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We  show  that catalytic  activity  of bimetallic  Rh0.5Pt0.5 nanoparticle  arrays  under  CO  oxidation  can  be
tuned  by  varying  the  size  of  nanoparticles.  The  tuning  of size  of RhPt  nanoparticles  was  achieved  by  chang-
ing  the  concentration  of rhodium  and  platinum  precursors  in  one-step  polyol  synthesis.  We  obtained
two  dimensional  Rh0.5Pt0.5 bimetallic  nanoparticle  arrays  in size  between  5.7  nm  and  11  nm.  CO  oxi-
dation  was  carried  out  on  these  two-dimensional  nanoparticle  arrays,  revealing  higher  activity  on the
smaller  nanoparticles  compared  to the  bigger  nanoparticles.  X-ray  photoelectron  spectroscopy  (XPS)
O oxidation
hPt bimetallic nanoparticles
ize
urface segregation

results indicate  the  preferential  surface  segregation  of  Rh  compared  to  Pt  on the  smaller  nanoparticles,
which  is consistent  with  our  thermodynamic  analysis.  Because  the catalytic  activity  is associated  with
differences  in  the rates  of  O2 dissociative  adsorption  between  Pt and  Rh,  we  suppose  that  the  surface
segregation  of Rh on  the  smaller  bimetallic  nanoparticles  is responsible  for the higher  catalytic  activity
in  CO  oxidation.  This  result  suggests  a control  mechanism  of  catalytic  activity  via  synthetic  approaches

 with
for  colloid  nanoparticles,

. Introduction

The colloid nanoparticles with stabilizing agents permit us to
ontrol the size, composition, and shape that are required to pre-
isely quantify chemical influences [1–4]. The concept of smart
esign of catalytic materials using bimetallic nanoparticles has
rawn much interest due to the potential for enhanced activity and

ower cost [5–7]. In situ characterization on bimetallic nanoparti-
les has been carried out to elucidate the compositional change
nder reaction conditions [8,9].

The CO oxidation reaction over transition metals has been a
idely studied surface catalyzed reaction [10–12].  The CO oxida-

ion reaction is of practical importance for the control of pollution
hat results from combustion processes. The catalytic activity for
O oxidation over transition metal surfaces is determined by the
ropensity for the metal surface to dissociate oxygen molecules

nd by the bond strength of the active oxygen species on the metal
urface. This behavior is reflected in a well-known volcano curve
or transition metals [13]. The transition metals with half-filled
-bands such as Pt, Pd, and Rh reveal high activity, where the dis-

∗ Corresponding author.
E-mail address: somorjai@berkeley.edu (G.A. Somorjai).

920-5861/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.cattod.2011.05.031
 possible  application  in  rational  design  of  nanocatalysts.
© 2011 Elsevier B.V. All rights reserved.

sociation probability is not too low and the adsorption energy is
not too high. The size dependence of nanoparticles on the activity
of CO oxidation has been reported, and the origin of the size effect
has been discussed [14–20].  Recently, a variety of surface oxides
have been reported to evolve on late transition metals when the
pressure of oxygen is increased from ultrahigh vacuum (UHV) to
one atmosphere. Recent experiments carried out at in situ condi-
tions revealed that the oxidation state and type of surface oxide
formed on the surface of these catalysts greatly affects CO oxidation
rates [12,18,21,22]. These oxides attribute to the size dependence
of Pd nanoparticles on the activity of CO oxidation [16]. Although
extensive studies were carried out over monometallic nanoparti-
cles, the size dependence has been rarely reported over bimetallic
nanocatalysts [23].

