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Gold nanoparticles with two different size distributions (average sizeslb and~5 nm) have been
synthesized by inverse micelle encapsulation and deposited on reduciblg &ri nonreducible (Sig)
supports. The thermal and chemical stability of oxidized gold species formed upon cluster exposure to atomic
oxygen have been investigated in ultrahigh vacuum using a combination of temperature-, time- and CO dosing-
dependent X-ray photoelectron spectroscopy (XPS), as well as temperature-programmed desorption (TPD).
Our work demonstrates that (a) low-temperature (150 K) exposure to atomic oxygen leads to the formation
of surface as well as subsurface gold oxide on Au nanopatrticles, (b) the presence of the reducible TiO
substrate leads to a lower gold oxide stability compared to that op B@8sibly because of a Ti@xygen
vacancy-mediated decomposition process, (c) heating to 550 K (Ag)/&r@ 300 K (Au/TiQ) leads to a
near-complete reduction of smal-1.5 nm) NPs while a partial reduction is observed for larger clusters
(~5 nm), and (d) the desorption temperature eff@m preoxidized Au clusters deposited on Sif@pends

on the cluster size, with smaller clusters showing strongebi@ding.

Introduction WGS reaction were obtained on gold NPs supported on La-
doped Ce@ before and after the removal of the metallic gold
specieg! This result suggested a strong interaction of ionic gold
with the ceria support, and the authors claimed that the presence
of metallic NPs was not necessary for this catalytic reac¥on.
On the theoretical side, several density functional theory
(DFT) works have investigated the strength of the binding of
C0 2324 0,,2526 propene?’ and methandf to nonmetallic Au
clusters. Here, a common trend was found, with reactant
molecules showing stronger binding energy to anionic and
cationic gold species, as compared to metallic gold. Recent

Bulk gold is known as one of the most inert metals in the
periodic tablék This trait is attributed to the lack of interaction
between the orbitals of adsorbates and the filledtates of
gold23The high value of the enthalpy of oxygen chemisorption
by gold to form its oxide ApOs (AH = +19.3 kJ/mol) also
indicates its chemical inertnegslowever, pioneering work by
Haruta et al. has demonstrated that highly dispersed Au
nanoparticles (NPs){10 nm) supported on Tifare consider-
ably active for the low-temperature oxidation of Eand GHs
epoxidatiorf Since then, the topic of gold in catalysis has

: . : 9
received significant attention. Despite the large number of hybrid th-l;hC?IC::Lat'onﬁ c;atr_rle(tz! out by Okumu_ra et Aal.
reports currently available, the microscopic origin of gold’s suggeste at althoughytactivation 0ccurs on anionic Au

heterogeneous catalytic activity is still poorly understood, and cationic g\u atorgslsr}o(\j/v strongeL bondlngl to C?' The a#.thi?rs
lack of consensus prevails with respect to the nature of the activeP'OPOS€EC a mModel of dynamic charge poiarization m which a
sites’ the chemical state of the active gold species (metallic strong heterojunction be_twe_en Au clusters anq their support is
vs ionic gold)1®12 as well as the relative importance of the indispensable for the activation of oxygen species. The presence

different oxygen species (chemisorbed oxygen, surface oxide,Of negatively charged atoms in the perimeter region of Au NPs

subsurface oxygen) that might be present on these catalyst§NaS attributed to localized Coulomb blockade effects. Further-
under realistic reaction conditiopd14 more, this surface negative charge was found to increase with

Several authors attribute the enhanced chemical reactivity of de::rle?smg tc_lgtsterbs@é In ngreemenﬁ VX'th tlhetknown enhanced
gold NPs to the presence of ionic gold; however, whether catalytic activity observed for small Au clusters.
anionic or cationic (Ad, Au**) gold species are preferable is ~ S€veral experimental studies have been dedicated to the
still a matter of debat&t121417 The presence of cationic electronic and chemical characterization of oxidized gold species
. A 3 : A . . i 0—32 i 1 3,34
interfacial gold species has been inferred on catalytically active ©0 AU single cryst?g, polycrystalline films?*** and the
systems such as Au deposited on reduced,HOThis is surfacg of Au NP.§.~ The instability of AyO3; formed upon
contrary to the traditional picture involving electron transfer ©XPOSINg a ggld film (100 nm) to £plasma has been reported
from oxide supports to Au NPs. Positively charged atoms at PY Tsai et af” In this work, an activation energy of 57 kJ/mol
the metat-support interface have been observed, and their WaS extracted for the decomposition of gold oxide from the
presence has been correlated to the enhanced catalytic aCtivm;:orrelatlon of electrical resistance measurements, conducted in
of the system?20The active role of these cationic gold species @' at room temperature (RT), and X-ray photoelectron spec-

on the water-gas shift reaction (WGS) has been demonstrated troscopy (XP_S)_ investi_gations _after several time intervals. _A
recently by Fu et & In that work, similar activities for the nonmonotonlc interaction of size-selected gold clqgters with
atomic oxygen was found by Boyen et3alMore specifically,
*To whom correspondence should be addressed. E-mail: 1.4 nm clusters (55 atoms, closed-shell electronic structure) were
roldan@physics.ucf.edu. found to be resistant to oxidation. However, when larget.¢
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TABLE 1: Summary of the Parameters Tuned and Average Height and Diameter of Au Nanoparticles Deposited on SyGnd
TiO»

