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STEM/HAADF Characterization of Pt, deposited on carbon

As part of the acceptance testing of a new JEOL JEM 2800 scanning transmission
electron microscope, we prepared lacey carbon TEM grids by depositing ~4 % of a ML of Pt in
the form of Pt;, Pt;, or Ptj4. To allow this experiment, the normal sample holder used in
preparation of the Pt,/ITO samples, was replaced with a home-made mount that allowed several
TEM grids to be clamped over holes in a backing plate. The grid mount was then positioned in
front of the deposition beamline, and each grid was exposed to a beam of a different cluster size.

Deposition was done to a nominal coverage of 4% of a Pt monolayer (i.e., 40% of the
coverage used in the electrochemistry work), however, several factors make the actual coverages
on the grids uncertain, and probably cluster size-dependent. As usual, coverage was controlled
by monitoring deposition current, however, in this case some fraction of the clusters would have
passed through the open areas in the lacey carbon, and through the hole onto the backing plate,
thus giving deposition current smaller than what would be observed on a solid substrate. As a
result, the grids would tend to have had higher than 4% coverage. On the other hand, the clamp
used to hold the TEM grids to the backing plate prevented getting the grids close to the
deposition mask, and we know that our cluster beam tends to spread with distance from mask,
due to space charge. To the extent that the cluster spot was larger than the 2 mm mask diameter,
this would result in lower coverage on the grids. Because the space charge effect is higher for
smaller clusters, the spreading effect is also size-dependent, and the actual coverage probably
increased with increasing cluster size. As time was limited for these experiments, and the
primary goal was to see if the new microscope would have sufficient contrast to image small
clusters at all, we did not attempt to quantify the actual coverage.

The samples were imaged in STEM/ HAADF mode, with typical results shown in Fig. 2
of the manuscript. Selected area energy dispersive x-ray spectroscopy (EDS) was used to verify
that the observed spots were, indeed, due to Pt.

There are several points of interest. The samples prepared with Pt; and Pt;4 show
obvious bright spots in the dark-field images, shown by EDS to be Pt, and it can be seen that the
Pty4 spots are significantly brighter and appear somewhat larger than the Pt; spots. Given the
uncertainty in the actual coverages, it is not possible to quantitatively compare the spot densities



to the expected coverages, however, the spot densities are certainly in the right range. For
example, if the deposition density were exactly 4% of a ML, then the average spacing between
Pt,4 spots would be 4.8 nm, and the Pt; average spacing would be ~3.4 nm. Thus, the size and
contrast of the spots and their spacings on the grids, are consistent with the deposited Pt; and Pt4
remaining intact, rather than breaking up or sintering on the carbon TEM grids.

The image for the grid prepared by Pt; deposition, in contrast, shows no obvious
structure, and no structure was observed in a series of images taken with various magnifications
and focusing conditions. It is not surprising that we were unable to image single Pt atoms using
this non-aberration-corrected instrument, however, this result also provides important insight.
As discussed in the main text, there are reasons to expect deposited atoms to diffuse and sinter
more readily than deposited clusters. If, however, deposited atoms diffused efficiently under
these conditions, then we would expect to have observed clusters formed by agglomeration. The
conclusion is that at least for Pt, on carbon under the conditions studied, there is no evidence of
efficient agglomeration of either clusters or deposited atoms.

Pt 4d XPS

As described in the main text, XPS was used to characterize the Pt,/ITO samples
immediately after cluster deposition. A typical spectrum is shown in Figure S1, showing the two
spin orbit components of the Pt 4d XPS feature, with interfering signal from argon implanted by
sputtering. To avoid possible effects of the Ar 2s peak on the extracted Pt binding energies, the
4d;/, peak was used.
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Fig. S1. A typical Pt 4d XP spectrum for Pt,/ITO.




Initial scans on Pt,/ITO electrodes

As described in the main text, each Pt,/ITO electrode was initially probed by a series of
CVs, all starting at the same lower limit potential, but scanning to increasing upper potential
limits. An example of such a data set is shown in Figure S2.

