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A high-throughput method for physical vapor deposition has been applied to the synthesis of libraries of
supported gold particles on amorphous substoichiometrig @@ carbon supports. The TiQubstrate
stoichiometry can be varied or kept constant across a supporting sample, and subsequent deposition of
particle sizes on supports are controlled through the nucleation and growth process. TEM measurements
indicate nucleation and growth of Au particles takes place, with the smallest particles initially observed at
1.4 nm with a maximum density of 5.5 10> cm™2 on titania, and 2.6 nm with concomitantly lower
density on carbon. The 1.4-nm particles on titania exhibit a binding energy shift in the Au(4f) core level of
0.3 eV from bulk gold, and the shift is0.1 eV by the time particles grow to a mean size of 2.5 nm. These
shifts are associated with final state effects, and the supported gold particles are metallic and appear to be
relatively stable in air. When combined with appropriate substrates and screening techniques, this method
provides a highly controllable method for the high-throughput synthesis of model supported catalyst.

Introduction and IrQ, have enjoyed much success in electrochemical
technology? Oxides, therefore, offer both potential for

Guerin and Haydénhave recently described a physical
y y Py stability and conductivity and are also known to influence

vapor deposition system that employs source shutters to . .
achieve a controlled gradient of deposited elements across a{he .act|.V|t.y of supporte'd met.al particles.
substrate or an array of pads appropriate for combinatorial Titania is stable in acid environments (such as those fOL_md
screening of new materials. When combined with instru- N Polymer electrolyte membrane (PEM) fuel cells), is
mentation that allows the simultaneous measurement of2vailable in high surface area forms, and can be rendered
voltammetric responses at an array of electrédes has a  sufficiently conducting to act as a support by its use in
powerful high-throughput approach to the optimization and substoichiometric or doped_ forms. Hence, it was selected as
understanding of electrocatalysts. For example, the method? Substrate to compare with carbon. Gold was selected as
has been applied to the optimization of Pd/Pt/Au continuous the catalyst material. Highly dispersed Au centers on metal
thin film electrocatalyst&.This paper describes the applica- ©Xide supports, including titania, have engendered consider-
tion of the high-throughput physical vapor deposition (HT- able e>§C|tem.e.nt because they exhibit unusual anq unexpected
PVD) method to the fabrication and characterization of Catalytic activity for a number of gas-phase oxidatiérs,
arrays of electrodes designed to address the optimization and"d Some possibilities for applications in fuel cell technology
understanding of other parameters in electrocatalysis and,"@ve been outlinetf. The enhanced catalytic activity of the
indeed, heterogeneous catalysis in general: namely, thegold centgrs on o>_<|de substrates is found when the particles
selection of support and the size of supported particles. Both'@ve @ diameter in the range of-4 nm, but the reasons
the size of supported metal particles and the support itself'@Main unclear, and a number of theories have been
can strongly influence the activity, selectivity, and stability advanced:*°
of these catalytic systems.

