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A novel high-throughput technique has been developed for the investigation of the influence of supported
metal particle size and the support on electrocatalytic activity. Arrays with a gradation of catalyst particle
sizes are fabricated in a physical vapor deposition system that also allows selection of the support material.
Simultaneous electrochemical measurements at all electrodes in the array, together with determination of
the actual particle size distribution on each of the electrodes by transmission electron microscopy (TEM),
then allows rapid determination of the activity as a function of catalyst center size. The procedure is illustrated
using data for the reduction of oxygen on gold nanoparticles supported on both substoichiometric titanium
dioxide (TiQ) and carbon and the conclusions are verified using voltammetry at rotating disk electrodes.
Gold centers with diameters in the range-1643 nm were investigated and it is demonstrated that, with
both supports, the catalytic activity for oxygen reduction decays rapidly for particle sizes below 3.0 nm.
This may be observed as a decrease in current at constant potential or an increase in the overpotential for
oxygen reduction.

Introduction known as a poor catalyst for the 4eeduction, this system
was chosen for a number of reasons. First, in general, the
reduction of oxygen is an important reaction in fuel cells
and other technologies and it has been widely stuéiéd

Combinatorial screening is rapidly gaining popularity for
optimizing the composition of materials for specific physical

or chemical properties. Several examptésconcern the ) . . .
prop b including Au as bulk metai®14thin layers, and particles on

selection of electrocatalyst or battery materials. Recently, a . : .
physical vapor deposition system has been developed for theOther substrates (although the particle diameters in all these

high-throughput synthesis of thin film materials. It employs Eaperrtsdarﬁ a:ga!gggescomﬁgrii torthdoseti s:]udfd ;(n thi v;/0rk
source shutters to achieve controlled gradients of depositing eportea herey: econd, e reduction of ‘oxygen 15

elements across a substrate or an array of p&dlkis allows reported to oceur ata potential wher.e the g0 ld metal is free
for example, the synthesis of a compositional library of from both oxidized and reduced species (unlike, for example,

alloys. The system has been applied to the optimization of PD. T_hwd, the separation n the patentials for oxygen
Pd/Pt/Au electrocatalysts when the substrate was 2 10 reduction and the gold/gold oxide peaks was expected to give

array of individually addressable Au electrodes on a silicon an in situ |_nd|cat|on of the real surface area of the gold
nitride-covered silicon substrate. surfaces. Finally, small centers of Au on oxide supports such

This paper describes the application of arrays of electrodesaS TiQ have recently been shown to have unique properties

: . . . ... _for catalysis; unlike bulk gold, such surfaces show very high
fabricated in the high-throughput physwal vapor deposition activity for a number of gas-phase oxidatiGis? It was
(HT-PVD) system to the study of the influence of supported . . : . .

. . .~ therefore considered interesting to determine whether this
metal particle size and the support on electrocatalyst activity. :

: . ) effect extended to small Au centers when acting as an
Arrays with a gradation of metal center size on both carbon . . .

o L . : electrocatalyst in aqueous solution. In this paper, the focus
or substoichiometric titania (Ti supports were fabricated . duction b idati . S0 bei
and characterize®. To further verify the conclusions 'S on oxygen recuction but oxidation reactions are aiso being
rotating disk electrodes with the same supports and part'iclemvestlgated. Below a certain particle diameter, it is generally
sizes were also prenaf@dind used for conventional volta- recognized that electrocatalytic activity is influenced by
mmetry. This is tﬁe fFi)rst time that high-throughput synthesis catalytic center size and crystal face orientation; such effects

: B i 36
or screening techniques have been applied to the optimizationh'fjwe been reviewed:
of particle size in catalysis.

