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Abstract Platinum nanoparticles stabilized by a

protein, bovine serum albumin, have been synthe-

sized successfully with two different morphologies

such as cuboctahedra and nanorods. They have been

characterized by the use of different techniques such

as XPS, PCS, TEM, and STEM-HAADF. These

nanoparticles have been applied as catalysts for the

hydrogenation of allyl alcohol in an aqueous solution.

A key finding of this article is the superior catalytic

activity of the nanorods compared to the cuboctahe-

dral particles. This difference in the catalytic activity

was justified because of the variation in the amount of

protein to stabilize the nanorods. A model for the

nanorods and equations that describe the proportion

of atoms in the different sites of the particle (face,

vertex, edge, or interior) is used to calculate the

percentage of atoms that are located on the nanorod

surface. The stability of these particles as catalysts

was also studied. The results showed that Pt nanorods

and Pt cuboctahedra particles were degraded after

24 h of reaction.
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Introduction

Biologically active molecules have been utilized as

ligands for metallic nanoparticles over the last two

decades (Mirkin et al. 1996; Schaaff et al. 1998;

Templeton et al. 1999) for a wide range of purposes

such as sensing, catalysis, or molecular electronics

(Choi et al. 2006; Mark et al. 2006; Naik et al. 2004;

Niemeyer 2001; Pacardo et al. 2009; Reiss et al. 2004;

Yi et al. 2005). However, the control over the

nanoparticle size and shape is not yet fully understood

(Burda et al. 2005; Jose-Yacaman et al. 2001).

Nanoparticles can be embedded in protein struc-

tures that will act as cages (Uchida et al. 2007;

Varpness et al. 2005) avoiding their aggregation and

coalescence.

One of the distinctive characteristics of these

nanocomposites is their high surface-to-volume ratio,

which makes them ideal for catalysis (Astruc 2007).

While it is true that a certain measure of control over

catalytic activity can be achieved by regulating the size

of platinum nanocrystals (Rioux et al. 2005; Song et al.

2006; Ye et al. 2007), a greater degree of control can be

achieved when crystal morphology is also well-

regulated (Lee et al. 2006; Rioux et al. 2006). In terms

of shape control, Tian et al. have reported tetrahexa-

hedral (THH) platinum particles that display a 400%

enhancement compared with the activity exhibited by

platinum nanospheres for the electro-oxidation of

small organic fuels (Tian et al. 2007). Different

authors have also contributed toward understanding

the correlation between nanoparticle shapes and the

catalytic activity (Burda et al. 2005; Finney and Finke

2008; Narayanan and El-Sayed 2004). One of the main

key findings is that aggregated material often is more

catalytically active than individual particles (Besson

et al. 2005a, b; Narayanan and El-Sayed 2003, 2005).

BSA is a globular protein consisting of a single

polypeptide chain with 583 amino acid residues, and its

ability to form complexes with different noble-metal

nanoparticles has been studied previously with silver

(Elechiguerra et al. 2005), gold (Burt et al. 2004),

platinum (Burt 2007), and others (Bakshi et al. 2009).

The interactions between protein and nanoparticles do

not poison the whole surface of the metallic entity, as

we have shown in the concentration-dependent sup-

pression of the biological activity of virus HIV-1

(Elechiguerra et al. 2005). BSA protein has also been

widely used as stabilizing agent for nanomaterials

(Bakshi et al. 2009; Bunker et al. 2007; Meziani et al.

2005; Shang et al. 2007). Interestingly, shape-control

of platinum nanoparticles using BSA as capping agent

has not been reported. The reactivity of BSA-protected

Pt nanoparticles with different morphologies for

catalytic applications remains as a fundamental issue

to be addressed. The overall kinetics of chemical

processes could be influenced by the relative abun-

dance of different catalytic sites in the nanoparticle.

In this article, we report the synthesis, character-

ization, and the catalytic activity of cuboctahedral

platinum nanoparticles and platinum nanorods in the

hydrogenation of allyl alcohol. Different techniques

such as XPS, PCS, TEM, and STEM-HAADF have

been used to fully characterize these materials. The

use of this catalytic reaction highlights the distinct

performance exhibited by the two different platinum

nanocrystal morphologies, namely, cuboctahedral

particles and nanorods. The amount of BSA protein

that acts as stabilizing agent as well as template is

critical for the catalytic activity. We also propose a

theoretical model for the nanorods that determines

the number of atoms on faces, vertices, and edges.

