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f size-selected Ru3 clusters with
RF-deposited TiO2: probing Ru–CO binding sites
with CO-temperature programmed desorption†

Liam Howard-Fabretto,ab Timothy J. Gorey,c Guangjing Li,c Siriluck Tesana,d

Gregory F. Metha, e Scott L. Anderson c and Gunther G. Andersson *ab

Small Ru clusters are efficient catalysts for chemical reactions such as CO hydrogenation. In this study 3-

atom Ru3 clusters were deposited onto radio frequency (RF)-deposited TiO2 which is an inexpensive,

nanoparticulate form of TiO2. TiO2 substrates are notable in that they form strong metal–substrate

interactions with clusters. Using temperature programmed desorption to probe Ru–CO binding sites,

and X-ray photoelectron spectroscopy to provide chemical information on clusters, differences in

cluster–support interactions were studied for Ru3 deposited using both an ultra-high vacuum cluster

source and chemical vapour deposition of Ru3(CO)12. The TiO2 was treated with different Ar+ sputter

doses prior to cluster depositions, and SiO2 was also used as a comparison substrate. For cluster source-

deposited Ru3, heating to 800 K caused cluster agglomeration on SiO2 and oxidation on non-sputtered

TiO2. For cluster source-deposited Ru3 on sputtered TiO2 substrates, all Ru–CO binding sites were

blocked as-deposited and it was concluded that for the binding sites to be preserved for potential

catalytic benefit, sputtering of TiO2 before cluster deposition cannot be applied. Conversely, for

Ru3(CO)12 on sputtered TiO2 the clusters were protected by their ligands and Ru–CO binding sites were

only blocked once the sample was heated to 723 K. The mechanism for complete blocking of CO sites

on sputtered TiO2 could not be directly determined; however, comparisons to the literature indicate that

the likely reasons for blocking of the CO adsorption sites are encapsulation into the TiOx layer reduced

through sputtering and also partial oxidation of the Ru clusters.
Introduction

Metal clusters are generally dened as groups of metal atoms
with sizes less than �300 atoms.1–6 They oen possess unique
electronic and catalytic properties which are highly tuneable,
such that the addition or subtraction of just one atom to a small
cluster can be a deciding factor on whether it functions as
a catalyst or not.7 For this reason, experiments oen focus on
a single cluster size. Ru clusters in particular have been shown
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to be among the most active catalysts for industrial and envi-
ronmentally relevant reactions such as CO and CO2 hydroge-
nation.8–17 Two of the main ways to deposit Ru clusters onto
substrates is through the preparation of bare clusters in vacuum
using an ultra-high vacuum (UHV) cluster source, or through
depositing ligand-stabilized clusters such as Ru3(CO)12 using
chemical vapour deposition (CVD)18–22 or a solution-based
deposition.23 This process of depositing metal carbonyl
compounds using CVD is well explored in the literature and has
been used to deposit clusters onto a number of substrates such
as; metals (e.g. Au), metal oxides (e.g. TiO2), non-metal oxides
(e.g. SiO2) and others such as zeolites.19,24–29 When depositing
ligand-stabilized clutters, extra post-deposition surface treat-
ments such as heating are needed to remove the ligands if bare
metal clusters are desired on the substrate.

TiO2 is a photocatalytically active substrate30 and is
a common choice as a substrate for the deposition of clus-
ters.19,20,31–43 Here we used RF-deposited TiO2 as a substrate. It is
a nanoparticulate form of TiO2 made by radio frequency (RF)
sputtering a TiO2 wafer onto a substrate (sputter deposition)
under UHV, in the present case Si(100). This process produces
a dense, uniform, stoichiometry-controlled layer of TiO2 more
cheaply and readily than TiO2(110).44 RF-deposited TiO2 is
Nanoscale Adv., 2021, 3, 3537–3553 | 3537
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polycrystalline and does not have a surface as at as a single
crystal. RF-deposited TiO2 does, however, more closely reect
the situation of TiO2 as used in a real catalyst than single crystal
samples. Our previous studies have shown RF-deposited TiO2

does not feature X-ray diffraction peaks related to a specic
crystal phase prior to heat treatment, however heating under
vacuum or atmosphere results in anatase phase formation, and
strong heating to 1373 K for 18 hours under atmosphere results
in the emergence of a rutile crystal peak in addition to anatase.45

A key problem of clusters deposited onto surfaces is main-
taining the properties of size-selected clusters by preventing
them from agglomeration, in particular at elevated tempera-
tures.46 One method to help with this is to induce defects on the
substrate surface prior to cluster deposition.47,48 Clusters are
known to preferentially bind to defect sites, as their surface
energy is greater than the corresponding perfect crystal struc-
ture.48 As a specic example regarding TiO2 substrates, a study
by Krishnan et al.48 showed that for Au9 clusters supported on
atomic layer deposited (ALD) TiO2, sputter-treating the surface
with Ar+ prior to cluster deposition was able to help prevent
cluster agglomeration. The anchoring of clusters to defect sites
on TiO2 has also been demonstrated by DFT calculations of Au
clusters on TiO2(110).49 However, the cluster–substrate interac-
tion, and therefore agglomeration characteristics, will be
different for each cluster/substrate combination.

There are two main types of defects: oxygen vacancies and
interstitial titanium ions30 both resulting in the presence of Ti3+

in the TiO2. The transport of each in the substrate can be
explained by vacancy and interstitial models respectively.30,50–52

Interstitials are atoms present within crystal lattice locations
where they should not normally be present. Ar+ sputter treat-
ment of TiO2 removes O atoms more preferentially than Ti
atoms from the surface, and the main surface defect sites from
sputtering are predominantly vacancies in the bridging oxygen
rows of the TiO2.30,53 These defect sites act as electron donors to
clusters because the oxygen removal leaves behind two elec-
trons which previously occupied O2p valence band levels.30,54

Previous studies on the effects of heating systems of small,
size-selected Ru clusters on TiO2 have oen focussed on Ru
deposited using Ru3(CO)12: two separate studies by Zhao et al.
and Rizzi et al.18,19 have been performed on Ru3(CO)12 deposited
by CVD onto TiO2(110), using X-ray photoelectron spectroscopy
(XPS) and/or CO-temperature programmed desorption (CO-
TPD). Both studies found that there is partial decomposition
of Ru3(CO)12 when deposited onto room-temperature
TiO2(110).18,19 Furthermore, Zhao et al.19 demonstrated using
XPS and TPD that heating to 700 K under UHV yielded almost
pure Ru particles on the surface, but heating to 600 K while
dosing O2 resulted in oxidised Ru. The latter point was also
supported in the Rizzi et al. study using XPS.18 The specic
cluster–substrate interaction can have a large effect on the state
of supported clusters, even for differing forms of TiO2; CO-TPD
spectra have been shown to have different CO desorption
features for Ru3(CO)12 deposited onto varying forms of TiO2,
such as TiO2(110),19 polycrystalline P25 TiO2,23 and TiO2/
Mo(110).20 Other studies have used differing Ru/TiO2 systems
with different thermal stability results, including one study by
3538 | Nanoscale Adv., 2021, 3, 3537–3553
Komaya et al.55 for large Ru particles deposited with
Ru(NO)(NO3)3 onto P25 nanocrystalline TiO2, where heating to
573 K resulted in the encapsulation of Ru by an amorphous
titania layer. These studies show that it is unclear how Ru
clusters interact with the substrate when deposited onto titania,
in particular when heating of the cluster/substrate system is
involved. It is therefore important to test the interaction and
stability of Ru clusters on RF-deposited TiO2 because studies
performed on differing TiO2 forms cannot predict the results for
this substrate. Of particular interest is agglomeration of the
clusters and encapsulation into the substrate.

The aim of this study was to determine whether defects
induced in RF-deposited TiO2 substrates help to avoid
agglomeration of bare Ru3 and Ru3(CO)12 clusters upon depo-
sition, and how the clusters interact with TiO2 substrates upon
heating to �800 K. The clusters were deposited both from
a cluster source (bare Ru3) and evaporation of Ru3(CO)12 via
chemical vapour deposition (CVD). To the knowledge of the
authors no previous studies exist for size-selected Ru deposited
by a cluster source onto TiO2, and thus comparison between the
results of these two common deposition methods is of critical
importance. CO-TPD is used to probe the available CO adsorp-
tion sites on the metal clusters, as well as for probing the
removal of ligands with heating in the case of CO-stabilized
clusters.19,20,56–60 XPS is used to analyse the composition of the
surface and to determine concentration depth proles.

