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Despite the widespread application of ultramicroelectrodes (UMEs), the customary method of their
electrochemical characterization via outer sphere redox probing has serious limitations. In this study we
provide additional insights into this subject by measuring not only outer sphere redox couples, but also
blank voltammetries and the reactivity towards various catalytic reactions of Pt UMEs. The data for the
UMEs are compared to those for macroscale Pt electrodes that can be flame-annealed. Although the
reactivity is similar for reactions that are rather insensitive to the surface structure (and/or composition),
UMEs perform much worse for more surface sensitive catalytic reactions. This effect can be explained
by the UMEs being contaminated much faster, though it remains to be established if the origin of this
contamination lies in the preparation method or in the impurities in the (high-purity grade) chemicals
used. Our study recommends that catalytic reactivity measurements on ultramicroelectrodes should always
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1 Introduction

A wealth of information concerning ‘conventional’ and newer
types of (electro-)catalysts has been gained in decades of catalysis
research. Due to improved catalytic properties, experimental
approaches have to be increasingly specialized for the reaction
studied, to be not (kinetically) limited by the setup used. Mass
transport and resistance can easily become issues while studying
electrochemical reactions with large kinetic rate constants.
In such cases, decreasing the geometrical dimensions of the
electrode to the micrometer scale or smaller can help remedy
these inconveniences. This strategy is based on the fact that
miniaturization improves mass transport and decreases absolute
currents, both beneficial for situations where high kinetic rates
are concerned."

So long as the electrode is not reduced to the nanometer
scale, it should be possible to directly compare their results
to the macro-scale world. Upon further size reduction, e.g. as in
the case of nanoparticles, there are plenty of examples of size
dependent reactivity due to the presence of specific nanoscale
effects.” ">

On a different note, it is known from the literature that the
selectivity of Pt for the reduction of O, to H,O (with H,O, as an
intermediate/sideproduct) decreases by increasing the mass
transport rate."®'* These observations were attributed to the
competition between the adsorption/desorption of H,0, and
trace contaminants that are present even in the highest purity
grade chemicals.”>™*®> Furthermore, a recent publication by
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be accompanied by blank voltammetries and the results have to be interpreted extremely carefully.

Chen et al. indicates, unexpectedly, that already on the micro-
meter scale differences in catalytic reactivity can be observed for
the oxidation of hydrazine on Pt electrodes in HCIO,."® This effect
cannot be explained by competitive adsorption/desorption as no
stable intermediates are known for hydrazine oxidation to N,."”'®

These results call for a more in-depth comparison between
the reactivities of platinum macroscale electrodes and ultra-
microelectrodes (UMEs). UMEs come in many varieties, but have in
common at least one dimension that is smaller than the diffusion
layer thickness (~10 pum) although still much larger than the
double layer (10-100 A).%*°

As reviewed by Climent and Feliu, the characterization of
platinum surfaces in electrochemistry is, for historical reasons,
most often performed in dilute sulfuric acid.?® In this medium,
the defining features in cyclic voltammograms (CVs) are clearly
visible and well understood.”* With the introduction of flame
annealing, these so-called blank CVs (blanks) have enjoyed
excellent reproducibility between different labs, making it the
default method for electrode characterization. From such blanks,
one can discern the presence and/or absence of contaminating
species and specific reaction sites.>**>

Even though such practices are now widespread within the
community studying Pt electrochemistry, blank CVs of (Pt) UMEs
are rarely published and if at all only for high potential scan
rates>>® which make them rather insensitive towards slow
reactions. Reactions with slow kinetics or reactions which are
diffusion limited (e.g. trace contamination) will be suppressed
under these conditions. Instead, surface probes such as the
[Fe(CN)e]* ">~ or [FcCH,OH]”** redox couple enjoy high popu-
larity for electrode characterization.””° The problem is that
such outer sphere redox couples are, although some complications
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are known,*"** in general, insensitive to the surface structure,
composition, and cleanliness.>®> The main benefits of these
experiments are determination of electrical contact and gain
information regarding the geometrical dimensions of the
electrode,’ but their suitability for the assessment of surface
reactivity is highly debatable.

