


An iterative procedure for correcting the Tafel slopes for the problem addressed above has been
proposed by Estaban et. al.[100] This is based on the fact that the additional potential drop caused by
the more inhomogeneous current distribution is a function of the average current density of the
electrode and that it varies radially from the centre of the electrode. However, the current distribution
assumed for this correction procedure requires that the electrode is a planar disk. The oxide powder
electrode coatings employed in this master thesis cannot be approximated by planar surfaces. The
current distribution will therefore vary in each point, and not only radially as a function from the centre
of the electrode. The proposed iterative correction procedure is therefore not believed to be

appropriate for the electrodes this thesis, and cannot be used here.

The explanation given above ascribes the deviation in Tafel slopes to the increase in electrolyte
resistance. This might give a contribution to the increase in Tafel slopes as the pH increases, but again,
this does not account for the large jump in Tafel slope values from the solution of pH 2 to pH 3, seeing
that the electrolyte resistance changes less from pH 2 to pH3, than between the other solutions.

As the solution pH increases, the length of the linear Tafel region decreases, mainly because the curves
start to bend upwards at lower overpotentials for each increase in pH. Some of the curves obtained in
the solutions of higher pH might also seem to approach another linear region when the potential is
increased sufficiently. However, the LSV is not extended to high enough potentials to see whether this
actually occurs. On the other hand, dual Tafel behaviour has been observed on thermally prepared
iridium, ruthenium and mixed iridium-ruthenium oxides in sulphuric acid in [97]. The Tafel slope at
high potentials was then found to be 120 mV for all oxides and was not affected by pH changes (i.e. a
reaction order of 0). However, the transition from the lower to higher Tafel slope region was more
marked in this reference. This suggest that the strong bending of the polarisation curves found in this
thesis can be caused partly by a transition to a higher Tafel slope (e.g. 120 mV) and partly by resistive
effects caused by blocking of the electrode surface due to the vigorous gas bubble evolution at these
high potentials. The effect of the increased resistance due to gas bubbles might explain both the slow
bending as opposed to a marked transition, and the fact that the curves seems to approach slightly
different slopes at high potentials. However, it must be stressed that the data in this thesis is not
sufficient to determine Tafel slopes at high overpotentials, and the development at these potentials
can only be guessed.

The transition from a low slope Tafel region where the current increases with pH to a higher Tafel slope
region where the current is unaffected by pH can offer an explanation as to why the lower Tafel slope
region analysed in this thesis is shortened when the pH increases. When the pH is increased the curves
in the low potential region will be shifted down, whereas the curves in the high potential region ideally
has a fixed location. Thus, the intersection of the two linear regions will occur at lower current values
when the pH is increased and the lower Tafel slope region is consequently shortened. This hypothesis
can further explain why the polarisation curves obtained at pH 3 was hard to fit to equation (3-17) as
well as the high resistance value obtained by this equation at this pH. The fit to equation (3-17) is only
valid for compensation of a resistance following Ohm’s law. If the bending of the curve is caused by a
transition to a higher Tafel slope value, the increased current is clearly not an effect of ohmic

resistance. Thus, the fitting procedure is not appropriate in the region when a substantial contribution
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of the second Tafel slope is significant. This might well be the case for the pH 3 solutions as the bending
occurs early and leaves only a short linear region at low overpotentials. The Tafel slopes in the pH 3
solutions might therefore be estimated to too high values in these solutions. The contribution from
this error might be problematic in the other solutions as well, but is expected to be less significant as
the linear regions in the low Tafel regions are much more extended, making the fitting procedure more
reliable.

Dual Tafel slopes with 120 mV at high overvoltages are commonly encountered for the OER at oxide
electrodes.[76, 97, 101, 102] A Tafel slope of 120 mV in combination with a reaction order of O (i.e. the
current is unaffected by the pH) corresponds to the first step of all reaction mechanisms proposed in
section 2.2.2 being the rds. A transition from a low to a high Tafel slope can be caused by a change in
the reaction step that dominates the reaction rate (rds). This can be ascribed to the potential
dependence of the surface coverage of adsorbed intermediates.[97] At higher overpotentials the
surface is saturated with regard to adsorbed intermediates. Another rds that occurs on the less active
regions of the oxide will thus predominate at higher potentials. This can also explain why the transition
from the low to high Tafel slope occurs gradually, since the rds at higher potentials gradually becomes

of greater importance as the potential is increased.

From the discussion above it is clear that the Tafel slopes obtained at higher pHs are less reliable than
those obtained at lower pHs, and that this applies especially for the solution of pH 3 where the linear
Tafel region at low overpotentials is very short. This adds to the uncertainties of the voltammograms
obtained in this solution, which might cause a wrong estimation of the active surface area and thus of
the electrocatalytic activity. As a consequence of the added sources of error for the solution of pH 3,
it was considered that the results obtained when excluding the results from this solution would give

more reliable results.

6.2.6  Anodic reaction orders with respect to H*

The reaction orders obtained from Figure 5-23, which are based on the polarisation curves, varies
depending on the potential at which they are obtained. The reaction order decreases consistently with
increasing potential. This is caused by the consistent increase in Tafel slopes as a function of pH,
causing the polarisation curves to converge towards higher potentials. As discussed above, it is
believed most appropriate to exclude the results obtained in the solutions of pH 3. The reaction orders
are then found to be approximately -1.5 for the pure iridium and ruthenium oxides, whereas the
reaction orders of the mixed oxides are between -1 and -1.5. From Figure 5-23, it can be seen that the
curves used for obtaining the reaction orders exhibit a very close to linear behaviour for the three
points obtained at pH 0 to 2, and that the point obtained at pH 3 deviates from this line. This clearly

demonstrates how the very different results obtained at this pH affects the reaction order.