Methodology
Materials

P-type, boron-doped Si(100) wafers were purchased from MTI
Corporation and used without further modication. RF-
deposited TiO2 substrates (referred to as TiO2) were prepared
by RF magnetron-sputtering using a 99.9% pure TiO2 ceramic
target, where TiO2 is deposited via sputtering of the target onto
a substrate, in this case a Si(100) wafer. This was under high
vacuum using an HHV/Edwards TF500 Sputter Coater at
a pressure <2 � 10�5 mbar, using 10 sccm Ar for sputtering the
TiO2 surface. The power was ramped up at 50 W per minute to
500 W, and a shutter was then removed from the target for 50
minutes, allowing the deposition of material onto the rotating
wafer. The thickness of the TiO2 was approximately 150 nm,
which is thick enough that the SiO2 wafer beneath would not be
detectable in the electron spectra. This thickness was estimated
based on SEM measurements previously performed on wafers
prepared using similar methodology on the same apparatus.45

Clusters were prepared by depositions using (i) chemical
vapour deposition (CVD) of ligated clusters and (ii) depositing
bare clusters from a gas phase cluster source (CS). CVD depo-
sitions were performed with Ru3(CO)12; this was prepared as
a powdered sample, according to synthesis procedures reported
by Faure et al.61 CVD depositions were performed under UHV in
a separate instrument for CO-TPD and XPS analysis. CS depo-
sitions were performed by a laser ablation cluster source which
has been used and described in several previous publica-
tions.58,60,62 For cluster source-deposition of bare Ru3 clusters,
the source was a 99.9% pure target of Ru.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Substrates and samples

Ru3 was deposited onto four different types of substrates: two
TiO2 substrates modied by Ar+ sputter treatment (prior to the
deposition of Ru clusters) at two different Ar+ doses, non-
sputtered TiO2, and non-sputtered SiO2 for comparison. The
different sputter dosages for TiO2 have been designated as
follows: “low-dose sputtered TiO2” was treated with 4 � 1013

Ar+/cm2, and “high-dose sputtered TiO2” was treated with 6 �
1014 Ar+/cm2. Additionally, a “non-sputtered TiO2” sample was
used. In the text these will be abbreviated to LDS-TiO2, HDS-
TiO2, and NS-TiO2, respectively. A list of the substrates and their
abbreviated names are given in Table 1. Deposition of Ru3 from
CS was performed on all 4 substrates. However, deposition of
Ru3(CO)12 from CVD was only undertaken on an HDS-TiO2

substrate. Clusters deposited by CS will herein be referred to as
“Ru3”, while clusters deposited by CVD will be referred to as
“Ru3(CO)12”. 5 samples were analysed with CO-TPD overall, and
blank measurements CO-TPD were performed prior to the
deposition of Ru clusters. Additional samples were prepared for
further XPS analysis, and thus the XPS measurements in some
cases were of samples prepared with an identical method,
rather than the same sample as was analysed with CO-TPD. A
list of all samples analysed is given in the ESI (Table S1†).
Instrumentation

CS depositions, as well as XPS, CO-TPD, and Ar+ sputter treat-
ment were performed using a UHV apparatus with a main
chamber base pressure of <2 � 10�10 mbar at the University of
Utah. All CSmeasurements and analysis were performed on this
apparatus (i.e. all measurements except CVD depositions and
the XPS of metallic Ru reference material, which are described
separately). Samples were stored in the main chamber when
depositing clusters using the cluster source. The instrument
featured liquid N2 cooling and resistive heating. A C-type ther-
mocouple was spot welded to the backing plate of the sample
holder to monitor the temperature. The instrument includes
capabilities for continuous temperature control and automatic,
linear temperature ramping, and so landing of small metal
clusters. A so-landing deposition energy of�1 eV per atomwas
used for the Ru3 clusters. Previous studies of the deposition of
small Ir clusters onto TiO2 and SiO2 showed that impact ener-
gies in the tens of eV per atom are required to embed the
clusters into these substrates (e.g. at least 10 eV per atom for
small Ir clusters on TiO2).63,64 Thus, the �1 eV per atom depo-
sition energy is considered suitable to not cause Ru cluster
Table 1 Summary of the different supporting substrates used in this study
for the TiO2 substrates

Substrate material
Ar+ sputter
dose (Ar+/cm2)

TiO2 None
TiO2 4 � 1013

TiO2 6 � 1014

SiO2/Si(100) None

© 2021 The Author(s). Published by the Royal Society of Chemistry
damage or embedding during depositions. Further details on
the CS instrument and depositions are provided in the ESI.†

The chemical vapor deposition (CVD) of ligated Ru3(CO)12
clusters was performed using a UHV apparatus at Flinders
University in Adelaide. The substrates were prepared in a main
chamber featuring a base pressure of <2 � 10�10 mbar, which
included electron bombardment heating and Ar+ sputter treat-
ment. Chemical vapour depositions (CVD) of ligated Ru3(CO)12
clusters were performed ex situ in a separate loading chamber,
with a base pressure of <8 � 10�8 mbar. Further details on the
CVD process are provided in the ESI.† These samples were
transported from Flinders University to the University of Utah
for CO-TPD analysis.

The Utah and Adelaide instruments use different sputter
guns; the substrates for the CVD sample (Adelaide) was
prepared using 3 keV Ar+, while the substrates for the CS
samples (Utah) were prepared using 2 keV Ar+. The defects may
extend deeper into the bulk for the CVD sample due to the
higher Ar+ impact energy.33,34 This was not corrected for, and
a slight variation in defects on the substrate was deemed not to
be of critical importance for this experiment.

CO-temperature programmed desorption (CO-TPD)

CO-TPD is used to investigate the desorption of CO molecules
from the various samples. COmolecules are typically rst dosed
onto a sample under UHV, but the technique can also be used to
analyse the de-ligation of CO–ligated clusters such as
Ru3(CO)12, where CO does not need to be dosed prior to
measurements.12,19,20 When the CO dosing and temperature
ramping procedure is repeated for multiple cycles, CO-TPD can
show the effect of heating on the available CO binding sites on
the surface, which can give insights into cluster/substrate
interactions.

For CO-TPD measurements (excluding CO de-ligation), the
sample was dosed with isotopically labelled 13CO (mass 29) at
180 K. They were exposed to 10 L 13CO, which was above the
saturation dose. CO exposure was through a dosing tube which
terminated approximately 2 cm from the surface of the
substrate; this increased the gas ux at the surface by a factor of
approximately 10 compared to dosing the gas into the chamber
without the tube. This increase factor was determined previ-
ously as per the method described by Kaden et al.56

For each substrate, CO-TPD measurements were performed
before and aer CS cluster depositions. Aer a deposition, the
CO procedure was initiated as quickly as practicably possible.
This is for all samples except the CVD sample which was not
. The designated sample names are given as well as abbreviated names

Designated sample name Abbreviated name

Non-sputtered TiO2 NS-TiO2

Low-dose sputtered TiO2 LDS-TiO2

High-dose sputtered TiO2 HDS-TiO2

SiO2 SiO2

Nanoscale Adv., 2021, 3, 3537–3553 | 3539
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deposited in situ. The standard procedure for CO-TPD cycle is as
follows. Aer CO dosing, the sample was positioned at
a distance of 0.5 mm from the differentially pumped quadru-
pole mass spectrometer (QMS) entrance, which is a 2.5 mm
diameter aperture in a skimmer cone. The temperature was
then ramped at a rate of 3 K s�1 from 170 K to 800 K, while
masses corresponding to CH3, O, H2O,

12CO, 13CO, O2,
12CO2,

13CO2 were monitored in 50 ms total cycles using a QMS made
by UTI. Masses apart from 12CO and 13CO were only monitored
for irregularities or unexpected reaction products. Between 700
K and 750 K the sample holder “degassed” CO resulting in
a sharply increased background. Data points beyond this
temperature and up to 800 K were therefore not considered for
analysis. Aer the completion of a CO-TPD cycle, the sample
was cooled again, and the cycle was repeated 3 to 4 times per
sample. Additional details on the calibration of the QMS signal,
integration of the CO-TPD spectra, and the accuracy of the
measurement and calibration are provided in the ESI.†

