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Background

MIES Background

In a UPS measurement, incident ultraviolet (UV) light causes outer valence electrons to be ejected
from the sample as photoelectrons due to the photoelectric effect. UPS can be used to measure the
electronic properties of a surface such as the occupied density of states (DOS) [1], featuring
information depth of ~2-3 nm [2]. Metastable impact electron spectroscopy (MIES) can also be used
to measure surface electronic properties such as DOS [3] in a manner similar to UPS. However,
rather than firing photons at the surface, metastable helium atoms (He*) with an excitation of 19.8
eV [3] are used which bombard the surface, resulting in a He* de-excitation or neutralisation process

and the emission and detection of an electron.

The major advantage of MIES is that it is purely surface sensitive because He* are not able to exceed
the Van der Waals interactions at the surface [3, 4], unlike UPS which has an information depth of
2-3 nm [2]. When used together these techniques are complimentary; as an example, a previous
study by Chambers et al. [5] used UPS and MIES to analyse the valence structure of double-walled
carbon nanotubes, and it was shown that UPS measures the DOS across the whole nanotube while
MIES only measured the DOS of the outer nanotube layer. However, previous studies using MIES
on supported metal clusters are limited. Several MIES studies by Andersson et al. [6-8] have been
performed on small, TiO,-supported Au clusters, where the surface sensitivity of MIES was utilised

for measuring clusters on the topmost layer.

The mechanism by which an electron is emitted from the surface in MIES is not unique. Electron
emissions can occur by two known de-excitation pathways; these are 1) resonance ionisation (RI)
followed by Auger neutralisation (AN), and 2) Auger de-excitation (AD) [4, 9]. This has been
previously described in detail by Morgner [4]. Any MIES measurement may be some combination of
AD and RI+AN to varying degrees depending upon the composition and temperature of the surface
[4]. Rl is hindered by surfaces with an absence of unoccupied states which the excited He* electron
can tunnel to [3]. Thus, typically RI+AN is supressed for non-metallic samples, while it dominates for
high work function metals. Conversely, the AD process dominates for semiconducting, organic, and
insulating surfaces, as well as surfaces with very low work functions [4, 10]. It is possible that a
surface could have multiple unoccupied surface states, which leads to features being broadened in
the RI+AN spectra [3, 4]. The resulting spectra are directly comparable between UPS and the AD

components of MIES, where both show the same features but the relative sizes may be different [4].

Experimental

Cluster Source Depositions of Pt

A 99.9% pure Pt target was vaporized by pulsed laser vaporization. Prior to CS depositions,

substrates were liquid N, cooled to 180 K, followed by a quick flash to 700 K to remove any
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adventitious hydrocarbons. As the samples cooled after flash heating, deposition was started at 300
K and continued as the samples to 180 K. A RF quadrupole ion guide and bending unit were set to
collect positively charged clusters. The beam passed through several differential pumping stages,
before reaching a quadrupole mass filter which selected for a specific mass/charge ratio. Because
multiply charged clusters have negligible intensity in the source distribution,[11, 12] this process
selects a particular cluster size selection. Following size-selection, the clusters where guided into
the UHV system, and passed through a 2 mm diameter aperture positioned 0.5 mm from the
substrate surface, which produces cluster spots of ~2 mm in diameter. A retarding potential was
used to achieve a deposition energy of ~1 eV/atom to prevent cluster damage or embedding [13].
Because the electron spectrometer analysis area was substantially larger than 2 mm, each CS-Pt;
sample had 7 individual Pt; cluster spots deposited such that the spots did not overlap. Two CS-
Pts/TiO, samples were prepared which had coverages of nominally 3 x 10'® atoms/cm? and 4.5 x
10"3 atoms/cm? based on the measured neutralisation current during depositions. These values only
include the cluster-deposited areas, not the blank substrate area in between. The ratio of cluster-
covered area in the electron spectroscopy analysis area was ~0.22. A higher number of repeat
samples for the CS-Pt; series would have been ideal for consistency with the other series, but in this
case the number of samples was found to be sufficient for determining the UPS and MIES reference

spectra due to the Pt; clusters.

XPS
Peak Fitting

CasaXPS was used to fit the peaks in the XPS spectra. Shirley backgrounds were subtracted from
each spectrum before peak fitting. Individual reference peaks were typically fitted to the measured
spectra using a convolution of Gaussian and Lorentzian line shapes. Peaks were fitted based on
area, full width half maximum (FWHM) and peak location. The uncertainty in measured BEs is + 0.2
eV, however in this study the presented BE’s are averages from multiple samples and it was
determined the weighted average standard deviation (taken to be the uncertainty) for cluster peak
locations (for Ru 3d and Pt 4f) was + 0.1 eV.