Due to the uncertainties regarding the increasing Tafel slopes for higher pHs, another approach for
finding the reaction order might be used. If the polarisation curves are evaluated against the RHE
(Figure 5-18 to Figure 5-21), it can be seen that the curves overlap quite well for the lower potentials

of the linear Tafel area. Here, the curves are not yet much affected by the differences in value the Tafel
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slopes. An overlap of the polarisation curves when plotted vs. RHE corresponds to a reaction order of

-1.5 if the Tafel slope is 40 mV. This therefore further indicates that the reaction order is -1.5.

A reaction order of -1.5 in combination with at Tafel slope of 40 mV agrees with that found for
thermally prepared RuO; in [97, 103]. One of these references [97] also found the reaction order to
decrease with addition of iridium to the oxide, similar to what is found in this thesis. However, in this
reference, the reaction order of pure IrO; was -1, and the intermediate values between -1.5 and -1
could be justified by a combination of iridium and ruthenium oxide sites.

As seeninsection 2.2.2 reaction orders should in theory be integer values. However, fractional reaction
orders are often encountered for the OER at oxide electrodes.[76, 104] A number of reasons for the
fractional reaction orders are given by Carugati et. al.[103] The most encountered explanation is that
a fractional reaction order is related to double layer effects caused by the surface charge of the oxides
being a function of pH due to the acid-base properties of metal oxide surface in aqueous
solutions.[104, 105] Oxide surfaces are high-energy surfaces that interact strongly with water, and
become covered by OH groups in aqueous media. These groups behave as weak acids or bases, and
acid-base equilibria at the oxide surface give rise to surface charging according to the following

reactions:

S—OHf 2S—0OH+H*
Or:

S—OH=S-0"+H*

The dissociation of the OH groups is a function of the solution pH. When the reaction order with
respect to H* is investigated, the proton concentration is necessarily changed, and therefore the free
charge of the oxide changes as well. As a consequence, the potential at the reaction site also changes
with pH.

For a Tafel slope of ca. 40 mV, the most likely rds is the second step of the electrochemical reaction
path (or equivalently the second step of the mononuclear path). If the potential at the reaction site is
@*, the rate expression for the rds is given by (see section 2.2.2):

agF(E-¢")

lyq X Aop,,€ KT

Where a, is used instead of (1 — ).
The reaction site is in this case equal to the adsorption plane, and therefore the potential at the

reaction site is given by the potential at the adsorption site. The potential at the adsorption site is

further proportional to the pH as a consequence of the acid-base equilibria according to[105]:

., RT
Q"= ?lnam

Inserting this into the equation for the current of the rds:

aoFE _agFo* agFE _agFRT
l2,a X Aon,, € RT e RT = lpq X Qgp,,€ RT e RT F

In A+
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When step 2 is the rds, it is assumed that step one is in quasi-equilibrium, and this can be used to
express the activity of OH as a function of the activity of H*:

",a =N,
(1-B)FE —BFE
kljaaSCHzoe RT = k1,Ca0HadSaH+e RT
FE

1

aOHadS (o8 aH+eRT

Inserting this into the expression for the current of the rds:

_, FE agFE _
lq X ay+eRTe RT a, .*

_ (ag+1)FE
(1+aa)67RT

lZ,a x aH+

From this expression for the total current, it is evident that the anodic reaction order of protons equals
—(1 + ay), thus justifying a fractional reaction order. Often a, = 0.5, and the resulting reaction order

expected from reaction step 2 being rds is -1.5.

The explanation of the reaction order of -1.5 given above requires step 2 in the electrochemical
reaction path to be the rds. Thus, a reaction order of -1.5 is more likely linked to the second step being
the rds, rather than the third step in the mononuclear path, seeing that the third step does not involve
OH groups. The lower reaction orders for the mixed iridium ruthenium oxides can by this model be

explained by a lower a, value at these oxides.

Fractional reaction orders has also been explained by two competing or parallel reaction pathways
occurring at the electrode. The observed values of the Tafel slopes and reaction orders are then a
combination of the values expected for the competing pathways, and depends on the fraction of the
catalytic sites that follow each individual pathway.[106, 107] The surface sites available for each
pathway can also change as a function of pH, since OH groups still are important in the second step
proposed as rds above, and the reaction order can thus change with pH. The explanation of competing
pathways can also be used to justify intermediate values of Tafel slopes.[106] This can explain the Tafel
slopes of RuO, that were found to lie between 32 mV and 36 mV. These values are intermediate values
between the Tafel slopes expected if step 2 of the chemical oxide path (30 mV) and step 2 of the
electrochemical  oxide path (39 mV) are parallel. A reaction order of
-1.5 is also supports this hypothesis. However, with regards to IrO, the reaction order of -1.5 is more
likely to be caused by the first explanation as the Tafel slopes at IrO; are very close to 40 mV, and not
intermediate values between steps 2 and 3 being rds. The explanation relying on the double layer

correction explained above thus seems to be a more likely explanation for the fractional reaction order.

In view of the discussion above, the second step of the electrochemical path is expected to result in
Tafel slopes of 40 mV and reaction orders close to -1.5. The reaction order could deviate from -1.5 as

it depends on the value of a,. The Tafel slopes can deviate from 40 mV due to different surface
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coverage of the intermediates. These two kinetic parameters are close to what is observed for all the
oxides examined in this thesis. Taking into account the effects on the Tafel slope discussed in the
previous section, the Tafel slopes at the lowest pH are most reliable. This makes the reaction orders
obtained from the lowest part of the polarisation curves plotted vs. RHE more reliable than the
reaction orders found from Figure 5-23, where the higher parts of the linear Tafel region are
considered. The conclusion is thus that the reaction order and Tafel slopes of all the examined oxides
correspond well with step two of the electrochemical oxide path being the rate determining step.

6.3 DETECTION OF BY-PRODUCTS OF THE OER BY RING-DISK EXPERIMENTS
The results obtained in relation to detection of by-products by the ring-disk electrodes will be discussed

in this section. Firstly, the results from establishment of the method are discussed, then the results of
the different two catalyst materials on the disk are discussed. In the end a comparison of the results

are given, and the identity of the ring currents are discussed.

