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5 The reactivity of platinum microelectrodes

Decades of catalyst research have led to the development of more and more highly

active electrocatalysts. To study catalysts with large kinetic rate constants, without

being hindered by the used setup, it is necessary to use specialized experimental

approaches. Ultramicroelectrodes (UMEs), which have at least one dimension

that is smaller than the diffusion layer thickness (' 10 µm) but much larger than

the double layer thickness (10-100 Å), are typically used to overcome limitations

by mass transport and resistance. However, the customary method of UME char-

acterization via outer sphere redox probing has serious limitations. Here, we

demonstrate these shortcomings by studying outer sphere redox couples, blank

voltammetry, and various catalytic reactions for platinum UMEs. A comparison

to macroscale Pt electrodes shows that UMEs perform much worse for surface

sensitive catalytic reactions. Our results indicate that UME data should always be

accompanied by blank characterization and reactivity measurements should be

interpreted extremely carefully.

Surface sensitiveDi�usion limited

macroelectrode = microelectrode macroelectrode ≠ microelectrode
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This chapter is based on Jacobse, L., Raaijman, S.J. & Koper, M.T.M. Phys. Chem. Chem. Phys.

18, 28451–28457 (2016).
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Chapter 5. The reactivity of platinum microelectrodes

Electrode miniaturization increases mass transport and decreases absolute

currents, both of which are beneficial for situations where high kinetic rates are

concerned.1,2 So long as the electrode is not reduced to nanometer scale, it should

be possible to directly compare their results to the macro scale world. Upon further

size reduction, e.g. in the case of nanoparticles, there are plenty of examples of

size dependent reactivity due to the presence of specific nanoscale effects.3–13

On a different note, it is known from literature that the selectivity of Pt for the

reduction of O2 to H2O (with H2O2 as intermediate/sideproduct) decreases by

increasing the mass transport rate.14,15 These observations were attributed to the

competition between the adsorption/desorption of H2O2 and trace contaminants

that are present even in the highest purity grade chemicals.14–16 Furthermore,

the results presented in Chapter 4 seem to indicate, unexpectedly, that already

on the micrometer scale differences in catalytic reactivity can be observed for

the oxidation of hydrazine on Pt electrodes in HClO4.17 This effect cannot be

explained by competitive adsorption/desorption as no stable intermediates are

known for the hydrazine oxidation to N2.18,19 These results call for a more in-depth

comparison between the reactivity of platinum macroscale electrodes and UMEs.

As reviewed by Climent and Feliu, the characterization of platinum surfaces in

electrochemistry is, for historical reasons, most often performed in dilute sulfuric

acid.20 In this medium, the defining features in cyclic voltammograms (CVs) are

clearly visible and relatively well understood.21 With the introduction of flame an-

nealing, these so-called blank CVs (blanks) have enjoyed excellent reproducibility

between different labs, making it the default method for electrode characteriza-

tion. From such blanks, one can descern the presence/absence of contaminating

species and specific reaction sites as used in Chapter 3.20,22

Even though such practices are now widespread within the community study-

ing Pt electrochemistry, blank CVs of (Pt) UMEs are rarely published and if at all

only for high potential scan rates23–26 which makes them rather unsensitive to-

wards slow reactions. Features resulting from reactions with slow kinetics or

reactions which are diffusion limited (e.g. trace contaminations) will be sup-

pressed under these conditions. Instead, surface probes such as the [Fe(CN)6]
4−/3−

or [FcCH2OH]0/1+ redox couple are commonly used to characterize UMEs.27–30

The problem is that such outer sphere redox couples are, despite some known

complications31,32, in general insensitive to surface structure, composition, and

cleanliness.33 The main benefits from these experiments are to determine elec-

trical contact and gain information regarding the geometrical dimensions of the

electrode,1,2 but their suitability for assessing surface reactivity is highly debatable.
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5.1. Electrode characterization

In this chapter, we use outer sphere redox couples, blank voltammetry, and cat-

alytic (inner sphere) reactions to make a solid comparison between the measured

catalytic reactivity of macroelectrodes and UMEs. The redox couples studied

are the oxidation of ferrocenemethanol ([FcCH2OH]0/1+) and the reduction of

hexaammineruthenium ([Ru(NH3)6]
3+/2+). Similarly, catalytic reduction and oxi-

dation reactions are also studied. For catalytic reactions, we make another distinc-

tion: reactions that are well-catalyzed by Pt in general (largely surface insensitive),

and reactions that are sensitive to the presence of specific surface sites (‘defects’).

