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Understanding the factors that control electrochemical catalysis is essential to improving performance. We report a study 

of electrocatalytic ethanol oxidation – a process important for direct ethanol fuel cells – over size-selected Pt centers 

ranging from single atoms to Pt14. Model electrodes were prepared by soft-landing of mass-selected Ptn
+
 on indium tin 

oxide (ITO) supports in ultrahigh vacuum, and transferred to an in situ electrochemical cell without exposure to air.  Each 

electrode had identical Pt coverage, and differed only in the size of Pt clusters deposited.  The small Ptn have activities that 

vary strongly, and non-monotonically with deposited size.  Activity per gram Pt ranges up to ten times higher than that of 5 

to 10 nm Pt particles dispersed on ITO.  Activity is anti-correlated with the Pt 4d core orbital binding energy, indicating that 

electron rich clusters are essential for high activity.

INTRODUCTION 

The electrochemical ethanol oxidation reaction (EOR) has been 

studied extensively due to interest in developing direct alcohol 

fuel cells.
1-12

  Platinum or platinum alloys are commonly used 

to catalyze EOR because they are able to break the C-C bond in 

ethanol to reach the energetically favorable CO2 product.  EOR 

at Pt in aqueous electrolyte is a complex reaction involving the 

potential-dependent formation and reaction of multiple 

reaction intermediates and products.  EOR occurs by a 

heterogeneous inner-sphere mechanism, involving the 

adsorption of ethanol as the initial step, as documented by 

previous experimental and theoretical studies.
3-5, 12

 Absorbed 

CO and CH3CO intermediates, and CH3CHO, CH3COOH and CO2 

products have been detected during ethanol oxidation by mass 

spectrometry, chromatography, and vibrational 

spectroscopies.
3-6, 9

 The efficiency of EOR is influenced by the 

electronic and geometric properties of the surface, and can be 

modulated by alloying with Ru, Sn and other metals.
3, 13-14

  

Additionally, the oxidation of ethanol is sensitive to the surface 

atomic structure, occurring at different rates on different 

crystal planes of Pt.
1-2, 7

 

We report a study focusing on the effects on EOR activity of 

varying the size of the catalytic Pt centers from 1 to 14 atoms.  

These small Ptn clusters have EOR activity per gram Pt that 

varies strongly and non-monotonically with size. One might 

expect that varying catalytic site geometries would be 

important in this size range, however, activity is found to be 

most strongly dependent on the electronic properties of the 

clusters, which vary strongly with Ptn size, as shown by X-ray 

photoelectron spectroscopy (XPS). 

Deposition of size-selected clusters to form model catalytic 

electrodes allows the size and coverage of the supported 

catalytic centers to be varied independently, providing 

mechanistic tools that complement the many detailed studies 

on single crystal or supported particle electrodes.  A number of 

groups have developed such capabilities, as briefly reviewed in 

the supporting information.  We reported a study of the 

oxygen reduction reaction (ORR) at Ptn/glassy carbon,
15

 finding 

that some sizes of Ptn catalyze oxidation of carbon by water, 

with such fast kinetics that it is difficult to observe other 

chemistry.  Therefore, the experiments here used indium tin 

oxide (ITO) electrode substrates.  

In that study, we also found that model Ptn/glassy carbon 

electrodes exposed to air before the electrochemical studies 

had activity strongly modified by adventitious adsorbates. It is 

common in electrochemical studies to remove such adsorbates 

by repeated potential cycling.  For our very small Ptn clusters, 

we had concern that potential cycling might cause dissolution 

or other processes that might broaden the initial size selection.  

Therefore, the experiments below were done using a vacuum-

compatible in situ electrochemical cell, with every effort made 

to minimize exposure to adventitious adsorbates. This 

experimental arrangement imposes limitations on the 

complexity of the electrochemical cell, restricting 

measurements to static conditions.  As discussed above, the 

EOR mechanism has been studied using much more elaborate 

experiments by many other researchers. We, therefore, do not 
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address broader mechanistic issues, but focus our attention on 

what is unique about our results – the ability to vary the Ptn 

cluster size, while keeping all other experimental parameters 

constant. The issue of possible effects of potential cycling on 

cluster size is discussed further below. 

EXPERIMENTAL METHODS 

The experiments were performed using a cluster beam 

deposition/surface analysis instrument described previously.
15-

17
 This instrument consists of a laser vaporization cluster 

source, a guided ion mass-selecting  beamline, and a ultra-high 

vacuum (UHV) system (base pressure 1 x 10
-10

 mbar) where 

samples are prepared and characterized before the 

electrochemical studies.  The main UHV chamber contains the 

deposition end of the cluster beamline, a spectroscopy station 

for X-ray and UV photoelectron spectroscopy and low energy 

ion scattering, and several mass spectrometers for gas-surface 

reactivity studies.   ITO substrates, cleaned as discussed below, 

are clipped into a substrate holder fabricated from a tantalum 

backing plate with tantalum spring clips that contact the edges 

of the front surface of the substrate, and press it against the 

backing plate.  The substrate holder is mounted via heating 

wires to a cryostat, which is mounted on a UHV manipulator, 

allowing the temperature to be varied between ~100 and 1000 

K, as measured by a thermocouple spot-welded to the backing 

plate.  The UHV system includes a valved port that allows a 

separately pumped antechamber to be attached beneath the 

main chamber.  When the sample is inserted into the 

antechamber, the cryostat passes through a seal that allows 

the antechamber to be pressurized or vented. When the lower 

side of the seal is at atmospheric pressure, the main chamber 

pressure only rises by ~1 x 10
-8

 mbar. 