6.3.1 Establishment of method

Experiments in ferricyanide solutions
The potential step experiments performed with the Fe(CN)¢~/Fe(CN)3~ redox couple and the ring-

disk electrode with a gold disk and a platinum or gold ring behaved as expected. The collection
efficiency of the Au ring-Pt disk electrode in the conventional RRDE set-up was slightly lower than the
theoretical value of 25 %, but similar to the value obtained for the same type of electrode in [9]. The
collection efficiency does not vary significantly with rotation rate. The ring-disk electrode has an
interchangeable disk, and small changes in height of the disk each time the electrode is assembled can
affect the flow regime. Slight variations are therefore expected to occur between different
experiments. The collection efficiency is approximately twice as high for the conventional RRDE set-up
compared to the flow cell arrangement [12], which is expected, as approximately half of the ring

electrode surface is upstream to the disk in the flow cell.

A transit time was observed in both the flow cell and the conventional RRDE cell. Further, no products
were detected at the ring when no flow or electrode rotation was employed. Since the conventional
RRDE cell is well established in the literature, employing this set-up allowed to compare the observed
transit times with expected theoretically calculated values, as seen in Table 5-11. The theoretical values
were in good agreement with the observations. This also allowed for comparison of the two cell set-
ups used in this thesis. It can be seen that the flow rate of 300 mL/min resulted in approximately the
same transit time as a rotation rate of 900 rpm, and 50 mL/min to approximately the same flow as at
100 rpm.

Cyclic voltammetry at the disk in the 10 mM ferricyanide solution also gave expected ring current
responses. Again, a transit time that decreased with increasing rotation rate could be observed. This is
not strictly the transit time as defined in section 3.3.2 as these are potential sweep and not potential
step experiments. As the potential increases continuously from a potential where no reaction occurs
to potentials where ferricyanide is reduced, it is more difficult to know the exact time of the start of
the reduction. However, the product still has to travel from the disk to the ring, and this is expected to
go faster with higher rotational speed of the electrode, which is in agreement with Figure 5-27. The

current at the ring when the electrode is not rotated is constantly zero, indicating that no disk products
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are able to reach the ring for these conditions. The RRDE with the Au ring electrode and the Pt ring
electrode give very similar results, which is a further indication that these electrodes behave

exemplary.

In the diluted ferricyanide solution (0.1 mM K3Fe(CN)s) the disk currents are quite different than those
obtained in the 10 mM KsFe(CN)g) solution. At these low concentrations, the currents caused by the
redox couple are so small that the capacitive processes occurring at the electrode surface gives a
significantly higher contribution to the total current at the disk. As the ring currents are in the range of
0.0002 mA and the collection efficiency is ca. 23 %, the disk current due to the redox reaction is
probably about 0.0008 mA, which is only 10-20 % of the currents observed at the disk. The rest of the
currents thus presumably correspond to double layer charging at the electrode. Background currents
at the ring caused the currents to be shifted slightly upwards when the electrode was rotated.
However, the currents are very low in this solution(ca. 0.3 pA), and even a very small background
current is sufficient to detect a deviation from zero. If the constant background current is subtracted

from the ring response, it seems like the expected behaviour is still obtained from the ring.

In summary, the experiments performed in the ferricyanide solutions showed that the ring-disk
electrode worked as expected, both in the flow cell and in the conventional RRDE set-up. A relation
was also found between the transit times in the flow cell and the conventional RRDE.

Experiments without catalyst coating in 0.5 M H2S04
The main features of the detected ring currents at the Pt electrode are the reductions observed when

the disk was at approximately 1.1. V and 1.9 V while ring was held at 0.6 V. The reduction at 1.9 V is
unique for the Pt ring at 0.6 V, whereas the reduction at 1.1 V is also observed at the Au ring at 0.6 V.
This is in agreement with oxygen reduction that is only expected to occur at the Pt disk at 0.6 V, as
described in section 2.3. The fact that the reduction current is a product from the ring is further
demonstrated by the increasing transit time as the rotation rate decreases.

The reduction current observed at both the Pt and Au ring after the reduction at the ring at ca. 1.1V
is probably linked to the reduction process at the disk, since it is detected at the ring right after the
reduction occurs at the disk, and it is observed earlier at the ring when the flow rate is higher. Similar
behaviour has been observed at Au and Pt ring electrodes combined with a gold disk electrode in
sulphuric acid earlier, and was found to be caused by dissolution of the gold disk during the reduction
peak at 1.1 V.[108] In this reference different ring potentials of the gold ring were studied. It was found
that the reduction peak at the ring decreased when the ring potential was increased, until finally
oxidation currents could be detected when the ring potential was > 1.24 V vs. SHE. This can explain
why no ring current is observed when the ring is held at 1.2 V, as this is close to the potential where
no oxidation or reduction of the gold dissolution product occurs. Gold dissolution products are thus a
plausible explanation of the detected reduction currents at the ring close to a disk potential of 1.1 V

on the reverse scan.

Small reduction currents are observed at the Au ring at both 0.6 V and 1.2 V, when the disk potential
is above 1.75 V at the positive scan. This is possibly also seen at the Pt ring at 1.2 V, but the currents

are very small. When the Au ring is at 1.2 V, this reduction seems to occur at the same time whether
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the electrode is rotated or not. This is therefore not likely to be caused by any physical process that
would require the transport of species from the disk to the ring. These currents might therefore be
ascribed to artefacts of the potentiostat or to build-up of species in the solution resulting in a
background current. Since this only occurs for disk potentials above 1.75 V, these phenomena are
probably linked to higher disk currents.

In summary, the experiments performed in 0.5 M H,SO, with only the gold substrates at the disk
suggest that the detection of by-products of the OER at ring-disk electrodes can be done with Pt and
Au rings. Dissolution of the gold substrate may contribute to the detected ring currents by a reduction
peak after the reduction of the gold disk at ca. 1.1 V vs. SHE. However, when the disk is coated by
catalyst, this current contribution is expected to decrease. Artefacts of the potentiostat could possibly
result in small deviations from the baseline current at potentials above 1.75 V at the disk.

