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We report a study of NiTiO, samples prepared by size-selected deposition gf Ki
=1,2,5,10,15) on rutile Tig{110). The effects of deposition energy and support preparation
conditions on the oxidation state of the clusters are examined by x-ray photoelectron spectroscopy
(XPS). On the stoichiometric surface, N stable, but oxidation can be driven by increased impact
energy. For TiQ surfaces with chemisorbed oxygen, depositegdase oxidized even at low impact
energies. Low energy ion scattering spectroscopy was used to characterize the dispersion of Ni on
the support, and provide some insight into binding morphology. Small clusters bind preferentially to
oxygen sites. Large clusters bind in compact geometries and appear to retain some three dimensional
character on the surface. The data suggest that the clusters neither fragment, nor agglomerate, in
room temperature deposition. Temperature programmed desor@din) of CO was used to
characterize deposited clusters. For these small clusters, no strong desorption features are observed
in the temperature range above 140 K, where CO desorbs from. Tike lack of CO binding is
discussed in terms of strong Ni—TjChinding. The ion scattering data indicate that there is
significant sintering, and possibly partial encapsulation, of the Ni clusters during the TPD
experiments. XPS reveals little change in oxidation state. This is the first study where the oxidation
state and morphology of size-selected deposited clusters has been studied, before and after TPD.
© 2002 American Institute of Physic§DOI: 10.1063/1.1498477

I. INTRODUCTION Ni, deposited on Ti@ at different deposition energies, and

N with different TiO, preparation conditions. For comparison,
~ Deposition of mass-selected metal clusters on metal oxye 4150 studied Ni particles grown by deposition of a 1.0 ML
!de supports has been shown by Heiz and co-worke_rs to be(?ose of nickel atoms. TiQwas chosen as the initial support
important tool for studying the effects of cluster size andfor study because we wanted a system where the metal-
support defects on catalytic activi’ty.s_Recen'c_ly they have_ support binding would be strong enough to minimize diffu-
shown a size dependence for Fhe Interacthn of C.O WIthsion and sintering of the deposited clusters at room tempera-
Nin(n<30) supported on ultrathin Mg(DllO) f||ms_, USING  yre. The results are quite different from the behavior
temperature_ programmed  desorptiéhPD) and infrared observed by Heiz and co-workers on MgO, reflecting the
spectroscopy.> The binding of CO to Ni clusters on MgO is ) o _ ’

épuch stronger Ni-support binding for TjO

strong, as shown by the appearance of nickel carbonyl sp T b ¢ o f dvi h
cies in the thermal desorption mass spectra for the small ere are a rlum er 9 motivations for s.tu ying the
clusters <4). Only CO desorption is observed for the Ni/TiO, system. Nickel particles supported on Fi@re used

larger clusters(Ni,, n=11, 20, and 3D They found two in heterogeneous cata_lysis. In ac_Jdition, the rutile ,[1.0)
types of CO adsorption sites. On one, CO chemisorbs mosurface has been studied extensively, and there are a number
lecularly, resulting in a desorption between 200-300 K. OrPf studies addressing the morphology and electronic proper-
the second site, CO is dissociated and desorbs associativeligs of Ni evaporated onto Ti110), useful in interpreting
between 500—600 K. our results. The structure of the surface is shown in Fig. 1,
We recently built an instrument that allows us to inves-along with several possible binding motifs for,Nind N.
tigate physical and chemical properties of mass-selectedhe surface unit cell is indicated by the white rectangle, and
metal clusters deposited on metal oxides. The capabilities athe density of unit cells is~7x10*cn?. Also indicated
somewhat complementary to those of Heiz and co-workersyith circled letters A—D, are the Ni binding sites identified
including TPD, x-ray photoelectron spectroscdpPS), and by Pala, Liu, and Truorfgin recent density functional calcu-
ion-scattering spectroscoysS), but not infrared spectros- lations. The binding energies are 2.6, 2.0, 1.8, and 0.6 eV, for
copy. The inclusion of ISS is important, because it provides &\—D, respectively. In these periodic calculations, there is
measure of changes in cluster morphology with depositiolbne Ni atom per surface unit cell, and it is unclear how the
energy, cluster size, and following TPD. Here we report ainding energies might change with coverage. Nonetheless,
study of oxidation, sintering, and CO-adsorption behavior ofiheir results indicate that Ni—TiObinding is both relatively
strong, and quite corrugatéde., site-dependent
dElectronic mail: anderson@chem.utah.edu A number of groups have also reported experimental
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on the TiQ. Finally, on the basis of decreasing Ni XPS
signal following extended annealing, Kasi all® inferred
that Ni diffuses into the Ti@ bulk at elevated temperatures.
This conclusion is contradicted by the more recent XPS and
ISS work of Espine et al!! who observed no Ni signal loss
for stoichiometric TiQ, but did observe diffusion into the
bulk for defective TiQ prepared by Af sputtering.

Il. EXPERIMENT

The instrument consists of a cluster source, a mass-
selecting beamline, and a set of UHV chambers where depo-
sition, sample preparation, and analysis are carried out. The
beamline and sample handling arrangement have been de-
~ scribed in previously>!* Nickel cluster ions are generated
[0 surface 0 2nd Layer Ti by a 100 Hz laser vaporization source, similar to the source
recently reported by Heiz and co-workéPsA 100 Hz
Nd:YAG laser(Spectra Physigss tightly focused on a rect-
angular nickel target that is continuously rastered under com-
puter control. The vaporized metal plasma is entrained in a
pulsed helium flow and swept down a 1.5 mm diameter
channel, where cluster ions grow. At the end of the channel,
the gas pulse exits through a nozzle, and cluster ions are
FIG. 1. The structure of the rutile TiD110) surface, showing surface and injected into a 27 cm long quadrupole ion guide. At the end
second layer Ti, surface and bridging O. The surface unit cell is indicated agf thijs first guide, the cluster ion beam is deflected by 18°
a white rectangle. A—D indicate the Ni binding sites calculated by 8. 5,4 iniacted into a second quadrupole which guides the ions
(Ref. 6 in order of decreasing stability. The dark spheres indicate the po- . . . .
tential Ni dimer and Nj binding arrangements. through several more differential pumping walls, and deliv-

ers them to a commercial quadrupole mass fi(textrel).