Although the model is simplistic because it assumes

that all the nanorods are perfect, we believe it will be

particularly helpful for future catalytic applications of

nanorods because to our knowledge, there is not such

as approach like this in the literature. In addition, we

explain the stability of these materials throughout the

course of the hydrogenation reaction.

Experimental details

Chemicals

Hexachloroplatinic acid hexahydrate (H2PtCl6�6H2O,

ACS reagent grade), sodium borohydride (NaBH4,

99.9%, Reagent Plus), both purchased from Sigma-

Aldrich, Inc. (Milwaukee, WI), bovine serum albumin

[BSA; Fraction V, heat shock treated; Fisher Scientific

(Pittsburgh, PA)] and allyl alcohol (?99%, Acros

Organics, Inc., Morris Plains, NJ) were used without

further purification. To prepare aqueous solutions,

18 M X cm Milli-Q deionized water (Millipore) was

employed. Industrial Hydrogen gas (Praxair, 99.9%)

was used for the hydrogenation experiments. All the

experiments were carried out under air unless other-

wise stated in the text.
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Nanocrystal synthesis

Protein-functionalized platinum nanocrystals were

synthesized in air by reduction in a homogeneous

solution at ambient conditions. H2PtCl6�6H2O was

reduced in water and in the presence of BSA by the

addition of NaBH4.

The syntheses of both platinum samples have

been reported elsewhere (Burt 2007). Briefly, 2 mL

of 0.075 M H2PtCl6 (150 lmol Pt) were added to

an aqueous solution containing either 6.250 lmol

(0.415 g) or 1.562 lmol (0.104 g) dissolved BSA

protein for the synthesis of cuboctahedral particles or

the synthesis of nanorods, respectively. Then, 2 mL

of freshly prepared 0.6 M NaBH4 aqueous solution

(1200 lmol NaBH4) was added rapidly under vigor-

ous stirring, bringing the total volume to 40.0 mL.

The molar ratio of [BH4
-]:[PtCl6

2-] was (8:1), and

the ratio of [Pt]:[BSA] was either (24:1) for cuboc-

tahedral particles or (96:1) for nanorods. The reaction

was allowed to proceed under vigorous stirring for

30 min.

Characterization

X-Ray photoelectron spectroscopic (XPS) studies

The experiments were carried out in a Kratos

Analytical Axis Ultra DLD instrument with a mono-

chromatic Al Ka (15 keV) anode. The survey spectra

were collected with a step size of 1 eV, a dwell time

of 100–200 ms, and a pass energy of 160 eV while

the high resolution spectra were done with a step size

of 0.1 eV, a dwell time of 1000 ms, and pass energy

of 20 eV. Charge neutralization was used to mini-

mize charging effects in the binding energy values.

The samples were prepared delivering 7 lL of the

BSA (10 lM) or BSA:Pt solutions (10 lM in BSA)

on the surface of a gold wafer. The samples were

allowed to dry under air. Au(4f7/2) signal (84.0 eV)

of the wafer was chosen as reference.

Photon correlation spectroscopic (PCS) studies

The hydrodynamic diameter of the particles was

determined using a dynamic light scattering (DLS,

ZetaPlus, Brookhaven, Holtsville, NY) instrument

operating at a 90� scattering angle with a 635 nm, 35

mW diode laser source. 3 mL of BSA or BSA:Pt

solutions (10 lM in BSA) were used for these

studies. The path length of the cuvette was 1 cm.

Each sample was run ten times and each run lasting

2 min at 298 K. The data were fitted using the

non-negatively constrained least squares (NNLS)

(Morrison et al. 1985) algorithm to solve the exper-

imentally measured autocorrelation function.

Transmission electron microscopy (TEM) studies

TEM experiments were performed using a JEOL

2010F transmission electron microscope equipped

with Schottky-type field emission gun, ultra-high

resolution pole piece (CS = 0.5 mm), an Energy

Dispersive X-ray spectrometer (EDS), and a scanning

transmission electron microscope (STEM) unit with

high angle annular dark field (HAADF) detector

operating at 200 kV. Samples for TEM analysis were

prepared by allowing a drop of the aqueous product

to evaporate on a carbon-coated copper TEM grid.