6.3.2  IrO, disk and Au or Pt ring in H,SO4

Experiments in the flow cell
The experiments with the Au and Pt ring performed in the flow cell are similar to those performed in

the preliminary project work [12], but in addition the electrolyte flow rate is varied. The response if
the gold and platinum ring electrodes are similar as those obtained in the preliminary project. For the
Auring at 0.6 V and the Pt ring at 1.2 V, a reduction is observed at the positive scan of the disk and an
oxidation at the reverse scan. Reducing the disk scan rate has the effect of lowering the normalised
ring currents, and possibly giving less oxidation in relation to oxidation currents at the ring. These
effects were also observed in the work of Kuznetsova et.al. in a similar flow cell set-up with an IrO, disk
in combination with a Pt ring at 1.2 V.[9] The size of the ring and disk currents are also in the same
order of magnitude as those obtained in these references.

If the ring currents obtained at the Au and Pt rings at a scan rate of 100 mV/s are compared, it is
interesting that they exhibit almost the same shape and size. This means that if the currents arise from
by-products of the OER, these by-products must be equally electrocatalytic at both Pt and Au. This is
not the case for ozone, as described in section 2.3, and probably not the case for any intermediate
requiring adsorption to the electrode surface to react. The similar currents at the Pt and Au electrode
thus indicates that these currents might not be caused by OER by-products.

When the Pt ring is held at 0.6 V, oxygen reduction is expected to occur at the ring when the OER
commences at the disk. This is in accordance with Figure 5-32. However, unlike the experiments with
the uncoated gold disk (Figure 5-29) it is difficult to distinguish the location of the peak potentials of
the ring currents, and therefore impossible to see the effect of different electrolyte flow rates.

The new finding from the discussed in this section compared to the results of the preliminary project
work is that the current at the ring is unaffected by the electrolyte flow rate. This is unexpected, as all
products produced at the ring will require some time to travel from the disk to the ring. However, the
ring currents observed when the Pt ring is held at 0.6 V are unaffected by flow rate as well. The latter
experiment can be regarded as a reference experiment, as it is known that oxygen reduction will occur
at the Pt ring at 0.6 V. When these experiments result in a reduction current at the ring even when the

electrode is not rotated, this indicates that oxygen, and thus also other products from the disk, can
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travel from the disk to the ring without enforcing electrolyte flow by the pump. An explanation to this
can be that the vigorous gas evolution due to the ORR at the IrO, disk causes strong convection. The
currents at the IrO; disk are approximately 40 times higher than those observed at the uncoated Au
disk, and this can explain why the gas bubbles causes this effect when the disk is coated with the
catalyst as opposed to when the disk electrode was the plain gold electrode. These results suggest that
the vigorous gas evolution at the IrO, disk complicates the ring-disk measurements for the high current
values obtained at the disk.

Experiments in the conventional RRDE set-up
Similar experiments to those discussed above were executed in a conventional RRDE set-up. This set-

up has a different flow pattern and the gas bubble removal is therefore also expected to be different.
The experiments with the Pt ring at 0.6 V exhibited a more promising nature in this set-up compared
to the flow cell. When the disk was scanned to 1.9 V, the ring currents at no rotation were significantly
lower than when the electrode was rotated. It is unclear why the gas evolution should give less
disturbances in this cell set-up.

The currents obtained in the conventional set-up when scanning the disk to only 1.7 V are less noisy
than those where the disk is scanned to 1.9 V. The results are also more reproducible, possibly because
the flow is less disturbed by gas bubbles. This enables a more reliable interpretation of the ring current
response as a function of flow rate (Figure 5-38). When the electrode is rotated, two reduction peaks
are observed at the ring for each cycle at the disk. These are similar to those obtained for the Pt ring
in combination with the gold disk (Figure 5-29 a). One reduction peak is located right after the OER
peak at the disk, whereas the other peak is located right after the reduction at the disk (at 1.1 V of the
negative scan). The observations suggest that there might be some gold areas exposed at the
electrode. Then the reduction currents can be explained in the same way as those observed at the Pt
electrode in combination with the gold disk. The higher currents at the reduction related to oxygen
reduction can be explained by the disk being more active for the OER when it is (partly) coated by IrO..

Another interesting feature observed in Figure 5-38 is the ring current response at O rpm. It does not
seem like the response is a result of oxygen reduction, since both a cathodic and an anodic response
is observed. This indicates that the gas evolution is not high enough to disturb the convection
significantly when the potential is scanned only to 1.7 V. The curve at 0 rpm exhibits exactly the same
behaviour as the Pt ring at 1.2 V in the flow cell (or equivalently the Au ring at 0.6 V). At the positive
scan, a small reduction occurs, before it suddenly shifts to positive currents when the disk scan is
reversed. The size of the peaks are also approximately similar for all these cases. This is further proof
that this feature, observed at the ring when the electrode is not rotated, cannot be explained physically
by products travelling from the disk to the ring. This feature is observed in all other experiments when

the rotation rate is zero, and will hereafter be referred to as “Feature X”.

The experiments with the catalyst coating applied on the ring instead of the disk, and using the plain
Pt disk for detection gives further evidence of this feature being attributed to something other than
the products of the disk. When rotation is employed for this configuration, it is expected that all
products will be flung out from the ring, and thus not be able to reach the disk which is located

upstream of the ring in the conventional RRDE experiments. However, the ring current response in
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these experiments were still quantitatively similar to those obtained in the flow cell and at the Pt ring
at 0.6 V and O rpm (Figure 5-38), i.e. exhibiting only “Feature X” in the ring current response. This is a
strong indication that this feature is most likely an artefact related to the instrumentation, and will
therefore in all following interpretations be regarded as such. The resulting ring currents when
“Feature X” is subtracted from the ring current response will therefore present the true ring current
arising from products originating from the ring. It should, however, be noted that “Feature X" is a
function of the disk scan rate and of the upper potential of the disk. However, the current response at
0 rpm is included in all figures and can thus easily be compared with the curves obtained at other

rotation rates.