PS/P2VP molecular HAuUCly/ height diameter interparticle
sample substrate weight (g/mol) P2VP ratio (nm) (nm) distance (hm)
no.1 SiQ 53 000/43 800 0.4 4916 16+ 3 50+ 6
no. 2 TiQ 53 000/43 800 0.4 5412 19+ 5 51+18
no. 3 SiQ 8200/8300 0.05 1208 12+ 4 24+ 4
no. 4 TG 8200/8300 0.05 1405 10+ 4 59+ 40

nm) and smaller clusters<(L.3 nm) were exposed to an identical extending outward. Subsequently, chloroauric acid (HAuCI
treatment, Au(core)/AdDs(shell) structures with oxide shell  3H,0) is added to the polymeric solution and AyClcom-
thicknesses on the order of 0.7 nm were obtained. pounds attach to the pyridine groups in the P2VP core. The
Recently, a number of experimental studies discussing the micelles containing Au NPs are deposited onto different
chemical reactivity of gold surfaces precovered with atomic substrates by dip-coating at a speed efd/min. The NP size
oxygen have been publishéd#l Min et al*? reported the can be tuned by changing the molecular weight of the polymer
existence of three types of oxygen species on Au(111): (i) head (P2VP) as well as the metal salt/P2VP concentration ratio.
chemisorbed oxygen (oxygen bound to gold that is not part of The length of the polymer tail (PS) determines the interparticle
an ordered phase), (ii) oxygen in surface oxide (well-ordered distance. In this study, the following two polymers have been
two-dimensional phase), and (iii) subsurface oxygen or bulk used: PS(53000)P2VP(43800) and PS(8200pP2VP(8300).
oxide (three-dimensional phase). On the basis of CO oxidation Naturally oxidized Si(111) wafers and ultrathin Ti films (15
studies, the authors found the following relation among the nm) electron-beam deposited on Si(111) have been used as NP
reactivity of the different oxygen species: chemisorbed oxygen supports. Further details on this preparation method can be found
> oxygen in surface oxide oxygen in bulk gold oxidé? The in refs 43-48. A summary of the synthesis parameters used is
role played by these species in the thermodynamics and kineticsgiven in Table 1.
of oxidation/reduction reactions is a major challenge for the  The characterization of the sample morphology was per-
microscopic understanding of gold catalysis. This understandingformed ex situ by AFM in tapping-mode (Digital Instruments,
becomes highly challenging when small NPs are considered Multimode). The ex situ prepared samples were mounted on a
because of the added complexity of the presence of different molybdenum sample holder with a K-type thermocouple located
facets, kinks, and steffsand substantial interactions with the  directly underneath the sample and transferred into a modular
support!* As an example, on-6 nm Au NPs deposited on  UHV system (SPECS GmbH) for polymer removal and
highly ordered pyrolytic graphite (HOPG), Lim et3lobserved electronic/chemical characterization. The system is equipped
by XPS the formation of a single oxygen species upon exposurewith an hemispherical electron energy analyzer (Phoibos 100,
to atomic oxygen under ultrahigh-vacuum (UHV) conditions. SPECS GmbH) and a dual-anode (AhK1486.6 eV and Ag
This species was ascribed to chemisorbed oxygen because it o, 2984.4 eV) monochromatic X-ray source (XR50M, SPECS
was found to readily react with CO producing &£@terestingly, GmbH) for XPS, and a differentially pumped quadrupole mass
two different oxygen species were identified on similarly treated spectrometer (QMS, Hiden Analytical, HAL 301/3F) with an
but smaller gold NPs<3 nm). In this case, one of the oxygen electron-beam sample heating system connected to a PID
species was assigned to chemisorbed oxygen, which decomposegmperature controller (Eurotherm, 2048) for TPD experiments.
rapidly upon CO exposure, and the other to subsurface oxygen,The base pressure in this chamber i21x 10710 mbar.
inert toward reaction with CO. _ _ Polymer removal from the Au NP’s surface was conducted
Our work intends to address the following questions: (1) py 0, plasma exposure (Oxford Scientific, OSMiPlas) at low
under which conditions is gold oxide stable on a gold nano- temperature (150 K) at a pressure of 55L0-5 mbar for 100
particle, (2) how are the chemical kinetics of gold oxide min. The polymer is removed during the first-280 min of
decomposition affected by the size of the particles and the naturetps treatment, and further Qplasma exposure results in the
of their metal oxide support, and (3) is more than one gold oxide formation of Au-O compounds. The XPS measurements,
species (surface and subsurface) stable on NPs? In order to gaigonducted immediately after the,@lasma treatments, were
insight into these topics, we have used micelle encapsulationgone with the sample at a temperature lower than 200 K. For
method$**® to synthesize size- and shape-selected gold nano-the temperature-dependent decomposition of gold oxide (XPS),
clusters supported on thin Si@nd TiC, films. Morphological g jinear heating ramp witfi = 3 K/s was used. Because all of
characterization was conducted by atomic force microscopy our annealing treatments were conducted in vacuum, lower
(AFM), and the decomposition of oxidized gold species, formed gecomposition temperatures for gold oxide are expected in our
upon in situ Q plasma exposure, was investigated in UHV by case as compared to similar studies conducted under higher
XPS. Temperature-programmed desorption (TPD) measurement$artial O, pressuré?
provided information on the reaction order and activation energy = 1o xps binding energy (BE) scale has been calibrated using

for molecular oxygen desorption from ADs(shell)/Au(core) e Ti-2p,, peak on Ti (454.2 eV) and Si-gppeak on Si (99.3
NPs supported on SiOFinally, CO exposure experiments were /) g psrates as references. We can see thariti S? peaks
conducted to distinguish surface oxides from subsurface oxides.pacause of the ultrathin nature of our TiTiOx(6 nm)/Ti(9

nm)/SiG/Si(111)] and SiIQ[SiOx(4 nm)/Si(111)] support films.
From cross-sectional TEM measurements (not shown), the
Size-selected Au nanoparticles were synthesized by inversethicknesses of the Tigand SiQ films are 6.0+ 0.5 and 3.8

micelle encapsulation on polystyrene-block-poly(2-vinylpyri- 0.5 nm, respectively. Because A3 is known to decompose
dine) diblock copolymers [PS(x)-b-P2VP(y), Polymer Source under intense X-ray exposure within hodts control experi-
Inc.]. When the PS-P2VP polymers are dissolved in toluene, ment was conducted to ensure that no gold oxide decomposition
inverse micelles are formed with the polar units (P2VP) occurred during our XPS acquisition time-10 min). A
constituting the core and the nonpolar polystyrene (PS) tails maximum decrease in the Ausignal of 2% was observed under

Experimental Section
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our measurement conditions (AloKradiation, 1486.6 eV at a
power of 300 W). For the analysis of peak positions, line widths,
and relative areas of the Aland A" components, the raw
XPS spectra were fitted with two (&uor four (AW, Aud™)
Gaussian functions after linear background subtraction. During
the fitting, the intensity ratio between the Aurdfand Au-4¢,
peaks was fixed to 0.75, and the full width at half-maximum
(fwhm) of the different components was 1430.3 eV (Al)
and 1.7+ 0.5 eV (AF").34

Prior to the TPD measurements, the polymer-free Au NPs
were flash-annealed to 700 K. This procedure reduced the
residual gas background significantly at high temperatures
without inducing any significant changes in the NP size
distribution. Subsequently, the samples were exposed to atomic
oxygen at a pressure of 23 10°° mbar for 15 min. For the
TPD studies, the samples were kept at RT duringp@sma
exposure because a cold plasma treatment resulted in an increase
of the background of the TPD spectra. Subsequently, the samples
were placed~3 mm away from the mass spectrometer glass
shield opening (5 mm aperture) and heated at a rate of 5 K/s.