The system selected for study was the cathodic reduction i
of oxygen in aqueous acid on gold centers deposited on either El€ctrodes. Each array consisted of 1& 10 gold
carbon or substoichiometric titania (O Despite being ~ €léctrodes (1 mmx 1 mm), each with individual electrical

contact tracks to external contacts at the edges of the silicon

*To whom correspondence should be addressed. Tel.: 44 (0)2380 nitride capped sili<_:on wafer (31_-8 mm3_1.8 mm). The gold
592776. Fax: 44 (0)2380 596805. E-mail: beh@soton.ac.uk. electrodes were first coated with a uniform layer of carbon
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Figure 1. (a) Cyclic voltammetry¥ =100 mV s1, between 0.00 andt1.63 V) on a 100 electrode array of carbon-supported gold particles

in argon-purged solution. (b) Oxygen reduction at the same array electrode as determined by potential step measurements from 0.80 V
(baseline, 60 s) to 0.50 V (90 s), 0.40 V (90 s), and 0.3 V (90 s) in oxygen-saturated solution. All measurements were made in 0,5 M HCIO
electrolyte at room temperature. The arrows indicate the direction of the graduated flux; in this array the upper left-hand corner corresponds
to a nominal gold thickness of 1.8 nm and the lower right-hand corner to a nominal thickness of 0.21 nm.

(typical thickness 3660 nm) or TiQ (typical thickness 65 being pumped from a thermostatically controlled water bath
85 nm with an underlying thin film of titanium of12 nm (Grant). The same potentiostat, data acquisition system, and
to ensure adhesiéhand wherex = 1.96). Then gold was  software were again employed. Both cyclic voltammograms
deposited with a graduated flux of Au atoms across the (50 and 100 mV s') and potential step experiments were
diagonal of the array controlled through a fixed “wedge” carried out at both the arrays and disks. Activity for oxygen
shutter in the HT-PVD system. These deposition proceduresreduction was assessed usings@turated 0.5 M HCIQas
and sample characterizations are described in detail in thethe solution. With the arrays, the activity was determined
previous papet? Throughout this work, it is assumed that ysing a potential step sequence. The potential was held at
the gold particles grow as hemispheres. The array data aty 80 v for 60 s to give a baseline in the absence of oxygen
TiOx/Au were confirmed by measurements at a rotating disk equction and then stepped to 0.50 V (90 s), 0.40 VV (90 s),
electrode (RDE?. The coating of t.he Ti RDE disks (diameter 504 0.30 Vv (90 s) and then the sequence was reversed to
5 mm) with TiQ and Au particles also followed the  yemonstrate reproducibility. At the RDE, steady-state vol-
procedures described in the previous paper. tammograms were recorded between 1.00-280 V and
Electrochemical Measurements.The electrochemical  the currents in the mixed controlled region were corrected

experiments with the arrays were carried out at room for any influence of mass transport using a Kouteekgvich
temperature in a cell where the body of the working electrode ;.

compartment is made from PTFE; the array and electrical . . . .
o : The combinatorial electrochemical experiments are best
contacts can be positioned precisely and gaskets ensure a, .. ) . .
) .. Clarified by an example. Figure 1 illustrates a convenient
good solution seal. The Au gauze counter electrode is in a

glass compartment separated from the working electrodepresert}:"ﬁt'o?I of electr(_)(;:herrll_|ca_\l experiments at tanfet:]ect(rjoije
compartment by a glass sinter. The experimental reference®’' 2 Nt allow a rapid prefiminary assessment ot tn€ cata
and identification of trends; more detailed and quantitative

electrode was a commercial (Sentec) mercury/mercuric- - X . ) X
sulfate electrode (0.5 M #50;) whose tip was placed close analysis requires different presentations. The figure shows
both a set of cyclic voltammograms in deoxygenated 0.5 M

to the array. All potentials presented in this report, however, ; _ A ) _
are reported against the reversible hydrogen electrode in 0.5P€rchloric acid and a set of potential step experiments in
M HCIO, (RHE). The electrochemical responses of the 100 oxygen-saturated 0.5 M perchloric acid. In both Figures 1a
electrodes in the array are measured simultaneously using &nd 1b, the arrow shows the direction of the Au coverage
potentiostat, 100 channel current followers, and data acquisi-variation with the highest coverage in the top left-hand corner
tion cards controlled/monitored by a PC together with and the lowest in the bottom right-hand corner (in fact, in

software written in the laboratory; this instrumentation has this array the upper left-hand corner corresponds to a nominal
been described earliérbut the sensitivity of the current  gold thickness of 1.8 nm and the lower right-hand corner to

followers used here were 10A V-1 The RDE measure- anominal thickness of 0.21 nm). Perpendicular to this arrow,
ments where carried out in a standard three-electrode/two-the Au coverage should be uniform and the surfaces should
compartment, glass cell with a Luggin capillary. It also had be identical. In this study of particle size effects, the single

a water jacket to maintain a temperature of 298 K, water array gives 19 data points since the electrodes immediately
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adjacent to those on the diagonal provide intermediate 02 - - - - ' ' - - -
particle sizes to those on the diagonal.