The chosen reactions are the oxidation of hydrazine (N2H4),17,18,34,35 the oxidation

of methanol (CH3OH),12,36–40 and the reduction of nitrate (NO –
3 ).41–43 For each

of these reactions, the Tafel slope, onset potential, and specific activity (where

applicable) are compared to the values obtained on flame-annealed platinum elec-

trodes under similar experimental conditions. In these experiments, we employ

home-made UMEs. Information on their preparation and general experimental

details can be found in Appendix F.

5.1 Electrode characterization

Outer sphere reactions
The performance of UMEs is typically demonstrated using a reversible redox

couple and this is thus our starting point. Figure 5.1 shows the CV of the reduction

of 1 mM [Ru(NH3)6]
3+ (A) and the oxidation of 1 mM FcCH2OH (B) in 0.1 KCl for a

Pt UME (red) and macroelectrode (black). The voltammetry of the macroelectrode

is measured in hanging meniscus configuration rotating at 2800 r.p.m. with a scan

rate (ν) of 50 mV·s−1. As the hysteresis in the CV of the UME is higher than for

the macroelectrode, ν = 10 mV·s−1 is used instead of ν = 50 mV·s−1. 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. 17.000 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. Now, it is tempting to conclude that these CVs represent

good and clean UMEs. However, in the following, we will demonstrate that this is

not necessarily the case.
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Chapter 5. The reactivity of platinum microelectrodes
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Fig. 5.1 | Characterization by outersphere reactions: (A) Reduction of 1 mM
[Ru(NH3)6]

3+ (B) Oxidation of 1 mM FcCH2OH. The supporting electrolyte is 0.1 KCl and
the shown CVs are the first cycles. The potential scan rate for the UME is ν = 10 mV·s−1.
The macroelectrode CVs are measured in hanging meniscus configuration (f= 2800 r.p.m.),
with a scan rate of ν = 50 mV·s−1. The response of a second UME in a separate experiment
under identical conditions is shown in (B).
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5.1. Electrode characterization

Blank voltammetry
Outer sphere redox couples are very useful to study the geometric properties

(i.e. size and shape) of an electrode. However, since they are 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 a full characteri-

zation, especially in the case of platinum electrodes as its voltammetric features

are relatively well understood. Nevertheless, blank CVs for Pt UMEs are rarely

reported and typically only at scan rates of at least ν = 200 mV·s−1.23–26

Figure 5.2 shows a decent blank voltammogram for 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

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 the thin Pt wires from which the UMEs are made. This

process is known to lead to a preferential grain orientation.44 Due to the small

size of a UME, it is likely that only a single grain is exposed at the surface. Thus,

the electrode can be considered to be a high-index single crystal. However, this

mainly influences the ratio between the different hydrogen-related peaks and to a

much smaller extent their sharpness.22 However, this broadness might be caused

by the fact that the UMEs have a relatively large roughness, as similar observations

were made in Chapter 3 for the roughened Pt(111) surface.

The electrochemically active surface area of all electrodes is calculated from

the hydrogen desorption integral in the region 0.06 < E < 0.6 V after subtraction

of the double layer contribution, using the recently revisited value of 230 µC·cm−2

for a polycrystalline Pt surface in sulfuric acid.45 After normalization to current

densities, the UMEs typically show a larger double layer (DL) current than the

macroelectrodes. One could explain this by an underestimation of the surface

area of UMEs due to the less well-defined hydrogen desorption features. 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 macroelectrode. Besides the

larger DL current, one could argue that there is an additional, small, 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.
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Chapter 5. The reactivity of platinum microelectrodes

The second UME blank voltammetry (green) that is shown in Fig. 5.2 demon-

strates the superiority of electrode characterization using blank voltammetry in-

stead of an outer sphere redox couple. This blank has been measured prior to the

oxidation of FcCH2OH shown in Fig. 5.1B (green curve). Whereas the FcCH2OH

data suggests that this electrode performs well, this is contradicted by the blank

voltammetry. In this case our normalization procedure (using the hydrogen des-

orption area) clearly leads to an underestimate of the active surface area, resulting

in much too high current densities for hydrogen adsorption, oxide formation,

and DL charging. Obviously, the shape also deviates significantly 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.

The aim of this chapter is not to obtain the perfect blank CV of a Pt UME, but

merely to provide a better insight in the reliability of currently available methods

to study UMEs. Within this framework, the blank shown in Fig. 5.2 (red curve) is

among the best, in terms of quality and reproducibility, that we obtained. There-

fore, this is considered a good starting point to study catalytic reactions. It is

expected that the underestimation of the active surface area due to a blocking

process 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 the hydrazine and methanol oxidation are shown in Fig. 5.3. The blank CV

measured prior to the nitrate reduction is shown in Fig. 5.6. From these blanks it

is clear that the error in determining the active surface area is always smaller than

a factor of 2.