In order to investigate if for a given particle size and support
combination, both surface and subsurface gold oxide species
were formed upon exposure to atomic oxygen at low temper-
ature (150 K), the samples were dosed with Goq= 1.0 x
1075 mbar for 10 min, 4500 L), and the At XPS signal was
monitored before and after CO exposure. All samples were
dosed with CO at RT except sample no. 4, for which the CO
dosing was conducted at150 K (and XPS measured a200
K) in order to prevent significant thermal decomposition of the
relatively unstable oxide formed on this sample.

Figure 1. Tapping-mode AFM images of size-selected Au nanopar-
ticles supported on Sisamples 1 (a) and 3 (e)] and on Tif8amples
. . 2 (c) and 4 (f)] taken after an in situ;@lasma treatment (90 W, 5.5
Results and Discussion x 1075 mbar, 100 min) at 150 K. The images shown in b and d
. o . correspond to samples 1 and 2 after a subsequent flash anneal in UHV

(&) Morphological Characterization (AFM). Figure 1 5 700$<(b) and SOBK(d), respectively. The pgrticles were synthesized
displays AFM micrographs of Au NPs with two different size py encapsulation in two different diblock copolymers: PS(53800)
distributions synthesized using diblock copolymers with different P2vP(43800) (samples 1 and 2) and PS(82B®)VP(8300) (samples
molecular weights: PS(53008P2VP(43800) (Figure tad), 3 and 4). The height scales are gay 20 nm, (b)z= 20 nm, (c)z=
and PS(8200)P2VP(8300) (Figure 1e and f). The particles were 30 nm, (d)z= 30 nm, (e)z = 12 nm, and (f)z =8 nm.
deposited on Sig) Figure 1a and e (samples 1 and 3) and on
TiO,, Figure 1c and f (samples 2 and 4), and all images were Figure 2 indicate the binding energies of bulk metallic gold (84.0
taken after polymer removal using@lasma. In addition, the  and 87.7 eV, solid lines) and At (85.8 and 89.5 eV, dashed
influence of annealing in UHV to 700 K (sample no. 1) and lines)344°The different Au-O species cannot be distinguished
500 K (sample no. 2) on the nanoparticle size was monitored, based on XPS spectra from the Au-4f region. Previous studies
Figure 1b and d, respectively. No significant size changes wereby Friend’s grouf? on preoxidized gold single crystals dem-
observed in any of the samples upon annealing. The sizes ofonstrated the presence of distinct-AQ species (chemisorbed
the Au NPs estimated by AFM after-(plasma are given in  oxygen, surface, and bulk gold oxide) based on the appearance
Table 1. Particles with similar size distributions (434 nm of multiple peaks in their O-1s XPS spectra. A similar analysis
height for samples 1 and 2, and 4.7 nm for samples 3 and  of our samples is more difficult because our substrates,(SiO
4) were found on both substrates when the same encapsulatingind TiQ,) already contain oxygen and the overlap between the
polymer was used in the synthesis. Because of the AFM tip- binding energies of the different oxide species makes their
convolution effects (tip radius 7 nm), the average NP height individual detection challenging.

was used as the characteristic size parameter. In Figure 2, positive shifts in BE were observed, and in
(b) Electronic Characterization (XPS). The thermal de- agreement with previous literature repd@$?>%their magnitude
composition of oxidized gold species in core@¥shell(ALF") was found to strongly depend on the size of the NPs and the

nanoparticles was monitored in situ (UHV) by XPS. Figure 2 nature of the substrate. In particular, BE shifts163.3 + 0.1
shows XPS spectra from the Au-4f core level region of our four eV (sample no. 1);+0.2+ 0.1 eV (sample no. 2)+0.9+ 0.1
samples as a function of the annealing temperature. Spectra (i)eV (sample no. 3), ane-0.8 + 0.1 eV (sample no. 4) were
were measured at200 K directly after a low-temperature  measured on our samples after annealing at 350 K. By
(~150 K) O, plasma treatment. Spectra ii and iii were acquired comparing the BE values of samples with two distinct size
after isothermal sample annealing for 10 min at 400 and 500 K distributions, deposited on the same substrate {Si® clear
respectively, followed by a fast cool down to room temperature size effect is observed with the smallest particles (1.7 nm,
using liquid nitrogen flow. The two doublets observed with sample no. 3) displaying larger BE shift$@.6 eV) than the
maxima at (84.6+ 0.3, 88.4+ 0.3 eV) and (86.9t 0.2, 90.6 4.9 nm clusters in sample no. 1. The same conclusion is true
+ 0.2 eV) were assigned to thes4fand 4§, core levels of when differently sized clusters are deposited on;l€&amples
AuC and A" in Aup03.353644The vertical reference lines in 2 and 4). Positive BE shifts observed for small clusters are
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Figure 2. XPS spectra (Al Kt = 1486.6 eV) corresponding to the

Au-4f core level of Au nanoparticles with two different average sizes:

(a and b)~5 nm and (c and d)»1.5 nm supported on SiJa and c)

and TiQ (b and d). The temperature-dependent spectra shown follow

the decomposition of Au oxide after UHV annealing from 200 up to

500 K (10 min).

commonly attributed to initi&h->2and final state effect&:53In
addition, DFT calculations by Yang et #l.suggested that
positive core-level shifts measured for Au NPs supported on
MgO(001) and TiQ(110) could be related to the presence of
oxygen vacancies in the supports.