The results from cyclic voltammetry at the IrO; disk in combination with the Pt ring electrode at 1.2 V
were interpreted in two ways. First with the basis of “Assumption 17! and subtracting “Feature X”,
small oxidation currents were detected at higher rotation rates. However, these oxidation currents
endured for the entire period when the disk was scanned to low potentials. This is not expected if the
species giving rise to the reduction currents are by-products of the OER. On the contrary, it would then
be expected that the oxidation would cease after some time, and faster when the rotation rate was
increased. This is not the case when ”Assumption 1” is used. It might therefore be more correct to
employ “Assumption 2”2. When “Feature X” is subtracted, “Assumption 2” results in a net reduction at
the ring at higher rotation rates. A further indication of a net reduction when “Feature X” is neglected,
is the small shoulder of the reduction currents observed at high rotation rates. The reason for this
being absent in the curves obtained at slow rotation rates can be because the transit time is longer
than the time until “Feature X” commences, and is thus disguised by this. If the reduction ceases later
at the slow scan rates, this can also explain why it takes longer time before the ring currents at these

experiments reach zero current again after “Feature X” has occurred.

The most plausible interpretation seems to be based on “Assumption 2”, and thus that only reduction
currents results from the products produced at the ring. This is in accordance with the potential step
measurements performed on the same catalyst with the Pt ring at 1.2 V in the flow cell (Figure 5-36).
In these experiments, holding the disk at 1.8 V also resulted in net reduction currents. These are also
in the same order of magnitude as the reduction currents observed in the potential sweep experiments
if “Feature X” is subtracted from the net current (< 0.5 pA). If the net reduction current is caused by
by-products of the OER, the most plausible specie is ozone, as this is the only product with long enough
lifetime that can cause reduction currents at the ring, as outlined in section 2.3. The assumptions
underlying this conclusion will be further addressed in section 6.3.5.

The collection of experiments performed for the IrO, catalyst has resulted in valuable insight into the
results obtained during the preliminary project work. It seems that the conventional RRDE set-up is
superior for removal of gas bubbles, especially when low electrolyte flow rates are desired. Lowering
the upper potential limit of the disk is also useful to ensure less disturbances of convection due to
vigorous gas evolution. It was found that an upper disk potential of 1.7 V to 1.8 V is sufficient to obtain

ring current responses. Further, it has been valuable to study the effect of varying the electrolyte flow

1 “Assumption 1” involves shifting all the currents such that “Feature X” balances for all ring curves.
2 “Assumption 2” involves shifting all ring currents such that they are zero when the disk potential is at 0.6 V.
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rate, especially in relation to the conventional RRDE set-up. Varying the rotation rate allows for
comparison of calculated values with observed transit times. Thus, this can be used to see whether a
current is likely to be a result of a species with a probable transit time, or not. A feature in the ring
current curves referred to as “Feature X” was found to be flow-independent and therefore ascribed to
the instrumentation rather than to products originating from the ring. Further analysis of ring currents
should therefore be based on subtracting this current contribution from the recorded ring currents.
However, the origin of this feature is unknown, and the analysis is thus somewhat dubious. During the
time of this thesis, the origin of this feature could not be established, but further work should attempt
to identifying this.

6.3.3  IrO; disk and Pt ring in 0.5 M NazSO4
Changing the electrolyte from 0.5 M H,SO4 to the near-neutral 0.5 M Na,SO, solution had an effect on

the Pt ring currents detected at both 0.6 V and 1.2 V. The results were also less noisy and more
reproducible in this solution, which might be a result of the smaller disk currents, and thus less bubbles,
obtained in this solution.

The results from the Pt disk at 0.6 V can again be used as a reference as it is known that oxygen
reduction will occur at this electrode when the disk is scanned to potentials where the OER occurs.
From these experiments it is obvious that the results are more reproducible and reliable in this
solution. Evidence for this is that the onset of the oxygen reduction at the ring start earlier and cease
earlier as the electrode rotation rate is increased. In addition, the ring current at 0 rpm does not seem
to be a result of oxygen reduction. As seen in the H,SO4 solution, the ring current at O rpm again seems
to be mainly a result of the potentiostat feature close to the maximum potential of the disk.

The ring currents obtained when the Pt disk is held at 1.2 V are somewhat similar to those obtained by
the corresponding experiments in sulphuric acid. Here as well, the ring current obtained at 0 rpm
includes only “Feature X”. Applying “Assumption 1” (Figure 5-44) it can be seen that the oxidation
currents at the ring commences earlier when the electrode is rotated faster. Comparing the transit
times in Table 5-14 with the start of the oxidation current, it is probable that the specie resulting in the
oxidation is produced close to the peak potential at the disk. This applies for all small molecular species,
as the transit times for other small oxygen containing species are in the same range. This indicates that
the positive contributions to the ring currents are probably caused by by-products of the OER. From
the ring current obtained at 50 rpm, it seems to be a reduction process occurring at the ring electrode,
as well. This process can be disguised by the high oxidation currents at larger rotational speeds. This
finding suggests that there might be two processes, one reduction and one oxidation, occurring at the

ring simultaneously. For most rotation rates, the oxidation seems to be the dominating process.