The in situ electrochemical arrangement is similar to one used 

previously,
15

 with the following modifications.  A new 2-

section antechamber was constructed to allow more space 

around the electrochemical cell, to facilitate disassembly for 

cleaning, and to better protect gauges and pumps from 

electrolyte.  A new electrochemical cell was constructed from 

polyether ether ketone (PEEK), with separate compartments 

for working, counter, and reference electrodes, separated by 

glass frits (VitraPOR Borosilicate Glass from ROBU, Inc.).  The 

working compartment is open at one end, to allow it to be 

mated to the Ptn/ITO working electrode, sealing via an O-ring 

at the open end of the working compartment.  After 

preparation and characterization of the Ptn/ITO electrode in 

the UHV chamber, and insertion into the antechamber, a linear 

translator was used move the open end of the electrochemical 

cell into contact, surrounding the cluster-containing spot.  To 

give adequate sealing force, a second linear translator was 

used to press a Viton-capped rod against the back of the 

substrate holder. The inside diameter of the working electrode 

compartment is 3.17 mm, compared to the 2 mm diameter 

spot containing Pt clusters.   

At the bottom of each electrode compartment there are ports 

fed by PEEK tubes for electrolyte injection, and at the top 

there are ports for exhaust of gases or excess electrolyte.  

Between the working and counter electrode compartments, 

which were filled with the same electrolyte solution, a 5 mm 

diameter, 2.5 mm thick frit of porosity P3 (16 – 40 μm pores) 

was used, sealed in place with an O-ring.  To minimize 

electrolyte mixing between the working and reference 

electrode compartments, a finer P4 frit (10 – 16 μm pores) was 

used.  The counter electrode is a cylinder of Pt mesh 

(>99.9%Pt, Alfa Aesar) lining the inside of the counter 

electrode compartment, connected to a Pt wire that extends 

through the electrolyte exhaust port.  The reference electrode 

was a length of AgCl-coated Ag wire.  At the start of each 

experiment, the cell was dry, having been at high vacuum 

overnight. 

One issue for in situ electrochemistry is that the reference 

electrode must be dry when the experiment is started.  We 

used an Ag/AgCl (0.1M NaCl) electrode, prepared fresh before 

each experiment as follows.  A piece of high-purity Ag wire 

(>99.9985% Ag, Alfa Aesar) was ultrasonicated for 15 minutes 

in ethanol and then deionized water, then briefly dipped in 

0.1M HNO3 to remove oxide,
18

 rinsed in deionized water, and 

then immersed in sodium hypochlorite solution for 20 minutes 

to establish a chloride layer.
19

  The silver wire was then air 

dried and mounted into the dry electrochemical cell.  The 

Ag/AgCl electrode in 0.1M NaCl has a formal potential of 0.281 

V vs. the normal hydrogen electrode (NHE).  The potential and 

stability of the reference electrode was checked against a 

commercial Ag/AgCl electrode by placing both in a beaker 

containing 0.1M NaCl, and it was found that the reference 

electrode potential was correct and stable within 1.4 ± 0.5 mV 

over 20 minutes, which is a typical time for the 

electrochemical part of the experiments.  As described below, 

however, the day-to-day reproducibility of the reference 

electrode in the in situ electrochemical cell was found to be 

~±14 mV, and this is taken as the uncertainty in our measured 

potentials. 

The 0.1M NaCl electrolyte used in the reference compartment 

was prepared from >99.0% NaCl (Macron Chemicals) and 

freshly generated 18.2 MΩ∙cm deionized (DI) water from a 

Millipore Milli-Q purifier.  The electrolyte for the working and 

counter electrode compartments was 0.1 M HClO4 prepared 

from 70% HClO4 (Aldrich, 99.999% trace metal basis) dissolved 

in 18.2 MΩ∙cm water.  All electrolytes were sparged with N2 in 

order to remove O2, the presence of which leads to interfering 

signal from oxygen reduction.  Ethanol was added to the 0.1 M 

HClO4 solution after sparging.  Except as indicated, all 

experiments were done with 1% ethanol by volume (1 %v/v), 

corresponding to ~0.17 M concentration.   Electrolytes were 

drawn into syringes just before injection into the fill tubes 

leading to the cell. 

After completion of each day’s experiment, the cell and 

antechamber were dismantled, cleaned to remove all traces of 

electrolytes, and dried.  As part of this process, the used 

Ptn/ITO electrode was removed and replaced with a fresh ITO 

substrate, which was cleaned by ultrasonication in ethanol and 

then 18.2 MΩ∙cm water
20

 followed by air drying.  A freshly 

prepared Ag/AgCl wire was inserted into the reference 

compartment of the cell.  The antechamber was reattached to 
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the main chamber, and then rough-evacuated with a trapped 

mechanical pump to remove water or other species adsorbed 

on surfaces.  The antechamber was then evacuated with a 

turbomolecular pump overnight while the sample was heated 

to 340 K, to further degas the sample, cell, and antechamber. 

Because of the large water and ethanol exposures to both the 

antechamber and cell, the chamber pressure (hot) was 

typically still ~5 x 10
-7

 mbar by the next morning.  At this point 

the sample was pulled into the UHV chamber, and the 

antechamber was isolated and allowed to cool, while being 

pumped by its own turbomolecular pump. 