Carbon is the most common support for electrocatalysts
in fuel cells, but it is known to undergo some corrosion in ~ The deposition of both substrate layers and gold nano-
operating conditions, particularly at the oxygen cathbtle. particles was carried out in a multichamber, ultrahigh-vacuum
Moreover, it is widely recognized that the substrate can have (UHV), molecular beam epitaxy system modified for high-
a strong influence on the performance of a dispersed metalthroughput synthesis of graded compositions of thin film
catalyst. As a consequence, there is considerable interest innaterials: The growth chamber employed here incorporated
the study of alternative substrates for electrocatalysis. Thethree Knudsen cell (K-cell) sources (DCA HTKS) and an
substrate must be sufficiently conductive and be stable in €lectron gun (e-gun) evaporation source (Temescal). The
the environment found in the fuel cell. Oxides, particularly Operational base pressure of the systemSsx 10-*° mBar
the so-called dimensionally stable anodes based on,RuO rising to 1 x 10~° mBar during metal deposition. Titanium
layers, titania layers, and gold particles were deposited from
* To whom correspondence should be addressed. E-mail: beh@soton.ac.uktitanium granules (99.95%, Goodfellow Metals) and gold
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pellets (99.99%, Goodfellow Metals) in K-cells. Substoi- time were determined by transmission electron microscopy
chiometric TiQ layers (typical thickness 6585 nm) were (TEM) by deposition of the gold onto small carbon-coated
deposited by the oxidation of the titanium during deposition copper TEM grids (Agar, 400 grid) that had been additionally
by a beam of molecular oxygen (BOC Special Gases, N6 coated with a thin layer (2660 nm) of either C or TiQ
Grade) at a pressure 01107 mBar directed at the sample  conditions for deposition of both substrate and gold were
face. For particularly stoichiometric titania films, a 600-W identical to those used for coating the arrays and disks. TEM
RF atom plasma source (MATS30, Mantis Deposition) was images were obtained using a JEOL 3010 with an accelerat-
used to generate atomic oxygen that was directed at theing voltage of 300 kV incorporating a Gatan CCD camera
sample by a highly polished quartz collimator. Carbon layers for recording images. XPS measurements were carried out
(typical thickness 3860 nm) were deposited using the e-gun in a UHV system incorporating a twin anode X-ray source
evaporation source and graphite rods (Alfa Aesar, type 231- (Al Ko and Mg Ko) and a VSW clam single channel XPS
955-3). Carbon layers were also deposited (where indicated)analyzer.
by means of an arc carbon-coating system (BOC Edwards) Depositions were carried out onto (a) silicon, (b) silicon
using carbon rods (BOC Edwards, type E085-19-030). In nitride (65 nm) on silicon, (c) a microfabricated silicon (10
both cases, the uniformity was excellent, and the conductivity x 10) array of gold electrodes for electrochemical measure-
of the carbon layer was found to bed10? S cni?, similar ments? and (d) Ti disks. Before deposition, the Ti disks were
to the value reported for evaporated amorphous carbon ofpolished with 6em down to 0.1zm diamond suspension
~10* S cnr! found in the literaturé® The thicknesses of  (Kemet International) on a Microcloth (Buehler) and sub-
the C or TiQ deposit were controlled by the deposition time, sequently etched in a solution of 80 parts water, 18 parts
and sample thickness was established by calibration of HNOs; (Fisher Scientific; Laboratory Reagent grade), and 2
growth rates from AFM measurements. parts sodium fluoride (BDH Chemicals; General Purpose
AFM (Veeco, Autoprobe M5) was carried out in tapping Reagent grade) at room temperature for 20 min. The titanium
mode using a silicon cantilever with a resonance frequency disks (5-mm diameter) were mounted in a holder that allowed
of ~180 kHz, spring constant& N m~ and tip curvature 16 disks to be coated simultaneously in the PVD system.
radius of ~1 nm (u-mash; DP14/HRES/AIBS) or in The disks were first coated with Ti {5 nm) to improve
noncontact and contact mode (ThermoMicroscope Ultralever adhesion of the layer of TiQIn the case of the (1& 10)
ULOBA and UL20A) for particle height determination. arrays, it was found that TiOdid not adhere well to the
Ellipsometry (Nanofilm i-elli2000) at 532 nm was used to gold electrodes. Prior to deposition of the i@ 12-nm
confirm the thickness and gradation of deposits across thelayer with a composition close to Ti metal was deposited
wafers. The ellipsometer was adapted to operate in a rotatingusing the lowest possible oxygen pressure, before the oxygen
compensator mode. The values of the angleendy have ~ pressure was increased to synthesize,Tjfpoviding good
been obtained by Fourier transformation of the intensities adhesion to the electrode. The PVD system could be set up
vs the azimuth of the compensafériMeasurements were to give a uniform flux of Au over the Ti disks (constant
taken under a constant incident angle of,@hd a computer-  particle size) or a “wedge” deposition to mimic the variable
controlled macro enabled an automated mapping of 100 particle distributions on the arrays.
points over the substrate. Uniformity of deposition was
demonstrated by four-point probe resistivity measurements Results and Discussion
at multiple points over the surface using a Four Dimensions
280Dl automated conductivity mapping system. A four-point  Deposition of Uniform TiO, Layers. TiOy layers were
probe head (Jandel, A-type60 g tip pressure) with 1-mm initially deposited onto silicon nitride-coated silicon using
spacing or a square array head (1-mm spacing, Jandel) werghe Ti (K-cell) and molecular oxygen (1®—-10"° mBar)
used to measure the film sheet resistances. The probe headdirected at the substrate using a collimating source positioned
were cleaned repeatedly by contact to a ceramic cleaningto one side of the sample. The substrate temperature was
sheet to ensure reproducibility between films. typically 298-323 K. Subsequent AFM measurements
The gold particles were deposited by PVD with a source established growth rates of2.2 nm min?, and film
temperatureTqep of 1548 or 1623 K, yielding a highly stable ~ thicknesses were typically in the range-SD0 nm. Effective
Au flux equivalent to the deposition of 0.16 0.015 nm variation of stoichiometry was qualitatively indicated by the
min~! and 0.51+ 0.05 nm min’. Deposition rates were change in colg?? of the synthesized film with oxygen
calculated by the deposition of several thick layers over pressure: TiQdeposited with an oxygen pressure of 10
extended times and demonstrating that the thickness (asand 10° mBar produced blue and brown films respectively,
determined on contact masked samples by AFM) was and XRD indicated that the titania films were largely
proportional to the deposition time. The particle sizes across amorphous.
the arrays were subsequently controlled over concomitantly  Since the conductivity of titania is a strong function of
shorter times through the shutter position, the deposition time, stoichiometry?* and for applications of titania as a support
and substrate temperature (2308 K). Due to the macro-  for electrocatalysis, conductivity is a requirement, the sheet
scopic size of the PVD source and the positioning of the resistances of the films were measured (mapped) as a
shutter, a “wedge” distribution of material over the sample function of position over the thin film sample using the four-
is accomplished.The particle size distribution and number point probe method. Figure 1a shows a resistance map for a
of particles per square centimeter as a function of deposition 66-nm-thick TiQ film prepared with an oxygen pressure of
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Figure 1. Sheet resistance (Ohms per square) contour plots of 100 measurement points on titania thin films. Samples prepared at a partial
pressure of molecular oxygen of<1 10-7 mBar at a Ti K-cell temperature of 2073 K over 1800 s. (a) Anisotropic oxygen flow, (b) sample