After mass selection, the clusters are guided by a final quad-
studies of Ni evaporated onto Tj(110). Onishiet al,” on  rupole into the UHV section of the instrument, where they
the basis of the Ni dose-dependence of Auger intensitiesare deposited on the room temperature substrate through a 2
concluded that Ni grows as a surface layer for densities up toom diam mask/lens.
~8x 10" cn? (i.e., ~one Ni/unit cel), then begins to form The cluster dose is measured by continuously monitor-
three-dimensional structures. Other authors conclude thamg current on the target, and unless indicated otherwise, the
growth is three-dimensionaMolmer—Webey even at low coverage was always 2010 Ni atoms per crfy equivalent
coverage?® In STM, cluster morphology is clearly seen at to a tenth of a close-packed Ni monolayer. The impact en-
low coverages {2x 10" Ni/cm?) following deposition at ergy was varied by floating the beamline potentials with re-
375 K8 The origin of the discrepancy is unclear, but may bespect to the grounded TiOtarget. Typical intensities of
related to dose rate or surface conditions. One problem imass-selected cluster ions, delivered to the deposition sub-
comparing with these earlier studies is that they all use difstrate, range from 1 to 25 nA/GrDeposition times are typi-
ferent methods for TiQ preparation, and it is not clear that cally 30—60 min. The deposition energy distribution is esti-
the support is identical. mated by retarding potential analysis on the deposition

The metal-support electronic interactions of nickel par-target, i.e., measurement of the drop in deposition current as
ticles formed during Ni evaporation onto Tj(110) have the target potential is raised. Because the target current is
been studied by electron spectroscépy'! On stoichio-  effected by beam divergence and space charge, as well as the
metric TiO,(110)-(1x 1), only the zero oxidation state Niis energy spread, the energy width extracted from retarding
observed, however, the Np2binding energy is observed to analysis is approximate, and should be an upper limit. The
increase with decreasing nickel coverage. This shift has beednll width at half maximum of the energy width is1 eV, for
explained in terms of final state relaxation effects, and Kaall cluster sizes. The base pressure in the UHV system is
et all% also proposed that there is partial electron transfer-1x 10 *°Torr. The pressure in the deposition chamber
(~0.13e/Ni) from TiO, to Ni. This last point is contra- rises to~2x 10" ° Torr during deposition, however, the ad-
dicted by the work function measurements of Onishal,”  ditional gas is ultrahigh purity helium from the laser vapor-
which were interpreted to indicate @0.1e”/Ni electron ization source. Contamination of the surface is routinely
transferfrom Ni to TiO,. CO desorption temperatures have monitored before and after experimental runs. For this sys-
also been reported by Raupp and Dumtsior nanometer tem, there is no evidence for reaction with background gas-
size nickel particles formed by Ni evaporation onto ses on the experimental time scale.

TiO,(110). It was found that the desorption peak shifts to ~ The UHV system is equipped with a hemispherical en-
decreasing temperatures with decreasing Ni evaporativergy analyzer, a dual anode x-ray southere, using AK«
dose, and with increasing density of missing-oxygen defectsadiation and an ion gun, allowing sample characterization
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by x-ray photoelectron spectroscopy¢PS and low energy (+4) _
ion scattering spectroscof}SS). The sample can be trans- stoichiometric TiO, Y Ti2py,
ferred into a separate UHV chamber for temperature- :
programmed desorptiofTPD) studies. For TPD, the sample
was heated at 3 K/s by electron bombardment from the back-
side. Desorbing molecules enter the differentially pumped
guadrupole mass spectrometer thiowg2 mmdiameter ap-
erture in the end of a conical skimmer. The aperture matches
our deposition spot size, and is positioned mm from the
TiO, substrate, minimizing desorption background from
other surfaces. Samples are cleaned by #puttering, then
annealed in one of two stations. One is used for annealing in
UHV, and the other, located in a separate chamber, allows
annealing at high ©pressures.

XPS spectra were used to estimate J&doichiometries
for the near-surface region. The spectra were corrected using
Shirley background subtractidf pefore the XPS peak areas
were integrated. Atomic sensitivity factors for our instrumen-FiG. 2. The Ti 2 XPS of clean TiQ under different preparation conditions.
tal configuration were taken from the PHI Handbddk\e  “TiO ;.4 is the surface following AF ion sputtering only. “TiQ” is sput-
note that the binding energies of Tp2and O Is differ by tered then annealed in UHV at 900 K. “TiQ:’ is sputtered then annealed

. S in O, at 570 K. “TiO,,," is sputtered then annealed in,@t 700 K. The
only 70 eV, so that the corresponding electron kinetic eners ., -2 222 1S SPU 2

. . vertical dashed lines indicate the expected binding energies for Ti in differ-

gies differ by only~7%. As a consequence, the usual uncer-ent oxidation states.

tainties arising from energy-dependence electron detection

efficiency should be minimal. The stoichiometries derived

from XPS reflect average properties of a near-surface regio

defined by the inelastic mean free pdi) for electrons in h. RESULTS AND DISCUSSION

TiO,. For O 1s and Ti2p photoelectrons. is ~21 A, while NiJ , Nii , and Ni, were deposited at impact energies

for Ni2p photoelectrons. is ~14 A8 of 1 eV/atom and 10 eV/atom, always with the dose equiva-
TiO,(110) single crystal§Commercial Crystal Labora- |ent to 0.1 ML of atoms (2.8 10**atoms/cri). Several ex-

tories are mounted on a homebuilt sample hotfihat al-  periments were also run with Niand Nis at 1 eV/atom. The

lows samples to be moved between different preparation okps of the as-deposited sample was used to characterize the

analysis stations with precise positioning. The crystal isgjstribution of oxidation states of Ni and Ti, and ISS was

clamped against a thick molybdenum backing plate that cafjsed to characterize the morphology of the sample. After

be cooled by conduction to a liquid,Meservoir. For TPD or  characterization, TPD of ¥0 was studied. To exclude the

annealing in vacuum, the metal backing plate is heated byossibility that ISS might damage/modify the sample, some

electron bombardment from the back side. For lower temTpp runs were done without prior 1SS. Finally, after TPD

perature annealing in Oatmospheres, the entire sample gnalysis, the sample was recharacterized to examine changes

holder is heated by conduction from a resistively heated copm sample stoichiometry, oxidation state, and morphology,
per stage. The crystal temperature is measured by a thermpruced by the TPD process.