The ITO electrode substrates were prepared by dicing 

commercial ITO-coated glass plates (Sigma Aldrich, 15-25 

Ω/square, lot MKBN8257V) into 8 x 12 mm rectangles, to fit 

the substrate holder.  To insure good electrical contact with 

the ITO film, the edges of the substrates were sputter-coated 

with gold.  A Bruker Dimension Icon atomic force microscope 

(AFM) was used to examine the polycrystalline ITO surface, 

showing domain sizes on the order of 30 nm, maximum height 

variation of ~8 nm, and average roughness (Ra) of 1.1 nm, as 

shown in Figure 1. 

After baking at 340 K overnight, the ITO substrate was pulled 

into the UHV chamber and characterized by XPS, which 

showed significant C 1s signal from adventitious adsorbates 

(Figure 1).   This carbon signal was not removed by heating in 

UHV to 670 K, or to 600 K in 10
-5

 mbar of O2 (in the 

antechamber).  The substrate holder can reach much higher 

temperatures, but we were concerned about thermal 

decomposition of the ITO, and therefore adopted a different 

cleaning strategy.  Samples were sputtered with 1 keV Ar
+
, 

using the minimum exposure needed to eliminate the C 1s 

signal, and then annealed at 670 K for 30 minutes in 1 x 10
-7

 

mbar of O2, in order to produce a fully oxidized surface.  As 

shown in Figure 1, this process results in carbon-free ITO with 

In:Sn stoichiometry of ~12:1, consistent with the Sn doping 

level in the ITO.  Recently, Klett et al.
21

 reported use of Ar
+
 

sputtering to remove carbon from ITO supports for a 

photoemission study of Ptn deposited on ITO, the main 

difference being that they annealed their samples in vacuum, 

rather than O2.  From our perspective, the most important 

property of the ITO substrates is that they should be inert, so 

as to not interfere with measurements of signals from the Ptn 

clusters.  As shown below, the cleaned ITO substrates showed 

no activity for EOR or water electrolysis in the potential range 

of interest. 

Ptn
+
 clusters were produced by laser vaporization, formed into 

a beam, and passed through a quadrupole mass filter to 

produce a beam containing only a single cluster size, as 

described elsewhere.
22

 The clusters were deposited on the 

cleaned ITO substrates at a kinetic energy of 1 eV/atom, using 

a 2 mm diameter mask to define the cluster spot.  The cluster 

coverage was monitored continuously during deposition by 

measuring the neutralization current of the Ptn
+
, and 

deposition was stopped when the desired coverage was 

reached.  To allow data for different cluster sizes to be 

compared directly, each sample contained 4.40 x 10
12

 Pt atoms 

deposited in the 2 mm diameter spot, the only difference 

being the size of clusters deposited.  This coverage 

(1.5x10
14

/cm
2
) is equivalent to ~0.1 of a close-packed Pt 

monolayer, and typical deposition times were 5 – 10 minutes. 

One obvious question is the extent to which the deposited 

cluster size is retained after deposition and under 

electrochemical cycling.  The roughness of the ITO support 

precludes detection of subnanometer clusters by AFM or STM.  

As shown below, the XPS binding energies oscillate strongly 

with deposited cluster size, indicating that the Ptn/ITO retain 

memory of the deposited size.   

We also used scanning transmission electron microscopy/high 

angle annular dark field imaging (STEM/HAADF) to examine 

size-selected Ptn deposited on lacey carbon TEM grids.  Grids 

were prepared by depositing ~4 % of a ML of Pt in the form of 

Pt1, Pt7, or Pt14, which were then transferred in air, and imaged 

using a JEOL JEM 2800 microscope. Selected area energy 

dispersive x-ray spectroscopy (EDS) was used to verify that the 

observed spots were, indeed, due to Pt.  The images are 

shown in Figure 2.  There are several points to note and which 

are discussed further in the supporting information.  The size 

and contrast of the spots and their spacings on the grids, are 

consistent with the deposited Pt7 and Pt14 remaining intact, 

rather than breaking up or sintering on the carbon TEM grids. 

The image for the grid prepared by Pt1 deposition, in contrast, 

shows no obvious structure.  It is not surprising that we were 

 

 

Figure 1. A. Top: AFM image of as-received ITO thin film electrode 

substrate. Bottom: XPS for as-introduced (bottom) and UHV-

cleaned (top) ITO. 
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unable to image single Pt atoms using this non-aberration-

corrected instrument, however, this negative result provides 

the important insight that deposited atoms do not diffuse and 

sinter to form clusters large enough to be observed in the 

images.  The conclusion is that at least for Ptn on carbon under 

the conditions studied, there is no evidence of efficient 

agglomeration of either clusters or deposited atoms. 

The important question, however, is whether the clusters 

remain intact on ITO under electrochemical potential cycling.  

Fortunately, the results, themselves, provide strong evidence 

regarding this issue. The electrochemical activities are found to  

oscillate with cluster size, and the oscillations are strong and 

sharp enough to imply that the deposited clusters must remain 

within a few atoms of the deposited size.  Furthermore, there 

is no evidence that the size distribution broadens significantly 

during the sequence of CVs used to probe the activity of the 

Ptn/ITO. This issue is discussed further below. 

Immediately after cluster deposition, the samples were 

characterized by XPS.  Because the 0.1 ML Pt coverage results 

in weak signal, and the Pt 4f peaks have strong and energy-

dependent background from the ITO support, Pt was detected 

via its 4d peaks, with a typical spectrum (Pt10/ITO) shown in 

Fig. S1.  The 4d5/2 peak partially overlaps the 2s peak from 

argon implanted during ITO cleaning, and to avoid any possible 

influence on the fitting process, the BEs given below are for 

the Pt 4d3/2  peak. 