Outer sphere redox couples, blank voltammetry, and catalytic
(inner sphere) reactions were measured in this study to make
a solid comparison between the catalytic reactivity of macro-
electrodes and UMEs. The redox couples studied were the
oxidation of ferrocenemethanol ([FcCH,OH]"**) and the reduction
of hexaammineruthenium ([Ru(NH;)]*"/*"). Similarly, catalytic
reduction and oxidation reactions were also studied. For catalytic
reactions, a further distinction was made: reactions that are well
catalyzed by Pt in general (largely surface insensitive) and reac-
tions that require specific surface ‘defects’ (surface sensitive).
The chosen reactions are oxidation of hydrazine (N,H,),"*""?*?>
oxidation of methanol (CH;0H),"***° and reduction of nitrate
(NO;7).*"* For each of these reactions, the Tafel slope, onset
potential, and specific activity (where applicable) were compared
to the values obtained on flame-annealed platinum electrodes
under similar experimental conditions.

2 Experimental

UMEs were prepared from platinum wire (50 pm diameter,
Goodfellow, 99.99%) which was electrochemically etched to the
desired thickness.""'® Next, the wire was dipped in freshly
prepared piranha (3:1 v/v H,SO, (Sigma-Aldrich, Puriss. p.a.)
and H,0, (Merck)) for a few seconds and rinsed with ultrapure
(>18.2 MQ cm™*, Millipore Milli-Q) water. The electrode was
made by sealing the wire into a soda lime glass capillary using a
butane torch. The absence of bubbles surrounding the seal was
confirmed using an optical microscope. A microdisk was exposed
by polishing with increasingly fine-grained sandpaper, after
which alumina (Kemet o-alumina powder solution) or diamond
paste (Kemet diamond emulsion) was used for a final polish
on a microcloth (Buehler). To finish, the electrode was rinsed
thoroughly with ultrapure water, acetone (Sigma-Aldrich,
99% Puriss.) and ethanol (Sigma-Aldrich, 99.8% Puriss. p.a.) after
which it was sonicated (Bransonic 2510, Branson) in ultrapure
water to remove any residue of the polishing process. When the
UME was used for experiments, mechanical polishing and soni-
cation were applied only when blank voltammetry indicated this
to be necessary, to increase the reproducibility and the ‘lifetime’
of the electrode (e.g. Pt/glass seal, surface conditions).

Different previously reported (see e.g. ref. 19, 26, 44 and 45)
UME cleaning methods were used to prepare the UME for daily
use of which the following routine gave the best and most
reproducible results. At the start of each day, the UME was sub-
sequently rinsed with ultrapure water; sonicated in ultrapure
water (5 min); and 500 times cycled between 0.06 and 1.60 V vs.
RHE (0.5 M H,SO, at 1 V s™') to yield a blank voltammogram
that was reproducible over multiple days when the same pre-
treatment was applied. In between experiments on the same day,
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the electrode was rinsed with ultrapure water and cycled (same
conditions as before) 100 times. At the end of the day, the UME
was once more cycled 500 times, rinsed with ultrapure water
and stored in a desiccator until the next use. Adsorption of CO
by bubbling through the electrolyte or from methanol decom-
position followed by CO stripping, commonly used to clean Pt
nanoparticles,*®*” was also tested to clean the UMEs. However,
this did not improve the blank voltammetries while increasing
the risk of introducing contamination. The platinum electrodes
used for comparison (referred to as macroelectrode) have a much
larger geometric surface area (tens of mm?) than the UMEs and
were cleaned by annealing in a butane flame.