(c) Temperature Dependence of the Thermal Decomposi-
tion of Au,03. Size Effectslt is known that the particle size
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Figure 3. Temperature dependence of the decomposition of gold oxide
studied for two different gold particle sizes5 nm (open and closed
circles) and~1.5 nm (open and closed triangles) supported or, SiO
(samples 1 and 3) and Ti(samples 2 and 4).

and 58 was used. Following this model, the NP shape is assumed
to be spherical and composed of a metallic core (Au) and an
oxidized shell (AyOsz). The ratio of the intensities of the
photoelectron peaks (#£ in our analysis) from the Alucore

and AGt shell is given by

| Au203(9)

IAU(Q) B
r cosf — 4/R5 — r 2sin?()

Ry
KAu203 le(;ex;{ /'LZ

R ox |TCOSO — /R — 1 Zsirf(6)
Kaw [, j(‘)ex

- )r 2 sin) do dr
1
1)

whereR; is the radius of the NP core aift} is the total radius

of the NP (measured by AFM). The inelastic mean free path
(IMFP) of electrons in metallic Aug) is 1.781 nn®° Using
NIST softwaré® and a gold oxide density of 13.675 g/éfsee

ref 60 for details on the structure of ADs), we estimated an
IMFP (12) of 1.937 nm for AuOs. The constant&a, andKag,o,

are related to the distinct elemental sensitivities and instrumental
factors. A value 0Kau,0,/Kay = 0.32 was used in our studies.
Equation 1 was evaluated numerically, and Bievalue was

)r Zsin(9) do dr

affects the reduction rate of metal nanocatalysts, and two modelsvaried until thel au,0,(6)/1a4(0) ratio matched the intensity ratio
based on geometrical and electronic effects have been pro-measured by XPS.

poseck>6In the geometrical model, different oxygen adsorption

Figure 3 shows the calculated ADs shell thicknesses as a

sites are available for differently sized clusters. In the electronic function of temperature. As described above, all samples were
model, size-dependent changes in the electronic structure ofannealed for 10 min at the respective temperatures and the XPS
small clusters are believed to play a role in the stability of metal spectra were measured subsequently at room temperature. The
oxide cluster shells. For our large NPs§ nm), geometrical maximum thicknesses of the AD;3 shell formed on the large
effects should dominate, while electronic effects may also play NPs deposited on Sidsample no. 1) and Tig(sample no. 2)

a role in the reduction of our small clustersq.5 nm). after G plasma were 0.7% 0.02 nm and 0.83t 0.02 nm,

The influence of the particle size on the thermal stability of respectively. For the small clusters, the initial maximum®g
Au,03 can be inferred by comparing XPS spectra taken on thicknesses were 0.38 0.02 nm (sample no. 3, Sipand 0.31
samples with two different particle size distributions supported + 0.01 nm (sample no. 4, T2 For NPs deposited on both
on the same substrate (Figure 2a and ¢ for AusSid Figure substrates, a clear size-dependence of the stability gDAcan
2b and d for Au/TiQ). In order to estimate the thickness of the be inferred from Figure 3.
gold oxide formed upon low-temperaturg flasma exposure, For the Au/TiQ system, the Au oxide shell was found to be
the model described by Nanda et al. and Wu et al. in refs 57 more stable on the large NPs (sample no. 2), with a 50%
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decomposition of the Az shell obtained at~310 K as
compared to~265 K for the smaller clusters (sample no. 4).

J. Phys. Chem. &

TiO, substrates. A tentative explanation for this distinct behavior
involves oxygen spillover from the oxidized Au NP shell to

The higher surface/volume ratio present in the small clusters the TiO,/Ti substrate. This model is based on the well-known

should contribute to their faster reduction. Nearly complete
disappearance of the At signal (<14% of the initial AyOs
thickness remaining) was observed at 300 K for the small
clusters on Ti@ (sample no. 4), while a substantial usignal
(~66% of the initial AyOs thickness) could still be detected

facile reduction of the Ti@support at low temperature. Oxygen
vacancies created in the Ti@Qpon sample annealing might be
replenished by oxygen from the gold oxide NP shell. Such a
mechanism is not possible in the case of Si@cause it only
becomes reduced well above the temperatures employed here

on the surface of the large clusters (sample no. 2) at 300 K and(maximum annealing temperature of 600 K). Oxygen vacancies

~25% AU signal at 500 K. A similar size-dependent trend

in the support are known to be favorable sites for strong

was observed by our group during the reduction of surface Pt- interactions with Au NP§54%5becoming preferential sites for

oxides (PtO and Pt§) on Pt NPs supported on anatase FiO
powders’® These results are also in agreement with data
obtained by Suhonen et @on oxidized Rh clusters supported

the nucleation of metal clustet$.Furthermore, a stronger
binding of Au clusters to reduced TiGilms as compared to
bulk TiO, has been measurétand charge-transfer phenomena

on different oxide powders, where faster reduction rates were from oxygen vacancies in the reduced Fi€upports to metal

measured for smaller clusters.

For the Au/SiQ system, the ApOs shell on smaller NPs
displayed a slightly higher thermal stability at low temperature
than the large NPs, with a 50% decay in the3Asignal on

small clusters (sample no. 3) at 430 K as compared to a similar

clusters have been discussé@&8In our studies, it appears that
a strong metatsupport interaction for the Au/Tigsystem could
be responsible for the decomposition of gold oxide on;T&®
a lower temperature than that on SiO

Interestingly, Chang et &P. observed that the thermal

decay at 410 K for the large clusters (sample no. 1). On this decomposition of T#s was faster when it was deposited

system, a nearly complete decomposition of the@wshell
(within the experimental error margin) was observed for the
small clusters after 10 min annealing at 550 K (sample no. 3),
while a~0.2 nm-thick gold oxide layer was still present at that

directly on Ti as compared to structures where an intermediate
oxygen diffusion barrier (TiN) was present ¢Ca/TiN/Ti). They
concluded that oxygen diffuses from the,Da film to the
underlying Ti layers and that the Ti contributes to its reduction.

temperature on the large clusters (sample no. 1). The dramaticFurthermore, when the 3@s film was in direct contact with

differences in the stability of AD; on small NPs deposited
on SiQ, and TiG will be discussed in the next section, where
the role of the cluster support will be considered.