Preparation of Control Electrodes

To provide context for the Pt,/ITO results, three types of “control” electrodes were also
studied: polycrystalline Pt (“Pt,o1,”), Pt-free ITO, and ITO with Pt nanoparticles produced by
solution deposition and reduction (“Pt,,,o/ITO”). For the Pt-free ITO, the measurements were
done using the same procedures described in the main manuscript, used in studied of the Pt,/ITO
electrodes. For the Pty and Pt,,,/ITO electrodes, the measurements were made using a mock-
up of the cell/antechamber arrangement used in the cluster experiments, but assembled on the
bench top, and purged with N,, rather than being evacuated.

The polycrystalline Pt electrode was prepared by mechanical polishing, ultrasonication in
ethanol and water, two minutes etching in aqua regia (3:1:4 HCI:HNOj:water), followed by
rinsing in 18.2 MQ-cm DI water. The Pt,,,, electrode was made by drop casting an ethanol
solution of H,PtClg onto a clean ITO substrate, with concentration adjusted to give a Pt coverage
of ~10 ML, i.e., ~100 times that in the size-selected Pt,/ITO electrodes. The electrode was then
annealed at 473 K in an H; flow, in order to reduce the Pt and allow nanoparticles to grow by
agglomeration on the electrode surface.!3 4 Several Pt,,,,/ITO electrodes were made using this
procedure, and one was characterized by scanning electron microscopy, giving a Pt particle size
distribution peaked near 5 nm, with few particles having sizes greater than 10 nm, and roughly
~15 % of the surface covered by Pt. Because the Pt,;, and Pt,,,/ITO samples were exposed to
air in the process of introduction to the cell, they were electrochemically cleaned by cycling
between -0.2V and 1.4 V vs. Ag/AgCl at 10 V/sec. until stable CVs were observed, and then
fresh electrolyte was introduced to study EOR chemistry.
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Fig. S2. Initial variable upper potential CV scans for Pt;o/ITO



Calculation of Current Densities.

The measured electrochemical currents are reported as current densities (A/cm?), where
the area used to normalize the currents is the geometric area of the active portion of the
electrodes. For Pt,/ITO, the active area is the cluster deposition spot, with nominal size of 0.031
cm?, determined by the deposition mask. For most purposes here, the exact area of the cluster
spot is unimportant, as long as it is smaller than the wetted area on the electrode, so that all the
clusters are exposed to electrolyte. The wetted area was estimated by repeatedly sealing the cell
to an ITO substrate, measuring the inside diameter of the O-ring contact by visualization through
the transparent electrode, and also by SEM and optical visualization of marks/residues left on
electrodes after electrochemical study. At minimum, the wetted area was ~0.04 cm?, but if the
force used to press the O-ring against the electrode was reduced, the wetted area could be up to
0.02 cm? larger. The only situation where the wetted area is important is in estimating the
current densities for the Pty and Pt,,no/ITO electrodes, where Pt is present over the entire
surface. We have used 0.04 cm? for this purpose, thus the current densities for Pt,, and
Ptyano/ITO are upper limits on the correct current densities.

For the Pt,/ITO electrodes prepared by cluster deposition, we know the mass of Pt
deposited quite precisely, thus it is trivial to use the measured currents to calculate the mass
activities. These were obtained simply by dividing the peak, background-subtracted current at
each EOR peak, by the amount of Pt deposited in the cluster spot (1.46 x 10-9 g for all but Pt,
where half that coverage was used).

Related mass-selected electrochemistry work

Arenz, Heiz, and co-workers have used mass-selected cluster deposition to study the
oxygen reduction reaction (ORR) over Pt, deposited on carbon electrodes,'> and demonstrated
activity qualitatively similar to that seen for much larger supported Pt nanoparticles. The same
group exploited cluster deposition to prepare catalysts where the cluster coverage could be
varied, independent of the cluster size, and used this capability to explore cluster proximity
effects on ORR.!® They also combined cluster deposition, transmission electron microscopy, and
electrochemistry to examine how deposited clusters migrate and evolve under electrochemical
conditions.!” Vajda and collaborators have developed a similar capability, and recently reported
a study of OER at small Pd clusters deposited on diamond-coated electrodes, showing a strong
increase in activity with deposited size.'® They also applied X-ray scattering to characterize
changes in the clusters, and theory to probe the nature of the reaction mechanism. Recently, they
found striking effects of deposited Ag cluster size on the morphology of Li,O, products formed
from operating Li-O, batteries with size-selected Ag," deposited on the carbon cathode.!®

The above experiments were done ex situ, i.e., the cluster-containing electrodes were
removed from the deposition vacuum system, and exposed to air prior during transfer to the other
tools used in the studies. This has the considerable advantage of allowing use of sophisticated
analysis tools, but exposure of the clusters to adventitious adsorbates can modify the activity, as
discussed in the main text and elsewhere.! Electrochemical cycling can be used to restore
activity by removing the adsorbates, but it is unclear what other changes might occur during the
cycling process.!”