From the magnitude of the gold oxide formation/reduction
peaks on the cyclic voltammograms of Figure 1a, it can
clearly be seen that, qualitatively, the surface area of the §
gold centers is decreasing down the diagonal while perpen-§ 021
dicular to the arrows the voltammograms are similar. We
would, however, caution against total reliance on the charge
associated with the oxide formation/reduction peaks for
estimating the surface area of small gold particles; we will
later present evidence that the redox behavior of such
particles on some supports is complex. Similarly, it can be
seen from the potential step experiments that, at least 08 ) ) ) ) , , ) ) )
guantitatively, the oxygen reduction currents reflect this trend 02 00 02 04 06 08 10 12 14 16 18
in surface area. Y

Figure 1 also shows some limitations of the cell used for Figure 2. Cyclic voltammograms of Ti@supported gold particles
the electrochemical experiments in this project. First, the (mean particle diameters 4.6, 2.5, and 1.4 nm) #s@turated 0.5
blank positions in the presentation of the array shown indicate M HCIOa. Potential scan rate 50 mV's The responses shown
electrodes where electrical contact has been broken during?"® the third cycle.

positioning of the array within the cell and then sealing the three electrodes in an array of Au/Ti@lectrodes. The three

ii"'tﬁecﬁndt’ n dthe otx%genéeductlfotr;] experlmef?ts, see IT'gure\/oltammograms correspond to surfaces with different mean
» (N€ electrodes at the edges of the array often give oWerparticle diameters of gold. At all three surfaces, oxygen

currents and this results from the proximity of a wall {duction is observed as an irreversible peak/wave in the

0.0 -

? (geo)

m

-0.4 -

-0.6 -

current density j |

Eerpe_ndmlélar to tges_e elictrodes. In corrI]sequlgn.ce,.the C€hotential range+0.40-0.00 V. The limiting currents are very
as since been redesigned to overcome these limitations andjq,jo (as expected for a diffusion-controlled process) but

also to allow temperature c.op.trol. , the reduction of oxygen clearly shifts to a more negative
To demonstrate reproducibility, all experiments have been ,entia| as the gold loading is decreased: i.e., the overpo-
carried out 3-4 times with arrays fabricated at different o sial for O reduction increases with diminishing gold

times. The trends in the catalytic activities are totally |n,4ing (particle size). With the biggest particle size of gold,
reproducible and the absolute current densities varied by 5| features on the voltammogram are similar to those at a

<20%. _ ) ) bulk gold electrode; the scan to more positive potentials
Aqueous perchloric acids solutions (0.5 M) were prepared ghows a peak at1.12 V for the oxidation of the hydrogen

using ultrapure water (Millipore, 18 £ cm) and concen-  peroxide formed during the reduction of oxygen, and at more
trated perchloric acid (GFS Chemicals, double distilled). The positive potentials, charge for the oxidation of the gold