It is noteworthy that on both substrates only a partial reduction
of the AwOs layer is observed for our large NPs (samples 1
and 2) up to an annealing temperature~850 K (10 min),
where a~0.2-nm-thick AyOs shell remains on both Siand
on TiO,. Further annealingX600 K, not shown) resulted in a
slow decomposition of this oxide component. However, for the
smaller NPs supported on both substrates, complet&™ Au
reduction is observed below 550 K, Figure 3. This difference

Si, no enhanced reduction was detected. Finally, it should be
noted that the influence of a reducible support on oxide
decomposition depends on the relative stability of the oxides
involved. For example, there are reports indicating a slower
decomposition rate of Rh@lusters when deposited on partially
reduced CeZr powders?? Here, the reducible oxide support

is believed to act as a localpplierof oxygen, slowing down
the metal oxide decomposition. This is, however, a different
experimental system because, contrary to the case of Au on
TiO,, where the enthalpy of formation of AQs is very high,

Rh forms a much more stable oxide.

can be attributed to the presence of more than one gold oxide Because the size-dependent,®y decomposition behavior

species (surface and subsurface oxide) in these NPs and to &s different for similarly sized Au clusters deposited on our two
distinct thermal stability of such species. This is discussed in different substrates, a distinct underlying mechanism is expected.
more detail in Section e. For bulk systems, typical values for Assuming that oxygen vacancies in the oxide support play a

the decomposition temperature of gold oxide;@f?-50are in
the range of 3606450 K. However, the existence of a more
stable form of gold oxide on Au(111), stable up to 1073 K, has
also been reported by Chesters efal.

Support Effectsln addition to size effects, the influence of

role in the stability of the Au oxide in the Au/Tisystem, the
higher stability of AuOs in large Au NPs (sample no. 2) as
compared to smaller NPs (sample no. 4) could indicate that a
rate-limiting step for the decomposition of A is the diffusion

of atomic oxygen to the Au/Ti@interface. Following this

the oxide support on the decomposition of surface oxides on model, Iarggr diffusion barriers to the NP/SUpport interface must
metal nanoparticles cannot be neglected. As an example,be present in the case of large Au clusters.

Schalow et al# attributed the more facile reduction of preoxi-
dized, small €3 nm) Pd NPs supported on Jea/Pt(111) as
compared to larger clusters (@00 nm) because of the stronger
metal-support interactions expected for small clusters.

In the current study, a drastic difference in the stability of
Au,03 over NPs with similar size distributions but deposited
on different substrates was observed. As an example, tb®Au

thicknesses obtained from the analysis of Figure 2a(ii) and 2b-

(i) (large particles,~5 nm height) after annealing at 400 K for
10 min were 0.56 0.04 nm for Au/SiQ and 0.22+ 0.04 nm
for Au/TiO,. Similarly, after annealing the small NPs-1.5
nm) at 350 K for 10 min, gold oxide shells with thicknesses of
0.28+ 0.04 nm for Au/SiQ (not shown) and 0.& 0.04 for
AU/TiO; [Figure 2d(iii)] were obtained. As can be seen in Figure
3, for both patrticle sizes, A3 is more easily decomposed (at

A schematic summary of the mechanisms proposed here for
the decomposition of the Au oxide shell, formed on size-selected
Au NPs supported on SigOand TiG upon atomic oxygen
exposure, is given in Figure 4. In the SiCase, desorption of
atomic (labeled as process 1) and molecular oxygen (upon
recombination, process 2) from the oxide shell are depicted.
Furthermore, for the large NPs, the diffusion of subsurface
oxygen to the NP surface is also considered (3). O, TéDe
additional decomposition pathway (4) is proposed, where O
vacancies created in the TiQubstrate during annealing are
continually replenished by oxygen atom spillover from the Au
oxide NP shell.

In order to demonstrate that a relatively large number of
oxygen vacancies were present in our Ji€upport after
annealing at low temperature, we have conducted in situ XPS

lower temperature) when the NPs are supported on reduciblestudies on the uncoated TiGupport after @plasma exposure
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Figure 4. Schematic model illustrating different mechanisms fop@gJ
decomposition on large and small NPs supported o &l TiG.

Four processes are depicted: (1) direct desorption of atomic oxygen,
(2) recombination of atomic oxygen and desorption as molecular
oxygen, (3) segregation of subsurface oxygen to the NP’s surface, and
(4) atomic oxygen from the NP shell spills over to the T&Dibstrate

and replenishes oxygen vacancies created on, Ti@on sample /]
annealing. 1

02 Plasma

e L ——
ral| L 1 P |

" i L i i 1

d sub t thermal treatments (2600 K) in UHV. Fi 452 456 460 464 468
and subsequent thermal treatments in . Figure T
5 displays XPS spectra of the Ti-2p region of our thin 7iO Blndll'lg Energy (eV)
substrate [TiQ(6 nm)/Ti(9 nm)/Si(111)]. The first XPS peak Figure 5. XPS spectra (Al Kt = 1486.6 eV) corresponding to the
at 454.2 eV is assigned to®T2ps;» orbital) from the underlying Ti-2p core level of a gold-free TiPsubstrate. Chemical composition
supporing metl i, The main doudet (USEID 3oV, 4645 E10Eeun oot s rlcred st deren s
+ 0.3 eV) is aSSIQ.nEd to TIQThe Smal! positive BE shifts were deconvoluted with T Ti2*, Ti*, and T fitting components.
observed for the Ti@peaks with increasing temperature may Reference lines for the Ti-3p XPS peak of the different Ti species
be attributed to morphological and electronic changes in our are indicated.
polycrystalline substrat®. Although a small T¥" component
is present even directly after.@lasma, its contribution to the Figure 7 shows how the thickness of the 8 shell (AG*
overall spectral area was found to increase significantly with xps signal) decreases as a function of annealing time for the
increasing annealing temperature, indicating the creation of following temperatures: 350, 375, and 400 K. The data in Figure
additional O vacancies. Annealing to 500 K resulted in a strong 7 \vere obtained from the analysis of XPS spectra similar to
increase of the Pi/Ti*" ratio (0.85 concentration ratio obtained  the ones displayed in Figure 6 using eq 1. This study has been
from the area of the P1/Ti*"-2ps2 peaks). At this temperature,  arried out only on samples 1, 2, and 3 (Figures 7a, b, and c,
Ti2" species were also detected (6.8%). These results are inrespectively). The A¥ reduction in sample no. 4 (small