To avoid this complication, we developed an instrument to allow size-selected electrodes,
prepared and characterized in UHV, to be transferred to the aqueous electrochemical
environment without air exposure. We recently reported a study of ORR at Pt,, deposited on
glassy carbon substrates without air exposure,! where we found that electrodes with certain



cluster sizes (e.g., Pt;) showed activity similar to that seen for polycrystalline Pt or Pt
nanoparticles supported on glassy carbon. Electrodes with other cluster sizes deposited (e.g. Pt4,
Pty) behaved very differently, catalyzing oxidation of the glassy carbon substrate by water with
essentially no overpotential, and very fast kinetics. The factor that determined whether the Pt,
would act as ORR or carbon oxidation catalysts was the electronic structure of the clusters, as
probed by X-ray photoelectron spectroscopy (XPS). Some experiments were done in which the
Pt,/glassy carbon electrodes were briefly exposed to air prior to introduction to the
electrochemical cell, and it was found that activity for both ORR and carbon oxidation was
suppressed, and we were unable to restore activity by potential cycling. A similar instrument has
been developed by Zhou and co-workers, which has, to date, been applied to electro-oxidation of
ethanol?® and methanol?! at model SnO,-on-platinum electrocatalysts (not size-selected). A
complementary approach, also avoiding air exposure, is to deposit clusters directly onto the
surface of a UHV-compatible solid electrolyte, as has been done by Harbich and co-workers.?
Janata and co-workers have developed an alternative approach for production of size-
selected electrodes via sequential deposition of metal atoms into a polyaniline matrix.?> They
used this approach to study alcohol oxidation catalyzed by Au, and Au,Pd; clusters,>*-2¢
observing strong size effects and even-odd alternations in activity. The approach is related to an
earlier dendrimer templating method developed by Crooks and co-workers,?’-3? but appears to
give true atomic resolution for much smaller clusters. Such methods are critical for development
practical size-selected catalysts, since they can produce catalyst at higher rates/lower costs.

Subtraction of non-EOR background current for Pt,/ITO

For the 0.4 to 1.4 V potential range where the EOR peaks are observed, the main source
of background current is ITO capacitive current, which is quite featureless (cf. Figure 3D, main
text). We also expect small currents from oxidation and reduction of the deposited Pt, however,
this process is non-catalytic, and the currents are limited by the small amount of Pt present. To
provide a reference CV for subtraction of non-EOR currents expected for the Pt,/ITO samples,
we measured a CV for a separately prepared Pt;(/ITO sample, run in Np-saturated 0.1 M HCIO,,
without ethanol. As shown in Figure S3, the CV is dominated by capacitive current from the
ITO support (cf. Figure 3D, main text), with superimposed peaks for the hydrogen evolution
reaction (HER), H, oxidation, and small features for oxidation and reduction of the Pt,. The
onset of the oxygen evolution reaction (OER) can be seen above 1.5 V.
There are several important points:
1. The dominant contribution in the potential ranges of the EOR peaks is simply the ITO
capacitive current. Given that all samples have the same low Pt coverage (0.1 ML), we do not
expect this contribution to the background to depend significantly on Pt, size.
2. The current for OER becomes significant only above ~1.5 V, i.e., well above the potential of
the 2™ oxidation peak in EOR (1.2 — 1.25 eV), and, therefore does not contribute to the
background current underlying this peak.
3. Similarly, the HER and H, oxidation signals are well below the potential range where the 1%
oxidation and reactivation peaks are seen under EOR conditions, and therefore do not contribute
to the background currents.
4. The integrated currents associated with Pt oxidation (0.9 <V < 1.4) and reduction (0.4 <V <
0.8) are small compared to the current from ITO, and because the amount of Pt deposited on
each Pt,/ITO sample is identical, it is reasonable to assume that variation in these small currents
will be negligible compared to the EOR peak currents.
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Fig. S3. CV of Pt;(/ITO in N,-saturated HC1O, without ethanol

Therefore the CV in Fig. S3 was used to estimate the subtraction of non-EOR
background currents for all the Pt,/ITO samples.