The CO-TPD procedure for Ru3(CO)12/HDS-TiO2 was slightly
different; the samples were cooled to 180 K and the CO-TPD
heat ramping process was initiated with no further treatment
(there were no samples of Ru3(CO)12 on NS-TiO2 or LDS-TiO2).
The clusters were already saturated with 12CO ligands, and thus
for the 1st cycle no 13CO was dosed, and 12CO was the mass of
interest. As this sample had been exposed to atmosphere before
measurements, there may have been a small component of the
CO-TPD signal which was due to the desorption of adsorbed CO
contamination. This was not corrected for but due to the large
number of CO ligands measured desorbing in the 1st CO-TPD
cycle, any effects from contamination were deemed minimal
in comparison to the signal strength. The temperature was only
ramped to 723 K on the 1st CO-TPD cycle. 13CO was dosed as per
the standard procedure for the CO-TPD on the 2nd and 3rd

cycles. An additional complication was that on the 1st cycle the
CO desorption rate reached the maximum count limit of the
QMS which caused two effects; the 12CO spectrum was distorted
due to saturation, and the measured 13CO signal clearly was
actually due to overlap of the adjacent 12CO mass peak signal.
This detection of a small fraction of the overlapping 12CO signal
at mass 29 allowed us to correct the 12CO spectrum for satura-
tion by scaling the 13CO spectral intensities so that they
matched the 12CO signal at low temperature, where the signal
was well below the saturation level. Note that aer the 1st TPD
on the CVD sample, and in all TPD experiments with CS clus-
ters, the 12CO signal was small, and unsaturated.
XPS methods

For XPS measurements of cluster-deposited samples (in Utah),
the Ru 3d, C 1s and O 1s regions were measured for each
sample, while the Ti 2p and Si 2p regions were additionally
measured for TiO2 and SiO2 substrates, respectively. The Ru 3d
and C 1s regions overlap and will be referred to as the Ru 3d/C
1s region. XPS of cluster samples was performed in situ (except
for Ru3(CO)12/HDS-TiO2) using an Al Ka source and 10 eV pass
energy. X-ray photons were incident to the surface at 54.7�, and
ejected photoelectrons were measured normal to the sample.
3540 | Nanoscale Adv., 2021, 3, 3537–3553
No evidence for charging was found for any sample. A hemi-
spherical analyzer (HSA, Physical Electronics) was used; this
featured an area-selective lens with a 1.1 mm diameter analysis
area, which was optimised to measure cluster spots of 2 mm in
diameter without XPS signal from the surrounding bare
substrate. Binding energies were calibrated to C 1s ¼ 285.0 eV.
Details for the XPS data analysis including peak tting, line
shapes used for tting (Table S2†) and uncertainties are
provided in the ESI.†

An XPS spectrum of an Ru reference material was measured
on a separate XPS instrument (in Adelaide) with a Mg Ka exci-
tation and a Phoibos 100 HSA (SPECS, Germany). The Ru
reference sample was taken from a 99.9% pure Rumetal sample
(Fig. S1, ESI†). A measurement was rst performed with no
surface treatment, and then again aer heating to 1073 K for 10
minutes and sputtering with 3 keV Ar+ for 1 hour to remove the
surface Ru oxide layer and any hydrocarbon contamination. The
BE scale for these measurements was calibrated to the C 1s peak
for the pre-treatment XPS spectrum before hydrocarbon
removal. Additionally, an in situmeasurement of the Ru3(CO)12/
HDS-TiO2 was performed on the XPS same instrument before
removing the sample from vacuum, to estimate the number of
ligands on the clusters (results shown in ESI Table S3†).

Results
Temperature programmed desorption

CO-TPD of Ru3/SiO2. Fig. 1a shows CO-TPDmeasurements of
blank SiO2 and Ru3 on SiO2. CO-temperature programmed
desorption (CO-TPD) is an analysis technique useful for probing
the available CO adsorption sites on metal clusters, as well as
for probing the removal of ligands with heating in the case of
CO-stabilized clusters.19,20,56–60 When discussing peaks in CO-
TPD gures, they will be labelled based on the temperature
corresponding to the peak CO desorption rate. It is assumed
that higher temperature peaks correspond to sites with stronger
CO binding. Due to the continuous temperature ramping of the
CO-TPD measurements the temperature at the peak CO
desorption rate is typically greater than the minimum temper-
ature required for CO desorption to occur for that particular
binding site. SiO2 was used for reference measurements
because it is a nonreducible oxide substrate that is stable at the
temperatures being used and does not form a strong metal
support interaction (SMSI) with clusters under typical
conditions.65–67

Fig. 1a shows that very little CO has desorbed from blank
SiO2, with two small features centred at 210 K and 285 K.
Furthermore, there was no change between the blank
measurements over 3 repeated TPD cycles (traces not shown in
gure), indicating the affinity of the surface for CO was not
strongly affected or changed by heating to 800 K. The 1st CO-
TPD cycle for Ru3/SiO2 features a small peak at 210 K, which
is related to desorption of CO from the SiO2 substrate. The
remaining features in the spectrum are due to CO desorbing
from Ru–CO binding sites. Notably, there is a small peak at 260
K and then a large, main desorption peak at 530 K. In this study,
these two features will be treated as the reference Ru–CO
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 13CO-TPD from Ru3 CS-deposited onto various substrates. Blank measurements were performed before Ru3 deposition, and the spectra
are averages of 3 blank cycles each where there were no noticeable changes (except for (d), discussed below). (a) Ru3/SiO2. Quantification of CO
molecules desorbing per Ru atom is shown in the top left corner. For comparison purposes the quantified blank SiO2 desorption assumes the
same number of Ru atoms were deposited as the cluster-loaded measurements. The uncertainty of COmolecules desorbing per atom is �50%
(see ESI†). (b) Ru3/NS-TiO2. (c) Ru3/LDS-TiO2. (d) Ru3/HDS-TiO2. For HDS-TiO2 two blankmeasurements are shown: the 1st cycle and an average
of the 2nd and 3rd cycles. There was presumably a change in the blank spectrum after the 1st cycle because the HDS-TiO2 blank featured more
hydrocarbons adsorbed from the vacuum before the CO-TPD cycle, resulting from defected TiO2 being more reactive than pristine TiO2.30
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desorption peaks for CO desorbing from supported Ru clusters
which have not chemically reacted with the substrate or formed
an SMSI state. In the 2nd to 4th cycles, the 260 K desorption
feature increased in size (Fig. 1a). Also, the larger high
temperature CO peak changed shape with successive CO-TPD
cycles by decreasing in size and shiing to lower tempera-
tures. By the 4th cycle the main desorption peak was at 500 K,
and the total number of COmolecules desorbing had decreased
to half the value in the 1st cycle.

CO-TPD of Ru3/TiO2. Fig. 1b–d shows the CO-TPD of Ru3 on
the three TiO2 substrates; (b) NS-TiO2, (c) LDS-TiO2 and (d) HDS-
TiO2. For each substrate, a “Blank” CO-TPD measurement with
no clusters was also performed for 3 cycles, which are shown as
average spectra in the gures. For the NS-TiO2 substrate
(Fig. 1b), the blankmeasurement shows 2 desorption features at
© 2021 The Author(s). Published by the Royal Society of Chemistry
210 K and 380 K. The 1st CO-TPD cycle for the cluster-loaded
Ru3/NS-TiO2 features a similar CO-TPD spectrum to the 1st

cycle on SiO2 (Fig. 1a). The peak at 180 K was still present when
Ru3 clusters were deposited onto the TiO2 substrate but was
reduced in size by approximately half. This was a result of the
Ru3 binding to, and covering, these low temperature CO
binding sites on the substrate. In addition, a shoulder peak at
380 K and a large desorption peak at 560 K (the main peak) now
appear. These appeared to be shied versions of the 260 K and
530 K peaks present for the Ru3/SiO2 sample.

The 2nd and 3rd heating cycles for Ru3/NS-TiO2 (Fig. 1b) have
a consistent CO desorption shape which is different to that of
the 1st cycle. They still have the 380 K feature from the 1st cycle,
with a slightly increased height and width, but the 560 K main
desorption peak has been completely removed. Thus, heating to
Nanoscale Adv., 2021, 3, 3537–3553 | 3541
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Fig. 2 CO-TPD for Ru3(CO)12/HDS-TiO2. The
12CO spectrum (CO

ligands) is shown for the 1st cycle and 13CO spectra (in situ dosed CO)
are shown for the 2nd and 3rd cycles. 13CO was only dosed in vacuum
for the 2nd and 3rd cycles.
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800 K caused the loss of the most strongly-binding and most
numerous CO binding site on the Ru clusters. The increase in
desorption of the 380 K peak aer heating was not proportional
to the loss in signal of the 560 K peak, indicating that aer
heating there were fewer CO binding sites available overall. The
changes in the CO-TPD spectra cannot be associated with
cluster agglomeration alone, because the result would be a CO
desorption shape more like that of Ru3/SiO2 on the 2nd to 4th

CO-TPD cycles (Fig. 1a), where agglomeration occurred but the
peak was not lost completely. As such, agglomeration was ruled
out as the sole cause for the change in CO desorption aer the
1st cycle. The XPS results for the XPS samples provided further
insights into the loss of the main desorption peak, by providing
evidence that heating to 800 K caused a change in oxidation
state of the clusters. It is likely that the clusters were oxidised by
the surface when heated, which blocked the main Ru–CO
binding site. This is discussed further in detail below. Some
agglomeration may have also contributed to the loss of the
peak, which cannot be ruled out with this data.