qua]itatiye Tgreeme?t with c:a:ja obtained ]E)y Mizm:]no gﬁah particles on TiQ) was so fast that a meaningful dataset could
a T'02| S'n(? _T_. czrysta anneaie ha:[r'AfS-?'(;( ‘I(')'r(§4 § (?_I?‘g'ng @ not be obtained using this procedure because the decomposition
convoluted Ti-2p spectrum with TIOTIO, TizOs, and TkOs ccurred in a time interval on the order of our experimental

compounds. In our case, because of the smaller thickness o
our TiO, support, TiQ reduction is faster and begins at a lower
temperature. Although the presence of partially reduced TiO

ime error. This experimental error is related to the time required
to increase and decrease the sample temperature from RT to

in these samples provides support for the model proposed inthe desired annealing value and back to RT for XPS analysis.

Figure 4b, further experimental and theoretical investigations _The data in Figure 7 show that the oxide decomposition slows
are required to determine the role of oxygen vacancies in the QOwn as the oxuje shell thickness decrgases (note the logarithmic
thermal decomposition of A®; in Au NPs supported on  fime axis). Tsai et al’ conducted a similar study on an Au
TiO,. film (100 nm thick) exposed to anJ lasma treatment (for 1

(d) Time Dependence of the Thermal Decomposition of min) based on resistance measurements performed in air (45%
Au,Os. Figure 6 shows Au-4f XPS spectra from the four Moisture content) at temperatures of 295, 323, 348, and 400 K.
samples described in Table 1 measured at RT after annealingl he authors discussed that the decomposition of surfag®Au
at 350 K during different time intervals (from 1 min t62000 in air followed first-order rate kinetics with an activation energy
min). For reference purposes, the XPS spectra measured on eachf 57 kJ/mol ¢-0.59 eV). In contrast, the XPS results in Figure
sample directly after @plasma exposure at 150 K are also 7 cannot be fitted with simple rate equations for several
displayed (Figure 6, curves i). Except for sample no~4.4 reasons: (i) more than one gold oxide species is present in our
nm Au particles supported on Ti{)where a fast decomposition  samples (chemisorbed,surface oxide, subsurface oxide), (ii)
was observed, a gradual reduction of3Ato AwC is observed the nanopatrticle size affects the stability of each of these species,
by XPS with increasing annealing time. (i) the nature of the oxide support affects the decomposition
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Figure 6. XPS spectra (Al Kt = 1486.6 eV) corresponding to the — I ¢ Q é’ )
Au-4f core level of samples with two different average Au nanoparticle g 0.3 @ 375K @
sizes: (a and b5 nm and (c and d}1.5 nm supported on Si(fa — Y E-l i ]
and c) and TiQ (b and d). All data were acquired after isothermal g T A A (P o)
sample annealing in UHV at 350 K for different time intervals. For CIC) = A 1 1
reference, XPS spectra measured directly aftgpl@sma exposure are o T ]
3] LA 350 K
also shown. = 02} . i
~ S o b g
kinetics (Au/TiQ). In the following, we discuss the curves in 2« 400 K %:}1 o o b ]
Figure 7 in more detail. < ;
Support Effectd-or samples with identical size distributions 0.1p ) ]
(samples 3 and 4y1.5 nm), a faster At decomposition rate

was observed for the NPs supported on J{€mple no. 4), L ! ’
Figure 6d as compared to NPs on gi{®ample no. 3), Figures 10 100 1000
6¢c and 7c. Although less drastic, the same observation was made Thermal Reduction Time (min)

for the samples Containihg the larger N%(nm, samp!e no. Figure 7. Time dependence of the decomposition of,@giobtained
2).' Figures 6a and 7a (Sijand 6b anq 7b (TIQ' We attrlbu.te. from the XPS spectra shown in Figure 6 for three different samples:
this effect to the strong metabupport interaction characteristic  (3) sample no. 1 (Au/Si© 4.9 nm), (b) sample no. 2 (AU/TiO5.4
of the Au/TiO, system as also discussed in the temperature- nm), and (c) sample no. 3 (Au/SiQL.7 nm). The temperatures during
dependent studies described above. Furthermore, our resultssothermal annealing are indicated.
indicate that such interactions affect small clusters more
significantly than larger particle’. ness of the Si@support did not affect the stability of HOIn

Size EffectsAccording to previous literaturé, the initial our experiments, thicker AQ®s films were formed on the larger
thickness of the AyOs shell formed on each sample should be clusters (i.e., 0.8 0.1 nm and 0.3 0.1 nm for~5 nm and
taken into consideration in order to understand the kinetics of ~1.5 nm Au NPs on TiQ respectively), where slower Ati
the thermal decomposition of oxides. Sayan &€ alvestigated decomposition rates were measured. An exception is the Au/
the decomposition of Hf©@deposited on SigSi and found a SiO, system, where AiD3; seems to be slightly more stable on
nearly linear relationship between the Hfdickness and the  small NPs below 550 K. As mentioned above, geometric
decomposition time. Furthermore, they observed that the thick- (stronger oxygen adsorption sites on small clusters) and
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electronic effects can influence the decomposition behavior on (a) Sample #1 (b) Sample #2
such small clusters. Al [ Ao, ] [ Auo,

In order to explain the complex kinetics of ABs decom- L i
position on differently sized Au NPs exclusively based on size _. ot/ 0 9000 L - CO 4500 L
effects, two different models can be considered: (i) the forma- £ (i) / | \i /100 ™ £
tion of an intermediate gold oxide compoud¢e.g., AF" de- = ' 0 4500 L K

. . m | ©

composition to Ad) and (i) the presence of subsurface oxygen. = byl =
Although literature reports that favor each of these options exist, @ (i) s JNAE E O, Plasma
and both models are described below, our experimental evidencez ' O, Plasma) 8
supports the presence of subsurface oxide. 0 Wi X

The presence of Auspecies was suggested by Pireaux et R e : —t
al#° after monitoring the decomposition of gold oxide on Au- 82 ﬁdinZGEnfgy (2?:) 7o :;din?En:ri;y (2(\::‘} 7