After XPS, the samples were inserted into the antechamber, 

which was then vented with UHP argon to a pressure above 

atmospheric pressure, to avoid air intrusion through the 

electrolyte injection tubes.  The electrolyte tubes were then 

uncapped and connected to syringes for injection.  The 0.1 M 

HClO4 electrolyte containing 1% ethanol was first injected into 

the working electrode compartment with the cell pulled back 

from contact with the Ptn/ITO electrode.  Electrolyte was 

injected until a meniscus protruded from the open end of the 

cell, which was then moved into contact with the sample.  

Additional electrolyte was injected until it was observed to 

flow from the exhaust port at the top of the compartment.  

The same electrolyte solution was then injected into the 

counter electrode compartment, and finally 0.1 M NaCl 

electrolyte was injected into the reference electrode 

compartment. 

Once the cell was filled, the EOR was studied by running a 

series of cyclic voltammograms (CVs) over increasing potential 

ranges:  -0.3 V to 0.5 V, -0.3 V to  0.7 V, -0.3 V to  0.8 V, -0.3 V 

to 1.0 V, and finally -0.3 V to 1.3 V, all measured with respect 

to the Ag/AgCl reference electrode.  The scan ranges were 

chosen based on several considerations. The lower potential 

limit was chosen to allow us to observe the onset of the 

hydrogen evolution reaction (HER) for purposes of calibrating 

the reference electrode potential (see below), but without 

generating enough H2 to cause bubble formation, which is a 

problem for our small diameter cell.  Another consideration is 

the possibility that very small Pt clusters might dissolve, 

particularly when the CVs are scanned over potential ranges 

where Pt oxidation and reduction occur.  This motivated the 

initial scans, which remained below the potential where Ptn 

oxidation might be expected.  The final upper potential limit 

was chosen to avoid formation of O2 bubbles from the oxygen 

evolution reaction (OER). 

All reported potentials have been converted to V vs. NHE 

(potential relative to the normal hydrogen electrode) using the 

following procedure.  Nominally, potentials measured against 

our reference electrode (Ag/AgCl 0.1 M NaCl) should be 

converted to potentials vs. NHE by adding 0.281 V, however, 

the use of an initially dry reference electrode raised concern 

about the day-to-day reproducibility of the reference 

potential.  Therefore, to provide an internal reference, the 

lower potential limit for all CVs was chosen to allow 

observation of both the onset of the H2 evolution reaction 

(HER) and the peak due to H2 oxidation.  To bring these 

features to their literature values
23

 required, on average, a 

shift of 0.284 V – quite close to the 0.281 V nominal shift.  

More importantly, the day-to-day variation in the shift was up 

to ±14 mV, which we take as an estimate of the uncertainty in 

the measured potentials.  The potential axis of the CVs have all 

been adjusted to bring the potential of the HER onset and H2 

oxidation peak to the literature value.  Note:  because the 

Ag/AgCl electrode was used to control the CVs, the scan range 

relative to NHE varied by up to ±14 mV from sample to sample. 

An example of the initial variable width CVs (0.1 V/sec scan 

rate) is shown for Pt10/ITO in Fig. S2.  In terms of potential vs. 

NHE, the lower potential limit was -0.016 V, and the upper 

potential limits varied up to 1.58 V.  Because the CVs were 

actually measured against the Ag/AgCl reference electrode, 

which had ±14 mV day-to-day variations, the exact potential 

range vs. NHE varied slightly from sample to sample.  No 

significant EOR currents were observed until the upper 

potential was 1.25 V, and the EOR peaks became large only for 

 

Figure 2. S/TEM images of lacey carbon TEM grids prepared by 

deposition of ~4% of a monolayer of Pt as:  Top left: Pt1, Top right: 

Pt7, and Bottom: Pt14.  Note differences in scale. 
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the CV run over the “full range” of potentials (-0.016 V to 1.58 

V). This behavior is in contrast to bulk Pt electrodes, where 

EOR activity can been seen in CVs where the upper potential 

does not exceed 1.2 V.
3, 5-7

  Next, each Ptn/ITO sample was 

probed by a sequence of full range CVs, continuing until the 

EOR signals disappeared. 

It is important to note that while the Ptn/ITO cluster 

experiments were performed with every effort made to avoid 

exposure to adventitious adsorbates, it is impossible to 

completely avoid this problem.  During cluster deposition and 

XPS characterization in the UHV chamber, the main 

background species present were CO and water.  CO is always 

present in the UHV background and sticks well to small Pt 

clusters on oxide supports,
22

 desorbing between 400 and 600 

K.  The water background is elevated (~1x10
-9

 mbar) after the 

O2-annealing process used in ITO cleaning, and in addition, the 

antechamber pressure at the time of sample introduction was 

in the low 10
-7

 mbar range, also mostly due to residual water 

from washing the cell and antechamber after each day’s 

experiments.  Given that we immediately flooded the cell with 

electrolyte after introduction to the antechamber, the water 

exposure is not considered to be a problem, however, binding 

of CO or other strongly-binding contaminants could partially 

passivate the Pt surfaces. 

To test for the presence of UHV-adsorbed contaminants, a 

sample was prepared using the same procedure as in the 

electrochemical experiments, and then examined by 

temperature-programmed desorption (TPD), where the 

sample was heated at 3 K/second while monitoring desorption 

of water, CO, CO2 using a differentially-pumped mass 

spectrometer.  The temperature was monitored by a 

thermocouple spot-welded to a tantalum backing plate behind 

the ITO substrate, however, it is unlikely that the substrate 

temperature lagged the measured temperature by more than 

~10-20K, because the substrate was spring loaded tightly 

against the backing plate.  The result of this TPD experiment 

was that essentially no desorption signal was observed below 

650 K, i.e., in the range where CO is known to desorb from 

Ptn/alumina,
22

 suggesting that the adventitious adsorbate 

exposure level was low during cluster deposition. 