couple bonded inside a slot cut into the edge of the,TiO

crystal, using UHV-compatible cement. In order to make the/™ %@y photoelectron spectroscopy

crystal conductive enough to allow ion deposition and mini-  Figure 2 shows the Ti |2 XPS following different an-
mize charging in XPS, the crystal was initially annealed innealing procedures. The expected posittérsf the 2pg),
UHV at 1000 K for 1 h. This process creates defects throughpeaks from different oxidation states of Ti are indicated with
out the bulk, and results in-type semiconducting properties vertical dashed lines and the labelstB, and+4. To correct
reflected in a permanent color change from the initially transfor sample charging, which depends somewhat on prepara-
parent crystal. The main surface contaminant is Na, which ision conditions, all spectra have been referenced to the O 1
present at ppm concentrations in the JiBulk, and also a peak, assumed to be at 530.8 eV as in stoichiometrig #O
component of the ceramic ceme®REMCO 57) used to  As a check on this correction, note that the resulting+%i
bond the thermocouple. Freshly mounted crystals are sulibinding energy is in excellent agreement with the expected
jected to repeated sputter/anneal cycles until negligible convalue of 459.5 eV. The spectrum labeled TiQis for the
taminant signal is observed by ISS and XPS, ISS being exfreshly sputtered surface, without annealing. The XPS spec-
tremely sensitive to surface Na. Following each clustertrum shows a broad range of Ti oxidation states ranging from
deposition experiment, the crystal was sputtered with 1 kM0 to +4, consistent with preferential sputtering of surface
Ar* jons well past the point where no Ni XPS or ISS signaloxygen. The O & XPS peak for this sample is broadened by
was observed, and the regular sputtering also prevented ratmost 1 eV compared to the @ XPS for annealed TiQ
appearance of alkali contamination. The sample was theihe broadening suggests that a range of oxygen environ-
annealed under different conditions to generate titania withments is present in the near-surface region, and also makes
desired surface properties. the charging correction less precise. The stoichiometry cal-

Intensity (arb.)

470 465 460 455
Binding energy (eV)
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culated from XPS of the reduced surface is TiQ which is (0)
an average over electron escape depth. @) _ Dn Ni2py,
When the reduced TiQis annealed in UHV at 900 K for Ni 2p,, (+3),

a 1 h, the surface appears to be fully oxidizegectrum

o 10 eV/atom
labeled “stoichiometric TiQ"” ). Both the ratio of Tiand O & 1 eViatom
peak intensities, and the absence of signal fo(48) are © 20 eViatom
consistent with TiQ stoichiometry. The oxidation may occur £ "} Visiom
by diffusion of bulk oxygen to the surface as proposed by 10 eV/atom
Lusvardiet al1® and/or by diffusion of titanium cations from 1 eviatom
the surface to the bulk as suggested by Hendet¥on. 880 887i?1ding Energya(g(\)l) 80
Hendersoff and Linsebigleet al,?! found that annealing at ) ¥
900 K creates 5%-10% of oxygen vacancies on the surface, -
however, their annealing times are much shorter than ours. £
For short annealing times we also observe significant inten- g 20 eV/atom
sity for Ti (+3), consistent with numerous oxygen vacancies. £ 10 &Vatom
Nonetheless, our XPS resolution is not high enough to ex-
clude a small Ti(+3) peak buried in the tail of the Ti+4) Attty 1 €V/alom
peak, and the TPD results indicate that there are, indeed, 880 870 860 850
significant numbers of surface defects. Binding Energy (eV)

When the sputtered TiQs annealed fol h at 570 K in
103 Torr of oxygen, the Tip XPS (labeled TiQ 39 shows
a shoulder extending over the {3) binding energy, indi- ~
cating that under these conditions, the reduced Ti is not com- § 10 eviatom
pletely oxidized. The stoichiometry calculated from XPS was £ 1 eV/atom
TiO, 35, however, indicating that the surface has extra oxy- &
gen compared to the UHV-annealed sample. Diebold and co- 10 eViatom
workers suggested that annealing reduced, i€low 600 K Bl ~~ VeViatom
with oxygen exposure of 300 L, oxidizes oxygen vacancy e so w0 o
sites but leaves oxygen adatoms bound to the suffage. Binding Energy (V)

SUbS?quent Imaging StUdy from _that group showed tha1t—'IG. 3. The Nip XPS of the nickels clusters of@) vacuum annealed
atomically flat vacuum-annealed Tj@nderwent restructur- Tio,; (b) TiO,.,,; and(c) TiO, . The numbers to the right of the spectra

ing upon Q exposure at elevated temperatures, creatingre the cluster impact energiesV/atom).
roughened surfacés. Our results, below, show that the
O,-annealed surface is highly oxidizing, consistent with the