gases used in the experiments were argon (BOC, 99.998%)rface is observed. In addition, the peak-at18 V on the
and oxygen (BOC, 99.999%). negative-going scan is characteristic of the reduction of the
oxygen-covered surface back to gold. At the smaller particle
sizes, the responses at more positive potentials are more
Throughout this study, the surfaces were subjected to surprising. First, the anodic current for the oxidation of
cyclic voltammetry in deoxygenated 0.5 M aqueous per- hydrogen peroxide is much diminished. This is partly because
chloric acid and to both voltammetry and potential step less hydrogen peroxide is formed in the experiment but more
experiments in oxygen-saturated 0.5 M aqueous perchloricimportantly the oxidation appears to become more irrevers-
acid. With the arrays of electrodes, the results were initially ible on the smaller gold particle sizes. Second, the oxidation
presented in the form presented in Figure 1; this allowed of the gold surface appears to become more irreversible.
the identification of trends. More quantitative analysis of the Indeed, even with a positive limit 6£1.63 V, at the smallest
data requires the responses to be presented in different angarticles, little oxide is formed. This is most clearly evidenced
expanded formats and this was achieved through softwareby the absence of the peak for the reduction of the oxidized
based on Matlab and able to handle the large number of datagold surface. These conclusions were confirmed by experi-
files that accumulate for experiments with X010 arrays. ments in deoxygenated 0.5 M HCJOn this paper, however,
The data at each electrode in the array could also be presentethe emphasis will be on the cathodic reduction of oxygen
individually in expanded form or responses from different on gold. The oxidation and reduction of the gold surface
electrodes could be presented together for purposes ofwith low loadings of gold will be discussed further in other
comparison. In addition, the software allowed calculations publications. Note that the gold/gold oxide behavior on small
with the numerical data and hence quantitative interpretation. carbon-supported gold particles is very similar to that of bulk
We would, however, stress that visual observation before gold for all particle sizes (Figure 1a).
guantitative analysis is critical to obtaining full value from The activity for oxygen reduction was assessed quantita-
the experimental data. tively using a potential step technique. The potential was
Figure 2 shows expansions of steady-state cyclic volta- stepped fron+0.80 V where oxygen reduction does not
mmograms for an @saturated 0.5 M HClQrecorded at occur and the gold surface is free of oxidett6.50,+0.40,

Results
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Figure 3. Enlarged presentation of the current vs time responses to a potential step sequeneeQ®86~ 0.40— 0.30— 0.40— 0.50
— 0.80 V, in Q-saturated 0.5 M HCI@at electrodes in a 1& 10 array with nominal gold thickness 6f1.65 nm. (a) Au on TiQ (b)
Au on C.

and 0.30 V, each for 90 s and the direction of the step was

then reversed in order to check the reproducibility of the ok

currents. An overview of the response at one array was

presented in Figure 1b but with this presentation the only -1

immediate conclusion is that the extent of oxygen reduction § _, |

increases with the amount of gold on the surface. Figure 3 NQ 3 nf—— e

illustrates expansions of the data for gold on both carbon § -3} S e ooy

and TiQ, taken from different arrays. In both cases, the gold g 4 | 400 rPm ,_5 o Sosv

coverage is equivalent to a nominal thickness of 1.65 nm. = 000 - IR A

Two conclusions are clear. First, at the gold coverage shown -5t 1600 N eee————-]
0 ~o -t & - —

the substrate does not appear to be a major factor in o o e T e oal

determining the rate of oxygen reduction. Secondi@0 | 2500 a2 rad 12 5112
and-+0.40 V, the current is independent of time and therefore 7 L : : : : : :

it may be concluded that oxygen reduction is almost fully 04 02 00 02 04 06 08 10
electron-transfer-controlled. At+0.30 V, there is a small E srel V