For comparison to the Ptn/ITO results, analogous experiments 

were done for polycrystalline Pt (“Ptpoly”), for an ITO electrode 

prepared with ~5-10 nm diameter Pt particles (“Ptnano/ITO”), 

and for Pt-free ITO. The preparation of these “control” 

electrodes is described in the supporting information. 

RESULTS 

“Control” Electrodes. Figure 3 shows CVs from several control 

experiments relevant to interpretation of the EOR results. 

Figure 3A shows the CV for Ptpoly in N2-saturated 0.1 M HClO4, 

without ethanol, which is in good agreement with literature 

results.
24

  At the 1.3 V starting potential, the Pt surface is 

oxidized, and the peak observed at 0.75 V during the negative-

going scan is due to reduction of the oxidized surface.  Below 

0.3 eV, small peaks are observed for H
+

aq → Hads, and then a 

sharp onset is observed near 0.0 V for the HER reaction. As the 

potential is scanned back toward 1.3 V, the structure below 

0.3 V corresponds to re-oxidation of H2 and then Hads → H
+

aq.  

The structure above 0.8 V is due to oxidation of the Pt 

surface.
25

  

Figure 3B shows a CV for Ptpoly under EOR conditions, which is 

also similar to results in the literature.
7-9

 During the positive-

going scan, an oxidation peak is observed at 0.89 V with a 

background-subtracted current density of 0.9 ± 0.2 mA/cm
2
, 

and then a second oxidation peak is observed at 1.3 V with a 

current density of 1.8± 0.3 mA/cm
2
.  These features will be 

referred to as the 1
st

 and 2
nd

 oxidation peaks.  The peak 

currents were estimated by subtracting non-EOR background 

currents estimated from the CV for Ptpoly without ethanol (Fig. 

3A), and the uncertainty is due to the uncertainty in the 

wetted area on the electrode. The current densities for both 

the 1
st

 and 2
nd

 oxidation peaks have been reported to increase 

with ethanol concentration, and are thus associated with the 

oxidation of ethanol.
3-7

 Based on vibrational spectroscopy, 

mass spectrometry and chromatography, the 1
st

 oxidation 

peak is reported to yield acetaldehyde and acetic acid and a 

small amount of CO2, while the 2
nd

 oxidation peak is associated 

predominantly with the electrogeneration of acetic acid.  EOR 

declines at potentials above ~1.3 V because of Pt oxidation and 

poisoning by product species.
1-2, 5-6

 As the potential is scanned 

back toward negative potentials, a small negative-going 

feature is observed starting at ~0.9 V vs NHE that is associated 

with the reduction of the oxidized Pt surface (“PtOx”).  In 

absence of ethanol (Fig. 3A) the current from reduction of PtOx 

peaks around 0.75 V (-142 μA/cm
2
), and continues to ~0.5 V.  

When ethanol is present (Fig. 3B), there is still a PtOx reduction 

peak at ~0.73 V (-165 μA/cm
2
), however, reduction reactivates 

the Pt surface for EOR catalysis, and the signal below ~0.68 V is 

dominated by a sharp “reactivation” peak at 0.64 V vs. NHE 

with amplitude of 2.45 ± 0.5 mA/cm
2
.  The reactivation peak is 

quite sharp, and shows evidence of a shoulder to lower 

potentials.  Near 0.0V, signals are also seen for HER and H2 

oxidation, but there are no longer distinct peaks between 0.3 

and 0.0 V for H
+
 ↔ Hads, presumably because adsorption of 

ethanol and its reaction intermediates blocks many of the Pt 

sites.
7-8

 

Figure 3C shows a CV for Ptnano/ITO with 2 vol% ethanol in the 

0.1 M HClO4 electrolyte.  The same three peaks characteristic 

of EOR are observed:  The 1
st

 oxidation peak at 0.92 V vs. NHE 

with current density of 175 ± 30 μA/cm
2
, the 2

nd
 oxidation 

peak at 1.34 V vs. NHE with current density of 273 ± 43 

μA/cm
2
, and the reactivation peak at 0.64 V vs. NHE with peak 

current density of 284 ± 60 μA/cm
2
.  The example CV for 

Ptnano/ITO was scanned to somewhat higher potential than 

that for Ptpoly, allowing the onset of the OER to be seen.  The 

maximum current densities for the three EOR peaks for 

Ptnano/ITO are roughly 7 times lower than those for the 

analogous Ptpoly EOR peaks, but lower current densities are 

expected for Ptnano/ITO, because only a fraction of the surface 

is covered by Pt. Figure 3D shows a CV recorded under 

identical conditions for a “blank” ITO electrode that was 

cleaned by Ar sput-tering and annealing in O2 in the UHV 

chamber, but without Ptn deposition.  
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Over the potential range of interest for EOR, the CV is 

featureless, with 3 to 5 μA/cm
2
 of capacitive current attributed 

to charging of the double layer.  There are no EOR peaks, nor 

are sharp onsets for HER or OER observed.  The implication is 

that any peaks seen for the Ptn/ITO electrodes in this potential 

range can be attributed to reactions catalyzed by the Ptn 

clusters. 