The blank CO-TPD spectra for the sputtered substrates,
namely LDS-TiO2 and HDS-TiO2 (Fig. 1c and d respectively)
feature one main peak at 210 K, which was larger than that for
the blank NS-TiO2 (Fig. 1b). Because the CO desorption rate for
the 210 K peak increased for sputtered TiO2, it is likely that this
peak was related to CO adsorbed to defected surface regions on
the blank TiO2. The second, 380 K peak present for the blank
NS-TiO2 was not present on blank LDS-TiO2 or HDS-TiO2;
however, the blank LDS-TiO2 spectrum has a second, wider
desorption feature at 500 K which may be a shied version of
the 380 K peak seen for the blank NS-TiO2 sample (Fig. 1b). For
the blank HDS-TiO2 spectrum (Fig. 1d) there is no such
desorption feature, which may indicate the 380 K feature for
blank NS-TiO2 was from CO binding sites on non-defected,
pristine TiO2 regions, and the binding site was modied by
sputtering (for LDS-TiO2) before being lost completely at
a higher sputter dosage (for HDS-TiO2).

The CO-TPD spectrum for the Ru3/LDS-TiO2 sample (Fig. 1c)
features a broad CO desorption peak for all cycles which was not
seen for the blank sample, with deviation from blank at 550 K.
For Ru3/HDS-TiO2 (Fig. 1d) there was a similar deviation from
the blank sample above 550 K, although the exact shape was not
the same. None of the characteristic CO desorption features
seen in the Ru3/SiO2 sample were present for Ru3 on either
sputtered TiO2 substrate. This means the clusters were inter-
acting with the sputtered TiO2 in such a way that all Ru–CO
binding sites were blocked, both before and aer the sample
was heated for CO-TPD. Although agglomeration and/or oxida-
tion may have contributed to the loss of Ru–CO binding sites,
the complete loss of all sites suggests a different mechanism for
the blocking of sites on LDS-TiO2 and HDS-TiO2 substrates. The
cause of site-blocking for these samples was most likely that the
clusters were not present on the outermost layer of the sample.
This is expanded upon in detail in the Discussion section. There
was good repeatability between the three CO-TPD cycles for
both Ru3/LDS-TiO2 and Ru3/HDS-TiO2, showing the resultant
Ru/TiO2 systems were stable and not changed signicantly by
heating to 800 K.
3542 | Nanoscale Adv., 2021, 3, 3537–3553
CO-TPD of Ru3(CO)12/HDS-TiO2. The 1st cycle CO-TPD
desorption shape for Ru3(CO)12/HDS-TiO2 (Fig. 2) features
a smaller peak at 300 K and a larger peak at 600 K. The CO-TPD
shape is very similar to the 1st cycle of both Ru3/SiO2 (Fig. 1a)
and Ru3/NS-TiO2 (Fig. 1b). The peak CO desorption rate from
the 1st cycle in Fig. 2 is 6.0 � 1011 molecules per s, which is �12
times greater than that of Ru3/NS-TiO2, which had a maximum
of 5.2 � 1010 molecules per s (Fig. 1b), and �7 times greater
than Ru3/SiO2 which had a maximum of 8.3 � 1010 molecules
per s (Fig. 1a). This higher desorption rate must be due to
a greater number of CO molecules bound per Ru atom on the
ligated clusters, in addition to a �3 times greater surface
coverage for the Ru3(CO)12 sample. This was determined
according to XPS atomic concentrations (at%) shown in Table 3
in the XPS results (vide infra). For the 2nd and 3rd cycles, the
shape and intensity of the 13CO desorption changes signi-
cantly from 12CO in the 1st cycle (Fig. 2), and has a shape unique
from that of the earlier CS-deposited samples. No characteristic
Ru–CO binding sites are present which indicates the Ru–CO
sites are being blocked, but there is a broad CO desorption peak
from 180 K to 650 K, which retains the same shape and intensity
between the 2nd and 3rd cycle. The similarity of the CO-TPD
spectrum of the rst cycle Ru3(CO)12/HDS-TiO2 and the rst
cycle Ru3/SiO2 suggests that the Ru3(CO)12 clusters do not
agglomerate upon deposition onto TiO2.

There are differences between the 1st cycle CO desorption
spectra of Ru3(CO)12/HDS-TiO2 (Fig. 2) and the 1st cycle spectra
of the previously discussed CS-deposited samples; Ru3/SiO2

(Fig. 1a) and Ru3/NS-TiO2 (Fig. 1b). The Ru3(CO)12/HDS-TiO2

sample low temperature peak was at 300 K, while Ru3/SiO2 and
Ru3/NS-TiO2 featured desorption peaks at 260 K and 380 K,
respectively. Another difference between the 1st cycle CO-TPD
spectra of the samples is the temperatures of the main,
higher-temperature desorption peaks: 600 K for Ru3(CO)12/
HDS-TiO2, 560 K for Ru3/NS-TiO2, and 530 K for Ru3/SiO2. This
© 2021 The Author(s). Published by the Royal Society of Chemistry
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indicates that although the Ru–CO binding sites were similar in
these cases, the highest binding energy site was strongest for
Ru3(CO)12/HDS-TiO2, followed by Ru3/TiO2, then Ru3/SiO2.
However, the main peak starts at �400 K for each of these
samples, and because the Ru3(CO)12/HDS-TiO2 sample extends
to the highest temperature this may indicate it has a slightly
wider range of binding sites with differing energies that were
not individually resoled in the spectra. The difference in peak
desorption temperatures for the large peak between the
samples may be due to a combination of multiple effects.
Firstly, the direct contact of clusters to the substrate for the bare
Ru3 may alter the electron density in the clusters and weaken
the bond with CO compared to the ligated sample. Secondly,
this could be due to less CO binding to the bare CS clusters,
which affects the Ru–CO binding energy. Lastly, because Ru3/
SiO2 had the lowest peak temperature, it follows that the strong
interaction between Ru3 and TiO2 stabilised the Ru–CO
bonding when compared to the less strongly interacting SiO2

substrate.
A key difference comparing the full set of CO-TPD cycles for

Ru3(CO)12/HDS-TiO2 (Fig. 2) to Ru3 on sputtered TiO2 (Ru3/
LDS-TiO2 and Ru3/HDS-TiO2, see Fig. 1) was that for the bare
CS samples, Ru–CO binding sites were completely blocked for
the as-deposited samples, but for Ru3(CO)12 the sample
needed to be heated in the CO-TPD procedure before Ru–CO
sites were blocked. It would appear that the CO ligands on
Ru3(CO)12 prevented the Ru–CO sites from being blocked by
the HDS-TiO2 substrate until the ligands were removed by the
heating process during the 1st CO-TPD cycle. That is to say, the
cluster–substrate interaction which blocks the Ru–CO sites
does not preferentially replace ligands which are already
present on the clusters. The mechanism for this site blocking
is discussed below in detail together with the CS-deposited
samples. Since the clusters will pin to the defect sites on
sputtered TiO2,48,49 these ligated Ru clusters were likely to be
well-pinned to the substrate and present as unique,
Fig. 3 Example peak fittings for Ti 2p region, after heating samples to 8

© 2021 The Author(s). Published by the Royal Society of Chemistry
monodispersed cluster complexes before the ligands were
removed due to heating. An additional difference is that the
Ru3(CO)12/HDS-TiO2 was the only sample deposited ex situ and
exposed to atmosphere. This caused the passivation of defect
states in the titania due to interaction with atmospheric gasses
(shown and discussed below in the XPS Results section). This
most likely accounts for the differences in shape between the
2nd and 3rd cycle CO-TPD spectra between Ru3/HDS-TiO2 (has
a small feature at high temperature) and Ru3(CO)12/HDS-TiO2

(has a much broader desorption feature starting at a lower
temperature); even aer the ligand removal, the differing
cluster–surface interaction between the Ru and titania due to
the passivated defects of the CVD sample changed the resul-
tant available CO sites on the modied substrate.
XPS results

Ti 2p region – surface defects. The Ti 2p regions were
measured for TiO2 substrates and tted using two sets of peak
doublets, shown in Fig. 3a for NS-TiO2 and Fig. 3b for HDS-TiO2

as examples. The doublets correspond to the Ti4+ and Ti3+

oxidation states; for the 2p3/2 state the former is found at
459.4 eV � 0.2 eV, and the latter at 457.8 eV � 0.2 eV. A higher
Ar+ sputter dose will yield more Ti3+, which is related to titania
defect states. The tting of Ti 2p is complicated by a changing
background signal between the lower and higher BE peaks of
the Ti doublets, which led to a consistent discrepancy between
the measured and the tted spectra for all samples in the region
between the peaks. To reduce the relative uncertainty, the tting
and analysis procedure was kept consistent for all Ti 2p
measurements. The procedure for determining the errors for
the XPS measurements are described in the ESI.† The results
from the XPS tting procedure are shown in Table 2. TiTotal is
the sum of both peak areas, and the ratio of Ti3+/TiTotal was used
as an approximation for the concentration of surface defects for
each substrate. As can be seen from Table 2, there is
00 K. (a) NS-TiO2. (b) HDS-TiO2.