In this study, we show the influence of size of Rh0.5Pt0.5 bimetal-
lic nanoparticle arrays on the activity of CO oxidation. The size
was controlled using colloidal chemistry with good monodisper-
sity at a range of size between 5.7 nm and 11 nm. We  found that the
activity increases as the size of bimetallic nanoparticles decreases.
X-ray photoelectron spectroscopy (XPS) studies on nanoparticle

arrays reveal the preferential surface segregation of Pt on big-
ger nanoparticles. We  carried out the thermodynamic analysis
to understand the trend of surface energy variation of bimetallic
nanoparticles.

dx.doi.org/10.1016/j.cattod.2011.05.031
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
mailto:somorjai@berkeley.edu
dx.doi.org/10.1016/j.cattod.2011.05.031
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barrier at a rate of 15 cm /min. The Rh0.5Pt0.5 nanocrystals were
deposited onto Si wafers (0.5 cm × 1 cm)  by lift-up of the substrates
at a rate of 1 mm/min. XPS spectra were taken on a 15 kV, 350 W
PHI 5400 ESCA/XPS system equipped with an Al anode X-ray source.

Table 1
Synthetic conditions and size of Rh0.5Pt0.5 nanocrystals.

Sample Pt(acac)2 [mmol] Rh(acac)3 [mmol] T [◦C] t [h] Sizea [nm]

Rh Pt 0.0125 0.0125 220 2 5.7 ± 0.7
Fig. 1. TEM images of Rh0.5Pt0.5 nanocrystals with different sizes (a) 5.

. Experimental details

.1. Synthesis of bimetallic nanoparticles

In a typical synthesis of Rh0.5Pt0.5 binary nanoparticles, a sto-
chiometric amount of rhodium(III) acetylacetonate (Rh(acac)3,
7%, Sigma–Aldrich), platinum acetylacetonate (Pt(acac)2, 97%,
igma–Aldrich) and poly(vinylpyrrolidone) (PVP, Mw = 55,000,
igma–Aldrich) (in terms of the repeating unit) at a fixed
Rh + Pt)/PVP ratio of 1:10, were added to 20 mL  of 1,4-butanediol
99%, Sigma–Aldrich) in a 50 mL  three-necked flask at room tem-
erature. The stock solution was heated to 140 ◦C in a Glas-Col
lectromantle (60 W;  50 mL)  with a Cole-Parmer temperature con-
roller (Diqi-sense®), and was evacuated at this temperature for
0 min  to remove water and oxygen while using magnetic stirring,
esulting in an optically transparent orange-yellow solution. The
ask was then heated to the desired reaction temperature (in this

nstance, 140 ◦C at a rate of 10 ◦C min−1, and maintained at this tem-
erature for 1–2 h under Ar. During the reaction, the color of the
olution gradually turned from orange-yellow to black. When the
eaction was complete, an excess of acetone was poured into the
olution at room temperature to form a cloudy black suspension.

This suspension was separated by centrifugation at 4200 rpm
or 6 min, and the black product was collected after discarding
he colorless supernatant. The precipitated RhxPt1−x nanocrystals
ere washed with acetone once then re-dispersed in ethanol. The

ynthetic parameters for all of the nanoparticles used in this experi-
ent are listed in Table 1. The shape, size, and lattice structure of the
h0.5Pt0.5 nanocrystals were analyzed using a Philips FEI Tecnai 12
conventional TEM) and Philips CM200/FEG (HRTEM), operated at
00 and 200 kV, respectively. The samples were prepared by placing

 drop of a Rh0.5Pt0.5 nanocrystal sol in ethanol onto a continuous
(b) 6.8 nm,  (c) 8.5 nm,  and (d) 11.0 nm.  The scale bars represent 50 nm.

carbon-coated copper TEM grid. Fig. 1 shows TEM images of (a)
5.7 nm,  (b) 6.8 nm,  (c) 8.5 nm,  and (d) 11.0 nm Rh0.5Pt0.5 bimetallic
nanoparticles.