 Coverage dependence for Pt1/ITO. Figure 4 shows CVs for 

model electrodes prepared by deposition of Pt1 on ITO at 0.05 

ML and 0.1 ML coverage.  Coverage effects were studied for 

Pt1 because two factors suggest that deposited atoms may be 

more prone to agglomeration than pre-formed, deposited 

clusters. The average spacing between Ptn impact positions 

varies as n
-1/2

 (~0.9 nm for Pt1 at 0.1 ML), thus the diffusion 

distances required for agglomeration increase with cluster 

size.  In addition, from consideration of the number of bonds 

that must be broken, we might expect that the activation 

energy for diffusion of single atoms on a support should be 

smaller than those for diffusion or breakup of existing clusters. 

Indeed, STM,
26-27

 ion scattering,
28-31

 and reactivity studies
22

 all 

indicate that noble metal atoms on oxides are substantially 

more prone to diffusion and agglomeration, compared to pre-

formed, deposited clusters, even as small as dimers.  

As shown in the next section, the activity of electrodes 

prepared by Ptn deposition increases dramatically as n varies 

from 1 to 4 atoms. Therefore, if deposited Pt1 agglomerate 

significantly, we would expect to see EOR currents that vary 

non-linearly with Pt1 coverage, because higher coverage 

should result in more cluster formation. Conversely, if 

deposited Pt1 do not agglomerate, the EOR currents should 

simply be linear in coverage.  

The results in Figure 4 are plotted as current densities to allow 

comparison with the current densities for the control 

electrodes (Figure 3). The measured currents were simply 

divided by the area of the 2 mm diameter cluster-containing 

spot (0.031 cm
2
), thus this area is mostly ITO with 0.05 or 0.1 

ML Pt coverage.  For comparison, the current density for a Pt-

free ITO substrate is also shown in Figure 4. The ITO 

contributes 3 to 5 μA/cm
2
 of structureless current, thus the 

peaks and other features can all be attributed to Pt deposition.   

First consider the higher, 0.1 ML coverage results.  Taking the 

contribution from ITO into account, this CV shows all the same 

features as the CVs for Ptpoly and Ptnano/ITO (Figure 3B and 3C, 

and literature
3-7

), albeit with reduced intensities, as expected 

from the much lower Pt coverage.  Features include the 1
st

 and 

2
nd

 oxidation peaks at ~0.82 V and ~1.28 V on the positive-

going sweep, and an increase in current above ~1.5 V 

attributed to the oxygen evolution reaction (OER).  On the 

negative-going scan, reduction of the oxidized Pt starts at ~0.8 

V, enhancing activity for EOR catalysis, and resulting in the 

reactivation peak at ~0.48 V.  At lower potentials, current is 

observed near 0 V for the hydrogen evolution reaction (HER) 

and H2 oxidation.  For the 0.05 ML coverage electrode, the CV 

structure is similar, with the exception that there is no distinct 

peak at the potential expected for the 1
st

 oxidation peak.   

 

Figure 3. A. CV of Ptpoly in O2- and ethanol-free 0.1 M HClO4.  B. CV 

of Ptpoly in O2-free 0.1 M HClO4 containing 1 % by volume of ethanol.  

C. CV of Ptnano/ITO in O2-free 0.1 M HClO4 containing 2 % by volume 

of ethanol.  D.  CV of Pt-free ITO in 0.1 M HClO4 containing 1 % by 

volume of ethanol. All acquired at 0.1 V/sec. scan rate. 

 

Figure 4. CVs for Pt1/ITO at 0.05 ML and 0.01 ML coverages, and for 

ITO, acquired at 0.1 V/sec. scan rate. 
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For quantitative comparison, it is necessary to subtract the 

non-EOR background currents that result from the ITO support 

and from Pt oxidation/reduction (Figure S3, supporting 

information).  The background-corrected peak current 

densities at 0.1 ML coverage are ~2.3, 17.2, and 5.3 μA/cm
2
, 

respectively, for the 1
st

 and 2
nd

 oxidation and reactivation 

peaks. For 0.05 ML coverage, the corresponding currents are 

~0, ~5.9, and ~1.5 μA/cm
2
, respectively. 

The absence of a distinct 1
st

 oxidation peak at 0.05 ML 

coverage suggests either that the responsible reactions do not 

occur on isolated Pt atoms, or that the chemistry occurs over a 

broader potential range, such that a peak is no longer evident. 

In that case, the presence of a distinct 1
st

 oxidation peak at 0.1 

ML coverage suggests that there was enough agglomeration at 

the higher coverage to produce clusters capable of catalyzing 

this chemistry in the expected potential range.  Note however, 

that even for the higher coverage, this peak is substantially 

smaller than those observed for Ptn/ITO prepared with small 

clusters, suggesting that a substantial fraction of the deposited 

Pt1 remain isolated, even at the higher coverage.  

 Size effects for Ptn/ITO.  Figure 5 compares CVs recorded 

under identical conditions, for samples prepared by deposition 

of Ptn, n = 1, 2, 4-10, at 0.1 ML coverage.  All three EOR peaks 

increased substantially as deposited cluster size was increased 

between Pt1 and Pt4, decreased to a minimum for Pt7-Pt8, then 

increased again for Pt9 and Pt10.  Despite the large variations in 

EOR currents, there was little effect of cluster size on the peak 

potentials.  The 1
st

 oxidation and reactivation peak potentials 

were nearly size-independent, while the 2
nd

 oxidation peak 

was at ~1.28 V for Pt1, Pt7, and Pt8 (the least active sizes) 

compared to 1.24 to 1.25 V for the more active sizes.   