Nanoscale Adv., 2021, 3, 3537–3553 | 3543

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/D1NA00181G


Table 2 Summary of XPS atomic concentrations in % (at%) for Ti4+ and Ti3+ for blank and Ru cluster-loaded TiO2 samples. The Ti3+/TiTotal ratio in

% was calculated according to
100%� at%ðTi3þÞ

at%ðTiTotalÞ . The uncertainty was � 1% for Ti4+ at%, and � 15% for both the Ti3+ at% and Ti3+/TiTotal ratio

Deposition Substrate Sample treatment Ti4+ at% Ti3+ at% Ti3+/TiTotal ratio (%)

Blank NS-TiO2 800 K heating 24.1 1.6 6
CS Ru3 NS-TiO2 As-deposited 22.2 0.8 3
CS Ru3 NS-TiO2 800 K heating 23.1 0.8 3
CS Ru3 HDS-TiO2 800 K heating 23.4 2.9 11
CVD Ru3(CO)12 HDS-TiO2 As-deposited (ex situ) 16.9 0.3 2
CVD Ru3(CO)12 HDS-TiO2 800 K heating 23.2 1.0 4
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a signicantly higher defect density in the HDS-TiO2 compared
to NS-TiO2. The CVD samples were exposed to atmosphere and
have a very low defect density. Further details are discussed in
the ESI.†

Ru 3d/C 1s region – clusters. The main Ru 3d and C 1s peaks
overlap in the same XPS region and were tted together. No
carbon was present in the stoichiometry of the substrate or
clusters, excepting for ligated Ru3(CO)12, and thus all carbon
present was contamination on the surface or in the bulk
structure of TiO2. Three carbon peaks were used in the tting,
assigned to adventitious C–C at 285.0 eV; C–O ligands and
contamination at 287.0 eV � 0.2 eV; and COOH at 289.4 eV �
0.2 eV. These are consistent to previously reported assignments
for carbon contamination on SiO2 substrates.68 The COOH peak
was oen completely removed upon heating. Fig. 4 shows an
example of the peak tting for the Ru 3d and C 1s region of
a cluster-loaded sample, and Fig. 5 shows XPS results for Ru
clusters on SiO2 and TiO2 aer deposition of the Ru3 clusters
and specic treatments. A summary of all Ru 3d/C 1s XPS
measurements with BEs, at%, and Ru surface coverage is shown
in Table 3. A Ru 3d spectrum of a metallic Ru reference sample
is also shown in the ESI,† where the Ru 3d5/2 peak is located at
279.7 eV � 0.2 eV which is comparable to the BE reported by
Morgan69 for metallic Ru; 279.75 eV.
Fig. 4 Example fitting for the Ru 3d/C 1s region; measurement of Ru3/
HDS-TiO2 after heating to 800 K.

3544 | Nanoscale Adv., 2021, 3, 3537–3553
Based on the ratio of CO 1s at% to Ru 3d at%, the ratio of CO
ligands to Ru atoms per cluster for the Ru3(CO)12/HDS-TiO2

sample was calculated to be �1.3 aer the cluster deposition
(at% results for this are presented in the ESI†). This suggests an
approximate average formula of Ru3(CO)4, indicating some
ligands are lost during the CVD process. However, the atomic
ratio should be treated as an estimation because it may be
affected by any adventitious carbon adsorbed during the CVD
process. The number of CO ligands remaining aer CVD
depositions will be analysed in more detail in a subsequent
publication.

The surface coverage was greater for Ru3(CO)12/HDS-TiO2

than for all CS-deposited samples; for example, it is �3 times
greater than Ru3/HDS-TiO2. However, all samples had only
a fraction of a monolayer (ML) coverage (10.7% ML maximum).
Due to the low coverages, it was assumed any cluster–cluster
interactions were negligible and the differences in cluster
loading would not have signicantly affected the properties of
the clusters when making comparisons between samples.

For Ru3/SiO2 the Ru 3d5/2 BE was at 280.7 eV � 0.2 eV, and
there was no peak shiing due to heating to 800 K, indicating
there was no detectable change in oxidation state (see Table 3).
For as-deposited Ru3/NS-TiO2, the Ru 3d5/2 peak is found at 280.3
� 0.2 eV, and aer heating to 800 K it is found at 280.5 � 0.2 eV,
thus shiing by +0.2 eV � 0.1 eV (Table 3). The increase in BE
indicated the clusters had become more positively charged, and
the BE moved further away from the value for metallic Ru 3d5/2
which is 279.7 eV � 0.2 eV. It should be noted that the relative
error in peak position for the same sample before and aer
heating is smaller than the error for the absolute peak position.
For Ru3/NS-TiO2 the as-deposited Ru 3d5/2 peak increases from
280.2 eV to 280.4 eV aer dosing with CO, which indicates Ru–CO
bonding is occurring (see Table 3). For Ru3/HDS-TiO2 the Ru 3d
BE was compared aer heating to 800 K, and then dosing with
CO ligands. No shi in Ru 3d5/2 BE was detected which provides
evidence Ru–CO binding sites were not available on this sample
(see Table 3). If Ru–CO binding was occurring one would
reasonably expect an increase in BE, as was the case for dosing
CO onto Ru3/NS-TiO2. This is supported by the earlier CO-TPD
results showing that there was no Ru–CO binding sites avail-
able for Ru3/HDS-TiO2 (Fig. 1d). For Ru3(CO)12/HDS-TiO2, the Ru
3d peak shied by �1.4 eV � 0.1 eV to a BE of 280.6 eV � 0.2 eV
aer heating, due to the loss of CO ligands (see Table 3). When
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 XPS spectra of Ru 3d/C 1s region for bare Ru3 (a–d) and Ru3(CO)12 (e–f) on different substrates. Different surface treatments are being
compared with XPS, and some spectra are repetitive. The lower BE peaks at 280.2–282.0 eV are from Ru 3d5/2 and are the peak of interest to
determine peak shifting. (a) Ru3/NS-TiO2 – as-deposited, and after heating to 800 K. (b) Ru3/NS-TiO2 – as-deposited, and after CO dose. (c) Ru3/
HDS-TiO2 – after CO-TPD to 800 K, and after CO dose. (d) Ru3/SiO2 – as-deposited, and after heating to 800 K. (e) Ru3(CO)12/HDS-TiO2 – as-
deposited, and after CO-TPD to 800 K. (f) Ru3(CO)12/HDS-TiO2 – after CO-TPD to 800 K, and after CO dose (performed in series with the
measurement in (e)).
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dosing CO onto the clusters aer the 800 K heating, there was no
detectable shi in the Ru 3d BE (see Table 3), indicating aer
heating the Ru–CO sites are also blocked for Ru3(CO)12/HDS-
Table 3 Comparison of XPS results for different treatments of bare Ru3 an
the XPS spectra in Fig. 5. Ru 3d5/2 BE, Ru at%, and Ru surface coverag
a sample treatment step, which have been separated into “Method 1” and
a treatment). Where none is shown for a method, this means the sample w
“800 K + CO Dose”method, the sample was cooled to 180 K before dosi
The uncertainty in BEs was � 0.2 eV, while for BE differences the uncert
coverage was �100% while the relative uncertainty was based on the Ru

Deposition Substrate Ru at%
Surface coverage
(% ML)