All glassware was cleaned by initially boiling in a 3:1 v/v
mixture of sulfuric acid (Sigma-Aldrich, Puriss. p.a.) and nitric acid
(Sigma-Aldrich, ACS reagent grade) and stored in permanganate
solution (1 g L' KMnO, dissolved in 0.5 M H,SO,) in-between
experiments. Prior to each experiment, trace amounts of residual
permanganate and manganese oxide were removed with dilute
piranha, after which the glassware was cleaned by repeated boiling
in ultrapure water. Electrolyte solutions were prepared by dis-
solving the appropriate amount of chemicals in 25 or 100 mL
ultrapure water. The electrolyte was purged of oxygen by bubbling
argon for 20 minutes.

Two different set-ups were used. The macroelectrode experi-
ments were carried out in a two-compartment electrochemical
cell with the reference separated by a Luggin capillary. Micro-
electrode measurements were carried out in a one compartment
cell in a Faraday cage situated on a weighed table. A Pt wire was
used as a counter electrode (CE). A reversible hydrogen electrode
(RHE) (blank CVs and catalytic reactions) and a Ag|AgCl|KClgy,
electrode (outer sphere redox reactions) were employed as
reference electrodes. All potentials are reported versus the rever-
sible hydrogen electrode scale. Potentials were controlled using
a potentiostat/galvanostat from either Autolab (PGSTAT12)
or Bio-Logic (SP-300). [Ru(NHj;)]-3Cl (Acros organics, 98%);
FcCH,OH (Aldrich, 97%), methanol (Fluka, 99.9% LC-MS
CHROMASOLV), N,H,-H,O0 (Sigma-Aldrich, 98%), NaNO; (Sigma-
Aldrich), KCI (Sigma-Aldrich, ACS reagent grade), H,SO, solution
(Fluka, for trace analysis), and hydrogen and argon (Linde 6.0)
were used as received.

All data shown here (except the green curves in Fig. 1b and 2)
result from a single UME. Other Pt UMEs always showed a
similar behavior. The geometrical surface area of the electrode
was determined via the limiting current of the outer sphere redox
couples to be discussed in Section 3.1.1 assuming a microdisk
geometry. Both redox couples were measured in triplicates and
yielded very similar values for the disk radius (4.2 &+ 0.01 and
4.5 4 0.05 um for [Ru(NH;)s]>" and FeCH,OH respectively). The
average radius of 4.4 um is in line with observations of optical
microscopy.

The electrochemically active surface area was calculated from
the hydrogen desorption integral in the region 0.06 < E < 0.6 V
after subtraction of the double layer, using the recently revisited
value of 230 puC ecm™> for a polycrystalline Pt surface in sulfuric
acid.® The ratio between the electrochemically active and
geometrical surface areas yielded roughness factors that were
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Fig. 1 First cycle of the reduction of 1 mM [Ru(NHs)el** (a) and oxidation of

1 mM FcCH,OH (b) in 0.1 KClon a Pt UME (r = 4.4 um, v = 10 mV 572, red)

and a macroelectrode (hanging meniscus configuration, f = 2800 r.p.m.,

v = 50 mV s7%, black). The response of a different UME (r = 8.5 um) in a

separate experiment under identical conditions is shown in green in (b).
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Fig. 2 Blank cyclic voltammogram (v = 50 mV s™3) of a platinum ultra-
microelectrode (r = 4.4 um, red and r = 8 um, green) and a flame-annealed
platinum spiral (black) in 0.5 M H,SO4.

typically in the 10-12 range, which is reasonable compared to
the size of the the UME with the polishing material.