Particle size was measured at 250 K9 magnifications

and counting 100 particles of different images using

SigmaScan Pro software.

Catalytic testing

The catalytic activity was measured in terms of

turnover frequency (TOF), or the number of moles of

product per mole of catalyst per unit time, under

conditions where the catalyst is saturated by the

reactants (Boudart 1995). To discern the rate of

reaction, the consumption of hydrogen gas was

monitored as described elsewhere (Wilson et al.

2006). Briefly, a 20 mL solution containing the

platinum catalyst (48 lM Pt) was introduced in a

100 mL three-neck round bottom flask. The system

was purged with hydrogen (*18 L/min) for 10 min

under maximum stirring speed (1100 rpm) to evac-

uate the air. Subsequently, the system was sealed and

hydrogen was allowed to equilibrate between the

aqueous and gas phases for another 10 min under

maximum stirring speed. Finally, 0.6 mL of allyl

alcohol (8.8 mmol) was injected via syringe. The

hydrogenation reaction immediately started, and the

decrease in the pressure of hydrogen was measured

electronically. The amount of 1-propanol generated is

signaled by the amount of moles of hydrogen

consumed.
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1D 1H NMR experiments were also used to

compare the results of the catalytic reactions with

those obtained by the decrease in the pressure of

hydrogen. These NMR experiments were carried out

using a Varian Unity Inova NMR spectrometer

operating at 499.7722 MHz for 1H (11.7 T). The

spectrometer was equipped with a gradient amplifier

and a four-nucleus 5 mm 1H {15N-31P} PFG High-

Field Indirect detection probe.

Results and discussion

Characterization of the nanomaterials

The nanocomposites are stabilized by a protein, BSA.

Two different types of nanoparticles with different

shapes were studied: cuboctahedral (or ‘‘near spher-

ical’’) nanoparticles where the surface is composed

mainly by {1,0,0} and {1,1,1} facets (Benfield 1992;

van Hardeveld and Hartog 1969) and nanorods.

Syntheses at ambient temperature and pressure of

the cuboctahedral nanoparticles as well as the nano-

rods have been reported elsewhere (Burt 2007).

Briefly, a dilute solution containing H2PtCl6�6H2O

was added to an aqueous solution that contained

BSA. Immediately after, a solution of the reducing

agent NaBH4 in water was added. Introduction of

NaBH4 to the reaction vessel caused rapid protein

foaming. After addition of NaBH4, the solution

turned dark black in less than 5 s, implying the metal

reduction. Each reaction was allowed to proceed

under vigorous stirring for 30 min. The pH of the

solutions after the introduction of reducing agent was

8, which is important for two reasons. First, a basic

final pH indicates that sufficient electrons were

liberated during the course of the reaction to facilitate

reduction of the Pt(IV) ions, and to neutralize the

initially acidic pH of solution. Second, BSA protein

can adopt different conformations according to the

pH (Burt 2007; Shang et al. 2007). These conforma-

tions have been proved to play a critical role in the

nanoparticle synthesis (Burt 2007; Shang et al. 2007).

Control experiments following the aforementioned

procedure in the absence of BSA unequivocally lead

to Pt precipitation (Figure S1, ESM). This confirms

the role of stabilizer played by the protein.

Cuboctahedral nanoparticles and nanorods were

characterized by means of TEM and STEM experiments

with HAADF detector (Garcia-Gutierrez et al. 2004;

Thomas 2008).

Figure 1 shows representative HAADF images of

cuboctahedral particles as well as nanorods with their

size distribution histograms. The first sample, with

24:1 Pt:BSA ratio, consists of cuboctahedral platinum

nanocomposites with a diameter of 2.220 ± 0.294 nm

(see Fig. 1a, b). The population distribution shows a

monodisperse material with less than 8% of standard

deviation. The second sample is composed of 96:1

Pt:BSA ratio and has an average crystal width of

2.233 ± 0.320 nm (see Fig. 1c, d). The nanocrystals

formed under these conditions are more polydisperse

as observed in the HAADF images, 70% of which have

a ratio length:width less than 2 (close to ‘‘cuboctahe-

dral shape’’) and the remaining have a ratio

length:width higher than 2 (nanorods) (Fig. 1d). For

clarity of discussion, we will define this second sample

as nanorods.