Every XPS spectrum featured C 1s peaks to some extent. For every sample peaks assigned to C-C
or C-H were present at 285.0 eV, and C=0 or C-O-C were present at 287.0 eV. A third carbon peak
at 289.4 eV, assigned to O=C-O, was sometimes present but was typically removed by heat
treatment and sputtering. These results are comparable to previously reported assignments for

carbon contamination on SiO, substrates [14].

In the Ru 3d region, the adventitious C 1s peak overlaps with the Ru 3d doublet for clusters. To help
with fitting the Ru 3d peak, a metallic Ru reference metal was analysed with XPS in our previous
publication, and used as a fitting model for cluster Ru 3d spectra [15]. When comparing the 3ds,, and

3ds» peaks, the peak separation was 4.17 eV, peak area ratio was 3:2, and FWHM ratio was 1:1.15.



Ru typically features asymmetrical line shapes for the 3d core electrons, and studies have been
performed by Morgan [16] investigating the best way to fit this. The extent of asymmetry is dependent
on the chemical nature of Ru as well as the resolution of the XPS instrument [16-18]. The line shapes
published by Morgan were used as a starting point and were altered to best fit the line shape seen
for the Ru clusters; LF(0.75,1.25,500,250) for Ru 3ds, and LF(0.8,1,500,250) for Ru 3dsp,. LF

indicates Lorentzian asymmetric line shapes with tail damping.

For Pt clusters the Pt 4f peaks were symmetrical. The Pt 4f region was fitted with 3 peaks, related
to the Pt 4f doublet as well as an energy loss (E loss) peak in the same region which was also
present for blank TiO,. The fitting results for the blank TiO, were used as a template for the peak
location and full width half maximum (FWHM) of the E loss peak when fitting results for samples with

CS-Pt; present.

Calculation of Surface Coverage

Atomic concentrations as a percentage (At%) were determined using XPS. All the peaks associated
with elements present on the surface were fitted and integrated to determine their peak area, and
the areas were calibrated by dividing by XPS sensitivity factors found in the Handbook of X-ray
Photoelectron Spectroscopy [19]. These were C 1s = 0.296, O 1s = 0.711, Ti 2p = 2.001, Ru 3d =
4.273, and Pt 4f = 5.575. The atomic ratios were determined by dividing the calibrated peak area for
each element by the total calibrated peak area for all elements, and these were multiplied by 100%
to determine the At%. The ratio of Ti®* and Ti?* peaks to the total summed Ti peak signals
(Tibsfect/TiTotal - or Ti defect ratio) was calculated for each Defect-TiO, sample, and is used as a

measurement for the level of defects in the titania.

The surface coverage of clusters was calculated for each sample and is presented in units of % ML,
which is the percentage of the surface covered relative to a monolayer (ML). This calculation was
done using a procedure similar to Eschen et al. [20], except for the difference that Eschen et al. used
multiple XPS detection angles. This process solved for the surface coverage required to achieve the
measured XPS At% for each cluster metal (Ru or Pt). The clusters were assumed to be present in
only a single ML on the surface with negligible stacking of atoms and no mixing of cluster and
substrate layers. The bulk interatomic distance for each metal was used to estimate the layer
thickness for deposited Ru and Pt clusters, where Ru-Ru is 0.265 nm and Pt-Pt is 0.278 nm [21].
The contribution of individual atoms to the XPS spectra is reduced as the depth of the atom into the
surface increases, which was also factored into the calculation by using the IMFP of electrons in
TiO,, 1.8 nm [22]. For Pt; measurements a scaling factor based on the ratio of the analysed surface

covered by clusters was used in calculations.

Uncertainties
The relative uncertainty in At% varied depending on the size of the XPS peaks, and whether they

overlapped with other peaks. Due to this, the uncertainty in At% for each peak of interest was
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estimated by determining the largest range of peak areas which resulted in what was considered a
reasonable peak fitting. The relative uncertainty for At% of deposited cluster peaks was ~4% for both
Ru 3d and Pt 4f. For elements in the substrate, the relative uncertainty is ~1% for Ti¢* 2p and O 1s
in TiO,. The defects in TiO, spectra are present as Ti** and Ti?* 2p peaks (these, when summed, are

referred to as Ti%fects), and each has a relative uncertainty of ~15%.

A range of factors contribute to the uncertainty in surface coverage. These include errors in the
calculated At% for the clusters, differences between atomic sensitivity factors in our detector setup
and in the XPS handbook [19], and any inaccuracy in the IMFP of electrons in the substrate. Based
mainly on the uncertainty of the IMFP, the absolute error in surface coverages was assumed to be
~100%. However, the relative error comparing between samples is based only on the cluster At%
uncertainty and is ~4%. While the ~100% error can be considered high, the surface coverage
estimation was intended only to give the scale of the surface coverage of clusters used in the

experiments.