3 Results and discussion
3.1 Electrode characterization

3.1.1 Outer sphere reactions. The performance of UMEs is
typically demonstrated using a reversible redox couple and is
thus our starting point. Fig. 1 shows the CV of the reduction of
1 mM [Ru(NH;)e]*" (a) and the oxidation of 1 mM FeCH,OH (b)
in 0.1 KCI for a Pt UME (red) and a macroelectrode (black).
The voltammogram of the macroelectrode was measured in a
hanging meniscus configuration rotating at 2800 r.p.m. with a
scan rate (v) of 50 mV s~ '. As the hysteresis in the CV of the
UME was higher than for the macroelectrode, v =10 mV s~ was

This journal is © the Owner Societies 2016
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used instead of v = 50 mV s~ ". It should be noted that it is
experimentally impossible to rotate the macroelectrode at speeds
where the mass transfer coefficients would be the same for both
experiments (ca. 17000 r.p.m.). This explains the slightly less
steep current increase for the macroelectrode. Apart from that
no significant differences are observed between the different
electrodes.

3.1.2 Blank voltammetry. Outer sphere redox couples are
very useful when one is interested in the geometric properties
(i.e. size and shape) of an electrode. However, being insensitive
to both surface structure and composition, they should not be
the only method used to characterize a UME. Blank voltammetry
is an essential tool for full characterization. Nevertheless, blank
CVs for Pt UMEs are rarely reported and typically only at scan
rates of at least v = 200 mV s~ 1.>*72¢

Fig. 2 shows a decent blank voltammogram of a Pt UME
(in red) compared to a flame annealed macroelectrode (in black).
Although one would expect these CVs to be the same, there
are some obvious differences. The hydrogen adsorption and
desorption peaks (around 0.12 and 0.27 V) of the UME are not
as well defined as and less reversible than in the case of the
macroelectrode. Also, the most negative adsorption/desorption
(ca. 0.12 V) peak should be larger than the second peak (ca. 0.27 V),
which it is not. The latter could in principle be explained by the
production process of these thin Pt wires which is known to
lead to a preferential grain orientation.*® Due to the small size
of a UME, it is likely that the surface consists of a single grain
and could thus be considered to be a high-index single crystal.
However, this mainly influences the ratio between different
hydrogen-related peaks and to a much smaller extent their
sharpness.?* Furthermore, the microelectrodes typically show a
larger surface normalized double layer (DL) current. One could
explain this by the underestimation of the surface area of UMEs
due to less well-defined hydrogen desorption. However, this seems
in contradiction with the observation that the oxide reduction peak
(ca. 0.78 V) is typically smaller for the UME than for the macro-
electrode. Besides the larger DL current, one could argue that there
is an additional peak present around 0.45 V in the negative-going
scan. Finally, the shape of the platinum oxidation region usually
does not clearly show two bumps, in fact showing very few
identifying features at all.

The second UME blank voltammogram (green) that is shown
in Fig. 2 demonstrates the superiority of electrode characteriza-
tion using blank voltammetry instead of an outer sphere redox
couple. This blank was measured prior to the oxidation of
FcCH,OH shown in Fig. 1b (green curve). Whereas the FcCH,OH
data suggest that this electrode performs well, this does not
follow from the blank voltammetry. In this case our normali-
zation procedure (using the hydrogen desorption area) clearly
leads to an underestimation of the active surface area leading
to much too high hydrogen adsorption, oxide formation, and
DL current densities. Obviously, the shape also deviates signi-
ficantly from what it should be. This implies that there is a
process inhibiting the hydrogen desorption and oxide reduction
reactions without a significant impact on outer sphere redox
chemistry.

Phys. Chem. Chem. Phys., 2016, 18, 28451-28457 | 28453
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Fig. 3 Blank CVs (v = 50 mV s™3) of a platinum UME (r = 4.4 um) prior to
the oxidation of 1 mM hydrazine (red) and 0.5 M methanol (green) in 0.5 M
H2SO4. As the macroelectrode blanks were virtually identical, only one
CV is shown (black).