Comparison of Pt,/ITO to control electrodes

It is useful to compare the currents seen for the Pt,/ITO electrodes, with those for
Pthano/ITO and Pty electrodes. On a current per wetted area basis, as plotted in Figure 3, the
Ptyano/ITO peak currents average roughly 14% of those seen for Pt,y, which is consistent with
the estimation from SEM imaging that only ~15% of the surface of the Pt,,,,/ITO electrode is Pt-
covered. As discussed above, these current densities are upper limits, because they were
calculated based on the minimum size of the wetted area. The Pt,/ITO electrodes have 0.1 ML Pt
coverage, thus if all Pt atoms were exposed on the surface, and have activity per atom similar to
Pt in the Pt surface, we might expect current densities for Pt,/ITO roughly 10 times smaller
than the upper limit current densities for Pt,,,. In fact, the ratio is more like 50, even for the
largest EOR peak (2" oxidation) for the most active sample (Pty/ITO). Part of the difference
probably reflects the use of an upper limit for the Pt,, current density.

From a practical perspective, it is more interesting to compare Pt,/ITO and Pt,,,,/ITO on
the basis of Pt mass, i.e., EOR currents per gram Pt. For Pt,,,,/ITO, the Pt loading was ~10 ML
and the entire wetted area of the electrode contained Pt particles (~1.5 x 10!6 Pt atoms/cm? on
0.04 cm?=~1.9 x 107 g). The resulting peak currents per gram Pt (again, upper limits due to
uncertainty in the wetted area) are ~46 A/g Pt, 72.5 A/g Pt, and 75 A/gm Pt, for the 1% oxidation,
2nd oxidation, and reactivation peaks, respectively. On a mass basis, the small clusters are
generally quite active, as shown by comparison of these values with those shown in Figure 4.
For the 15t oxidation peak, the most active Pt,/ITO (Pt4, Pt;o) have mass activities at least 4 times
greater than that for Pt,,,,/ITO, and aside from Pt;/ITO which does not support the 15 oxidation
peak, the Pt,/ITO mass activities are at least equal to the upper limit measured for Pt;,,,/ITO.
Similarly, for the reactivation peak, Pt,/ITO and Pt,o/ITO have mass activities that are ~8 and ~6
times, respectively, the upper limit value for Pt,,,,/ITO, and the least active Ptg/ITO sample as
activity at least half that of the Pt,,,o/ITO upper limit. For the 2" oxidation peak, which is both
the largest and the least dependent on cluster size, the mass activities for Pt,/ITO range from >5
to ~15 times the upper limit Pt,,,,/ITO activity.



The fact that the Pt,/ITO electrodes have generally higher mass activities than Pt,,;, is
largely attributable to the expectation that most or all of the Pt atoms are in the surface layer for
small Pt, deposited on ITO. The fraction of Pt exposed in the surface layer for Pt,,,,/ITO
depends on particle size and morphology, and the fact that Pt,,,,/ITO was prepared with 10 ML
Pt coverage, yet had only part of the surface covered with nanoparticles, clearly shows that the
particles were many layers thick, exposing only a small fraction of the Pt in the surface. Of
course, such simple geometric considerations cannot explain why the activity for Pt,/ITO varies
so strongly and non-monotonically with cluster size.

Another point that is clear from comparing Pt,/ITO and Pt,,,,/ITO, is that the relative
intensities of the three EOR peaks are quite different for Pt,/ITO, compared to Pt,,,,/ITO or
Ptyory. For Pty the 15t oxidation, 2™ oxidation, and reactivation peaks have peak current
densities ina 1 : 1.9 : 2.2 ratio, while for Pt,,,,/ITO the ratio is similar (1 : 1.6 : 1.6). For Pt,,
the ratio is roughly O : 4 : 1, while for the other Pt,, the ratio ranges from about 1 : 7.5 : 0.9 for
the least active Pt,/ITO (n=7, 8),to 1 : 5 : 3.6 for the more active sizes like Pt, and Pt;o. In all
cases, the 2" oxidation peak is substantially stronger compared to the 1t oxidation or
reactivation peaks, than it is for Pt,e1y or Ptyno/ITO.