2.2. Preparation of Langmuir–Blodgett nanoparticle arrays

For preparing two  dimensional nanoparticle arrays, the
Rh0.5Pt0.5 nanocrystals were washed four times by precipita-
tion/dissolution in ethanol and then in chloroform (1 mL  of
Rh0.5Pt0.5 dispersion was  precipitated by adding 4 mL of hexane,
and re-dispersed in 1 mL  of ethanol or chloroform with sonica-
tion), to remove the impurities and excess PVP. Monolayers of
Rh0.5Pt0.5 nanocrystals were formed by placing drops of Rh0.5Pt0.5
nanocrystal chloroform solution onto the water subphase of a
Langmuir–Blodgett (LB) trough (Nima Technology, M611) at room
temperature. The surface pressure was monitored with a Wilhelmy
plate, and was adjusted to zero before spreading the nanocrystals.
The resulting surface layer was compressed by moving the mobile

2

0.5 0.5

Rh0.5Pt0.5 0.00625 0.00625 220 2 6.8 ± 0.6
Rh0.5Pt0.5 0.05 0.05 220 2 8.5 ± 1.1
Rh0.5Pt0.5 0.1 0.1 220 2 11.0 ± 1.7

a The standard deviation from a 150 nanocrystal sample.
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nanoparticles. The latter result may  seem counterintuitive since the
surface energy [36] of the bulk Rh, 2.70 J m−2, is higher than that
of Pt, 2.48 J m−2. However, surface energies of nanoparticles are,
in general, different from the corresponding bulk materials [37].
Fig. 2. SEM images of two dimensional Rh0.5Pt0.5 bimetallic nanoparticle a

he number of metal sites was calculated by geometrical considera-
ions based on scanning electron microscopy (SEM) measurements
f surface area of a nanoparticle array. In this simplified estima-
ion of the number of metal sites, we did not consider the influence
f partial oxidation and bonding between metal atoms and cap-
ing layers. Fig. 2 shows SEM images of two dimensional Rh0.5Pt0.5
imetallic nanoparticle arrays on silicon surface with variable sizes.
(a) 5.7 nm,  (b) 8.5 nm,  and (c) 11 nm.]

.3. Catalytic reaction

The details about the catalytic reactor are described elsewhere
24]. The reaction cell was evacuated down to 5 × 10−8 Torr by a
urbo molecular pump. A ceramic heater was used to heat the sam-
le. The gases were circulated through the reaction line by a Metal
ellows recirculation pump at a rate of 2 L/min. An HP Series II
as chromatograph equipped with a thermal conductivity detector
nd a 150, 1/800 SS 60/80 Carboxen-1000 (Supelco) was used to
eparate the products for analysis.

CO oxidation studies were carried out in a batch reaction sys-
em under 40 Torr CO, 100 Torr O2, and 620 Torr He. The measured
eaction rates are reported as turnover frequencies (TOF) and are
easured in units of product molecules of CO2 produced per metal

urface site per second of reaction time. Because all of the nanopar-
icles are capped with PVP, we assumed that the influence of the
apping layer on all of the nanoparticles was the same [25,26].

. Results and discussion

The catalytic oxidation of CO to CO2 takes place in two  main
emperature regimes. Below the ignition temperature, CO and O
ombine on the platinum surface and desorb as CO2. The reaction
ollows Langmuir–Hinshelwood (L–H) kinetics and the dominant
urface species on platinum during reaction is CO [27,28]. Above
he ignition temperature, the surface is mainly covered by oxygen
datoms. We  monitored reaction kinetics of RhxPt1−x nanocrystals
y gas chromatography.

It has been found that the catalytic activity of CO oxidation
y Rh0.5Pt0.5 bimetallic nanoparticles can be changed by varying
he composition at a constant size (9 ± 1) nm. CO oxidation rates
hat exhibit a 20-fold increase from pure Pt to pure Rh show an
ncrease with surface composition of the bimetallic nanoparti-
les [29]. Higher activity of Rh compared to Pt nanoparticles was
ttributed to the large differences in the rates of O2 dissociative
dsorption. The initial dissociative sticking probability of 0.2 on Pt

nd 1.0 on Rh were reported [30,31].  During the low-temperature
ompetitive adsorption of CO and O2 (below ignition temperature),
his difference in the sticking coefficients will result in a more effi-
ient formation of adsorbed oxygen molecules on the vacant sites
on silicon surface with variable sizes. (a) 5.7 nm,  (b) 8.5 nm, and (c) 11 nm.

of the Rh surface than on Pt, leading to faster subsequent forma-
tion of vacant sites via the reaction between neighboring adsorbed
oxygen and adsorbed CO.