The aim of the current study is not to obtain the perfect blank
CV of a Pt UME, but merely to provide a better insight into the
reliability of the currently available methods to study UMEs.
Within this framework, the blank shown in Fig. 2 (red curve) was
among the best, in terms of quality and reproducibility, that we
obtained. Therefore this was considered as a good starting
point to study catalytic reactions. It is expected that the under-
estimation of the active surface area due to a blocking process as
demonstrated in Fig. 2 also occurs, to some extent, for the other
electrodes. To prove that this has only a minor effect on the
observed differences; the blank CVs measured prior to hydrazine
and methanol oxidation are shown in Fig. 3. The blank CV
measured prior to the nitrate reduction is shown in Fig. 6. From
these blanks it is clear that the error in the determination of the
active surface area is always smaller than a factor of 2.

3.2 Catalytic reactivity

3.2.1 Hydrazine oxidation. Fig. 4 compares the catalytic
activity of a Pt UME and a macroelectrode for the oxidation of
1 mM hydrazine in 0.5 M H,SO, with v = 50 mV s~ '. The
macroelectrode shows catalytic behavior that compares favor-
ably with reports of Alvarez-Ruiz et al.,*® whereas the behavior
of the microelectrode does not agree with the UME (r = 25 pm)

4.0
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Fig. 4 Firstand fourth CV (v = 50 mV s™3) of the oxidation of 1 mM NH,4 in
0.5 M H,SO4 on a Pt UME (r = 4.4 pm, red and dashed blue respectively)
and a macroelectrode (full and dotted black line respectively). The inset
shows a Tafel plot of the first anodic scans.
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results of Aldous and Compton.** Mostly, the results obtained
for 1 mM hydrazine in this work show activity akin to the most
active cycle of 10 mM hydrazine by Aldous and Compton. Also,
activation of the electrode as they observe when scanning more
oxidative potentials was not observed in the present study.
An explanation for these differences can be found in the blank
CV which is rather featureless for the data published by Aldous
and Compton. Furthermore, no activation was observed when
the polished microelectrode was kept at —0.05 V vs. RHE for
5 minutes prior to measuring hydrazine oxidation. These observa-
tions suggest that the activation process is rather caused by the
surface becoming cleaner with cycling than by the presence of
residual oxides, as suggested previously.

As Pt is a very good catalyst for the oxidation of hydrazine,
diffusion limited current is observed for both electrodes. Due to
different diffusion geometries the CVs seem to be very different
at first sight. However, if one takes a closer look at the char-
acteristic features such as the onset potential and the Tafel
slope, it can be concluded that both electrodes show almost the
same reactivity. The only (minor) difference regarding catalytic
activity is the fact that the change in the Tafel slope is slightly
higher for the UME than for the macroelectrode. However,
as the current density is limited by the diffusion of hydrazine
to the surface and not by the catalytic properties of the working
electrode for most of the potential range studied, it is to be
expected that both electrodes show a similar behavior. Actually,
this result is more or less similar to the outer sphere reactions
discussed in Section 3.1.1.

3.2.2 Methanol oxidation. Fig. 5 shows the catalytic activity
of a Pt UME and a macroelectrode towards the oxidation of
0.5 M methanol in 0.5 M H,SO, with v =50 mV s~ . Contrary to
hydrazine oxidation, methanol oxidation depends strongly on
the catalytic reactivity of specific Pt sites.>>>® This results in the
CVs being similarly shaped. Moreover, this shape is in line with
previous results available from the literature,***° although the
ratio between peak currents during the forward and backward
scans does not always agree. However, as this ratio is known
to depend on the scan rate,*® this behavior is not completely
unexpected.
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Fig. 5 First and fourth CV (v = 50 mV s%) of the oxidation of 0.5 M
methanol in 0.5 M H,SO,4 on a Pt UME (r = 4.4 um, red and dashed blue
respectively) and a macroelectrode (full and dotted black line respectively).
The inset shows a Tafel plot of the first anodic scans.
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Comparing the absolute reactivity, it is very clear that the
UME is much less active than the macroelectrode. From the
good agreement between the normalized blank CVs (Fig. 3) it is
confirmed that this large difference (about a factor 10) cannot be
explained by an error in the calculated surface areas. Furthermore,
although the onset potential seems similar, the higher Tafel
slope in the case of the microelectrode masks the precise onset
potential.

