Fig. 8). Increasing the oxygen current density results
in higher fluorescence inhibition. The corresponding
oxygen pressure at x = 0 reaches 2bars at 100 Am™?,
3bars at 400 Am ™2 and 10bars at 1200 Am~> (Figs
9 and 10). These results are lower than those pub-
lished for concentrations at the electrode surface.
For instance, supersaturation has been reported, ([8]
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Fig. 8. Profiles of oxygen concentration measured at a vertical
distance z of 50 um from the electrode tip. The bubble diameter
was in the range 150~200 pm for all experiments. Symbols refer to
oxygen evolution at i and the solid line is the apparent concen-
tration observed with a 200 ym hydrogen bubble. ( ) Electrode
tip. Current densities: (A) 38, (#) 65 and (@) 83 Am™2.
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Fig. 9. Profiles of oxygen concentration measured at a vertical
distance z of 50 um from the electrode tip. The bubble diameter
was about 300 um for all experiments. Symbols refer to oxygen
evolution at i and solid line (——) is the apparent concentration
observed with a 300 gm hydrogen bubble. Current densities: (l)
450, (@) 123, (¢) 97 and (O) 28 Am™2,

or [7]), to be almost 6 bars at 100 Am~2 [8] and 14 or
50 bars at 500 Am™2. The discrepancy is due to the
different experimental techniques used in the investi-
gations. In addition, contrary to published data,
values presented here are related to supersaturation
phenomena at 50 ym from the electrode surface.

The decrease in pressure occurs mainly for x below
400 pm; the corresponding pressure at this location is
in the range 0.5—4 bars, depending on the current den-
sity for oxygen production. The profiles become less
steep further from the electrode tip or from the
bubble and the partial pressure reaches its bulk
value at x =0.8-1.2mm. Fluorescence concen-
tration profiles near oxygen bubbles or other inter-
faces exhibit similar shapes and the profiles for
oxygen should be corrected for the presence of the
other phase.

It has been shown that in spite of the inevitable side
signal involved in the measurement technique, oxygen
supersaturation can be observed by fluorescence
quenching:

() for current densities greater than 100 Am™2, the
signal induced by the presence of the bubble is of a
lesser importance compared to that due to actual
oxygen supersaturation;

(ii) The technique can be used to measure the oxygen
supersaturation in a zone of appreciable thickness
from the electrode surface. For the case treated here
of a stationary fluid, this thickness is in the range
0.6—1.2mm, which is far larger than the layer thick-
ness reported in [12]. Supersaturation phenomena
are related to electrode processes and mass transfer
through the gas—liquid interface. Therefore, the
order of magnitude for the thickness of the super-
saturation zone surrounding the bubble, corresponds
to that of the diffusion layer in almost stagnant flow.
In real electrolytic cells, where higher turbulence is
ensured by bubble detachment from the electrode sur-
face, it is to be expected that supersaturation in
oxygen production will be observed over a much
thinner layer.
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Fig. 10. Profiles of oxygen concentration measured at a vertical
distance z of 50 um from the electrode tip. The bubble diameter
was in the range 400-500 ym for all experiments. Symbols refer to
oxygen evolution at 7 and the solid line (——) is the apparent con-
centration observed with a 500 ym hydrogen bubble. Current den-
sities: (O) 486, (@) 664, (<) 703 and (@) 1200 Am™2.

6. Conclusion

This paper presents the first results of the use of a
photophysical technique for the measurement of
local concentrations of a dissolved compound. The
technique has been used to determine oxygen concen-
tration profiles and demonstrates the phenomenon of
supersaturation of an electrogenerated species. Side-
reflection and diffraction of both the incident laser
beam and the emitted fluorescence at the bubble inter-
face change the signal in a significant manner, especi-
ally close to the electrode. Nevertheless, the profiles
obtained further from the electrode tip are quite reli-
able. Further work will report measurements of pro-
files at the top of the electrode and a more accurate
interpretation of the results.
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