Although the primary focus of the analysis has been on variations in the magnitudes of
the EOR peaks, it is important to note that the potentials where the peaks currents are observed
are lower than for Pty or Pty.n/ITO. For example, the 1% oxidation feature peaks at 0.89 V and
0.92 V for Ptyy, and Pt,,n0/ITO, respectively, while on Pt,/ITO, the analogous feature peaks
between 0.82 and 0.84, depending on cluster size. Similarly, the 2" oxidation feature peaks at
1.3 V for Pty and at 1.34 'V for Pt,,,o/ITO, but for Pt,/ITO the peak current is observed between
1.24 V and 1.28 V. Finally, the reactivation feature peaks quite sharply at 0.64 V for both Pt,,
and at Pt,,,,, but the much broader reactivation features for Pt,/ITO peak in the range between
0.45 and 0.49. While these shifts are not large, and would have only a small effect on efficiency
of a direct ethanol fuel cell, they are further evidence that the EOR kinetics are significantly
different on small clusters, compared to bulk Pt or large Pt nanoparticles.

The CV cycle dependence of EOR activity.

Figure S4 shows two additional examples of the changes induced by potential cycling on
the background-subtracted EOR peak current densities. Figure S4A shows results for Pt;/ITO (at
0.1 ML coverage), and Fig. S4B shows results for a second Pt,/ITO sample. As in Fig. 6,
repeated CV cycling was found to result in several types of changes in the EOR activity over the
course of each sequence of CVs. Early on during the cycling (first ~dozen CVs), the intensity of
the reactivation peak increased rapidly, while the intensities of the 2" oxidation peak, and in
some cases, the 15t oxidation peak, decreased. For CVs collected during next 10-25 scans, the
peak current densities continued to evolve, but at a slower rate. For most samples, the
reactivation peak continued to increase slowly, with concurrent decrease in the 2" oxidation
peak. For one Pty/ITO sample, the reactivation peak also started to decrease slowly after ~13
CVs. In all cases, the peak current densities continued to evolve slowly for the next 15 — 30
CVs. Finally, the in the final stage of the sequences, there was rapid decline in EOR intensity to
baseline over ~10 scans, and then followed by a long period of essentially zero EOR currents.

As shown below, the final, rapid decrease to zero resulted from poisoning of the Pt, by CI-
diffusing from the reference electrode compartment. Possible mechanisms for the slower
changes peak currents observed earlier in the CV sequences are discussed below.
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Fig. S4. Top: CV cycle dependence for Pt;/ITO. Bottom: CV cycle dependence for a second
Pt/ITO sample.

Cluster size dependence at the beginning of the CV sequence for each sample.

One of the interesting results from this study is the strong oscillations of EOR peak
currents cluster size, and the fact that these oscillations are anticorrelated with oscillations in the
Pt core level binding energy measured by XPS (Figure 7, main text). To verify that the
oscillatory behavior shown in Fig. 7 is not simply an artifact of having chosen to analyze
currents in the CVs measured just at the end of the initial ~10 CV period of rapid change, Fig. S5
shows the analogous results based on the 2" CV for each sample. It can be seen that the
oscillatory size dependence is identical to that recorded later in the CV sequences. The only
exception is that the reactivation peak is so weak at the beginning of the CV sequence that it is
not possible to extract its background-subtracted intensity with any confidence. We conclude
that the oscillatory structure is due to inherent, size-dependent properties of the ITO-supported
Pt,, and that the size distribution must not evolve significantly under potential cycling, at least
for the first dozen cycles.
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Factors possibly contributing to changes in EOR currents.

In the early and middle stages of the CV sequences shown in Figs. 6 and S4, the relative
intensities of the three EOR peaks change. Given the conclusion that the cluster size distribution
is not evolving significantly, there are several possible factors that might cause the EOR peak
currents to evolve.