The point of differentiation in the syntheses to

obtain cuboctahedral nanoparticles or nanorods lies in

the ratio between the protein molecules and platinum

atoms. Manipulating the molar ratio of BSA mole-

cules to metal atoms allows us to obtain nanomate-

rials with diverse shapes and distribution of sizes

(Carbo-Argibay et al. 2007). Two different molar

ratios were used for these studies: Pt to protein ratio

of 24:1 gave rise to cuboctahedral particles and 96:1

rendered nanorods. In the latter case, fewer protein

molecules are present to stabilize the initially formed

platinum nuclei, and so these primary particles tend

to grow into secondary nanostructures via twinning

processes. The twinning energy of platinum is among

the highest exhibited for FCC metals. Consequently,

for a platinum nanocrystal growing via multiple

twinning events, the energetically favored condition

is for the twinning system to propagate in the

direction orthogonal to the twin plane (Tadmor and

Bernstein 2004). The formation of polyhedral nano-

crystals via multiple twinning systems emanating in

different directions is energetically unfavorable in the

case of platinum (Elechiguerra et al. 2006).

Figure 2 shows characteristic HRTEM images of

the sample composed of (96:1) Pt:BSA, also called

nanorods. In this case, image (a) corresponds to an

elongated platinum nanoparticle whose aspect ratio is

higher than 2 while the nanoparticle in image (b) has

an aspect ratio less than 2. Image (c) reflects the

sample corresponding to (24:1) Pt:BSA that gives rise
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to cuboctahedral particles. The fast Fourier transform

(FFT) of the crystals in Fig. 2a demonstrates the

characteristic spot splitting that is symptomatic of

planar twinning. However, no twinning is visible in

Fig. 2b, and the FFT does not exhibit spot splitting. It

is known that when twin planes are tilted away from

the proper zone axis, they become invisible in the

electron beam. The FFT of the crystal in this image

does not exhibit spot splitting, but it does exhibit spot

streaking, which is indicative of twinning, and it is

likely that this crystal has also grown by linear

twinning. Nanocrystal growth occurs in the direction

orthogonal to the twin plane, resulting in an elongated

structure. Growth in the direction parallel to the twin

plane is largely restricted, with the average breadth of

the nanocrystals in the (96:1) Pt:BSA system being

nearly unchanged from the sizes measured for the

(24:1) Pt:BSA system. This restricted growth limits

Fig. 1 a STEM-HAADF image of cuboctahedral particles,

(24:1) Pt:BSA. b Size distribution percentage frequency versus

diameter in nanometers of the previous image. Diame-

ter = 2.220 ± 0.294 nm. c STEM-HAADF image of sample

(96:1) Pt:BSA. d Product distribution, percentage frequency

versus aspect ratio (length:width). Size distribution (length:

width) = 1.830 ± 0.857

Fig. 2 HRTEM images.

a, b Images corresponding

to nanorods, (96:1) Pt:BSA.

c Image corresponding to

a cuboctahedral particle,

(24:1) Pt:BSA
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the cross-sectional area of the twin plane, thus

limiting its total energy, and in fact this energetic

consideration may be driving the preferential elon-

gation. Platinum nanocrystals with aspect ratios

greater than 2 are formed by the introduction of

multiple linear twinning planes. Image (c) shows a

characteristic cuboctahedral shape where the inter-

planar distances were measured from the FFT of each

image, and were consistent with the expected values

for FCC platinum. Evaluation of the interplanar

distances and angular relations of the lattice planes

indicates no deviation from the bulk FCC lattice.

XPS studies

XPS experiments have been performed to study the

composition of the protein-functionalized platinum

nanoparticles.

Figure 3 shows high-resolution spectra in the

platinum region of the complexes result of the

interaction between Pt and BSA, before and after

reduction for both types of nanoparticles, cuboctahe-

dral particles and nanorods. XPS was used to deter-

mine the oxidation state of platinum nanoparticles.

Pt(4f) core-levels (7/2 and 5/2) in the BSA:Pt

complexes before reduction are shifted to lower

binding energies after reduction (Fig. 3). This shift

of *0.7 eV indicates reduction of the platinum atoms.