However, as pointed out for the results in sulphuric acid, a problem with “Assumption 1” is that the
oxidation currents endures the entire time between the peak potentials of the disk. Thus “Assumption
2” might give a more reliable interpretation. If “Feature X” is subtracted from the curves in (Figure
5-45) a small reduction is observed at the forward scan of the disk, and it is followed by an oxidation
after the disk scan is reversed. The fact that the reduction and oxidation responses commences faster
when the rotation rate is increased is a strong evidence that the currents are caused by products

originating from the ring.
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It is useful to compare the potential sweep experiments with the results from the potential step
experiments given in Figure 5-47. For the potential step measurements it is assumed that the ring
current when the disk is at 0.6 V is equal to the background, and can thus be subtracted. This results
in a reduction at the ring when the disk is at 1.7 V. This fits best wit “Assumption 2”, as no reduction is
seen if “Assumption 1” is applied. After the step down to 0.6 V at the disk, a small oxidation peak might
be observed at the ring at 800 rpm. This can indicate that the oxidation current is not originating from
the disk while the OER is occurring, but rather that it is an effect of reducing the potential again.
Further, this peak occurs in the beginning of the step down to 0.6 V and does not endure until the
potential is stepped up again. This means that the small oxidation peak must be linked to species being
present at the surface at the time when the potential is stepped from 1.7 V to 0.6 V, rather than being
produced continuously at the disk at 0.6 V. However, this feature is barely visible in the ring current
and it is therefore not certain that it results from species from the ring. Therefore, it will not be
discussed further here. However, a similar feature but with significantly higher currents were seen in
the experiments with IrosRuo.40; at the disk. This feature will therefore be discussed in relation to that

material below.

Either of the assumptions used to interpret the results of the potential sweep voltammetry results in
both oxidation and reduction currents. This is also seen in the potential step voltammetry. Thus, the
processes occurring at the disk seem to result in at least two different by-products, one giving rise to
reduction at the ring and the other to oxidation. Comparing the results from potential sweep and step
voltammetry at the disk, “Assumption 2” seems to be the most plausible. The most likely situation is
thus that the by-product causing a reduction current is produced while the OER occurs at the disk (and
possibly also at somewhat lower potentials). This specie dominates the ring current until the disk starts
to scan in the negative direction. Then, a specie resulting in oxidation at the ring is released at the disk
surface, and after some time (depending on the rotation rate), oxidation dominates. Again, this is
based on assumptions about the background current that will be discussed further in section 6.3.5.

The experiments performed in the sodium sulphate solution resulted in more activity at the ring
compared to the experiments in the sulphuric acid solution. The reason for this is difficult to predict as
the disk currents in the two solutions are different, and the differences in gas evolution might affect
the currents detected at the ring. The experiments in the sodium sulphate solution does anyway
provide more insight into the by-products produced at the IrO; disk since higher by-product currents
provide more reliable results. With higher currents at the ring it is more evident that some of these
currents are in fact originating from the disk, still excluding “Feature X” as concluded in the last section.

6.3.4  IrosRuUo.40; disk and Pt ring in 0.5 M H,SO4
The results from the experiments with IrgsRup40, at the disk are discussed in this section. The

discussion is divided into two, where the results from holding the Pt ring at 0.6 V are discussed in the

first, and the results from holding the Pt ring at 1.2 V in the second.

Ptring at 0.6 V
For IrosRuUo.40; at the disk, experiments with the Pt ring at 0.6 V were again performed as reference

measurements. A more thorough series of experiments was performed, both with potential step and

sweep voltammetry at the disk. This allowed for comparison with calculated transit times. As seen
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from Table 5-14 the transit times observed in the potential step measurements are close to the
calculated values for oxygen. It is not surprising that there is more deviation between the calculated
and observed transit times for O, as compared to the Fe(CN)e*/ Fe(CN)s> couple, since the equation
for transit time is derived for simple redox species that do not require adsorption and desorption at
the disk. This is more correct for the Fe(CN)s*/ Fe(CN)s> couple than for the OER. In addition, the gas
evolution at the oxygen electrode can disturb the electrolyte flow.

For the experiments with cyclic voltammetry at the disk, the currents recorded at the Pt ring at 0.6 V
showed smooth reduction current peaks for each of the rotational speeds (Figure 5-48). The transit
time is similar for the potential sweep and step voltammetry, if the transit time for the sweep
voltammetry is taken as the time between the start of the OER and until any reduction is observed at
the ring.

The experiments with Pt at 0.6 V thus behave as expected, and suggest that a maximum disk potential
of 1.7 Vis a good choice for low noise levels.

Ptringat1.2V
For the experiments with the ring potential at 1.2 V and cyclic voltammetry at the disk, the same

problem with large background currents as observed for IrO; was encountered. Thus, it was necessary
to apply the two assumptions used for the experiments for IrO, here as well. As before, “Assumption
1” is insufficient to explain why the oxidation current endures for the entire time when the disk is at

low potentials.

However, “Assumption 2” and subtraction of “Feature X” results in a large reduction current
commencing at the disk potential of 1.2 V for high rotation rates. This is long before the onset of the
OER, and is contradictory to the results obtained by Kuznetsova et.al.[9] where the reduction
commenced concurrently with the onset of the OER. This was possibly also the case for the IrO; catalyst
both in sulphuric acid and in the sodium sulphate solution when “Assumption 2” was applied. However,
the currents resulting from those experiments were much smaller, and thus less reliable. For
Iro6RU0.402 these currents are so large that it can be assumed that the currents are not mere
instrumental artefacts, but rather results of products originating from the disk. None of the possible
by-products that can cause reduction at the ring at 1.2 V (HO; and Os) proposed in section 2.3 can be
produced electrochemically at the disk at 1.2 V. This implies that either “Assumption 2” is incorrect or
that the reduction at the ring results from something other than HO, and Os form the disk.

Comparing with the potential step measurements it is more evident that a reduction current can
indeed be observed at the ring at lower disk potentials than those required for the OER. Stepping the
potential up to 1.7 V results in a net reduction at the ring. The reduction is likely to be a result of a
specie originating from the ring since the transit time depends on rotation rate and is close to what is
expected for species with diffusion constants similar to O,. When the disk was stepped from 0.6 V to
1.4V, a qualitatively similar reduction response is observed at the ring. This suggest that the reduction
current at the ring in the potential sweep experiments can in fact be caused by a process at the disk

that commences before the onset of the OER. According to this, “Assumption 2” still holds.
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When the potential is stepped down from 1.7 V to 0.6 V oxidation peaks are observed at the ring. The
onset of the oxidation is shifted towards later times for lower rotational speeds. Again, the transit
times are similar to what is expected for small molecules traveling from the disk to the ring, indicating
that these peaks are results of species produced at the disk as soon as the potential is stepped down
to 0.6 V. The observed oxidation current has the shape of a peak, and is not present throughout the
entire step at 0.6 V. This suggests that the species that are oxidised are present in a certain amount,
as opposed to being continuously produced throughout the time at this potential. Therefore, it is
probable that the species causing the oxidation peak is related to surface species present at the
electrode during the polarisation at 1.7 V, and not related to species continuously produced at 0.6 V.
The potential step voltammetry between 0.6 V and 1.4 V does not result in this oxidation peak, and it
is thus probable that the species causing the oxidation currents at the ring are produced only at high

potentials, suggesting that these are related to the OER.