initial decay in current perhaps due to some influence of Figure 4. Steady-state polarizations for oxygen reduction on gold
non-steady-state diffusion. The figure also confirms that particles (mean particle diameter 1.8 nm) supported on a thin film
when the direction of the potential steps is reversed, the samés?]%\:‘vg‘zhog lg&tgjciz?_z\tﬁghor}; Eg??#ém ft':,'ﬁt%.e;g %dSe()é;shuen:gzert
constant currents are obtained at bé0.40 and+0.50 V. limiting current density), 0.3%, 0.35, anF()j 0.40 V. All measurements
The data att0.50 V was not further analyzed because of haye been made in oxygen-saturated 0.5 M HGICx temperature
the small magnitudes of the currents compared to the noiseof 298 K.
and the currents at-0.40 and+0.30 V were used as a
measure of oxygen reduction activity below. of gold on the surface and hence of particle size. Also, at
Oxygen reduction was also examined as a function of gold intermediate particle sizes of 3:8.5 nm, the response is
center size using rotating disk voltammetry. Figure 4 reports very similar but with smaller particles<@.5 nm) the
a set of voltammograms as a function of rotation rate for a reduction wave shifts to significantly more negative poten-
Ti/TiOx/Au disk (mean Au center diameter is 1.8 nm) i O  tials. The kinetic currents at-0.40 and +0.30 V as
saturated 0.5 M perchloric acid. Each voltammogram has adetermined by KouteckyLevich plots were again taken as
well-formed wave for the reduction of oxygen with,, close a measure of activity of the surfaces for oxygen reduction.
to +0.20 V and a mass-transport-controlled plateau negative In addition, the kinetic currents as a function of potential
to 0 V. This is close to the response at a massive gold were used to construct Tafel plots. At all surfaces studied,
electrode, although the waves are slightly shifted toward the logj vs E plots were linear with a slope of (128 12
more negative potentials. The inset shows Koutedlgvich mV)~! and this is the Tafel slope reported for other gold
plots at a series of potentials and the intercepts oy-tnds surfaces in the literaturé:’® This confirms that the mech-
were taken as the inverse of the kinetic current for oxygen anism for oxygen reduction at the small gold centers is the
reduction free of distortion from mass-transport control. same as that at bulk gold and that the reaction is initiated by
Voltammograms were also recorded ig-€aturated 0.5 M the transfer of a single electron.
HCIQO, solution for eight further Ti rotating disk electrodes The most appropriate measure of catalytic activity is the
with TiOy substrate layers but gold deposits with different current density based on the exposed gold/electrolyte inter-
particle sizes ranging from 1.4 to 4.5 nm. The voltammo- face. To interpret the data in terms of the mean diameters of
grams obtained at 900 rpm are reported in Figure 5. It canthe gold centers and real surface area, it is necessary to
be seen that the limiting current density for oxygen reduction characterize the surface structure. The characterization of the
(based on the geometric area) is independent of the amoungold deposits for such an analysis was achieved by TEM
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1 — T T reports the results of such calculations for a large number
of surfaces studied in this work; the total exposed area of
gold is a smooth function of the nominal thickness. A similar
curve was obtained for the Au/C deposits.

The software allows the oxygen reduction activities at the
arrays of electrodes to be presented in a number of ways.
Figure 7 presents the data from a Q.0 Au/TiO array as
contour plots. Figure 7a shows the amount of gold deposited
over the array as estimated by EDS; the decrease in gold
from the top left to the bottom right is clearly seen while
perpendicular to the arrow the relative uniformity is apparent.
Figure 7b reports the activity for oxygen reduction, in fact,
the current densities for oxygen reductiontd1.30 V (based

jImA cm? (geo)
)

-5 1 ! -
04 03 02 01 00 01 02 03 04 05 06 07 on the geometric surface are of gold exposed to the

electrolyte), again as a contour plot. The correlation between

Figure 5. Steady-state polarizations £ 20 mV s%) for oxygen the two flgure_s is clear and it can again be seen that the
reduction on Au/TiQRDE electrodes with different gold coverages, 0Xygen reduction rate drops off with the amount of gold and
mean particle diameters shown on the figure. (i thickness hence particle diameter on the TiGupport.

66 nm. Rotation rate 900 rpm. .@aturated 0.5 M HCI® In this study, however, we wished to include array and
Temperature of 298 K. RDE results in the same presentation and to emphasize the
and is reported in more detail elsewhétélere, only some  influence of gold particle size on the oxygen reduction
critical conclusions from the TEM analysis are summarized. activity. Figure 8 therefore summarizes the data from both
The gold deposits with different nominal thicknesses were the array and rotating disk electrode experiments for the
achieved by varying the deposition time and, of course, on activity of the surfaces (Ti@Au) for oxygen reduction as a
both TiQ, and C substrates each deposition leads to gold function of the mean particle diameter. The results are shown
centers with a distribution of sizes. Figure 6a shows the for two potentials;+0.4 and+-0.3 V. Throughout the current
distribution of particle sizes from depositions onto a JiO density is based on the total real area of gold exposed to the
support carried out with a flux of gold equivalent to the solution as calculated from the number density and mean
uniform deposition of 0.16 nm nominal thickness per minute diameter of the gold particles as set out above. The error
for five deposition times between 50 and 1050 s. Clearly, bars indicate (i) the standard deviation of the particle size
the particles get larger with deposition time and the size distribution resulting from each deposition and (ii) the
distribution becomes broader. In contrast to the presentationvariation in the currents at the arrays as estimated from the
in ref 10, however, data are plotted as the number density standard deviation of the currents across the row of electrodes
of particles with each diameter; hence, assuming that thewith average particle size. First, we would stress that the
particles are hemispherical, these data allow the calculationtrends identified from the array and the rotating disk electrode
of the total surface area of gold exposed for each of theseexperiments are identical. Second, at both potentials, the
five surfaces. Note that the surface area was calculated fromdramatic conclusion is the loss of aetty for oxygen