presence of chemisorbed oxygen. A few experiments were Note that the Ni zero oxidation state XPS peak is shifted
also performed on a surface with XPS-measured stoichiomowards higher binding energy by0.4 eV, relative to the
etry of TiO, »,, prepared by annealing sputtered Ji@ O,  dashed line indicating the peak position in metallic Ni. This
at 700 K. As discussed below, this surface also shows thehift is consistent with studies of Ni binding energy shifts for
higher oxidative reactivity attributed to chemisorbed oxygen.evaporated Ni/TiQ films, discussed aboVe'°We also find
Both the lower O:Ti ratio, and reduced reactivity comparedthat the TiZ XPS broadens slightly to lower binding en-
to the TiQ, 35 surface, are consistent with a lower concentra-ergy, upon Ni dosing.
tion of chemisorbed oxygen. Figure 3b) shows the nickel @ XPS after depositing
Figure 3a) shows the Nip XPS following deposition Nis on TiO,,,. Even at the lowest impact energy, a signifi-
of Ni,, Nis, and Nigon stoichiometric TiQ at differentper  cant Ni +3 oxidation state peak is observed, indicating that
atom impact energies. At 1 eV/atom impact energy, Ni isthis surface is more oxidizing than the stoichiometric JiO
observed only in its zero oxidation state, indicating that theréThe comparison clearly shows that Ni oxidation at low im-
is no redox chemistry between the deposited nickel and thpact energy results from nickel interactions with oxygen
stoichiometric TiQ surface. No oxidation is observed for Ni chemisorbed at defects, rather than with the titania, itself.
or Ni;5 deposition at 1 eV/atom eithénot shown. Note that  The observation that only a small fraction of the Ni atoms in
for higher impact energies, we begin to see a peak at higheMis are oxidized, suggests that the Ni atoms deposited as
binding energy856.0 eV}, corresponding to formation of Ni  clusters are not highly mobile on the surface at room tem-
in the +3 oxidation staté’ For Ni,, the nickel oxidation is perature. Otherwise they would be able to scavenge addi-
quite clear for an energy of 10 eV/atom. ForsNia +3  tional chemisorbed oxygen. The ISS results discussed below
oxidation state peak only becomes obvious at 20 eV/atomare consistent with this conclusion. Note that the extent of
although there is some sign of a shoulder at 10 eV/atom. Faoxidation increases substantially with impact energy. Be-
Niyg, there is no sign of oxidation at our highest depositioncause oxidation is also observed on the stoichiometric sur-
energy. The data indicate that nickel clusters are chemicallface at high impact energies, we attribute the increased oxi-
stable on the stoichiometric TiOsurface, but that redox dation to reaction with titania, rather than an increase in Ni
chemistry can be driven with sufficient impact energy. mobility.
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Figure 3c) shows the results of Ni cluster deposition on A major factor in ISS is that most Heis neutralized
the TiO, 35 surface, where we believe that there is substanduring the scattering process. The ion survival probability
tially more chemisorbed oxygen. Consistent with this belief,(ISP) depends on the electron densities traversed during each
we observe that a substantially greater fraction of depositedcattering trajectory, and varies with the chemical element,
Ni is oxidized. There is a significant cluster size effect in theoxidation state, and local environment of the target atom. As
degree of oxidation. For Bj even at the lowest deposition a consequence, peak intensities in ISS are not simply related
energy, roughly 80% of nickel atoms are oxidized, suggestto surface concentrations. One simplification resulting from
ing that there is sufficient chemisorbed oxygen near mosheutralization is that only atoms in the topmost layer contrib-
impact sites to oxidize the cluster, or possibly that the dimersite significantly to the scattered ion intensity. If Ni is depos-
are sufficiently mobile to scavenge nearby chemisorbed oxyited on top of the surface, the Ti or O atoms to which it is
gen. For Njo, approximately 60% of nickel atoms remain in bonded are effectively second layer atoms, and the scattering
the zero oxidation state, presumably because there is simplignal from these atoms is expected to be significantly at-
not enough active oxygen to fully oxidize the larger cluster.tenuated.
Because the total Ni atom dose is identical in all experi- The final effects are blocking and shadowing. Blocking
ments, the different behavior of Nand Nig is another sign  is when He scattered from one atom cannot reach the de-
that the Ni atoms are not highly mobile at room temperaturetector because a second atom is in the way. Because we
at least when deposited as clusters. If diffusion were facilgjetect along the surface normal, blocking effects only atoms
regardless of the form in which the Ni is deposited, wedirectly underneath the surface atom, and these second layer
would expect the final state of the system to be cluster sizatoms already have negligible detection probability. Shadow-
independent. Note that the time scale of the experiments igg refers to the fact that atoms on the surface cast a roughly
on the order of one houincluding both deposition and XPS conical scattering shadow, i.e., scattering from a surface
analysis timgwhile the areal density of chemisorbed oxygenatom prevents He from reaching other atoms that are di-
must be quite high to give the TiQsapparent stoichiometry. rectly behind it. For 1 keV Hé scattering from Ni, for ex-
Evidently the diffusion rate is near zero for Ni deposited asgmple, the shadow cone radius is estimated 6 6.9 A at
clusters with size on the order of ten atoms. a distance of 2 A. The shadowing effect depends on the angle
When Ni clusters are deposited on freshly sputteregy incidence, the Ni binding geometry, and the azimuthal
TiO,, without annealing, only zero oxidation state nickel is gngle of the surface with respect to the ion beam. We cannot
observed at all impact energies, presumably because the syary azimuthal angle in our experiment, but measure identi-
face is quite oxygen deficient and Ti has a higher oxygeny| |SS spectra for different samples mounted with random
aff.inity than Ni. In addition, there is no shift in the zero gzimuthal angles, verifying that we have not accidently cho-
oxidation state peak. sen an azimuthal angle where shadow cone edge éffeces
significant. It is straightforward to estimate the average shad-
owing per Ni atom on the surface, by simply counting sur-
Further insight into the structure of the sample surfacesface atoms within the shadow cone, averaging over azi-
and the effects on the samples of CO adsorption and of heafauthal angle. For our rather steep angle of incidence, it turns
ing, can be obtained from low energy ion scattering spectrosdut that the shadowing effect is small. For dispersed atoms in
copy (ISS). Here, a*He' beam with 1 keV incident energy the A-D binding sites and for the dimer and pentamer struc-
(Eo) impinges on the surface at 45° incident angle, and thdures in Fig. 1, the shadowing ranges fren®.4 to ~0.7 Ti
kinetic energy(E) of scattered ions is detected along theor O atoms shadowed per Ni. Most of these atoms are bound
surface normal, after scattering by 135°. The dominant scato the Ni, and therefore are expected to have reduced ISP,
tering process observed in ISS can be regarded as binagnyway.
elastic collisions between incident Hend single atoms on Because of ISP and shadowing effects, the relative inten-
the surface. In that case, the position of pedk&r,, is  sities of Ni, Ti, and O peaks depend strongly on how the Ni
simply related to the masses of surface atoms from which this disposed on the surface. For example, Ni in sites A or B
He" scatterg? (Fig. 1) would attenuate only O intensity, while Ni in site C
While ISS peak positions provide unambiguous identifi-or D would effect both O and Ti intensities. In general, the
cation of surface atoms, via their mass, the peak intensitiegreatest attenuation of Ti and O intensities should occur for
depend on three factors: the cross section for scattering frofNi dispersed as atoms on top of the surface, because each Ni
a particular type of atom, the Heion survival probability —attenuates He scattering signal from a number of surround-
(ISP, and the extent to which different surface atoms ardng substrate atoms. With increasing cluster size, we expect
shadowed or blocked by other surface atoms. For 1 keVthat a given dose of Ni will result in less attenuation of O or
He', the scattering is from the core electrons of the targefli signal, because a smaller fraction of the substrate surface
atoms, and the effective atomic sizes are much smaller thais covered.
the interatomic spacings. The probability for scattering into  The Ni ISS signal is also important, providing insight
our detector is proportional to the square of the impact painto the cluster morphology. As long as all Ni remains in the
rameter b*) that leads to 135° scattering. These values  top layer, the Ni signal should be roughly independent of
were estimated by running classical trajectories for an emeluster size. If the Ni forms multilayer particles, however,
pirically corrected Moliee potentiaP* The cross sectiong)  only the top layer Ni contributes to the Ni ISS, and more
are in the ratio, 0.23:1:1.4 farg: o o - TiO, surface is exposed. The result would be a substantial