Fig. 3 shows the change of turnover rate on Rh0.5Pt0.5 bimetal-
lic nanoparticle arrays measured at 180 ◦C and 200 ◦C. Over the
size range of 5.7–11 nm,  the smaller nanoparticle shows a 5 fold
increase in turnover rate than the bigger nanoparticle. This trend
is similar with Rh nanoparticles. An approximate negative-order
dependence on CO and a positive order dependence on O2 over
RhxPt1−x nanoparticles were observed at 200 ◦C, as shown in Fig. 4.
Because the ignition temperature is 290–300 ◦C for Pt nanoparticles
[32], this measurement was  carried out below the ignition tem-
perature. A negative-order dependence on CO and a positive order
dependence on O2 are consistent with the result of Pt (1 1 1) [10,33]
as well as Rh (1 1 1) and Rh (1 0 0) [34,35].

The size dependence of Rh0.5Pt0.5 nanoparticles on the turnover
rate of CO oxidation can be associated with the surface segregation
effect. Fig. 5 shows the XPS spectrum of Rh0.5Pt0.5 with three dif-
ferent sizes of 5.5 nm,  8.5 nm,  and 11 nm.  It is noticeable that the
ratio of Pt4d to Rh3d increases slightly as the size of the nanopar-
ticles increases. Using the sensitivity factors of Rh and Pt and the
integrated peak areas of Rh3d and Pt4f, the alloy compositions were
estimated as a function of the size of the nanoparticles. We  obtained
Rh0.47Pt0.53, Rh0.48Pt0.52, and Rh0.52Pt0.48, for 11 nm, 8.5 nm, and
5.5 nm,  respectively. The composition error, which is less than 1%,
was extracted from the noise level of XPS signals of Pt and Rh (Pt 4f
and Rh 3d peaks). Considering the mean free path of a photoelec-
tron is approximately 2 nm,  the result indicates that there may  be
a preferential segregation of Rh on the smaller Rh0.5Pt0.5 bimetallic
Fig. 3. Turnover rate and activation energy measured on Rh0.5Pt0.5 nanoparticles as
a  function of size of nanoparticles.
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ig. 5. XPS of Rh3d and Pt 4d peaks measured on Rh0.5Pt0.5 with three different sizes
f  5.5 nm,  8.5 nm,  and 11 nm.

pecifically, a simple thermodynamic analysis [38,39] suggests that

he size-dependent surface energy �(D) can be expressed as

(D) = �0

(
1 − 1

2D/h − 1

)
exp

(
−2Sb

3R

1
2D/h − 1

)
(1)

ig. 6. (a) �(D) as a function of inverse particle size (1/D) using Eq. (1) for Pt and Rh. Pa
nd  h = 0.387 nm,  Eb = 554 kJ/mol, Tb = 3968 K for Rh. (b) Theoretical surface concentratio
oncentrations Pt:Rh = 50:50. Due to using an analytical expression, Eq. (1), there is no er
O2  pressure (Torr)

.  ̨ and  ̌ were obtained from the equation of TOF = (constant) × PCO
˛ × PO2

ˇ .

where D is the diameter of the nanocrystal, �0 is the surface energy
of the bulk material, h is the atomic diameter, Sb is the cohesive
entropy of the bulk material defined as Sb = Eb/Tb, with Eb denoting
the bulk cohesive energy and Tb denoting the solid–vapor transi-
tion temperature, and R is the gas constant. Eq. (1) has no adjustable
fitting parameters and only requires intrinsic thermodynamic and
physical properties of the materials to evaluate. Eq. (1) is derived
by and consistent with an experimental observation that the cohe-
sive energy of nanocrystals, and hence the surface energy �(D),
decreases with decreasing particle sizes where the rate of decrease
depends on the bulk cohesive energy, solid–vapor transition tem-
perature, and atomic size of constituents [40]. In Fig. 6a, �(D) for Pt
and Rh are plotted as a function of 1/D showing different slopes of
decrease in surface energy for different metals.