3.2.3 Nitrate reduction. Fig. 6 shows the catalytic activity
of a Pt UME (a) and a macroelectrode (b) for the reduction of
0.1 and 0.5 M nitrate in 0.5 M H,SO, with v = 50 mV s .
Blank CVs are shown here instead of Tafel plots, as hydrogen
adsorption/desorption coincides with nitrate reduction. The
results obtained for the macroelectrode are similar to results
described in the literature.*! However, the current for the UME
deviates barely from its blank response. As the UME shows so
little reactivity, nothing sensible can be said about the onset
potential. One additional remark should be made regarding the
voltammetric features that the regular-sized platinum shows in
the region 0.5 < E < 0.6 Vvs. RHE. This is likely due to the fact
that the starting potential is relatively positive, and was actually
also present on the microelectrodes when the starting potential
was kept at 0.8 V vs. RHE for 5 seconds prior to measuring.
Considering that the indirect nitrate reduction starts at 0.8-0.9 V,**
keeping the potential at 0.8 V for some time would possibly
introduce some nitrite near the surface, which could explain
this additional feature observed.

-2
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0.6 0.9 1.2 1.5
E/Vvs. RHE

j/ mA-cm

0.6 0.9 1.2 1.5
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Fig. 6 Cyclic voltammograms (v = 50 mV s~ of the reduction of 0.1 and
0.5 M nitrate in 0.5 M H,SO4 on (a) a Pt UME (r = 4.4 pm, red and green
respectively) and (b) a macroelectrode (black and blue respectively). The
dotted lines show the blank voltammograms measured right before the
nitrate reduction experiment. The same scale is used for both graphs.
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3.3 UME vs. macroelectrode

In general, one could summarize the data for the catalytic reac-
tions as exhibiting the same features as the outer sphere and blank
results. Reactions that are relatively insensitive to the arrangement
of the surface atoms (or their very nature) show the same reactivity
for UMEs and macroelectrodes. However, for slow, more structure-
sensitive reactions the UMEs are outperformed by macro-
electrodes. The data suggest that the difference does not lie
in the onset potential, but in the absolute current density. Also,
from the blanks there is no reason to conclude that a preferred
grain orientation causes these differences. The most likely expla-
nation is that part of the surface is blocked by contaminant
species. As the most reactive sites will also bind the contaminants
in the strongest manner, it makes sense that the largest effect
is observed for slow, strong catalytic reactions that occur pre-
ferentially at these sites.

A crucial distinction lies in the source of the contamination:
Is it introduced during the preparation/cleaning of the UME,
or are the UMEs that much more sensitive due to faster diffusion
and a smaller surface area as compared to macroelectrodes?
Significantly, no improvement was observed after cleaning the
UME with O, plasma. Thus, if UMEs are inherently contaminated
to a larger degree because flame-annealing is not an option, the
source of contamination is probably not organic in nature.

Even though the cleanest chemicals available in our lab were
used, the level of contamination might be relevant on this scale.
For example, the sulfuric acid used (Fluka, for trace analysis)
contains, according to the manufacturer’s specifications, among
others, <0.1 mgkg ' Cl~ ions. Assuming the maximum concen-
tration, this means that our 0.5 M H,SO, electrolyte contains
1.41 x 10”7 M chloride. Using a diffusion coefficient for chloride
of 2.0 x 107> cm?® s, the surface of our UME (roughness
factor, ~10) can be fully covered with ClI™ within approximately
20 minutes. This suggests that a significant fraction of the
surface could be poisoned by chloride within the experimental
timeframe.