One obvious question is whether consumption of the ethanol reactant is significant. It is
not possible to quantitatively relate the integrated (background-subtracted) EOR currents to the
amount of ethanol consumed, because we do not know what distribution of products is formed,
and therefore how many electrons are required per ethanol molecule. The integrated EOR
currents obviously depend on cluster size, but for Pt,, the most reactive size, the integrated
currents for all three EOR peaks amounted to ~1.95 x 106 C per cycle during the initial CVs. If
we assume a product distribution similar to that measured by Wang et al.,!! then ~4.12 electrons
are generated per ethanol molecule consumed, thus we can estimate that about 5x10-'2 moles of
ethanol are consumed per cycle. The ethanol consumption is, therefore, negligible compared to
the ~1.7x10- moles of ethanol initially present in the working compartment, although the
ethanol concentration in the electrolyte layer near the electrode may become somewhat depleted.

Other factors that may change during potential cycling include cluster properties which
may evolve due to cycling through the Pt oxidation/reduction potential, and changes in
concentrations of reaction intermediates and products in the electrolyte and adsorbed on the Pt,,
modifying the relative rates of the reactions that give rise to the three peaks. Regardless of the
cause of the current changes, the fact that the cluster size dependence remains sharp during
potential cycling rules out significant broadening of the cluster size distribution.

The rapid decline in EOR signals after 25 — 30 CVs could potentially be due to build-up
of EOR products (e.g. acetate) in the electrolyte, poisoning the surface.3¢ To test this possibility,
some CV sequences were stopped after the rapid EOR activity decay, to allow injection of fresh
electrolyte into both the working and counter electrode compartments. In no case was significant
recovery of EOR activity observed, indicating that the loss of activity resulted from changes in
the Pt,/ITO electrodes, not the electrolyte.



One such change might be dissolution of the Pt; clusters, due to cycling of the potential
through the Pt redox potential. Ideally, post-reaction Pt XPS could be used to directly measure
Pt remaining on the electrodes, but a previous attempt! at such measurements yielded ambiguous
results. The problem was that we were unable to rinse away all traces of electrolyte from the
post-reaction electrode surfaces, thus it was not clear if post-reaction reduction in Pt XPS
intensity was due to Pt loss by dissolution, or simply attenuation by an adsorbate overlayer.

Fortunately, the CVs, themselves, provide evidence that a significant fraction of the
initial Pt remained on the ITO surface even after the EOR signal completely decayed. Figure 3D
shows that Pt-free ITO does not catalyze HER in the potential range probed in our experiment,
however, HER (and H, oxidation) are clearly present in the CVs taken after the EOR signal had
completely decayed (Figures 6 and S4), showing that the electrodes continued to have significant
Pt coverage, and that the Pt remained accessible to water, but apparently not to ethanol.

CI is responsible for the final, rapid decline in EOR activity

All the CV sequences terminate in a rapid decline in EOR peak intensities, after which,
the CVs shown no evidence of structure due to EOR. We attribute this decline to poisoning of
the Pt,/ITO by Cl-, which is known to bind strongly to Pt,3”-3% and is present in the reference
compartment with only a single frit slowing diffusion to the Pt,/ITO electrode. To test this
hypothesis, we conducted an experiment with a Pt,, electrode, where the frit separating the
reference and working compartments was replaced by a short piece of capillary tubing, in order
to speed the diffusion between the compartments. As shown in Fig. S6, the decay in EOR peak
intensity occurred over only ~5 CVs, concomitant with growth of a strong reduction feature at
~1.34 V in agreement with the expected potential for the reaction Cl, +2 e-— 2CI- (E°=1.36 V
vs. NHE). The Cl, is generated by the reverse reaction, to which we attribute the growth of a
strong oxidation feature at potentials above ~1.4 V. Similar, but weaker reduction and oxidation
features are observed in the final CVs on all the Pt,/ITO samples (insets to Figs. 5 and S4). In
the normal experimental configuration, where the cell compartments were separated by frits, the
CI poisoning effect was not seen during 120 CVs for Pt,,y, however, this is not unexpected. It
took 25 to 40 CVs for Cl- poisoning to become obvious for Pt,/ITO, and Pt has an order of
magnitude more Pt surface sites, thus more Cl- diffusion must occur before poisoning becomes
obvious.
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Figure S6. CVs for Pty in 0.1 M HCIO,4 with 1% Ethanol, where diffusion of CI- from the
reference electrode was enhanced by replacing the normal frit with a short section of capillary
tubing.