M

M

CS Ru3 SiO2 0.55 4.0 No
CS Ru3 NS-TiO2 0.43 3.1 No
CS Ru3 NS-TiO2 0.41 3.0 No
CS Ru3 HDS-TiO2 0.37 3.1 80
CVD Ru3(CO)12 HDS-TiO2 1.48 10.7 No
CVD Ru3(CO)12 HDS-TiO2 1.48 10.7 80

© 2021 The Author(s). Published by the Royal Society of Chemistry
TiO2. This is supported by the earlier CO-TPD data which shows
no characteristic Ru–CO desorption peaks for Ru3(CO)12/HDS-
TiO2 aer the 1st CO-TPD cycle (Fig. 2).
d Ru3(CO)12 clusters on different substrates. Data is from peak fitting of
e are shown. Each row features XPS measurements before and after
“Method 2” (the method number only indicates the order of applying
as as-deposited. Ru at% values are frommethod 1. For samples with an
ng. Both Ru3(CO)12 measurements were performed on a single sample.
ainty was � 0.1 eV. Ru at% was � 4%. The absolute error in the surface
at% and was � 4%

ethod 1 Method 2

BE shi (eV)ethod BE (eV) Method BE (eV)

ne 280.7 800 K 280.7 0.0
ne 280.2 CO dose 280.4 0.2
ne 280.3 800 K 280.5 0.2
0 K 280.5 800 K + CO dose 280.5 0.0
ne 282.0 800 K 280.6 �1.4
0 K 280.6 800 K + CO dose 280.6 0.0

Nanoscale Adv., 2021, 3, 3537–3553 | 3545
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Discussion

As a brief summary of the results (vide supra), the adsorption of
CO to CS-deposited Ru3 clusters was completely blocked when
clusters were deposited onto LDS-TiO2 or HDS-TiO2, but this
was not the case for SiO2 or NS-TiO2. Aer Ru3/SiO2 was heated
to 800 K for a TPD cycle there was a decrease in temperature and
size for the high temperature peak in the CO-TPD spectrum,
while for Ru3/NS-TiO2 heating caused the complete loss of the
high temperature CO desorption peak. In XPS the Ru 3d BE for
Ru3/NS-TiO2 shied to slightly higher energies aer heating to
800 K, which is associated with a change in oxidation state of
the clusters. The higher energy BE aer heating to 800 K is
shared is position by both Ru3 and Ru3(CO)12 on HDS-TiO2.
Cluster agglomeration for Ru3/SiO2

For the Ru3/SiO2 sample the decrease in temperature and size
for the high temperature CO-TPD peak (Fig. 1a) was also
associated with a decrease in total CO desorbing. This
decrease cannot be explained by the clusters detaching or
travelling into the substrate. First, once the clusters have
adsorbed they are not likely to detach due to heating to 800 K
because the bulk Ru boiling point is 4423 K.70 Second, the
clusters are unlikely to travel into the substrate because SiO2

is fairly inert and does not interact strongly with supported
clusters30 or typically form an SMSI with supported metals at
these temperatures and conditions.67 This decrease in CO
desorption peak size is therefore attributed to cluster
agglomeration. When clusters form larger aggregates the ratio
of surface atoms to internal atoms for the clusters is reduced,
thereby reducing the total number of CO binding sites on Ru
clusters and agglomerated Ru clusters available in the system.
A decrease in CO peak size due to cluster agglomeration has
similarly been seen in other CO-TPD studies, such as studies
by Anderson and co-workers on CS-deposited Pt7/alumina and
various sized Ptn/silica;71,72 in these studies the CO-TPD
spectra changed in shape with repeated TPD cycles to 700 K,
where the higher temperature binding site similarly
decreased in peak size and temperature. The agglomeration
of Ru on SiO2 was not surprising and is most likely due to the
weak cluster–surface interaction between Ru and SiO2;
previous studies have also shown agglomeration of small
clusters on SiO2 at temperatures below 800 K.63,73

In addition to aggregation of the Ru clusters, there is also
most likely a change in either the cluster structure (beyond
agglomeration) or cluster–surface interaction with repeated CO-
TPD cycles; this is evidenced by the peak CO desorption
temperature decreasing with each CO-TPD cycle, meaning CO is
adsorbing less strongly to the clusters aer agglomeration. This
is also supported by earlier studies by Anderson and co-
workers,59,71,72 who have shown that for both Ptn/alumina (2# n
# 18) and Ptn/silica (n ¼ 4, 7, 12, 24), the intensity of the high
temperature CO-TPD peak increased as cluster size increased,
but that repeated CO-TPD cycles caused the peak decrease in
intensity and shi to lower temperatures. This provided
evidence in the case of small Pt clusters that agglomeration
3546 | Nanoscale Adv., 2021, 3, 3537–3553
produces different structures than those produced by deposi-
tion of larger size-selected clusters.

By making reasonable assumptions, the increase in cluster
size over the four CO-TPD cycles for Ru3/SiO2 was estimated.
The 4th cycle had 0.3 CO molecules desorbing per Ru atom
compared to 0.6 CO per Ru atom in the 1st cycle (see Fig. 1a).
Total CO desorption is proportional to the number of available
CO binding sites. The simplest case to assume employs a model
which disregards the individual atoms forming the clusters,
instead considering hemispherical clusters pinned to the
substrate where the number of binding sites is assumed to be
proportional to the surface area (SA). If the bottom half of
a hemispherical cluster is bound to the substrate and not
available for binding to CO, then the available SA of the clusters
would be given by eqn (1) for the surface area of a hemisphere.

SA(hemisphere) ¼ 2pr2 (1)

Utilising the number of CO desorbing per Ru atom in each
cycle, and the assumption that available binding sites are
proportional to the available SA, the increase in cluster radius is
calculated as per eqn (2) and (3). Subscripts correspond to the
SA or radius of clusters in the 1st or 4th cycle.

0:6 molecules per atom

0:3 molecules per atom
¼ SAð1stÞ

SAð4thÞ
(2)

By substituting in the relationship between SA and radius for
each cycle from eqn (1) and simplifying the expression, the
change in radius can be estimated.

r(4th) ¼ 1.4 � r(1st) (3)

The Ru cluster radius increases by an estimated factor of 1.4
aer 4th CO-TPD cycles. Given that there would be a range of
aggregated cluster sizes, this should be treated as an average
size. The diameter of supported Ru3 is estimated to be 0.265 nm
based on the interatomic Ru–Ru distance (bond length),74 and
the clusters therefore increase to an average diameter of
0.37 nm aer the 4th CO-TPD cycle. The assumptions made in
this calculation are rather simplied and must be taken with
caution. The assumption of a hemispherical cluster is a rather
simple model and likely deviates from the true structure of the
supported clusters and also ignores the nite size of the atoms
forming the clusters. The calculation also ignores any effects of
the cluster structure and size, or the number of binding sites
available per SA. For example, another possibility to describe
the reduction in CO bond sites is a change from a Ru3 cluster
adsorbed at on the surface into a 3-dimensional Ru6 cluster
(two Ru3 clusters on top of each other) that prevents the lower 3
Ru atoms from being exposed to incoming CO.
Assigning binding sites to CO-TPD features

In the CO-TPD spectra, differences in temperatures for CO
desorption could be due to the CO binding to chemically
different parts of the cluster (i.e. a different binding site) or due
to differing cluster–substrate interactions affecting the cluster–
© 2021 The Author(s). Published by the Royal Society of Chemistry
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CO binding. The shape of the CO desorption trace between
successive CO-TPD cycles can provide information about the
location of the Ru–CO binding sites on the clusters. This has
been attempted in similar experiments including a study by
Labich et al.75 of Rh particles supported on TiO2/Mg where an
on-top position (away from the substrate, highest temperature)
and two-fold coordinated bridge position (cluster–substrate
bridging, medium temperature), as well as a third high-
coverage state (low temperature) were identied. This study
did not have sufficient TPD resolution to identify exact peak
positions for the desorption features, but highlights the fact
that when on a substrate, cluster–substrate m2 bridging bonds
are also a possibility. This was also shown by Lee et al.76 for Au3
clusters on TiO2(110), who argued that CO was bound to the
cluster–substrate interface when dosed under UHV because the
low energy ion scattering spectroscopy (LEIS) signal for Au was
not attenuated by CO adsorption. Regarding the nature of Ru–
CO bonds, White et al.77 suggested via a DFT study that the
optimised structure for Ru3(CO)1 features a 1.50 eV terminal m1
bond (CO bound to one Ru atom) while Ru3(CO)2 features an
additional bridging m2 bond (CO bound to two Ru atoms) with
a higher average Ru–CO bond energy of 1.79 eV. This calcula-
tion was performed in the gas phase and although not directly
comparable to supported clusters it importantly indicates that
m1 and m2 bonding are possible.