B. Low energy ion scattering spectroscopy
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Ni TABLE I. ISS intensity ratios, and integrated intensities.
Ni/substrate
) ) Sample Cluster Energy O/Tiratio  ratio®
D. 1ML of Ni deposited

Clean TiQ 1.27
0.1 ML, before TPD Ni 1leVv 0.98 0.07
g C. after TPD scans Ni, lev 0.98 0.08
e 10 eV 0.90 0.06
2 Nis lev 112 0.07
£ 10 eV 1.10 0.08
- B. 0.1ML of Nig deposited Nijo 1leV 1.24 0.08
10 eV 1.29 0.12
Niy5 leVv 1.36 0.01
A clean TiO, 1 ML, before TPD Ni lev 1.75 1.07
0.1 ML, after TPD Ni leVv 1.0 0.03
SN NRSNSUMSSESMUES—_—— S Ni, leVv 0.90 0.02
03 0.4 05 06 07 08 0.9 10 ev 0.94 0.02
E/E, Nis leVv 0.98 0.02

10 eV  not taken
FIG. 4. Typical low energy ion scattering specti@) clean TiG; (B) TiO, Niyo leVv 1.13 0.04
with 2.0x 10 Ni atoms/cm (0.1 ML) deposited as NMiat 1 eV/atom;(C) 10 eV 0.81 0.04
same agB), after TPD experiments(D) TiO, with 2.0x 10*°per cnf of Nijs 1leVv 1.34 0.01
Ni* deposited at 1 eVl ML).

1 ML, after TPD Ni leVv 1.73 0.76

@Average of Ni/O and Ni/Ti ratios. Where given, the subscripted final digits
decrease in Ni/Ti and Ni/O ratios. Another possibility is are given only to show the trend.
strong metal-support interactiqisMSlI), i.e., encapsulation
of Ni particles by TiQ. Recent work of Diebold and
co-workeré® provides a textbook example of SMSI, wherein
Pt clusters annealed on Tj@re completely encapsulated in
a reduced TiQ layer, resulting in complete loss of Pt ISS
signal. Encapsulation has been observed for NifTi®ut
only following high temperature annealing in a,H
atmospheré??’ A related possibility is that the Ni might
diffuse into the TiQ lattice, forming a mixed oxide phase, in

4(D)]. Under this condition, the Ni, O, and Ti peaks are all
comparable in size, and the O/Ti ratio is 1.75. As noted in the
Introduction, there is some debate in the literature about the
growth mechanism for Ni evaporated onto }{@10), with
some data suggesting that growth is initially layer-by-layer,
and other data indicating three-dimensional growth from the

which case, the Ni signal would be strongly attenuated. Fi- 16
nally, at our highest deposition energies, it is not impossible 14 l=T® Omfrtev [As Deposited || 0.14
that some Ni implantation into the TiGurface might occur. ©_Ofifor10ev 0.12
Such implantation would result in strong attenuation of Ni 21 ' 010 B
ISS signal. g 10 ee . ' g
Figure 4 shows a number of ISS spectra, and Table | € os [ 008 g
gives ratios of peak intensities. Trends with cluster size are § ¢ | 006 5
summarized in Fig. 5. Ratios are reported, rather than raw il 004 =

intensities, because the data were taken over a several montr

period, and it is impossible to keep the Heeam parameters 02 r 0.02
exactly constant from run to run. Also included in the table 0.0 = 0.00
for comparison, are data for deposition of 0.1 ML and 1.0 TPD"”dufed
ML of Ni ™ at 1 eV. 60 | decrease in

Before considering the ISS data for the clusters, is it Ni/substrate ratio

useful to consider two limiting cases. FiguréAd shows an
ISS spectrum of clean TiQ) prior to Ni deposition. The O/Ti
intensity ratio is 1.27, consistent with the results of Diebold
and co-worker$® The ratio expected in absence of ISP ef- 20 1
fects is only 0.69, estimated as the product @f/o;

(=0.23 and the relative number of first layer O and Ti atoms 0 . . :
(3:1). The fact that the measured O/Ti ratio is substantially 0 5 10 15 20
larger indicates that the ISP is lower for scattering from Ti Cluster Size

than for scattering from O, probably reflecting the more ex- _ _ _
FIG. 5. Top frame: O/Ti ISS ratiofleft-hand scalpand Ni/substrate ISS

posed geometry of O .On th|§ surfaeig. 1).' . . ratios (right-hand scalefor as-deposited Ni and Ni clusters on i@t a
The other interesting point of comparison IS the EXPEll-constant dose of 0.1 ML of Ni atoms. Bottom frame: Percent decrease in
ment where 1.0 ML of Ni was deposited at 1 eYFig.  Ni/substrate ISS ratio induced by TPD, as a function of cluster size.