A similar argument was made by Katsounaros et al. who
studied the effect of chloride ions, catalyst loading, and electrode
rotation speed on the reduction of H,0,."* On the other hand, the
cell used for the UME experiments has a rather small electrolyte

0.1 T T T T
€
G4
< or 1
€
=
_0.1 1 1 1 1
0 0.3 0.6 0.9 1.2
E/Vvs. RHE

Fig. 7 Blank CVs (v = 50 mV s~ of a platinum UME (r = 4.4 um, red) and a
macroelectrode (black) in 0.1 M HClO4.
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volume (15 mL), so that the total number of chloride ions
present is of the same order of magnitude as the amount needed
to generate a single adlayer. Finally, we consider the concentra-
tions of other contaminants, e.g. organic carbon from ultrapure
water (<5 ppb) or nitrates from glassware cleaning, to be too low
to play a role here. Thus, the most plausible explanation is that
the contamination originates from the (UME) preparation. It is
noteworthy to mention that another often used supporting
electrolyte, HCIO,, typically contains a 100-fold higher concen-
tration of CI™ than H,SO,. Although it proved to be more difficult
to obtain good blank voltammograms in perchloric acid electro-
lytes, the best ones we obtained (Fig. 7) are not inferior to the
ones in sulfuric acid.

4 Conclusion

Despite the widespread application of UMEs, the customary
method of electrochemical characterization via outer sphere
redox probing is insufficient if the reactivity of the electrode is
studied. In this study we provided a better insight into this
subject by measuring not only outer sphere redox couples, but
also blank CVs and the catalytic reactivity of Pt UMEs. Reactions
were chosen for which plenty of data on macroelectrodes is
available from the literature. To validate the UME results, the
data for macroelectrodes were measured as well for comparison.

Activity for the reduction of [Ru(NHj3)s]>" and the oxidation
of FcCH,OH were shown to agree very well when comparing
UME responses to annealed electrodes. The onset potential was
virtually identical, and a minor difference in the Tafel slope was
explained by the diffusion rates of the UME being faster than
those experimentally possible for a macroelectrode. Also in
the case of the reaction for which Pt is known to be a very good
catalyst, the oxidation of N,H,, no significant differences between
the UME and the macroelectrode were observed.

However, for reactions that strongly depend on the surface
structure, significant differences are observed. Blank CVs of the
UME do not show well-defined hydrogen and oxide related peaks
that are observed for a polycrystalline electrode. Furthermore the
normalized current in the DL region is too high, while simulta-
neously the oxide reduction current is too low. In the case of
methanol oxidation on Pt the CVs are similarly shaped, but the
current density of the UME is about an order of magnitude lower
than expected based on the electrochemical surface area. For the
reduction of nitrate the effect is even more drastic, with the UME
exhibiting hardly any catalytic activity. The voltammograms
do not provide a means to identify a specific contaminant as
no clear additional peaks were observed, although this does not
imply that none were present. Concluding, the most active sites
on the UME surface seem to be blocked, with drastic conse-
quences for reactions which depend heavily on the presence of
these sites. Although the responsible process is not yet fully
elucidated, there seem to be two reasonable explanations; either
there is something bound so strongly to the surface (e.g. residual
from the UME preparation) that it is very difficult to obtain a
clean sample without flame-annealing, or the diffusion is so fast
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that the surface becomes easily covered by trace contaminants in
the electrolyte within the experimental timeframe. The amount
of contaminants in the used chemicals is too low to result in a
significant coverage of the UME. Thus, it seems most plausible
that the limited possibilities to clean the UMEs prior to use are
the source of the observed effects.

Although it is uncommon to publish blank voltammograms
for UMEs, our comparison to macroelectrodes shows that there
is a crucial mismatch between the catalytic reactivities of these
electrodes. Unfortunately none of the widely used cleaning
methods for UMEs provide electrode cleanliness similar to flame
annealing. Thus, in many cases the reactivity of UMEs will be
underestimated if no proper electrochemical characterization is
performed. Obviously this may have severe consequences for the
interpretation and reproducibility of the data.
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