5.2 Catalytic reactivity

Hydrazine oxidation

Figure 5.4 compares the catalytic activity of a Pt UME and macroelectrode for the

oxidation of 1 mM hydrazine in 0.5 M H2SO4 with ν = 50 mV·s−1. The macroelec-

trode shows catalytic behavior that compares favorably with reports of Álvarez-

Ruiz et al.,35 whereas the behavior of the microelectrode does not agree with the

UME (r = 25 µm) results of Aldous and Compton.34 The results obtained for the

oxidation 1 mM hydrazine in this work show activity akin to the most active cycle

from the 10 mM hydrazine experiments by Aldous and Compton. Also, activation

of the electrode as they observe when scanning to more oxidative potentials was
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5.2. Catalytic reactivity
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Fig. 5.2 | Characterization by blank voltammetry: Comparison of the blank voltamme-
tries of platinum UMEs and a flame-annealed platinum spiral. The supporting electrolyte
is 0.5 M H2SO4 and the potential scan rate is ν = 50 mV·s−1.
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Fig. 5.3 | Blank CVs before catalytic experiments: blank CVs (ν = 50 mV·s−1) of a plat-
inum UME (r= 4.4µm) 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).
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Chapter 5. The reactivity of platinum microelectrodes
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Fig. 5.4 | Hydrazine oxidation: First and fourth CV (ν = 50 mV·s−1) of the oxidation of
1 mM N2H4 in 0.5 M H2SO4 on a Pt UME (red and dashed blue respectively) and macro-
electrode (full and dotted black line respectively). The inset shows a Tafel plot of the first
anodic scans.
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Fig. 5.5 | Methanol oxidation: First and fourth CV (ν = 50 mV·s−1) of the oxidation of
0.5 M methanol in 0.5 M H2SO4 on a Pt UME (red and dashed blue respectively) and
macroelectrode (full and dotted black line respectively). The inset shows a Tafel plot of
the first anodic scans.
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5.2. Catalytic reactivity

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 micro-

electrode was kept at -0.05 V vs. RHE for 5 minutes prior to measuring hydrazine

oxidation. These observations 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, a diffusion limited

current is observed for both electrodes. Due to the different diffusion geometries,

the CVs of the macro- and microelectrode seem to be very different at first sight.

However, if one takes a closer look at the characteristic features such as the onset

potential and 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 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 observations for outer sphere reactions discussed above.

Methanol oxidation

Figure 5.5 shows the catalytic activity of a Pt UME and macroelectrode towards

the oxidation of 0.5 M methanol in 0.5 M H2SO4 with ν = 50 mV·s−1. Contrary

to hydrazine oxidation, methanol oxidation depends strongly on the catalytic

reactivity of specific Pt sites.35,38 As we are not hindered by diffusion limitations,

the CVs are similarly shaped. Moreover, this shape is in line with previous results

available in literature,39,40 although the ratio between peak currents during the

forward and backward scan does not always agree. However, as this ratio is known

to depend on scan rate,40 this behavior is not completely unexpected.

Comparing the absolute reactivity, it is very clear that the UME is much less

active than the macroelectrode. The good agreement between the normalized

blank CVs (Fig. 5.3) confirms 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 micro-

electrode masks the precise onset potential.
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Chapter 5. The reactivity of platinum microelectrodes
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Fig. 5.6 | Nitrate reduction: Cyclic voltammetry (ν = 50 mV·s−1) of the reduction of 0.1
and 0.5 M nitrate in 0.5 M H2SO4 on (A) a Pt UME (red and green respectively) and (B)
macroelectrode (black and blue respectively). The dotted lines show the blank voltamme-
tries measured right before the nitrate reduction experiment. The same scale is used for
both graphs.
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5.3. UME vs. macroelectrode

Nitrate reduction

Figure 5.6 shows the catalytic activity of a Pt UME (A) and macroelectrode (B) for

the reduction of 0.1 and 0.5 M nitrate in 0.5 M H2SO4 with ν = 50 mV·s−1. The

corresponding blanks are shown together with the nitrate reduction experiments,

to give a better indication of the current that is actually related to nitrate reduction.

As nitrate reduction overlaps with hydrogen adsorption/desorption, the Tafel plots

of these experiments do not provide additional insight. For the macroelectrode,

the results are similar to the observations in literature.41 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 electrode shows in the region 0.5 < E < 0.6 V vs.