40

Decrease (%)
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start. The ISS results indicate that for our conditions, thechanges in the O/Ti ratio discussed above. To isolate the
growth mechanism is 3D to some extent. This conclusiortrends in the Ni ISS signal from the changes in O/Ti ratios,
rests on the observation of Ti and O ISS intensitie®®4%  Table | and Fig. 5 give Ni/substrate ratios, taken as the av-
and 50% of those for clean TiO If growth were entirely erage of the Ni/O and Ni/Ti ratios. The Ni/substrate ratios
two-dimensional, our 2010 Ni/cm? dose would com- depend on the fraction of deposited Ni atoms exposed on the
pletely block the O and Ti ISS. On the other hand, it appearsurface, along with the ISP for scattering from those atoms.
that the degree of Ni agglomeration is not high, as shown bys already noted, sintering into multilayer particles or pen-
both the strong Ni ISS signal and the observation of substaretration of Ni into the surface would result in substantial
tial attenuation of substrate ISS signal. If large multilayerdecrease in the Ni signal. For Ni, NiNis, and Nig, the
particles were forming, for example, then we would expectnearly constant Ni/substrate ratios suggests that most or all
less attenuation of the Ti and O signals, and the Ni signaNi remains in the top layer. For Ni, however, the Ni inten-
would be weak, because only the top layer Ni atoms wouldsity is substantially lower, consistent with this large cluster
be observable. Limited agglomeration is not surprising giverretaining a three-dimensional structure on the surface, where
the strong and highly corrugated Ni—-Ti®inding calculated scattering from most of the Ni atoms is attenuated by the
by Palaet al® presence of a few top layer Ni atoms.

When 0.1 ML equivalents of Ni, Ni Nig [Fig. 4(B)], When the deposition energy is increased to 10 eV/atom,
Ni;g, and Ni are deposited at 1 eV/atom, the O/Ti ratios arethe O/Ti ratios remain approximately constant, suggesting
0.98, 0.98, 1.12, 1.24, and 1.36, respectivéfyg. 5, top  that the Ni dispersion on the surface is not grossly altered at
frame. The large drop in O/Ti ratio for Ni and Blj relative  high impact energies. If clusters were shattering in high en-
to clean TiQ, indicates that Ni attenuates scattering signalergy deposition, for example, the O/Ti ratios would drop to
from O more than Ti, suggesting that binding is preferen-near the small cluster limit<1). There are signs in the Ni/
tially to oxygen sites. This result is consistent with the cal-substrate ratios, however, that the cluster structures are af-
culations of Palaet al® indicating that oxygen binding is fected by increased deposition energy. Fos,Nhe Ni/O and
energetically preferred for Ni atoms. The fact that the ratio isNi/Ti ratios decrease by-25%, suggesting that some Ni is
identical for Ni and Nj is not surprising. Regardless of how being driven into the Ti@ substrate. We would expect these
they land, Ni atoms should be able to settle into the morémplanted Ni atoms to be oxidized, and indeed, our XPS
stable oxygen binding sité# or B, Fig. 1). Ni, can presum- results[Fig. 3(a@)] show significant oxidation for Niat 10
able bind with each atom in an adjacent A site, or at leaseV/atom. The alternative explanation, that Ni sticking prob-
with both atoms in adjacent oxygen sitéSg. 1). In either  ability is reduced at high impact energies, is ruled out by the
case, the ISP and shadowing/blocking effects attenuate scaibservation that the total Ni XPS intensity does not decrease
tering from O, but not Ti. The observation that the O/Ti ratio for deposition at high energies.
increases with deposited cluster size, is also not unexpected. For Nig and Ni, no oxidation is observed in the XPS at
Larger clusters cover less of the surface, leading to mord0 eV/atom, consistent with the observation of no decrease
contribution from bare Ti@regions, and because large clus-in Ni/O or Ni/Ti ratios. For Nig, in fact, there is a small
ters have large footprints, they necessarily attenuate scattdncreasein Ni ISS signal, reflected in both the raw intensities
ing from both Ti and O. It may seem surprising that the ratioand the ratios. A not unreasonable explanation for this effect
can exceed that for clean TJO however, we note that the is that at low impact energies, the depositegyKetains, to a
ratio is 1.75 for the 1.0 ML Ni sample. Without knowing the small degree, the 3D structure of the free cluster. At 10 eV/
details of how clusters bind to the surface, and how clusteatom, more flattening of the cluster is expected, exposing
binding might modify the ISP for scattering from neighbor- more Ni to the ion beam.
ing atoms, it is not possible to interpret the O/Ti ratios quan-  In summary, the ISS results for the as-deposited clusters
titatively. Nonetheless, the trends suggest that the averagee consistent with the clusters remaining approximately in-
size of Ni clusters on the surface is correlated with the size ofact on the surface, particularly at low deposition energies.
the deposited clusters. The O/Ti ratios clearly rule out subThe larger clusters probably even retain some 3D structure.
stantial fragmentation or agglomeration of the clusters, beWe certainly are not suggesting that the cluster structures are
cause in that case, the ratio should be roughly sizeunperturbed by the impact process or by binding to the sur-
independent. Furthermore, we can rule out certain bindindgace. Indeed, the stron@gnd highly corrugatedbinding cal-
arrangements. For example, if deposited clusters rearrangedlated by Palaet al® for Ni atoms on TiQ suggests that
from the compact geometry of gas-phase Ni clust®fdfo a  cluster structure is undoubtedly effected even for low impact
linear cluster bound along a row of oxygen atoffgsg., energies, but at the same time, the tendency to diffusion is
bound to neighboring “A’ siteg then the O/Ti ratio would reduced.
remain near that for isolated atoms, independent of cluster 1SS was measured for each sample following the se-
size. quence of TPD experiments described below, and the results