The inversion of relative surface energies for Pt and Rh then
occurs around D = 4 nm,  below which it means that Rh has a lower
surface energy than Pt and, hence, the nanoparticle surface would
be Rh-richer for the equimolar bulk concentrations of Pt and Rh.
In Fig. 6b, we calculated the relative surface concentration of Rh,
as compared to Pt, for the experimental range of nanoparticle sizes
using an approximate Boltzmann relation:

xRh = exp
[−a(�Rh(D) − �Pt(D))

]
(2)
Pt

where xRh and xPt are the surface concentrations of Rh and Pt,
respectively; a is the average area per atom; and �Rh(D) and �Pt(D)
are the size-dependent surface energies of Rh and Pt, respectively,

rameters used in Eq. (1) are: [41] h = 0.402 nm, Eb = 564 kJ/mol, Tb = 4908 K for Pt,
n of Rh relative to Pt as a function of particle size using Eq. (2),  assuming the bulk
ror bar in theoretical estimates.
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s defined in Eq. (1).  The computed size-dependent surface con-
entration of Rh in Fig. 6b shows a strong correlation with the
xperimental size-dependent activity measurements in Fig. 3. In
articular, our theoretical analysis predicts that the nanoparticles
ith D = 5.7 nm would have a 3-fold increase in the Rh surface

oncentration (xRh) at the surface when compared to those with
 = 11 nm.  Therefore, a simple thermodynamic consideration of
ize-dependent surface segregation seems to offer a reasonable
xplanation for the observed catalytic trend. We  note that, in our
reatment, we have neglected the effects of possible changes in
lectronic structure of nanoparticles due to alloying and the poten-
ial adsorbate-induced surface segregation. As we estimate the
OF of bimetallic nanoparticles using the simplified model [29],
OF = xPt·TOFPt + xRh·TOFRh. The higher Rh concentration on smaller
imetallic nanoparticles leads to a three-fold increase in catalytic
ctivity. Because we observed a five-fold increase in catalytic activ-
ty (Fig. 3), we suppose that other portion of increase (∼5/3) would
e attributed to other factors, such as the oxidation state or elec-
ronic structure of nanoparticles due to alloying and the potential
dsorbate-induced surface segregation. In situ surface characteri-
ation, including XPS [9,18] or scanning probe microscopy [42] of
olloid nanoparticles, would facilitate a better understanding of the
hange of composition, oxidation states, and structural change on
he nanoparticle surface, and show the exclusive role of surface seg-
egation. Our observation reveals the difference of TOF by a factor
f 5, which is much bigger than the variation of TOF (20–30%) due to
ifferent capping layers [25]. Therefore, we suppose capping layers
ave a minor effect, while the change of surface composition plays

 major role in determining catalytic activity. Our experiments sug-
est the importance of surface segregation of the catalyst surface,
hich demonstrates a strategy to control the catalytic activity via
anoparticles synthesis, composition and size.

. Conclusions

We found that size of Rh0.5Pt0.5 bimetallic nanoparticle arrays
an be used to tune the activity of CO oxidation. The size was
ynthetically varied with colloidal chemistry. We  found that the
atalytic activity of CO oxidation increases as the size of the
imetallic nanoparticles decreases. Thermodynamic analysis and
PS measurement suggest that the higher catalytic activity of
maller bimetallic nanoparticles is associated with the preferential
urface segregation of Rh compared to Pt on the smaller nanopar-
icles. This result suggests the intriguing capability of changing the
atalytic activity in a bimetallic nanoparticle via varying the compo-
ition and size, with possible application in tunable nanocatalysts.
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