CI- contamination also explains why the rapid decline of EOR activity occurs after
different numbers of CVs for different samples. Electrolyte injection into the cell was done by
hand, and small variations in the amount of NaCl injected into the reference compartment were
unavoidable. As a result, we expect that the extent of initial Cl- permeation of the frit, and
therefore the time required for significant Cl- contamination to reach the working electrode
would vary from day to day. One interesting question is whether the poisoning effect is simply a
matter of site blocking, or if strong binding of electronegative Cl to the small Pt clusters changes
the Pt electronic structure, reducing activity. The anti-correlation of Pt 4d BEs with activity
suggests that activity requires electron-rich Pt sites, thus even a modest electron-withdrawing
effect might be sufficient to inhibit EOR. The fact that HER and chlorine oxidation and
reduction continue to be observed after EOR activity has completely decayed, suggests that Pt
sites are still accessible, at least to small molecules.

Interpretation of XPS binding energies (BEs)

Core level BEs are influenced by a number of factors, which are often loosely described
in terms of effects on the initial or final states of the photoemission process. The initial state is a
Pt atom forming part of a Pt cluster, and its energy is influenced by the electron density in the
local environment. The final state is the Pt atom with an electron missing from the 4d core
orbital. The final state energy is stabilized by relaxation of other electrons in that atom, and by
screening/delocalization of the core hole charge by flow or polarization of electrons in the
surroundings.

The effects of particle size on XPS shifts have been studied for many metal/oxide
systems. For example, gold films grown on SiO; and TiO, typically show bulk-like XPS BEs for
thick films, but as the film thickness drops below ~2 ML and the average size of the particles
present becomes small, the BE increases by up to 1.6 eV.3% 4 Because gold is expected to remain
in the Au® oxidation state, these shifts are primarily attributed to final state effects. The idea is
that as particle size is reduced, screening of the core hole is less efficient because charge can
only delocalize over the particle surface. The less stable final state results in BEs that increase
with decreasing particle radius as radius™.#>4>  On top of this smooth variation with size, there



may also be size-to-size oscillations in BEs that indicate size-dependent changes in the electronic
properties of the supported clusters. For example, size-selected Pd,/TiO,,*, Pd,/alumina,* and
Pt,/glassy carbon,! all show an overall trend of decreasing BEs with increasing cluster size,
superimposed on size-to-size fluctuations.

For comparison to the BEs for Pt,/ITO, we measured the Pt 4d;,, BE for polycrystalline
Pt, and obtained a value of 331.8 eV, in good agreement with literature values.*>4¢ The BEs
seen for Pt,/ITO (Figure 7) average about 1.5 eV higher than this bulk limit, with fluctuations of
up to ~1.5 eV, and no obvious sign that the BEs are converging toward the bulk limit, at least in
this small size range.

Consider examples like Pt4/ITO or Pt;(/ITO, which have lower-than-average Pt 4d BEs
and high activity. From an initial state perspective, lower-than-average BE would suggest that
the Pt is relatively electron rich, compared to other cluster sizes on ITO. From a final state
perspective, low BEs would be rationalized in terms of efficient screening of the core hole by
valence electrons, and screening would tend to be enhanced by the Pt, valence levels being
electron rich and/or highly polarizable. Thus from either initial or final state perspectives, Pt,
with low 4d BEs are seen to be electron rich, and it is these clusters that have high EOR activity.

Conversely, Pt,/ITO, Pt;/ITO and Ptg/ITO have unusually high Pt 4d BEs and low EOR
activity. An initial state picture would suggest that interaction of Pt with the ITO has resulted in
relatively electron-poor Pt,, while a final state picture would suggest poor screening of the core
hole, consistent with fewer and/or less polarizable valence electrons on the Pt. From either
perspective, these relatively inactive cluster sizes are seen to be depleted of easily polarized
valence electrons. From a catalytic perspective, it appears that a high activity requires a high
density (or high polarizability) of valence electrons on the Pt clusters.