the TEM measurements of particle size and number of reduction (as measured at the constant potentials) for gold
particles per cr?, rather than the electrochemistry and the centers smaller than 2 nm. In addition, the plot shows a
redox behavior of the gold, because of the unusual redoxmaximum in actiity at a mean diameter of 2:53.0 nm
behavior of titania-supported gold (see above). Figure 6b These trends were totally reproducible in experiments with

E vs. RHE v
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Figure 6. (a) Particle size distributions of gold particles grown on Ji@btained from TEM measurements. Gold deposition times are

shown in the figure. The data were fitted to a normal Gaussian function. (b) The surface area of the gold calculated from the mean particle

diameter and the number of particles per unit area, assuming the particles are hemispherical.
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(O) correspond to measurements on the (%010) array of mean particle diameter / nm

electrodes; full trianglesa() correspond to the RDE measurements.
The error bars along the particle size axis indicate the range of
particle size (in fact, the standard deviation of the particle size)
observed by TEM. The error bars on the specific activity axis reflect
the standard deviation of the currents measured at the 10 electrode
on the array with a mean particle size.

Figure 9. Specific oxygen reduction activity of carbon-supported
gold particles at (a) 0.40 V and (b) 0.30 V vs RHE measured on
the (10x 10) array of electrodes. The error bars are explained in
ghe legend to Figure 8.

similar to asharp dropoff in actiity again obsered for
four arrays fabricated at different times. The absolute particles with diameters below 3 nnNo maximum is,
difference in the magnitudes of the currents at the array andhowever, observed in the particle size dependence of specific
disks probably arises largely from differences in the tem- activity with a carbon substrate. It should be pointed out that
peratures in the experiments (i.e., room temperature, i.e.,the TEM analysis of the Au on C surfaces showed significant
typically 288 K, for the arrays and 298 K for the RDE). differences in nucleation and growth characteristics compared
Figure 9 reports the analogous plots of activity for oxygen to those for Au on TiQ° In particular, it was more difficult
reduction activity versus particle size for gold on carbon to create surfaces with very small Au centers; the formation
resulting from array experiments. The overall picture is of centers was followed by rapid growth to a critical size
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(~2.6 nm). In consequence, while the decay in activity on sites especially step sitésstrong electronic interactions
the smaller centers is clear, the precise particle size wherebetween the gold particles and oxide substfat® distinctive
the decrease in activity occurs is less certain. The,TiO electronic properties of the gold centétsnd spillover and

surface appears to stabilize smaller centers. chemistry at the interface of the gold and oxtélén addition
_ _ to this, the detailed surface mechanism for ORR is not fully
Discussion understood, although it is clear that the interaction of the

The main purpose of this paper was to establish the OXygen with the gold particle will result in differences in
combinatorial approach to the study of particle size effects the steady-state oxygen coverage and the rate of oxygen
in catalysis/electrocatalysis. The results clearly achieve this dissociation, both of which will influence the rate of ORR.
goal. The arrays used in this work have 100 electrodes We do observe strong particle size dependence in the surface
fabricated as a single unit. They give 19 data points for redox behavior of the supported gold particles, and we will
different catalyst center dimensions while the other electrodeseport these observations in detail elsewhere.

in the 10x 10 array give simultaneous confirmation of the )
reproducibility of the recorded data. Obtaining the same Acknowledgment. The authors wish to acknowledge GM

volume of data from individual electrodes would require for their financial support of this program and F.T. Wagner
substantially more fabrication time and costs as well as many@nd H.A. Gasteiger for helpful discussions of the results.
more electrochemical experiments. The rotating disk experi-
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