Figure 6 summarizes the background-subtracted EOR peak 

currents, normalized to the mass of Pt present.  For Pt1 the CV 

for 0.05 ML coverage (7.3 x 10
-10

 g Pt) was used; all others had 

0.1 ML coverage (1.46 x 10
-9

 g Pt).  The error bars are standard 

deviations of repeated measurements.  All three peaks show 

similar oscillations with cluster size, consistent with the raw 

CVs in Fig. 5.  Pt1, Pt7, and Pt8 have the lowest activities, and 

Pt4 and Pt10 have activities two to ten times higher.  The figure 

also plots the Pt 4d3/2 binding energies (BEs) measured for 

each sample after deposition.  The BEs show large (1.5 eV) 

oscillations with cluster size, which are anti-correlated with the 

EOR activities (note inverted BE scale).  

Figure 7 shows how the EOR peak currents varied during the 

sequence of CVs obtained for two samples, and Fig. S4 

(supporting information) gives two more examples.  The insets 

to each figure show raw CVs at selected points during the 

sequence.  The intensities of the 1
st

 and 2
nd

 oxidation peaks 

were at or near their maximum values at the beginning of each 

CV sequence, while the reactivation peak intensities were 

initially near zero. Over the course of the first 10 - 12 CVs, the 

reactivation peaks increased rapidly, while the intensity of the 

2
nd

 oxidation peak decreased, and the 1
st

 oxidation peak was 

roughly constant.  Apart from changes in peak intensities, the  

qualitative CV structure was similar during these initial CVs. 

The oscillatory pattern shown in Fig. 6 was taken from CVs 

measured just after this initial period of rapid change. To 

demonstrate that the strong Ptn size dependence and anti-

correlation of EOR activity with Pt 4d BE is not an artifact of 

the CVs chosen for analysis, Fig. S5 shows similar analysis 

based on the 2
nd

 CV measured for each sample.  The same 

pattern of activity variations with cluster size is seen, as is the 

anti-correlation of activity with the Pt 4d BE.  The reactivation 

peak intensities are not shown, simply because they were too 

small for accurate background subtraction. 

The behavior after the initial dozen CVs varied somewhat from 

sample to sample.  In all cases the rate of change in EOR 

intensities slowed for the next 10 to 30 CVs, and then the EOR 

currents rapidly went to zero.  As shown in the supporting 

information, this final rapid decline of EOR signals results from 

poisoning of the Ptn/ITO by Cl- diffusing from the reference 

electrode (Fig. S6, supporting information). The more gradual 

changes during the first 20 – 40 CVs could result from several 

effects of potential cycling. The supporting information shows 

that consumption of ethanol is negligible, however, we do 

expect the concentrations of reaction intermediates and 

products to change, both in the electrolyte and on the Ptn/ITO 

surface.  In addition, it is possible that potential cycling may 

induce restructuring of the Pt clusters. 

Figure 5. CVs for Ptn/ITO (n = 1, 2, 4-10), acquired at 0.1 V/sec. scan 

rate. 
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Note, however, that the cluster size dependence, i.e., the 

pattern of clusters with particularly high or low activities, is 

constant over the first 20 to 40 CVs (up to the point where 

poisoning sets in), and as discussed below, this precludes 

significant broadening of the size distribution during potential 

cycling. 

Effects of air exposure on EOR activity.  A Pt4/ITO sample was 

prepared and studied as above, except that the antechamber 

was vented with air prior to starting electrochemical 

measurements.  A sequence of 60 CVs was used to look at 

activity.  All showed activity for HER and H2 oxidation near 0.0 

V and for OER at potentials above 1.4 V, as well as capacitive 

current from the ITO support.  There was, however, no sign of 

EOR activity.  Because ITO does not catalyze HER, OER, or H2 

oxidation in this potential range (Fig. 3), it is clear that the 

catalytic Pt sites were accessible for water electrolysis and H2 

oxidation, but EOR was apparently blocked by adventitious 

adsorbates.  We were unable to restore EOR activity by 

potential cycling, but that may simply mean that Cl
-
 poisoning 

set in before the adventitious contaminants were removed. 

DISCUSSION 

There are several interesting aspects of the results.  From the 

perspective of size-selected electrochemical experiments, one 

important point is that activity varies non-monotonically by an 

order of magnitude with deposited cluster size, and the most 

active sizes (4 and 10) differ by only a few atoms from the least 

active (1 and 8) (Figs. 6 and S5).  Since all Ptn/ITO samples had 

identical Pt coverages (4.40 x 10
12

 Pt atoms in the 2 mm spot), 

and the only parameter varied was the size of the deposited 

Ptn, such strongly non-monotonic variation in activity with 

deposited size can only occur if the clusters remain mostly 

intact upon deposition and initial potential cycling. If sintering, 

dissolution or other processes that would broaden the size 

distribution were facile, the sharply oscillatory behavior would 

be averaged out, leaving at most a weak, monotonic variation 

in activity with size. The factor-of-ten variation in activity when 

size changes by only two atoms, suggests that the Ptn must 

remain within an atom or two of the deposited size.   

The size stability is striking, because the clusters were cycled 

through the Pt redox potential, and one might expect that this 

could lead to dissolution or electrochemically-driven diffusion 

and ripening, as has been seen for Pt clusters on carbon 

supports.
32

 It is likely that the stability observed here reflects 

stronger interaction of the Ptn with the ITO support, compared 

to the Pt-carbon interaction.  Further evidence on this point 

comes from the Pt XPS BEs (Fig. 6), which show shifts relative 

to the value measured for bulk Pt (331.8 eV), ranging from 

0.75 to 2.2 eV, compared to shifts of only 0.1 to 0.7 eV for Ptn 

deposited on glassy carbon under similar conditions.
15

 The 

larger shifts suggest that binding to ITO perturbs the cluster 

electronic environment more strongly than binding to carbon. 