Size dependent properties for free and supported Pt clusters

One question is whether the size-dependent properties of Pt,/ITO reflect inherent
properties of Pt,, i.e., do they correlate with properties for Pt in the gas phase. There have been
a number of experimental and theoretical studies of gas-phase Pt clusters providing information
such as the stabilities,*’-* orbital energies,’® ionization energies,’! and electron affinities.>!-*
These results show variations in properties with size, but there is no obvious connection to the
pattern observed here for EOR activity. The exception is a theoretical finding’! suggesting that
Pt4 is a local minimum in both ionization energy and electron affinity, however, in the case of
electron affinity, where experiments exist, this theoretical finding is not borne out. Trends in gas-
phase reactivity vs. cluster size are also interesting. The reactions studied most extensively are
those with CH4 and N,O, and these provide some indications that gas-phase Pt, and Pt;, may be
special under certain conditions. For example, CH, reaction with Pt, in the cationic, neutral, and
anionic states has been studied. For cations, Pt;" and Pt;," are found to have unusually low
reaction efficiencies, suggesting that they may have particularly stable electronic structure.>->7
The anions are generally less reactive than the cations, but there is no clear pattern in the size
effects.”->7 For neutral Pt,, reaction with CHy is relatively efficient for n = 2-5, and the activity
for the larger Pt, is >4 times lower, with a local minimum at Pt;(.*® Perhaps more germane to
oxidation catalysis, reactions of oxidizers with Pt, show similar effects. Pt;" and Pt;,* are
unusually unreactive with N,O, while the anions show weaker size dependence, with particularly
low activity for Pts” and Pt;y".%® Pty is also found to be more reactive with O, than neighboring
sizes.>® In reaction of N,O with neutral Pt, (n=4-12), Pty is least reactive, but otherwise there is
little effect of cluster size.®® The most obvious conclusions to be drawn from these results are:



1. There are inherent size-dependence variations in Pt, electronic properties which can
affect reactivity. These do not directly correlate with what is observed for Pt,/ITO, however,
they suggest that interaction of deposited Pt, with ITO is likely to be dependent on cluster size.

2. Reactivity is quite sensitive to charge state, which ties in with our observation that
electron-rich (poor) Pt,/ITO are particularly active (inactive).

The effects of Pt-support interaction on the electronic structure and catalytic activity can
also be assessed by comparison with other Pt,/support systems. The large (1.5 eV) BE
fluctuations and lack of convergence toward the bulk limit seen for Pt,/ITO are quite different
from what is observed for Pt,/alumina and Pt,/glassy carbon. For Pt,/glassy carbon! the
fluctuations in the Pt 4f BE with size are only ~0.3 - 0.4 eV, and appear to converge toward the
bulk with increasing size — the BE shifts relative to bulk Pt fall from ~0.7 eV for Pt; to ~0.2 eV
for Pt;;. Another indication that the cluster-support interaction has a strong effect on the
electronic properties is that fluctuations in BEs with size are quite different for Pt,/ITO and
Pt,/glassy carbon. For Pt,/glassy carbon, the sizes with higher-than-expected BEs were Pt;, Pt;,
and Pt;;, compared to Pt;, Pts, Pt;, and Ptg for Pt/ITO. For Pt,/alumina,’ it was not possible to
measure XPS BEs due to interference from the Re(0001) substrate underlying the alumina film,
however, the onset of the Pt valence band was observed to converge from ~0.7 eV below the
Fermi level (Eg) for Pt; to ~0.3 eV below Eg for Pt;,, with more gradual convergence between
Pt;p and Pt;3. The fluctuations with cluster size were within the uncertainty (<0.1 eV). The
larger shifts and stronger fluctuations seen for Pt,/ITO suggest that there are strong size-
dependent interactions with ITO that overwhelm the convergence expected from final state
considerations.

In both Pt,/alumina and Pt,/glassy carbon, the variations in Pt binding energies were anti-
correlated with activity for oxidation reactions. For Pt,/alumina, CO oxidation was studied
under UHV conditions, and CO, production was found to be anticorrelated with the Pt BEs, and
positively correlated with the density of binding sites on top of the clusters. Similar anti-
correlations have been observed for CO oxidation over several Pd,/oxide systems,*3- 44, 61,62
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