(111) in UHV by XPS. The authors obtained atomic Au/O ratios ()
of ~0.6 right after oxidation and-1.4 after annealing to 340 y
K and concluded that A®s (auric oxide, Ad") is formed A’
immediately after atomic oxygen exposure, whereas the reduc-
tion process at 340 K resulted in AD (aurous oxide, At).
However, recent DFT calculations on the stability of different
gold oxides indicate that AM3 is more stable than A® .50

Whether subsurface oxygen is present in gold films and -
particles upon exposure to atomic oxygen is still a matter of
controversy. Lim et al* used XPS to investigate the oxidation
of Au NPs with different sizes supported on HOPG. Upon it i i i
exposing large NPs~7 nm) to atomic oxygen, a single peak 82 84 86 88 90 92 94 82 84 86 88 90 92 94
of O-1s at 530 eV was recorded. Subsequent sample exposurt Binding Energy (eV) Binding Energy (eV)
to CO (3000 L) at RT resulted in the reduction of the particles. Figure 8. XPS spectra (Al K = 1486.6 eV) corresponding to the
However, for smaller NPs~3 nm), two different oxidation Au-4f core level of samples with two different average Au nanoparticle
states (530 and 532 eV) were observed in the O-1s core level.sizes: (a and b)5 nm and (c and d)~1.5 nm supported on Sifa
When these particles were exposed to CO, the intensity of theatng ?) ?tnlei@t(b and dt)- TVESSE)D%‘-:(%} shown ir-a WZ;Z mesaSSUfed
O-1s peak at 530 eV was reduced significantly, whereas the i(rs n?baerr (1"(’)"0 enr:;r;])er? ”;‘; d arter subassemﬁeeri(tpgi)wdoszi: - |§T i
peak at 532 eV was not modified. The aUthor.s attributed the 4500 L, an’d (iii) 9002) ﬁ_).’The samez(blasmqa conditions Werge used irg )
second state to subsurface oxygen. The formation of subsurface; (sample no. 4), but the CO dosing was conducted80 K and the
oxygen was also suggested by Kim et%for small Au NPs XPS spectra was acquired 200 K.
supported on Tig{110). Subsurface oxygen (bulk oxide) species
have also been identified on Au(111) by Min et‘land their not disappear completely, even after a 9000 L CO exposure
relative stability was found to depend on the sample temperaturegjii), suggesting that subsurface Au-oxide species are present.
during atomic oxygen exposure (ozone) as well as on the oxygenFor sample no. 1, the intensity ratio of the 3(Au° 4f;, core
coverage. In fact, surface and subsurface gold oxide species asevels is 1.05+ 0.04 after @ plasma (i), 0.68+ 0.03 after
well as chemisorbed oxygen were found in bulk systems 4500 L CO dosing (i), and 0.52 0.02 after a subsequent 4500
exposed to atomic oxygen at low temperature (200 K), whereas|. CO exposure (iii). As expected, the decrease in théAu
at high-temperature (400 K), only surface gold oxide species intensity is accompanied by an increase in th& XBS signal.
were observed. Following the findings by Min et & a reason A similar trend was observed for sample no. 2 [A&(nm)/
for the discrepancies found in the previous literature reports TiO,] in Figure 8b, although the decay in the #uAu® ratio
might be the different procedures used to deposit atomic oxygenafter 4500 L CO dosing was smaller (from 0.660.04 after
on gold surfaces (coverage and sample temperature). 0, plasma to 0.56t 0.03 after CO dosing). Samples 3 [Au-

(e) Stability of Gold Oxide upon CO Dosing: Surface (~1.5 nm)/SiQ] and 4 [Au(~1.5 nm)/TiQ)] display AG*/Au®
versus Subsurface Oxideln order to gain insight into whether  ratios of 1.8+ 0.3 and 1.7 0.2 immediately after O exposure
surface and subsurface gold oxide species coexist in our(i) and 1.0+ 0.2 and 1.4+ 0.3 after CO exposure (ii),
preoxidized size-selected Au nanoparticles supported oa SiO respectively. Because CO is only expected to react with weakly
and TiQ, we dosed the samples with CO and monitored the bound oxygen species and surface gold oXfdéthe residual
decomposition of gold oxide species by XPS. Figure 8 shows Au®t signal measured for all samples after high CO dosing
XPS spectra from the Au-4f core level region of our four indicates that subsurface oxygen is present in all samples.
samples (see Table 1 for details) afteri@asma at 150 K (i) Recent DFT calculations by Shi and Starfipéin O/Au(111)
and after subsequent 4500 L (ii) and 9000 L (iii) CO dosing at revealed that the most energetically favorable configuration is
room temperature (samples 1, 2, and 3) and at 200 K (samplean ultrathin surface-oxide-like structure-Q.31 ML oxygen
no. 4). Because the gold oxide compounds formed on samplecoverage) with O atoms quasi-threefold coordinated to Au, and
no. 4 were found to decompose thermally upon annealing at gold atoms at the surface twofold linearly coordinated to O.
RT, in order to separate gas from thermally induced decomposi- This structure was found to be significantly more stable (up to
tion of gold oxide, the CO dosing on sample no. 4 was done at 420 K at atmospheric pressure and up to 200 K under ultrahigh
200 K. vacuum conditions) than on-surface chemisorbed oxygen or

In Figure 8a [sample no. 1, At{5 nm)/SiQ}], it can be seen atomically adsorbed oxygen. Furthermore, for higher oxygen
that the relative A#™ contribution to the XPS spectra decreases coverages 0.5 ML, as is our case), mixed on-surfage
upon CO dosing (ii) because of AD; decomposition as aresult  subsurface structures were found to be more favorable than pure
of CO, formation. Note, however, that the Ausignal does on-surface adsorption.