The peaks will rst be assigned for the Ru3/SiO2 sample,
which is treated as the baseline for comparisons. As mentioned
in the ESI,† the accuracy of the absolute TPD intensity calibra-
tion is estimated to be �50%. Fig. 1a shows that in the 1st cycle
there was an average of 0.6 CO adsorbed per Ru atom, or 1.7 CO
per Ru3 cluster. Given the �50% estimated accuracy, it is likely
that most clusters had 2 CO per cluster aer dosing. The clus-
ters were agglomerated on SiO2 with each successive CO-TPD
cycle, and the main 560 K CO desorption site decreased in
size successively while the smaller 260 K desorption feature
increased in size aer one cycle and then stabilized. As the
clusters agglomerate, the total number of CO “edge sites”
available where the cluster meets the substrate is expected to
decrease. Understanding this helps to assign the two main
features in Fig. 1a. The 560 K peak is most likely from a m2
cluster–substrate bridging site on the cluster edges; this is
supported because the CO-TPD peak size decreases, due to
a decrease in the number of edge sites that would occur on
agglomeration (as discussed above), and because the higher
binding energy of the site supports the likelihood of CO
bonding to both the cluster and substrate. This peak also
decreases in temperature, which provides evidence that the
adsorption energy of CO to the cluster–substrate bridging sites
decreases as clusters agglomerated, which would be related to
a change in cluster charge density. The 260 K feature is most
likely from an on-top binding site with m1 and/or m2 Ru–Ru
bonding. The increase in the 260 K peak size aer the 1st cycle
may indicate that some amount of agglomeration promoted the
number of on-top sites compared to edge sites. Regarding the
CO-TPD samples on TiO2 substrates, for Ru3/NS-TiO2 the CO-
TPD spectrum (Fig. 1b) is very similar to Ru3/SiO2 in the 1st

cycle. The assignment of peaks is therefore the same as for Ru3/
© 2021 The Author(s). Published by the Royal Society of Chemistry
SiO2 but with the peaks shied in temperature. For bare Ru3 on
sputtered TiO2 surfaces (Fig. 1c and d), no Ru–CO peaks are
observed and there are no CO binding sites to assign.

For the ligated sample, Ru3(CO)12/HDS-TiO2, the high
temperature peak in the 1st cycle at 600 K appears to be a shied
version of the same feature as the high temperature peak for
Ru3/NS-TiO2, and is assigned to cluster–substrate bridging sites.
As previously discussed, this peak is wider in temperature than
for the large desorption peak of either Ru3/NS-TiO2 or Ru3/SiO2,
which may indicate a wider range of binding energies for
bridging sites in this sample, possibly as a result of the larger
number of COmolecules per Ru atom. The peak at 300 K (Fig. 2)
is assigned to on-top CO with m1 and/or m2 bonding, the same as
for the other samples. The 1st cycle CO-TPD spectrum of
Ru3(CO)12/HDS-TiO2 (Fig. 2) is similar to what Zhao et al.19

previously measured for Ru3(CO)12 on TiO2(110) when depos-
ited by CVD at 300 K. However, a key difference is the peaks for
Zhao et al. were higher at �400 K and �650 K, and the higher
peak had an extra low-temperature shoulder not seen in Fig. 2.
It is likely these differences are related to differences in cluster–
surface interaction between the TiO2(110) used in that study
and HDS-TiO2 used in this study. Zhao et al.19 did not assign
binding sites to the CO-TPD spectra, however they interestingly
discovered that the large, broad high temperature CO desorp-
tion feature was not present when Ru3(CO)12 clusters were
deposited by CVD onto a substrate at 100 K (instead of 300 K);
the spectra instead had 5 smaller, narrow features.19 This
further supports the notion that the high temperature peak is
related to cluster–substrate bridging, because this kind of
binding would most likely be promoted when depositing onto
a higher temperature substrate which can more easily interact
with the clusters.
Oxidation of Ru clusters

The Ru 3d BE for Ru3/NS-TiO2 shied higher to 280.5 eV �
0.2 eV aer heating (Table 3), and is comparable to studies in
the literature18,19 where O2 was dosed onto Ru3(CO)12 on
TiO2(110) with heating to intentionally form oxidised clusters.
In these cases, similar BE shis were measured and absolute
values for Ru 3d5/2 were reported as 280.6 eV by Zhao et al.19 and
280.8 eV by Rizzi et al.18 The similarity between these and the
present study provides context for the previously discussed loss
of the main 560 K CO desorption peak for Ru3/NS-TiO2 aer
heating to 800 K (Fig. 1b). The XPS peak shiing and CO-TPD
results both point towards the oxidation of the Ru clusters,
presumably due to an interaction with the oxygen in the sup-
porting TiO2 (O2 was not dosed onto on the clusters). The
blocked CO-TPD peak is assigned to cluster–substrate bridging
sites, and thus oxygen is either binding to these sites or steri-
cally hindering the access of CO to the sites. The shied Ru 3d5/
2 XPS peak is thus assigned to a partially oxidised form of the
clusters. The increase in oxidation state can also be a reason for
making Ru less attractive for binding to CO ligands. It should be
noted that bulk Ru shows a BE shi of 1.6 eV upon oxidation69

and that the BEs reported in the literature for oxidised Ru
clusters are lower than those typically reported for oxidised bulk
Nanoscale Adv., 2021, 3, 3537–3553 | 3547
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Ru such as RuO2.69 Thus, it is difficult to determine the exact
oxidation state for Ru clusters on Ru3/NS-TiO2.

As-deposited XPS was not measured for Ru3/HDS-TiO2 but at
800 K. However the BE for Ru 3d5/2 at 800 K was 280.5 eV �
0.2 eV, identical to that of Ru3/NS-TiO2 (Table 3). Thus, the
clusters are most likely oxidised by the TiO2 surface upon
heating to 800 K on HDS-TiO2 in the same way as NS-TiO2. The
BE for Ru3(CO)12/HDS-RF-TiO2 aer heating to 800 K is also the
same as both Ru3/NS-TiO2 and Ru3/HDS-TiO2 within the
experimental uncertainty, indicating that the initially-ligated
clusters are also partially oxidised by the TiO2 substrate once
their ligands had been removed by heating. The CO-TPD results
for Ru3/SiO2 do not indicate any change in oxidation state of the
clusters due to heating. It is also worth noting that in the case of
Ru the cluster size does not seem to inuence the BE, and thus
the agglomeration discussed above on SiO2 did not result in
a change in BE, which is different to other metals like
gold.31,78–83 The lack of change in Ru oxidation state on SiO2 is
most likely due to the fact that it is a non-reducible oxide, while
TiO2 is a reducible oxide.65 The removal of O2� from non-
reducible oxides such as SiO2 is energetically unfavourable
and these oxides are more stoichiometrically stable and less
reactive.65,66 Evidence of the substrate-dependent oxidation of
clusters has been shown in other studies, and oxidation is
typical of the SMSI for clusters on metal-oxide supports.33,84,85

It is likely that the mechanism of cluster oxidation on TiO2 is
related to the minimisation of surface energy, where there is an
energetic benet for the system from the oxidation of Ru. The
surface free energy of Ru at 298 K has been determined exper-
imentally to be 3.409 J m�2,86 while the surface free energy of
RuO2 was calculated in a separate DFT study as 1.1 J m�2 for
RuO2(110) and 1.4 J m�2 for RuO2(100).87 These two studies
used different calculation methods and are not quantitatively
comparable for determining the precise change in surface free
energy, however the lower surface free energy of RuO2 than Ru
provides evidence for the surface-energy minimisation benet
of Ru oxidation. The reduction of surface free energy due to
oxidation has been shown more explicitly using calculations for
other transition metals.88 This mechanism can also be consid-
ered in terms of the negative enthalpy of formation for oxidised
Ru; the energy of formation of transition metal oxides is typi-
cally negative, meaning there is an energetic benet for oxida-
tion and the clusters would lose energy to their surroundings
when an oxide is formed.89,90 Both the surface energy and the
enthalpy considerations have the same meaning.