RHE. These peaks are likely due to the fact that the starting potential is relatively

positive, and is actually also present on the microelectrodes after keeping the

starting potential at 0.8 V vs. RHE for 5 seconds prior to measuring the CV. Consid-

ering that the indirect nitrate reduction starts at 0.8 - 0.9 V,41 keeping the potential

at 0.8 V for some time possibly introduces some nitrite near the surface, which

could explain this additional feature observed.

5.3 UME vs. macroelectrode

In general, we can summarize the data for the catalytic reactions as exhibiting

the same features as the outer sphere and blank results. Reactions that are rela-

tively 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 macroelectrodes.

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 solid evidence

that a preferred grain orientation causes these differences. Thus, the most likely

explanation is that part of the surface is blocked by contaminant species. As the

most reactive sites will typically also bind strongest to contaminants*, it makes

sense that the largest effect is observed for slow, strongly catalytic reactions that

occur preferentially at these sites.

* When using platinum electrodes, methanol oxidation favors ‘defect’ sites and nitrate reduction

is known to be very sensitive to coadsorbing species.3
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Chapter 5. The reactivity of platinum microelectrodes
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Fig. 5.7 | Characterization in HClO4: Blank CVs (ν = 50 mV·s−1) of a platinum UME and
macroelectrode in 0.1 M HClO4.

A crucial distinction lies in the source of the contamination: is it introduced

during the preparation/cleaning of the UME, or are UMEs much more sensitive

due to faster diffusion and smaller surface area as compared to macroelectrodes.

Significantly, no improvement was observed after cleaning the UME with an O2

plasma. Thus, if UMEs are inherently contaminated to a larger degree because

flame-annealing is not an option, the source of the 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 mg/kg Cl – ions. Assuming the maximum concentration, this

means that our 0.5 M H2SO4 electrolyte contains 1.41 · 10−7 M chloride. Using

a diffusion coefficient for chloride of 2.0·10−5 cm2·s−1 , the surface of our UME

(roughness factor ' 10) can be fully covered with Cl – within approx. 20 minutes.

This suggests that a significant fraction of the surface could be poisoned by chlo-

ride within the experimental time frame.

A similar argumentation was used by Katsounaros et al. who studied the effect

of chloride ions, catalyst loading, and electrode rotation speed on the reduction

of H2O2.15 On the other hand, the cell used for the UME experiments has a rather

small electrolyte volume (15 mL), such that the total number of chloride ions
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5.4. Conclusions

present is of the same order of magnitude as the amount needed to generate a

single adlayer. Finally, we consider the concentrations of other contaminants, e.g.

organic carbon from the ultrapure water (<5 ppb) or nitrates from the 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, HClO4, typically contains

a 100-fold higher concentration of Cl – than H2SO4. Although it proved to be more

difficult to obtain good blank voltammetries in perchloric acid electrolytes, the

best ones we obtained (Fig. 5.7) are not inferior to the ones in sulfuric acid.

5.4 Conclusions

Despite the widespread application of UMEs, the customary method of electro-

chemical characterization via outer sphere redox probing is insufficient if the

reactivity of the electrode is studied. In this study we provide a better insight in

this subject by not only measuring outer sphere redox couples, but also blank CVs

and catalytic reactivity of Pt UMEs. Reactions are chosen for which plenty of data

on macroelectrodes is available from the literature. To validate the UME results,

the data for macroelectrodes have been measured as well for comparison.

Activity for the reduction of [Ru(NH3)6]
3+ and the oxidation of FcCH2OH agree

very well when comparing UME responses to annealed electrodes. The onset po-

tential is virtually identical, and a minor difference in Tafel slope can be explained

by the diffusion rates for the UME being faster than experimentally possible for a

macroelectrode. Also in the case of a reaction for which Pt is known to be a very

good catalyst, the oxidation of N2H4, no significant differences between the UME

and macroelectrode are observed.

However, for reactions that depend stronger on surface structure, significant

differences are observed. Blank CVs of the UME do not show the 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. The CVs for methanol oxidation on

Pt are similarly shaped, but the current density for the UME is about an order of

magnitude lower than expected based on the electrochemical surface area. The

effect is even more drastic for the reduction of nitrate, with the UME exhibiting

hardly any catalytic activity. The voltammetries 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.
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Chapter 5. The reactivity of platinum microelectrodes

Concluding, the most active sites on the UME surface seem to be blocked,

with drastic consequences for reactions which depend strongly 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 diffusion is so fast

that the surface easily becomes covered by trace contaminants in the electrolyte

within the experimental time frame. 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 voltammetries for UMEs, our com-

parison 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 provides an 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 data produced

using UMEs.
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