rotated during deposition.
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Figure 2. Experimentally determined conductivities (calculated
from film thickness and measured sheet resistance) of various
substoichiometric titania films prepared at different partial pressures
of oxygen.
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Figure 4. Thickness determination of gold deposition onto a bare
silicon wafer using a 16 10 contact mask in two geometries (see
inset) using (a) AFM along the diagonal of an array of 100 fields,
and (b) using AFM and ellipsometry for a deposition geometry
that allowed an averaging of 10 fields of identical thickness across
the “wedge”(see insets). The source temperatures and deposition
times were (a) 1548 K, 7200 s and (b) 1623 K and 4500 s.

20

107 mBar. There is a variation in the sheet resistance acrossfilm synthesis. Alternatively, and for the subsequent mea-

the sample associated with a variation in stoichiometry due
to the anisotropic exposure to oxygen of the titania during
growth. This observation provides evidence that if optimized,

surements carried out in this study, this variation is removed
by rotating the sample during the deposition process: Figure
1b shows homogeneous stoichiometry of titania when

collimated molecular oxygen beams may be used to synthe-synthesized in this way, with constant sheet resistivity

size graded stoichiometries of oxides for high-throughput thin

observed across the sample. The small deviations in resistiv-
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Figure 5. TEM micrographs of titania-supported gold particles. The nominal
and (e) 3.16 nm, and the deposition rate was»2.60-3 nm s,

s
thickness of gold was (a) 0.13, (b) 0.78, (c) 1.56, (d) 2.33,

ity at the sample edges is primarily a result of the four-point deviation was found at the edges of samples and ascribed to
probe measurement resulting from anisotropic current dis- the edge effecting the four-point probe measurement.