The reduced platinum species display a 1.5 eV shift

toward higher binding energies with respect to the

bulk Pt (71.2 eV). The presence of charging is not

uncommon due to quantum size effects for small

platinum (Yang et al. 2006; Ye et al. 2004; Zhao and

Crooks 1999) and gold (Hostetler et al. 1998) nano-

particles and has been reported to induce up to a 2 eV

displacement (Eberhardt et al. 1990). Therefore, the

observed large displacement in energy (1.5 eV) can be

attributed to aforementioned effects although an

incomplete reduction of the platinum atoms and the

presence of PtO, PtO2, or Pt(OH)4 could be possible.

For Pt core-levels (7/2 and 5/2), species such as Pt(0),

Pt(II), and Pt(IV) show binding energies of 71.1–74.4,

72.8–76.1, and 74.3–77.6 eV, respectively (Sun et al.

2007; Tian et al. 2006). Incomplete reduction of

platinum particles has previously been reported under

different conditions (Knecht et al. 2008; Sen and

Gokagac 2007). In the XPS survey spectra, the peaks

for C(1s), N(1s) and O(1s), S(2p) and Pt(4f) were

clearly observed (ESM, Figure S2a–e).

PCS experiments

In order to ascertain the catalytic species in solution,

PCS experiments were performed. Dynamic light

scattering techniques, such as PCS, are a common

tool to study size distributions in situ (Pecora 2000).

These studies render the hydrodynamic diameter

distribution of the protein–nanoparticle ensemble.

Figure 4 shows PCS experiments performed to

study the polydispersity of the cuboctahedral particles

and the nanorods in the aqueous solution. The exper-

iments were carried out at a low concentration (10 lM)

of BSA to neglect particle–particle interactions and to

determine a concentration-independent diffusion coef-

ficient. The hydrodynamic diameter is related to the

diffusion coefficient and can be calculated according to

the Stokes–Einstein equation (Gomez et al. 2009a, b).

Cuboctahedral particles and nanorods exhibited mon-

odispersed size distributions, but in both cases the

ascertained sizes were larger than those obtained from

TEM measurements. This is due to the fact that the PCS

is sensitive to the size of the entire protein–nanopar-

ticle ensemble, while only the metallic crystal lattice is

visible under the electron beam in the bright-field TEM

techniques (Hayakawa et al. 2003). As expected, PCS

studies indicate a smaller size for the protein:Pt

cuboctahedron particle ensemble. In fact, the size of

pristine BSA under the same basic conditions

(*200 eq. of NaBH4, ESM, Figure S3) is very close

to the size measured for the cuboctahedral particles.

However, it is well known that BSA monomers and

Fig. 3 XPS of pristine BSA, BSA:Pt complexes before and

after reduction for cuboctahedral Pt particles and nanorods in

the region of Pt 4f5/2 and 4f7/2

1728 J Nanopart Res (2011) 13:1723–1735

123



dimers have a size estimated to be around 3.7 and

4.8 nm, respectively (Meechai et al. 1999). Our values

indicate that the proteins are heavily oligomerized.

Serum albumins have a strong tendency to aggregate in

solution (Fuentes et al. 2006), and also the use of a

strong reducing agent such as NaBH4 can lead to the

rupture of the disulfide bonds and the aggregation of

these proteins (Sarkar et al. 2007). In any case, BSA

under our conditions behaves as a good capping agent,

stabilizing the platinum nanoparticles without poison-

ing their surface. This is essential to obtain a good

catalytic activity. In the nanorods, fewer protein

molecules are available to stabilize the Pt particles,

which results in the formation of bigger aggregates.

Such behavior has previously been observed in the

synthesis of gold (Pan et al. 2007) and silver (Meziani

and Sun 2003) particles using BSA as stabilizer.

Description of the atomic populations located

at different sites in the particle

In ‘‘structure-sensitive’’ reactions, every atom in the

nanoparticle exhibits a different catalytic activity

according to its position and the surrounding envi-

ronment (Boudart 1995). In the case of cuboctahedral

particles, equations reported by Benfield using the

mean first-nearest-neighbor coordination number

allow us to calculate the number of atoms in different

sites (Benfield 1992; van Hardeveld and Hartog

1969). However, no such equations are available for

nanorods. In our model, we assume that the nanorod

is a result of a varying number of cuboctahedral

structures overlapped in one direction. This model

was tested by minimizing the energy of diverse

structures (ESM, Figure S4). The proposed structures

essentially result from the spatial organization of

cuboctahedra, which assume a minimum energy by

sharing faces. The following equation indicates the

number of cuboctahedra that exist in an elongated

structure as a function of particle length.