As the oxidation of the specie commences only after the potential is stepped down from 1.7 V, the
specie is probably not a by-product of the OER under constant potential conditions, but rather a
product produced due to fluctuating potential conditions. A possible mechanism for this behaviour is

attempted in the following.

If the same reaction mechanism applies for the OER both during the potential sweep and potential
step voltammetry, the same intermediates will be present at the electrode. However, the amount of
the intermediates is a function of potential and can therefore result in different by-product yield
depending on how fast the potential is varied. When the OER occurs at the disk, all reaction
intermediates are consumed in the OER (and possibly also for a by-product causing the reduction
currents at the ring). When the potential is stepped suddenly down to 0.6 V the OER abruptly stops,
and unreacted intermediates of the OER are left on the surface. At 0.6 V these cannot react further to
oxygen. Instead they can desorb from the disk electrode or possibly react to form other products.
These can then be detected as oxidation current at the ring held at 1.2 V. During the sweep
voltammetry, however, the OER does not abruptly stop but rather ceases gradually. Thus, both the
surface concentration of intermediates and the oxygen evolution ceases gradually, and less or no
intermediates will result in the specie giving oxidation currents at the ring. This can explain why the
large oxidation currents are observed as the potential is stepped from 1.7 V to 0.6 V as opposed to
what is observed during the potential sweep. This is also in accordance with the results from
Kuznetsova et.al.[9] where the ring currents at Pt at 1.2 V decreased with decreasing scan rate of the
disk (i.e. more gradual decrease of the OER).

The reduction currents at the ring are of another nature, and seems to be related to a specie that is
produced continuously at high disk potentials, resulting in ring currents that endure as long as the disk

is at high disk potentials both during potential step and potential sweep voltammetry.

6.3.5 Summary of the ring-disk experiments with IrO; and IrggRu0.40
The ring current responses in the ring-disk experiments where the Pt ring is held at 1.2 V while the disk

is scanned to potentials equal to or higher than 1.7 V are found to exhibit certain features that are
flow-independent. These features are referred to as “Feature X” and are assumed to be related to the

instruments employed. When the ring currents are interpreted, the contribution from “Feature X” is
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therefore subtracted from the observed current response. Due to large and inconsistent background
currents, certain assumptions had to be done in order to compare the current responses at different
rotation rates. Based on the combination of potential step and potential sweep voltammetry at both
catalysts, it has been found that the results are more likely to be explained by “Assumption 2” than by
“Assumption 1”. However, the analysis presented is somewhat dubious due to the fact that the origin
of “Feature X” and the origin of the background currents are unknown.

Applying the assumptions above, only small reduction currents were observed for IrO, in sulphuric
acid. The measurements with the same catalyst in the sodium sulphate solution did however result in
higher activity at the ring. The results suggest that at least two species other than oxygen is produced
at the ring, one giving rise to oxidation at the ring and the other to reduction. A combination of both a
reduction current and an oxidation current was also the case for IrgsRuo.40; in sulphuric acid. For the
potential sweep experiments, oxidation dominates the current response for IrO, in the sodium
sulphate solution, whereas reduction dominates for Iro sRup.40,. This is in accordance with the work of
Kuznetsova et.al.[9] where mainly net reduction currents were detected for IrgsRuo.402, whereas both

oxidation and reduction currents were detected at IrO,.

If the current responses are compared to the size of “Feature X” it seems like the amount of by-
products is significantly higher for IrgeRu040> than for IrO,. This can explain why no net oxidation is
observed for this material, as it can be disguised in the large reduction. The potential step
measurements revealed significantly higher oxidation currents for IrgsRuo.40; as opposed to IrO,. This
can indicate a higher amount of surface coverage of intermediates at the mixed oxide. This is in line
with the higher Tafel slopes observed at the mixed oxide. However, comparison of the quantity of by-
products for the two materials is difficult due to different conditions (disk potential and electrolyte),
and no conclusions can be done in this respect. It would be interesting to test other oxide compositions

by the similar ring-disk measurements to see whether this is indeed a function of composition.

It can be concluded that the ring current response is a result of three contributions: the feature
ascribed to the instrumentation (“Feature X”), reduction currents and oxidation currents. From the
potential step measurements it can be suggested that the reduction current is occurring concurrently
with the OER, and can thus be regarded as a by-product of the OER. However, both the potential sweep
and potential step voltammetry suggest that this product is produced already at potentials lower than
the onset of the OER. None of the candidate species presented in section 2.3 can explain this
behaviour. A candidate for the oxidation current at the ring is H,0,. This specie cannot be produced by
oxidation at the disk at the low potentials when the oxidation is observed at the ring. However, it can
be produced by recombination of the hydroperoxyl radical (see section 2.2.3). This can thus suggest
that this specie is present at the electrode. This is in line with the work of Kuznetsova et.al. where HOO
was identified at the surface of IrO, by potential modulated reflectance spectroscopy.[9] However,
further investigation of the specie causing the oxidation at the ring must be done before any conclusion

can be made.