tributions. Deposition of Gold Nanoparticles on Uniform TiOy
Figure 2 shows the variation of the conductivity of the Layers. Gold was deposited using the K-cell at 1548 and
TiOx film (calculated from the sheet resistances and the film 1623 K, producing a highly stable Au flux and deposition
thicknesses determined by AFM) as a function of the rate of 0.16 or 0.51 nm min. Variable coverages over the
synthesis oxygen pressure. The conductivity varies over moresubstrate were deposited under the same conditions using
than 4 orders of magnitude over the pressures of molecularthe fixed “wedge” shutte¥ The characteristic of the “wedge”
oxygen used for synthesis and may be associated with oxygergrowth was established (Figure 4) from AFM and ellipsom-
deficiencies within the rutile structui®that increase as the  etry measurements of gold deposited for times sufficient to
oxygen pressure is lowered during deposition. To estimate achieve continuous films, and concomitantly lower times
the stoichiometry of the TiQ the results were compared were used subsequently to achieve the lower nominal
(Figure 3) to materials for which both stoichiometry and coverages required for particle growth. Two examples are
conductivity are knowr* 26 For example, a significant  shown in Figure 4, with different orientations of the source
amount of data is available because of the interest in thewith respect to the substrate and different shutter positions.
Magneli phases of titanium oxides, particularly,®# and In Figure 4a, a uniform nominal thickness-e1.8 nm would
TisOo, as corrosion-resistant materials with conductivities be achieved in the absence of the wedge shutter. AFM
high enough to be considered as electrodes in massive formmeasurements show a variation of a factor of 7 in coverage
We conclude that the titania thin film synthesis carried out is achieved across the (20 10) array. It was the relatively
in this study using molecular oxygen produced stoichiom- |arge error associated with the AFM results that resulted in
etries in the range ~ 1.7-1.9999. We have also been able additional ellipsometric determination of film thickness. In
to synthesize near-stoichiometric titania thin films using a Figure 4b, gold was deposited using a geometry (inset) which
plasma atom source, with concomitantly much higher produced 10 rows of fields of different thicknesses, each row
resistivity. For the titania-supported gold samples, the titania consisting of 10 fields with the same thickness (deposition
was synthesized usingx1 10~" mBar of molecular oxygen,  perpendicular to the “wedge” direction is const#unin this
corresponding to a conductivity of3 S cnm* and a  case, the wedge was characterized by less variation of
stoichiometry ofx ~ 1.96, estimated from comparison with  thickness (8.928.9 nm). The thickness determined from
materials produced elsewhere (Figure 3). ellipsometry has been estimated assuming for géld=(
Amorphous carbon layers (carbon coating system) have4.1502-0.0449) and for the silicon substraté & 0.4666-
been deposited, and the uniformity and resistivity of the films 2.4083). The native oxide layer on the Si before deposition
was investigated by four-point probe measurements. Thehas been ignored. The results are consistent with the AFM
films exhibited a conductivity of-3 x 10? S cnT?, and the measurements and indicate a smooth and linear change in
variation across the substrate was found to be 0.5%. Thisfilm thickness in the direction of “wedge” growth.
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becoming broader as the nominal thickness of Au increases.
The change in mean particle size as a function of nominal
thickness is shown in Figure 6b, and the number of particles
per square centimeter is shown in Figure 6c. Initial stages
of growth are characterized by an increase in the number of
particles at near constant particle size (1.4 nm). This is
followed by an increase in particle size and a reduction in
the number of particles per square centimeter. This initial
growth stage is associated with Au particle nucleation at
titania defect sites, which may be surface oxygen vacancies
that appear to stabilize clustéfsThe ability to identify
particles down to 1.4 nm in ex situ measurements and the
stability of these particles to longer-term exposure to

atmosphere (over 6 months) indicate that on the amorphous
3 ] surface, there is little tendency to migration and agglomera-
2e+12 | —8— tion of particles at room temperature. Agglomeration has
been observed on polycrystalline titania supp&tand we
can only speculate that this difference may be due to the
absence of grain boundaries or an increased defect density
on our substrates and the concomitant stabilization of small

) ) ) o ) particles. The growth mode observed here is similar to that
Figure 6. (a) Particle size distributions of gold particles grown

on TiQ obtained from TEM measurements. Gold deposition times observed using in s!tu low energy ion scattgrlng (LEIS)
are shown in the Figure. The data were fitted to a normal GaussianMeasurements for TiQL10)-supported Au particlésand
function. (b) The mean particle size of gold. (c) The number of Subsequently ex situ high-resolution SEMyith the main
particles per square centimeter of particles per square centimeterdifference being that the number of nucleation sites is larger
and the observed particle sizes are smaller on the amorphous
For electrochemical studi@sgold particles were deposited titania substrates. The latter may simply be associated with
onto TiQ, and carbon on both arrays and Ti disks using the the higher defect density on the amorphous titania, and
conditions described above but with proportionally reduced interestingly, they also report that the particles are stable in
deposition times to achieve low coverages and particle air3!
growth. Particle size distributions were measured by TEM. TEM did not allow an estimate of the shape or height of
Both titania and carbon~20—-60 nm thickness), and the Au particles. Although AFM was not able to provide
subsequently the gold, were deposited on TEM microscope sufficient lateral resolution to confirm particle sizes as a result
grids under conditions identical to those used for other of tip broadening, we attempted to establish particle height
substrates. Figure 5 shows TEM images for five deposition from the AFM measurements. Table 1 summarizes roughness
times (50, 300, 600, 900, and 1200 s) corresponding to factors and estimates of Au particle numbers and heights
nominal thicknesses of 0.13, 0.8, 1.6, 2.3, and 3.2 nm, from a number of AFM images. Results are included for
respectively, of Au on TiQ The light field image clearly  the root-mean-square roughness of the titania substrate and
allows the identification of the gold particles that are near for several nominal thicknesses of gold. The root-mean-
spherical in shape, distributed randomly at low coverages, square roughness increases with increasing gold coverage.
and coalesce at higher coverages. For gold particle height analysis, line measurements were
Figure 6 provides a quantitative analysis of the particle taken at arbitrary positions of the image, and it was assumed
growth. From the particle size distributions in Figure 6a, it that all features in this measurement were associated with
is evident that mean particle diameters a4 nm and fall the Au particles. Clearly, this is an approximation, since the
in a narrow range of sizes at low at low nominal Au titania also exhibits a finite, albeit lower, roughness. Com-
thicknesses, with both size becoming larger and distributions paring the ratio of the particle diameter from TEM versus