Another obvious conclusion from the size dependence, is that 

the chemistry responsible for ethanol electro-oxidation is 

possible even on Pt clusters containing just a few atoms.  

Indeed, Fig. 3 suggests that even isolated Pt atoms may 

catalyze some of the reactions, albeit with low efficiency.    

While our static electrochemical cell makes it difficult to 

extract quantitative kinetics, it is interesting to compare the 

EOR activities for Ptn/ITO with those measured for Ptpoly and 

Ptnano/ITO under the same conditions.  The comparison is given 

in more detail in the supporting information.  Briefly, for 

Ptnano/ITO and Ptpoly, the three EOR features are observed, 

peaking at ~0.9 V, ~1.35 V, and ~0.6 V, respectively, for the 1
st

 

and 2
nd

 oxidation, and reactivation peaks. For samples 

prepared by depositing Ptn, the corresponding peaks appear at 

somewhat lower potentials: 0.82-0.84 V, 1.24-1.28 V, and 

~0.45-0.49 V, respectively.  The most active samples, Pt4/ITO 

and Pt10/ITO, have peak currents per gram of Pt that are 

between ~5 and 15 times larger than those for Ptnano/ITO, 

depending on the EOR peak in question.  Even the less active 

Ptn/ITO have currents/g Pt that are generally at least 

comparable to those for Ptnano/ITO.  High activity/mass is 

clearly valuable given the cost of Pt, and presumably reflects 

the fact that small clusters expose a larger fraction of Pt in the 

surface layer, compared to 5 - 10 nm particles. 

Perhaps the most interesting observation is that the strongly 

size-dependent activity of the Ptn/ITO electrodes is anti-

correlated with the size-dependent Pt 4d BEs, suggesting that 

the electronic environment of the clusters is a controlling 

factor for EOR catalysis. The question is what this anti-

correlation tells us about the relationship between electronic 

structure and activity.  The 4d core electrons are not directly 

involved in the chemistry, however their BEs are sensitive to 

the valence electrons, which are.  As discussed in the 

supporting information, BE shifts are often thought of in terms 

 

Figure 6. Cluster size dependence of the background-subtracted 

peak EOR currents per gram Pt.  Red: 1
st

 oxidation peak, Green:2
nd

 

oxidation peak, Blue: reactivation peak.  Also plotted in black: the 

Pt 4d3/2 BE (note inverted scale). 
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of the effects of the initial or final states of the photoemission 

process.  In this case, both initial and final state perspectives 

lead to the conclusion that Ptn/ITO which have particularly low 

Pt 4d BEs have Pt in an electron rich environment, while high 

BEs imply electron-poor Ptn.  Thus, electron-rich Ptn/ITO are 

highly active as EOR catalysts, and electron-poor Ptn/ITO are 

not. 

This conclusion may seem counterintuitive, given that 

oxidation involves net transfer of electrons from reactant 

molecules to the Ptn/ITO.  The EOR process, however, requires 

activation of CH and OH bonds in ethanol, and OH bonds in 

water (the oxidant), and bond activation often involves 

transfer of electron density into anti-bonding orbitals 

associated with the bonds in question.
12

  Anti-correlations 

between metal BEs and oxidation catalytic activity have also 

been seen for CO oxidation over Pdn/TiO2
33

 and Ptn/alumina
22

 

under gas-surface reaction conditions, and for electro-

oxidation of carbon by water, catalyzed by Ptn/glassy carbon.
15

  

In each case, it is possible to identify bond activation steps that 

might be enhanced by electron transfer from electron-rich 

clusters. 

One final question is whether the oscillations in electronic 

structure and activity are inherent properties of the Ptn or if 

they are strongly modified by interaction with the ITO support.  

The supporting information reviews the literature on 

spectroscopy and chemical properties of gas-phase Ptn in 

different charge states.  There is no clear relation between the 

size dependent properties of gas-phase Ptn and Ptn/ITO, 

however, the gas-phase literature does show that the charge 

state (anion, cation, neutral) of the clusters has a strong effect 

on reactivity. This conclusion is consistent with our 

observation that the electronic environment of the Ptn, as 

influenced by binding the ITO, is a controlling factor in EOR 

activity.   

CONCLUSION 

We have shown that electrodes prepared by deposition of 

mass-selected Ptn
+
 on ITO have activity for ethanol oxidation 

that is strongly and non-monotonically dependent on 

deposited cluster size.  Activity is anti-correlated with the Pt 4d 

BEs measured for the as-deposited electrodes, indicating that 

being in an electron-rich environment is a controlling factor in 

promoting EOR activity. 

The fundamental results presented here suggest that the rates 

of inner-sphere redox reactions, and particularly, that for 

ethanol oxidation, can be tuned by controlling the electronic 

structure of the catalytic centers. In this example, electronic 

tuning was done by varying cluster size, however, other 

approaches, such as alloying or varying the metal-support 

interaction, may provide alternative routes to the same end.  

The high mass activity observed for certain cluster sizes 

suggests that small clusters might be an attractive target for 

high efficiency electrodes, if the clusters can be stabilized 

against sintering, poisoning, and dissolution.   
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Activity of small Ptn clusters on ITO is strongly dependent on 
cluster size, and anti-correlated with the Pt 4d core level binding 
energy, demonstrating that electron-rich Pt clusters are required 

for high activity. 
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