UPS and MIES

Determining Reference Spectra

To determine the reference spectrum due to deposited metal clusters, a blank TiO, spectrum was
subtracted from each spectrum of cluster-loaded samples which were multiplied by linear scaling
factors. The scaling factors were determined by minimising the differences between the resultant
reference spectra for all samples in a series using the Excel Solver function. The resultant reference
spectra from each sample were then averaged to determine an average reference spectrum for the
sample series. In this process an assumption is made that the measured spectra are a linear
combination of the substrate spectrum, and a spectrum related to the clusters. This assumes that
the surface coverage does not affect the DOS of the clusters, which is reasonable considering the
cluster-loaded surfaces were <20% ML, and similar assumptions for MIES spectra have been found
to hold true for several systems [4]. The reference spectra were in some cases multiplied by a scaling
factor for the figures for ease of comparison between spectra. For each sample series, weighting
factors were determined for the contributions of the substrate and clusters to each measured
spectrum, which provide evidence that the determined reference spectra are related to the cluster

depositions. This is discussed further in the Supplementary Material.

Weighting Factors

Weighting factors for the substrate and cluster reference spectra from UPS and MIES were
determined by linearly combining the substrate spectrum and the average reference spectrum.
Weighting factors were determined using the Excel Solver function to minimise the sum of
differences between the measured spectrum and the linear combination of reference spectra. For
CS-Pt; the ratio of the substrate which was covered in clusters was factored into the reported

weighting factors. The weighting factors were then normalised so that their sum was unity. The



uncertainty in weighting factors was estimated to be + 0.05.



Results
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Figure S1: XPS peak fitting examples for blank samples with no clusters, which were used to assist
with the fitting of the cluster-loaded samples. a) Ti 2p peak fitting for TiO,, after heating to 723 K but
prior to treatment with Ar+ sputtering. b) Ru 3d/C 1s peak fitting for heated and sputtered TiO, prior
to Ru cluster deposition. c) Pt 4f region fitting for heated and sputtered TiO, with no deposited Pt

clusters.



Table S1: XPS results for each UPS/MIES sample after heating to 723 K. The At% was calculated

for species of interest and is shown for Ti**, (Ti** + Ti?*), and Ru or Pt. See the Methodology of the

Supplementary Material for information on the relative uncertainties for At%.

Sample Sample Ti** At% (Ti** + Tiz*) At% Ru or Pt At%
Series
SD-Ru; SD-Blank 245 1.6 0
SD-Ruj3-1 23.8 1.5 0.04
SD-Ru;-2 24.6 1.7 0.1
SD-Rusz-3 23.4 0.8 0.5
SD-Ru;-4 24.3 1.7 0.8
SD-Ru;-5 22.9 1.8 1.2
SD-Ru;-6 221 1.7 1.3
CVD-Ru; CVD-Blank 24.8 1.7 0
CVD-Rus;-1 23.9 2.0 0.2
CVD-Ru;-2 24.3 1.9 0.2
CVD-Ru;-3 23.0 2.2 0.4
CVD-Ru;-4 225 2.9 0.5
CVD-Ruz-5 23.7 2.2 0.6
CS-Pt; CS-Blank 23.2 1.9 0
CS-Pt-1 225 1.8 0.07
CS-Pt-2 224 2.2 0.09
UPS/MIES

Sample Series Weighting Factors

The weighting factors for the contributions of the blank substrate and the cluster reference spectra

(or Ti defects) are shown in Figure S2. If the weighting factor for a spectrum related to clusters

increases as the cluster surface coverage increases, this provides evidence that the determined

reference spectrum is indeed related to the presence of the clusters.
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Figure S2: UPS/MIES weighting factors for the blank substrate spectrum and the calculated

reference spectrum for each sample series. a) Defect-TiO,. b) SD-Rus. ¢) CVD-Rus. d) CS-Pt;.
Weighting factors are plotted as a function of the Ti defect ratio (a) or cluster surface coverage (b-d)

and have an uncertainty of + 0.05.

The weighting factors for the Defect-TiO, reference spectra in both UPS and MIES increase
approximately linearly with TiPefecy/TiTotal (Figure S2a). This provides evidence that the determined
UPS/MIES reference spectra for Defect-TiO, are related to the Ar* sputter treatment, and thus most

likely represent the UPS/MIES signal for surface defects.