The Ni/substrate ISS ratidse., Ni/Ti and Ni/O provide  are given in the bottom half of the table and summarized in
additional morphological insight, summarized in Table | andthe bottom frame of Fig. 5. Particularly for the smaller clus-
the top frame of Fig. 5. As comparison of curves B and C ofters, the ISS results show that there are large changes in the
Fig. 4 indicates, the dominant factor effecting the Ni/ morphology of the deposited nickel, induced by the CO ad-
substrate ratios is changes in the Ni ISS intensity, althougBorption, heating, and desorption that occurs in TPD. The Ni
the individual Ni/Ti and Ni/O ratios obviously also reflect the signal drops significantly after TPD, as shown fors Niy
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comparison of traces B and C in Fig. 4. The decreases itime. If the TPD-induced decrease in the Ni ISS signal were
Ni/substrate ratio for Ni, Ni, Nis, Ni;g, and Nis, are 61%, attributable to partial encapsulation by TiOwe might ex-
70%, 65%, 47%, and 12%, respectiveélig. 5. For the 1  pect that the Ni ISS signal would initially increase with time,
ML Ni deposit, a decrease of 29% is observed. The effect ibecause sputtering of the Ti@verlayer would tend to ex-
similar for deposition at 1 eV/atom and 10 eV/atom, againpose additional Ni.

suggesting that cluster properties are not grossly perturbed The one observation that is hard to reconcile with a pure
by deposition energy in this range. In XPS, we observe littlesintering model, is that the O/Ti ratios do not increase sig-
TPD-induced change in the Np2intensity, and no Ni- nificantly following a TPD cycle, as might be expected from
containing species are observed to desorb during TPD. Thegke trend in O/Ti ratio with increasing size of deposited clus-
observations indicate that Ni remains in the near-surface layter. We looked for loss of oxygen from the surface as both O
ers after TPD. The XPS data indicate a small increase in thand CQ, but none is observed in the temperature range of
fraction of Ni in the +3 oxidation state, but>90% remains the TPD experiments. One possibility is that the mechanism
in the zero oxidation state. includes both sintering and SMSI, i.e., Ni may be sintering

The decreases in the Ni ISS signal must, therefore, bénto larger particles, but there may also be some SMSI at the
interpreted in terms of changes in Ni morphology duringinterface between the Ni particle edges and the support. By
TPD. There are two limiting case mechanisms. Ni might bedringing some partially reduced TjQo the surface, SMSI
sintering into multilayer particles, in which a significant frac- would reduce the O/Ti ratio.
tion of the Ni atoms are no longer in the ISS-accessible top-
layer. Alternatively, it might be that SMSI results in partial
encapsulation of the Ni clusters in TIO(We can rule out C. Temperature-programmed desorption
complete encapsulation because the substantial Ni ISS signal Tpp experiments were performed for Ni clusters depos-
is still observed. In principle, it should be possible to distin- jted on stoichiometric Tig{110). The sample was cooled by
guish sintering from partial encapsulation by the differing conduction to a liquid M reservoir to an initial temperature
extents of XPS Signal reduction that would result. To test th|$)f ~140 K. The Sample was then dosed W|th a Saturation
idea, we did simple continuum electron attenuationdose of G80 (>20 L). Prior to each TPD heating run, the
calculations’ for two model morphologies, using inelastic filament used for electron-bombardment heating was flash-
mean free path values for Ni and Tirom the NIST  heated for 0.5 s with the electron bias voltage set to 300 V.
database” The XPS signal reduction calculated for a two This desorbs CO from the area around the heater, and also
layer Ni depositwhich would give ISS attenuation of 50% removes CO from surfaces where electron-stimulated de-
is ~8% relative to Ni in a single layer. This reduction is sorption might cause elevated background during the TPD
essentially identical to the-7% reduction calculated for a run. All TPD were done at a constant 3 K/s heating rate,
model single layer Ni deposit with 50% coverage of a singlefollowed by rapid cooling. The quadrupole mass spectrom-
layer of TiO,. eter was rapidly switched between masses of interest during

Both sintering and partial encapsulation mechanisms arghe heating phase of the experiment. In each run we monitor
consistent, within the experimental uncertainty, with thec!®o* Ni™, c®0®0", and GSOQ. Ni™ is monitored be-
~6% percent decrease observed in the XPS following TPDecause this is the major nickel-containing ion observed in
Several considerations favor the sintering mechanism, howelectron bombardment ionization of nickel carbo?fyl.
ever. Sintering would explain why the reduction in Ni ISS Figure 6 shows &0 TPD spectra for several surfaces of
signal is inversely dependent on cluster size. Large clusterigiterest for comparison with the NiiO, samples. For these
tend to be more stable with respect to surface diffusion thagamples, no desorption of Ni-containing species or, @O
small clusters, and thus are expected to sinter less. The smalbserved. The top frame shows the result for CO TPD from
reduction observed for N is also consistent with a sintering clean stoichiometric Tig{110), with no Ni cluster deposi-
mechanism, because the ISS data suggest that as-depositiesh. Based on Ti@ CO TPD results in the literature,the
Nis5 is already three-dimensional. Sintering has been ob€O desorption peak for perfect TjQ10) under our TPD
served for Ni/TiQ at elevated temperatures by SPMRi-  conditions should be at130 K. The~140 K starting tem-
nally, it seems likely that encapsulation of our small nascenperature achievable with our transferable sample holders is,
clusters would lead to a significant degree of Ni oxidation,therefore, too high to see the main CO desorption peak. In
not observed in the post-TPD XPS. It must be noted, howthe literature TPD results, for TiOwith annealing history
ever, that we cannot rule out the partial encapsulation mechaimilar to ours, a high temperature tail of CO desorption
nism, which could account for the observations if it is as-from TiO, defect sites is observed, to almost 350 K. We,
sumed that the tendency toward encapsulation is inverselherefore, attribute the desorption feature observed in our
dependent on cluster size, and if encapsulation is not acconTPD spectrum to CO desorption from defect sites on the
panied by oxidation, even of atoms and dimers. surface.

We did one experiment bearing on the sintering/  The middle frame shows TPD from single crystal Ni
encapsulation question. For a freshly-depositeq/ND, (100, following a ~20 L CO dose at 220 K. A peak is
sample, the Ni ISS signal is observed to decrease monotondbserved at-420 K, with a shoulder at-320 K. For a dose
cally with time under the He beam, because the Ni is about six times lower, the low temperature shoulder disap-
slowly sputtered away. After a TPD experimental cycle, thepears. This structure and dose dependence is consistent with
Ni signal is still observed to decrease monotonically withthe recent detailed TPD study of Muscat and Maglixhich
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Ni/TiO2 2nd TPD FIG. 7. G% TPD clean TiQ, and from Nj and Nis supported on vacuum
annealed TiQ. Top: First TPD run. Bottom: Second TPD run, showing loss
of structure.

mass 30 signal

mass 30 QMS signal (cps)

, . . L cycle, suggests that sintering and/or partial encapsulation
100 200 300 400 500 600 700 take place during TPD. Although the conditions were some-
Temp.(K) what different, a similar trend was observed by Raupp and

Dumesic.