Since there are at least one reduction and one oxidation process occurring at the ring, it is vital to know
when the current is zero. As long as the nature of “Feature X” and the background currents are

uncertain, it is not possible to conclude regarding the position of the current curves along the y-axis,
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and it cannot be known for certain when reduction or oxidation currents starts or ceases during the
potential sweep experiments. The experiments performed during establishment of the method could
unfortunately not elucidate these complications, possibly due to considerably lower disk currents. In
the absence of a resolution to the cause of these artefacts, we therefore refrain from further
interpretation here. Further work would, however, have to resolve these artefacts and possibly involve
iodometry and/or spectroscopic methods such as FTIR and UV-vis spectroscopies, as well.

As no conclusions could be drawn concerning the identity of the by-products, the results from the ring-
disk experiments cannot elucidate the reaction mechanism occurring at the disk. The same reaction
mechanism was found to occur at all four oxides based on the Tafel slopes and reaction orders. Thus,
the intermediates at the surfaces of IrO, and IrosRu040: are expected to be of the same identity.
However, based on the slight differences in Tafel slopes, the intermediate coverage at these two oxides
possibly exhibits slightly different potential dependency, and thus by-product yield under dynamic
potential control. From the Tafel slopes and reaction orders, the rate limiting step of the OER at these
oxides appears to be the transition of OHags to Oags, Which suggests that OHags is available at the surface
during the reaction. However, the Tafel slopes and reaction orders were determined only at low
overpotentials and under near steady-state conditions, and might therefore not apply under the

conditions applied during the ring-disk experiments.

The different ratios of the cathodic and anodic contributions to the ring currents in the potential step
vs. potential sweep measurements illustrates the potential dependence of the intermediate
production. This is demonstrates the importance of investigating the by-products of the OER under
fluctuating conditions in relation to operation of a PEM water electrolyser. It seems that some
operating conditions and catalyst material compositions can favour less by-product yield and thus

longer life-time of the electrolyser.
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7 CONCLUSIONS AND FURTHER WORK

In this work, four different compositions of rutile oxide powder was obtained through a hydrolysis
synthesis procedure, IrO,, Iro6RU0.402, Iro3RU0702 and RuO,. The syntheses resulted in powders with
crystalline oxide phases. The catalytic activity for the OER at the oxides increased with increasing
ruthenium content in both sulphuric and perchloric acid. Characterisation by cyclic voltammetry
proved that the mixed oxides exhibited voltammograms intermediate of those obtained for the two
pure iridium and ruthenium oxides. Indications of surface segregation of iridium were found for

Iro.3RUp.705.

The Tafel slopes and reaction orders of the four oxides were established in perchlorate solutions of pH
0, 1, 2 and 3. Tafel slopes of approximately 40 mV and reaction orders of -1.5 were established for all
oxides. The fractional reaction order was ascribed to double layer effects caused by the acid-base
properties of the metal oxide surfaces in aqueous solutions. Thus, the reaction order of -1.5 in
combination with the Tafel slopes of 40 mV can be ascribed to step 2 in the mononuclear path being
the rate determining step of the OER at these oxides. This means that it is the transition of the surface
adsorbate OH,gs to adsorbed oxygen O.qs that is limiting the rate of the OER at these materials. The
Tafel slopes varied somewhat with the composition of the oxide, which indicates that the intermediate

coverage, and thus the stability of reaction intermediates depends on the composition.

A ring-disk electrode was used for electrochemical detection of by-products of the OER. Two different
set-ups were employed, either a flow cell with a pump providing the electrolyte flow or a conventional
rotating ring-disk electrode. The conventional RRDE set-up seemed superior for experiments with
vigorous gas evolution when a low electrolyte flow rate was desired. Varying the rotation rate of the
electrode revealed that parts of the detected ring current originated from features probably caused
by the instrumentation. These features and a variable background current contribution at the ring
complicated the interpretation of the ring-disk measurements. The identity of the products produced
at the ring could therefore not be established. However, a combination of potential step and potential
sweep voltammetry at the disk strongly suggests that at least two products other than oxygen were
produced at the disk, one giving rise to a reduction at the ring and the other giving rise to an oxidation.
As no conclusion could be drawn concerning the identity of the by-products, the results from the ring-
disk experiments could not elucidate the reaction mechanism further.

Potential sweep and potential step voltammetry at the disk resulted in different ratios of the two by-
products. This demonstrates that the production of by-products depends on the potential dynamics of
the oxygen electrode, and thus the importance of investigating the by-products of the OER under
fluctuating conditions in relation to operation of a PEM water electrolyser. It seems that different

operating conditions favour different by-products and also different amounts of these products.
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7.1 FURTHER WORK

In this study the Tafel slopes and reaction orders with respect to protons were determined at low
overpotentials. However, the reaction order was determined on the basis of the polarisation curves in
only three solutions due to mass transport limitations of H" in the solution of pH 3. Furthermore, the
reaction order was found to vary with the potential. Thus, it would be valuable to improve the accuracy
of the measurements by obtaining the polarisation curves in one or two more solutions with different
pH. Furthermore, the polarisation curves at high potentials are uncertain in the results presented in
this thesis. It would be interesting to extend the polarisation measurements into higher potential
regions to see whether this would actually yield Tafel slopes of 120 mV or not.

For the ring-disk experiments, it is obvious that the artefacts that were ascribed to the instrumentation
in this thesis must be resolved before further experiments of this type can be performed. If these are
resolved, it would be interesting to investigate the relationship between the oxide composition and
by-product vyield at all four oxide compositions synthesised in this work. This can give further
information about how the intermediate-to-by-product ratio depends on composition. This can then
be related to the determined reaction mechanisms. Possible relations between differences in surface

coverage and by-product yield at the different oxides could also be analysed.

The ring-disk experiments with IrO, suggested that the by-product yield was different in the sodium
sulphate and sulphuric acid solutions. It would be interesting to investigate this further by performing
similar experiments in solutions of different pH. This can then be compared to the development of
Tafel slopes as a function of pH, and might yield information about the development of by-product

yield, and thus intermediate coverage, as a function of pH.

Non-electrochemical methods like FTIR and UV-vis spectroscopy, and possibly iodometry, in situ or ex
situ, will also be important to conclude on the identity of the by-products of the OER.
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