Sample #3 (d) Sample #4
] iAo, af| § | iAuo,
4l | i CO 4500 L CO 4500L

Intensity (arb.units)
Intensity (arb.units)




Formation and Thermal Stability of AQs J. Phys. Chem. €

10
4} (a) } 959K (c) Sample #1
Sample #1 R ' 2
f 5
2+
0 0
E )
£ 5
- g5
o O s
3 —_
7 )
£ 520
w c
34 -
5 3
gm 10

=16+01eV
es

E

L=12+01eV

des

n=1
-_— 0 O(-.
n= 3

: 10

300 400 500 600 700 14 16 18 20 22
3 -l
Temperature (K) 1T x107 (K")
Figure 9. O, TPD spectra (open circles) from samples 1 (a) and 3 (b) aftén-aitu O, plasma treatment at room temperature (2.30°5 mbar
for 15 min). A linear heating ramp witfi = 5 K/s has been used. The data obtained on a gold-freg Silistrate subjected to an identical O
plasma treatment are also displayed for reference (dashed line). The arrows indicate the temperatures corresponding to peak mdesugptwrO

Plots of [In(cb/dt) — nIn 6] vs 1/T are shown for several choices of desorption kinetic ord&fdr two average particle sizes of Au nanoparticles
deposited on Si® (c) ~5 nm and (d)~1.5 nm.

(f) Size-Dependent Q Desorption (TPD). The size-depend-  sample no. 15 nm Au clusters) and-584 K for sample no.
ent differences in the reduction of AWO compounds, formed 3 (~1.5 nm Au clusters). Our TPD data indicate a size-
upon room temperature atomic oxygen exposure, were studieddependent @desorption in which smaller NPs show higher
by TPD. Figure 9a and b shows,@esorption signals (open  desorption temperaturesy (state). As expected, this size
circles) measured on (a) sample no. 1 (Au/Si@9 nm) and dependence is observed only for thetate because thestate
(b) sample no. 3 (Au/Si®) 1.7 nm) after an @plasma treatment ~ was assigned to LQlesorption from the substrate and the same
(Po, = 2.3 x 107% mbar for 15 min). The dashed lines display SiO, support was used for both samples. This is in agreement
control experiments conducted on gold-free Sikbstrates with previous Q TPD desorption studies conducted by Bondzie
exposed to analogous,@lasma treatments. et al’® on Au evaporated on Tig110). They observed higher

Two major differences between our XPS and TPD investiga- desorption temperatures (645 K) for smaller Au NRD 35
tions should be noted. First, the XPS samples were exposed taML Au coverage) as compared to larger Au NPs (5345 K)
atomic oxygen at 150 K, while the TPD samples were dosed (>6 ML Au).
with O at 300 K (in order to minimize the residual gas In order to obtain the reaction order for, @esorption, we
background). According to previous studf@safter such RT employed the method described by Saliba et al. in ref 77. Figure
plasma treatment the formation of bulk gold oxide is not 9c and d shows plots of [In@dt) — n In 0] versus 1T for
favorable, and the TPD features described below should besamples 1 and 3 after@lasma. Here) represents the oxygen
attributed mainly to the desorption of chemisorbed oxygen and coverage and = dé/dt is the desorption rate. In such a plot, a
the decomposition of surface ADs. Second, while the TPD  linear appearance of the desorption data indicates that the correct
samples were subjected to a fast annealing cycle (80 s), thedesorption order n) has been selected. Furthermore, the
XPS samples were successively annealed from 300 to 600 Kdesorption energyEy) can be extracted from the slope of the
maintaining the sample temperature fixed for 10 min at 350, plot. As can be seen in Figure 9c, for the large NPs the best fit
400, 450, 500, 550, and 600 K, Figure 3. to a straight line was obtained for = 1, with a desorption

A desorption peak at 401 Ko(state) was observed for the energy of 1.0+ 0.1 eV. Our TPD results for large Au NPs
SiO, substrate, Figure 9a and b. Oxidized Au NPs on,SiO thus resemble the oxygen desorption from oxidized bulk®Au.
showed two characteristic desorption peaks: ore4ii4 K (o First-order kinetics was assigned to the desorption pfram
state from the substrate), and anotheistate) at~555 K for Au(111) and Au(110) after atomic oxygen exposure (for high
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oxygen coverages) by Saliba et’aland Sault et al? Similar at temperatures below 600 K and bulk or subsurface oxide that
results were obtained recently by Deng et®dlased on @TPD is stable well above 600 K. In addition, for the small clusters,
studies on Au(111). In the latter case, the peak temperature ofthe presence of surface and subsurface oxide was confirmed
0O, desorption at 550 K was independent of oxygen coverage, by CO dosing experiments. A decrease in thé*Asignal and

and it was attributed to a pseudo-first-order reaction. an increase in Aliupon CO exposure indicated the reduction

In contrast, for small NPs, Figure 9d, the best fit was of surface gold oxide. The observation of incomplete®Au
tentatively given by two desorption orders:= 1.5 orn = 2, reduction for CO dosings as large as 9000 L provided clear
with desorption energies of 1.2 0.1 and 1.6+ 0.1 eV, support for the presence of a stable subsurface gold oxide species

respectively. The data in Figure 9d could not be fitted by first- in all samples. Finally, TPD data obtained after room temper-
order desorption kinetics. Despite the good agreement of theature atomic oxygen exposure revealed distingd@sorption
linear fit to our data assuming = 1.5, the physical meaning temperatures on differently sized Au nanoparticles supported
of an intermediate reaction order is unclear. This type of non- on SiG. A higher desorption temperature (584 K) was observed
integer reaction order may be due to a mixture of first- and for ~1.5 nm clusters, as compared to 555 K f nm large
second-order processes occurring simultaneously, see, forclusters. These results indicate that the stability of gold oxide
example, the work by Suemitsu et®lon the desorption of  species strongly depends on the cluster size.

hydrogen from Si(100) surfaces. Although our samples have

relatively narrow particle size distributions, a small number of ~ Acknowledgment. We acknowledge financial support by
large particles were observed in sample no. 3, Figure le.the National Science Foundation (NSF-CAREER award,
Therefore, it is possible that the “mixedi & 1.5-2) reaction ~ 0448491).

order determined for sample no. 3 is due to the presence of ) ) ] )

some large particles displayimg= 1 kinetics (similar to the Supporting Information Available:  Histograms of the
large NPs on sample no. 1), and a majority of small NPs partlc_le helghtdl_strlbutlons and XPS spectra of the_Au-4f region
displayingn = 2 kinetics. Additionally, as pointed out by Temel —acquired after different X-ray exposure times. This material is
et al.8 conventional first and second-order equations constitute available free of charge via the Internet at http:/pubs.acs.org.
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