Heating is required for Ru cluster oxidation on NS-TiO2. The
as-deposited Ru3 clusters on NS-TiO2 showed the lowest oxida-
tion state based on the XPS results, but the oxidation state
increased upon heating to 800 K, even aer the temperature was
reduced. It is probable that for oxidation the transport of O2�

anions on the substrate must be activated by heating such that
they are mobilized and can be transported to the clusters; the
idea of bulk TiO2 defects becoming mobile at elevated
temperatures and interacting with supported metals has been
suggested previously.30,33,91

Zhao et al.19 have previously deposited Ru3(CO)12 by CVD
onto TiO2(110). Aer heating and ligand removal the authors
3548 | Nanoscale Adv., 2021, 3, 3537–3553
found that the Ru 3d5/2 peak was located at 279.9 eV, which is
comparable to bulk Ru. They found by dosing 400 L O2 under
UHV at 600 K that the Ru peaks shied higher to 280.6 eV,
which they associated with oxidation of the clusters. The
necessity for dosing O2 contrasts with our results on NS-TiO2

where the clusters were oxidised aer only heating to 800 K
under UHV. This serves to demonstrate the fact that the SMSI
interaction depends greatly on the combination of cluster and
substrate, even including different forms of the same material
such as TiO2(100) in the work of Zhao et al.19 and RF-deposited
TiO2 in this study. Zhao et al. estimated that the cluster coverage
was 5% to 25% of a monolayer, which is comparable to this
study, so surface coverage cannot be the reason for the differ-
ence in results.19 It is most likely that the different outcome is
related to the differences between RF-deposited TiO2 and single
crystal TiO2(110) substrates; it is possible that TiO2(110) is not
as easily reducible, or that the surface energy is lower meaning
there is less of a driving force for cluster oxidation in terms of
surface energy minimization.
Complete blocking of Ru–CO binding sites

The blocking or changing of some Ru–CO sites seen in the CO-
TPD data have been above attributed to both agglomeration and
oxidation. However, for Ru3 on LDS-TiO2 and HDS-TiO2 all Ru–
CO binding sites are completely blocked such that no CO is able
to adsorb to the clusters when dosed under UHV. The Ru–CO
blocking cannot be associated with agglomeration only as this
would result in CO-TPD spectra like that of Ru3/SiO2 (Fig. 1a), or
oxidation only as this would result in CO-TPD spectra like that
of Ru3/NS-TiO2 (Fig. 1b). For Ru3(CO)12/HDS-TiO2, the Ru–CO
sites were present in the 1st CO-TPD cycle (before the ligands
were desorbed) but were completely blocked in the 2nd and 3rd

cycles aer heating to 800 K. This result also contrasts the
previously mentioned study by Zhao et al.19 where XPS peak
shiing was used to show Ru–CO binding was not blocked for
Ru3(CO)12 on non-sputtered TiO2(110) even when heated to 700
K.

For cases where Ru–CO sites are completely blocked there
seems to be another reason for the complete loss of Ru–CO sites
besides agglomeration or oxidation. The fact that Ru–CO sites
were only completely blocked if RF-TiO2 was sputter treated, in
addition to the differences between depositions onto RF-
deposited TiO2 in this study and TiO2(110) in other studies,19

raises a question about the mechanism of site-blocking.
Encapsulation is another phenomenon which can occur for
metals supported on a reducible oxide like TiO2. This involves
the mass transport of substrate material to the top of the clus-
ters, effectively covering them. This has been shown in the
literature for several types of clusters on TiO2 substrates,
including the study by Fu et al.33 of 1.5 nm Pd clusters grown on
TiO2(110) as well as many other examples over the past few
decades.32,34,55,75,92–96 Encapsulation is related to the formation of
an SMSI state, and there are various proposed reaction mech-
anisms for encapsulation in the literature, including thermo-
dynamic drive to minimize the total surface energy of the
system.33,75,92,93,96,97 This mechanism is most likely to occur when
© 2021 The Author(s). Published by the Royal Society of Chemistry
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the surface energy of themetal is greater than the surface energy
of the supporting oxide layer,33,75,93,97 which is the case for Ru
and TiO2; as indicated above, the surface energy of Ru is 3.409 J
m�2 and TiO2(110) has been calculated to be 1.78 J m�2.64,98

Given the propensity of TiO2 to encapsulate surface adsor-
bates, it is possible that the complete loss of Ru–CO binding
sites for Ru3(CO)12/HDS-TiO2 is due to cluster encapsulation by
the substrate material, possibly in combination with other
phenomena such as oxidation and/or agglomeration. However,
the occurrence of encapsulation is not entirely clear because the
data does not directly show the encapsulation, only the indirect
blocking of Ru–CO sites. From previous literature, varying
conditions have been reported to induce cluster encapsulation
which typically require high temperature reduction of the oxide
substrate under UHV32–34,64,75,92–96,99,100 or H2.101–105 A notable
similarity of the results here to encapsulation occurring in
previous studies for Pd and Rh clusters on TiO2(110) is that
sputtering of the substrate prior to cluster deposition was
shown to be required for encapsulation.33,34 In the present
study, Ru–CO binding sites were only completely blocked for
Ru3 on sputtered TiO2, providing evidence that surface rough-
ness and/or oxygen deciency play a role in the state of Ru
clusters on the surface. However, a key difference is that in the
current study Ru–CO blocking occurs in as-deposited Ru3/HDS-
TiO2 with no heating required.33,34 Thus, this may point towards
a different site-blocking mechanism which is unique for the RF-
deposited TiO2 substrate. Other causes for the site blockingmay
be sub-surface defects caused by sputter treatment34 which
attract the clusters below the surface, or subsurface oxygen
being more readily available for the Ru3 than surface oxygen
and the subsurface oxygen similarly attracting the clusters. To
the best of our knowledge there have been no previous
measurements for the encapsulation of size-selected Ru clusters
on TiO2 in the literature, although some encapsulation studies
using similar Ru materials have been conducted.55,106 Further
insight into the mechanisms of interactions of Ru clusters with
TiO2 will be shown in a subsequent publication. It should be
noted that the present work does not allow determining the
change of the Ru cluster size due to the heating procedures
applied. This will be subject to a subsequent publication.

The blocking of cluster–CO binding sites is not generally
desired for catalytic purposes because CO adsorption capacity is
reduced, which is the case for some samples in this study as well
as other reports in the literature.33,34,75 As such the results dis-
cussed can provide a framework for how to achieve Ru clusters
on TiO2 supports with available Ru–CO binding sites for the
catalysis of reactions such as CO hydrogenation. While it is
possible that conserving Ru–CO binding sites is important for
catalytic activity, there have been cases which showed that if
a covering layer is thin enough some combinations of cluster
and covering layer can have an electronic structure which is
suitable for catalysis without direct reactant–cluster
contact.107–109 In these cases, there can be extra benets for
catalysis such as increasing resistance to cluster agglomera-
tion,107,108 increasing catalytic reaction selectivity,109 or
improving catalytic activity by hindering back reactions which
© 2021 The Author(s). Published by the Royal Society of Chemistry
remove reaction products.108 As such, catalysis measurements
are necessary for experimental verication of this framework.
Conclusions

For Ru3 CS-deposited onto SiO2, heating the clusters to 800 K
caused cluster agglomeration. Conversely, for Ru3 CS-deposited
onto NS-TiO2, the clusters remained on the surface but were
oxidised by the substrate when heated to 800 K, resulting in the
loss of the main CO binding site. This indicated oxygen either
bound to the same sites as CO or bound in such a way that CO
was sterically hindered, or Ru was less attractive for binding to
CO due to an increase in oxidation state. When the TiO2

substrate was Ar+ sputter treated before CS-depositions the Ru–
CO binding sites on the clusters were completely blocked by the
substrate as-deposited. For Ru3(CO)12/HDS-TiO2, the clusters
retained their Ru–CO sites as-deposited but aer heating to 800
K the ligands were removed, and the Ru–CO sites were
completely blocked. It is possible given the lack of Ru–CO
binding sites that the catalytic abilities of the small Ru clusters
will be reduced when supported on sputtered TiO2.

We have developed a set of deposition criteria for Ru3 clus-
ters to retain their Ru–CO binding sites when supported on RF-
deposited TiO2. For CS depositions the Ru–CO sites will be
blocked if the substrate is sputter treated prior to deposition,
but when depositing Ru3(CO)12 by CVD the CO ligands are
retained on a sputtered substrate. In both cases heating to 800 K
will cause cluster oxidation (a partial loss of CO sites) and/or
complete Ru–CO blocking. The mechanism for complete Ru–
CO blocking on sputtered TiO2 could not be precisely deter-
mined from the presented results, but comparisons to similar
studies of metal/TiO2(100) interfaces point towards an inter-
pretation that the clusters were encapsulated by a layer of
substrate material. A key difference to previous studies was that
no heating was required for Ru–CO blocking to occur, possibly
pointing to a unique mechanism for site blocking by RF-
deposited TiO2.
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