FIG. 6. C®0 TPD spectra for comparison with cluster results. Top: Desorp- Figure 7 shows 0 TPD spectra run under identical

tion following saturation dose on clean TiO Middle: Desorption from e - ; ; X 4
Ni(100) at saturation dose, and a dosé times lower. Bottom: Desorption conditions for clean Ti@, and TG with 2.0 10

from sample prepared by deposition of 2.00°Ni*/cm? (1 ML Ni) on Ni atomS/Crﬁ- deposited as gi* and NES at 1 eV/atom
TiO,, showing changes between first and second TPD scans, and TPD féleposition energy. The other size clusters and deposition en-
clean TiG, for comparison. ergies give similar results. No mass spectral signal was ob-
served for Ni, C*®0; , or C%00", consistent with XPS
indications that the stoichiometry of the near-surface region
showed clearly that a succession of more weakly bounds not altered by CO TPD. In particular, there is no carbon
states is filled as CO dose is increased. build-up following TPD. The most obvious point is that there
The final frame shows an experiment designed for comis little change in the TPD due to Nideposition. In the
parison with the study of Raupp and Dume$idn their  spectra for Ni and Nis, there is some hint of a shoulder
study, Ni films were evaporated onto an oxidized polycrys-near 190 K, and the high temperature tail extends to some-
talline Ti surface, then subjected to TPD after various subwhat higher temperatures than for the clean,li®he shoul-
strate and Ni annealing procedures. In the experiment closeder structure, though weak, is reproducible. The lower frame
to ours, they deposited 0.2 nm of 1 ML) then did CO  of the figure compares the results of a second, sequential
TPD with no other pretreatment. In our experiment, we de-TPD run from each sample. Note that the weak shoulder
posited a monolayer (2:010'°Ni/cm?) as atomic ions at an  structure observed in the first run is absent.
impact energy of 1 eV. The ISS results indicate that our Niis  Several conclusions can be drawn from this result. First,
aggregating to a limited extent upon deposition at room temCO binding to small Ni clusters on the surface in low doses
perature, leaving about half the TiGurface free of Ni. We is substantially weaker than for the clusters that form in high
measured two sequential TPD runs, in each run cooling thdose Ni deposition. Whether this is a cluster size effect or an
sample, applying a saturation CO dose, then ramping theffect of Ni dose-dependent modification of electronic prop-
temperature at 3 K/s to 600 K. The first TPD run, with as-erties is unclear, because it is not known what cluster size
deposited Ni, resulted in a broad peak at 385 K, almost idendistribution forms in the high dose Ni deposition. The ISS
tical to that observed by Raupp and Dumesic for 0.2 nm Nresults, above, indicate that the TPD cycle of adsorption/
on fully oxidized titanium. In our second TPD run, the peakdesorption and heating leads to substantial sintering and/or
broadened and shifted to lower temperature, with a hint of &ncapsulation of the very small clusters<2,5), with less
second peak near 300 K. The ISS results, where the Nizhange observed for B, and little for Nijs. Presumably
substrate ratio decreases by 29% following a single TPDhis TPD-induced effect leads to the loss of the weak shoul-
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der structure in the second TPD run. Apparently sinteringstrong interaction with the support. We observe no desorp-
under these conditions does not lead to growth of large Ntion of nickel carbonyls for Ni/TiO,, whereas this is a ma-
clusters that would have significantly increased CO desorpior TPD channel for the NiMgO (n<4). In addition, CO
tion temperatures, perhaps approaching that of bulk Nis observed to bind both molecularly and dissociatively on
(~400 K). Ni,/MgO (n>10), with TPD peaks at-240 and~600 K,
The STM work of Tanneet al® provides a useful point respectively, while no dissociative adsorption is observed for
of comparison. In their experiment, nickel atoms wereNi/TiO,. We note that DFT calculations indicate nickel atom
evaporated onto a Ti110) support, and the resulting clus- binding energies are-1 eV for MgO (Refs. 35, 36 and
ters were imaged. For a dose ok20"“atoms/crf at a sub- ~2.6 eV for Ti0,.° The stronger binding on TiOpresum-
strate temperature of 375 K, dome-shaped 1.6 nm diam clugbly results in a concomitant weakening of the CO—Ni bind-
ters were obtained. From the reported contact angle, we cang energies, consistent our observation that CO binding to
estimate that these clusters contain only about 30 atoms. Ol is comparable to, or weaker than the binding to defects on
cluster dose is about the same, and while we heat to 600 K ithe TiO, surface. Stronger Ni-support binding probably also
our TPD runs, the total time at temperatures above 375 K igccounts for our not seeing desorption of nickel-containing
<2 min. If the TPD-induced sintering of our small clusters species for Nj/TiO,—the Ni—TiO, binding is much stron-
stopped in the 30 atom size range, that would explain severger than the CO-Ni binding, so that CO cannot volatilize
observations. First, the Raupp and Dumesic work suggesgven small Ni clusters. In the Heiz experiments, they have no
that for larger Ni particles on Ti CO desorption peaks direct means for examining cluster morphology changes in-
should be observed at higher temperatures, as in our 1 Mguced by CO adsorption/desorption. Given that we see sub-
Ni™ experiment. No such peaks are observed in repeategfantial TPD-induced sintering for Ni/TiQ we would ex-
TPD experiments, suggesting that large particles do not groWwect extensive TPD-induced sintering in the more weakly
for the 0.1 ML dose of Ni. Stopping in the 30 atom size bound Nj/MgO system, and possibly some diffusion/
range would also explain why the TPD-induced changes isintering at room temperature.
Ni ISS signal are large for Niand N, but smaller for Nj,
and especially Ni5. For the small clusters, sintering into ACKNOWLEDGMENTS
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