n i ‘

3e+12

1e+12

density | number particles cm?

00 05 10 15 20 25 3.0 35
nominal thickness t/ nm
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7000 i . 250m | and was associated with final state effects (electron screening
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> 4000 KR ’ addition to a final state contribution, an initial state effect
g 3000 ;J,' | i‘} by also contributed to the shift from the bulk value.
¥ 2000 A %&W@é Deposition of Gold Nanoparticles on Uniform Carbon
1000 F&’:—i"%’v\“ ’ i “ SRR Layers. Gold was deposited using the conditions described
0 . ,

80 82 84 86

in the Experimental Section at a deposition rate of 0.16 nm
min~! onto carbon-coated TEM grids on which a 30-nm

Binding energy | eV

Figure 7. XPS spectra of the Au(4f) core level for titania-supported
particles with a mean diameter of (a) 1.4 and (b) 2.5 nm. The

carbon film (carbon-coating system) was deposited to ensure
the same substrate and nucleation behavior. Figure 8 shows
the TEM images for gold particles on carbon with deposition

calibration spectrum from a gold foil is also shown.

the “height” of the particle as measured by AFM, we

consistently find values close to 2.

times of 50, 300, 600, and 900 s (nominal thicknesses 0.13,
0.8, 1.6, and 2.3 nm, respectively). These images were
analyzed to give the particle size distributions shown in

We conclude that the observed Au particles are hemi- Figure 9a; Figure 9b reports the variations of the mean
spherical, which is consistent with previous conclusions on particle diameter, and Figure 9c, the number of particles per
TiO,(110)3! Combining the number densities and particle square centimeter as a function of the nominal thickness.
sizes measured in TEM (Figure 6) of hemispherical particles Comparison of these data with those in Figures 5 and 6 for
allows an estimate of the Au surface area. This value is the deposition of gold particles on Ti@hdicates a number
important, for example, in establishing specific electrocata- of differences on the carbon support. The initial number of

o
Figure 8. TEM micrographs of carbon (deposited by the carbon-coating system)-supported gold particles. The nominal thickness of gold
was (a) 0.13, (b) 0.78, (c) 1.56, and (d) 2.33, and the deposition rate was 1073 nm s1,
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Figure 9. (a) Particle size distributions of gold particles grown
on carbon (carbon coating system) obtained from TEM measure-
ments. Gold deposition times are shown in the figure. The data
were fitted to a normal Gaussian function. (b) The mean particle
size of gold. (c) The number of particles per square centimeter of
particles per square centimeter.

nucleation sites on carbon is considerably smaller than on
titania during the initial Au deposition, resulting in larger
particle sizes. As the number of nucleated particles grows
at low nominal thickness, the average particle size is-3.5

Journal of Combinatorial Chemistry, 2006, Vol. 8, No. B97

by their range of conductivities. A range of Au nanoparticles
have been synthesized as a function of position across titania
substrates at a temperature~e300 K. TEM measurements
indicate that during nucleation, a mean particle size of 1.4
nm is observed, and increasing coverage leads to an increased
number of such nuclei to a maximum density of 5502
cm 2. Particle sizes increase at higher Au coverages with a
concomitant decrease in density. The small particles exhibit
a binding energy shift in the Au(4f) core level of 0.3 eV
from bulk gold, and the shift is 0.1 eV by the time particles
grow to a mean size of 2.5 nm. Nucleation and growth of
Au on carbon support is also observed, but the initial particle
size is significantly larger at~2.5 nm, and the maximum
particle density (3.1x 10 cm™?) is lower when compared

to titania. The HT-PVD technique is a powerful method of
producing supported metal samples of controlled particle size,
and when combined with multiple source depositisimould
allow similar control of supported alloy particles as a function
of particle size and alloy composition. When combined with
suitable screening methoésthe methodology provides a
powerful route to the elucidation of particle size effects in
catalysis on well-characterized model catalysts.
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