The SD-Ru; UPS and MIES weighting factors increase approximately with Ru surface coverage
(Figure S2b), providing evidence that the SD-Ruj reference spectra are related to the cluster
depositions. The weighting factor for UPS increases with Ru surface coverage as expected, except
for the 7.1% ML sample which was lower than the trend and appears to be an outlier. The MIES
weighting factor for SD-Ruj; increased from 0 to 0.63 for the lowest surface concentration compared

to the blank, and then increases further with surface concentration. The large initial increase is most



likely due to the high surface sensitivity of MIES, where the surface layer is being changed more

dramatically than for UPS due to the presence of the clusters.

The weighting factor for the UPS CVD-Ru; reference spectrum increases approximately linearly with
Ru surface coverage (Figure S2c). The 1.1% ML measurement sample (1 minute CVD deposition)
appears to be an outlier with a higher than expected weighting factor. The MIES weighting factor
ratios for the CVD-Ru; reference spectrum increased from 0 to 0.62 for the lowest surface
concentration, and then increases slightly further with surface coverage at higher concentrations,
similar to what was seen for the MIES of SD-Rus;. The increase in weighting factors is sufficient
evidence that the determined UPS and MIES spectra for CVD-Ru; are related to the CVD

depositions.

The CS-Pt; UPS reference spectrum weighting factor increases approximately linearly with Pt
surface coverage, which provides evidence the CS-Pt; UPS reference spectrum is related to the
deposition of Pt; clusters. The MIES weighting factor ratio for CS-Pt; increases from the blank (0%
loading) to the 3.2% ML sample, but then decreases slightly for the 4.8% ML sample. However, this
is deemed acceptable within the £ 0.05 uncertainty for the weighting factor ratios, and it is most likely

the CS-Pt; MIES reference spectrum is also related to the deposition of Pt; clusters.
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Table S2: Cluster surface coverages, determined from XPS measurements of as-deposited cluster
samples at room temperature (see also Table 2) together with WF of all samples The error in WF is
+0.1eV.

Sample Series Sample Surface Coverage (% WF [eV]
ML)
SD-Ru; SD-Blank 0.0 4.8
SD-Ru3-1 0.1 4.6
SD-Ru3-2 0.8 4.5
SD-Ru;-3 3.7 4.8
SD-Ru;-4 7.1 4.4
SD-Ru;-5 10.2 4.5
SD-Ru;-6 11.0 43
CVD-Ru; CVD-Blank 0.0 4.8
CVD-Ru;-1 1.1 44
CVD-Ru;-2 1.5 4.7
CVD-Ru;-3 3.0 4.2
CVD-Ru;-4 3.7 4.2
CVD-Ruz-5 4.1 4.6
CS-Pt; CS-Blank 0.0 4.1
CS-Pt-1 3.2 4.0
CS-Pt-2 4.8 4.1
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investigated (A — F).
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Metallic Reference Sample

A UPS/MIES measurement was performed on a 99.9% pure sample of bulk, metallic Ru, and is
shown in Figure S3. The sample was treated by heating to 1073 K for 10 minutes and sputtering
with 3 keV Ar* ions for 1 hour to remove the surface Ru oxide layer and any hydrocarbon

contamination, which was confirmed by XPS.
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Figure S5: Valence electron spectra for bulk, metallic Ru. a) UPS results, b) MIES results.

The UPS spectrum for metallic Ru (Figure S5a) shows an onset at the Fermi level, which is expected
for a bulk metallic sample [23-27], and has features present at 0.3 eV and 2.0 eV. The MIES
spectrum (Figure S5b) has no distinct features, and features a broad, increasing background. This
is because the MIES spectrum was the result of Auger neutralisation (AN) and resonance ionisation

(RI), which is typical for metallic samples and results in a spectrum which is broadened compared to
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the true valence DOS [4]. Note that the BE axis of Figure S5b does not strictly show the true BE with

regards to the DOS due to this broadening, but the BE axis was still used for consistency.

A bulk, high purity metallic Pt reference material was not available for analysis with UPS and MIES
in this study. However, a reference UPS measurement of the Pt(111) surface is available in a study
by Crowell et al. [28], where the onset of the spectrum was at the fermi level as per the Ru UPS
reference above, and there were 3 distinct d-band peaks between 0 and 6 eV. No previous Pt
reference measurement using MIES has been published, but it is expected the spectrum would look
similar to the Ru MIES spectrum above, because the metallic nature of the surface would promote

AN+RI de-excitation.

Particle Count

[0.9, 1.1] (1.1, 1.3] (1.3, 1.5] (1.5, 1.7]
Particle Diameter (nm)

Figure S6: STEM of CVD-Ru3(CO)4,/HDS-RF-TiO,, showing side-on perspective of sample. a)
STEM image with numbered, encapsulated Ru clusters (cluster sizes shown individually in Table
S5). b) Distribution of particle diameters for encapsulated Ru clusters. Reproduced with permission

from reference [15].
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