NCO ¼
ffiffiffi

2
p

l

w� r0

where l is the length, w is the widest axis present in

the particle, and r0 is the distance between the

neighboring atoms for the material studied. In the

case of a FCC platinum lattice, r0 = 0.279 nm.

Cuboctahedral particle size is determined by the

number of shells (t) around a core atom, where t is

calculated by:

t ¼ w

2r0

Table 1 shows different equations that allow us to

estimate the proportion of atoms in every particle

according to the site where the atoms are placed

(face, edge, vertex, or interior). With the use of the

formulae described in the table above, we can assign

the location of every atom in the nanorod sample.

The equations (Benfield 1992) and experimentally

determined size distribution for the cuboctahedra

(Fig. 1b), in combination with the experimental data

in Fig. 1d for the nanorods and the equations that

describe the number and the location of atoms in

these nanoparticles (Table 1), allow us to calculate

the proportion of atoms according to the site for

both samples (ESM, Figure S5). According to this

Fig. 4 Size distribution of the BSA:Pt ensemble in solution

according to PCS. a Cuboctahedral particles, b nanorods
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figure, nanorods present a higher proportion of

atoms in the interior (58%) with respect to cuboc-

tahedral particles (48%). This fact implies that the

surface area for the nanorods is less than the one in

the cuboctahedral sample. Atoms located in faces

(addition of triangular and square faces) represent a

25% for cuboctahedra while the nanorods contain

22.5% of these atoms. A similar trend is observed

for defect atoms (addition of vertex and edge atoms)

where the proportion of these for the cuboctahedra

(27%) is greater than for the nanorods (20%). The

ratio of face/defect atoms is close to 1 for both

samples. All these data and calculations serve to

conclude that both samples have similar atomic

distributions, although in a different morphology.

From these calculations, and because both samples

display analogous atomic distributions, a priori

similar catalytic activity should be expected.

Catalytic experiments

To discriminate between the catalytic activity of the

cuboctahedral particles and the nanorods, our study

targeted the hydrogenation of allyl alcohol. This

reaction is structure-sensitive according to a previous

study (Wilson et al. 2006). The reaction takes place in

aqueous solution and follows the ‘‘Horiuti-Polanyi’’

or ‘‘half-hydrogenated’’ mechanism (Smith and No-

theisz 1999). The dissociative adsorption of molecular

hydrogen (homolytic rupture of the H–H r-bond) onto

the metallic surface renders two hydrogen atoms.

Besides, olefin molecules (allyl alcohol in this study)

interact with the metal atoms located on the particle

surface. One of these hydrogen atoms attaches to one

of the two olefinic sp2 carbons, providing the half-

hydrogenated state. All steps in the process are in

equilibrium, and hence are reversible. Once the alkane

(1-propanol in this study) is irreversibly formed by

addition of a second hydrogen atom, the newly

generated molecule desorbs from the surface (Smith

and Notheisz 1999).

Mass-transfer limitations in a heterogeneous sys-

tem should always be taken into account to study

different catalytic processes (Aiken III and Finke

1998; Smith and Notheisz 1999). For our particular

heterogeneous system, three different phases coexist

(hydrogen gas phase, aqueous solution, and nanopar-

ticle surface), and diffusion barriers can interfere with

the measured level of catalytic activity. Diverse

equations and experiments are reported in the litera-

ture to describe how the mass transfer is involved in

the determination of the reaction rate (ESM, Figure

S6) (Aiken III and Finke 1998; Alcorn and Sullivan

1992; Smith and Notheisz 1999). We have used two

sets of experiments to find the conditions for our

system where mass transfer limitations are minimized.

Figure 5 shows how to find the appropriate

conditions to minimize the mass transfer. In the first

set of experiments, different concentrations of cub-

octahedral catalyst were tested in the hydrogenation

of allyl alcohol. The aim was to determine the region

where the catalytic activity (in terms of TOF) is

proportional to the concentration of catalyst. In this

region, the mass-transfer processes do not have a

substantial influence on the catalytic value. Under

these conditions, the catalyst is saturated by the

reactants and the rate depends on a pseudo-first order

rate constant and the catalyst concentration. When the

rate is independent of the latter, a plateau can be

observed and in this region the reaction is controlled

by mass transfer (Fig. 5a). The experimentally

obtained concentration of 48 lM of the platinum

catalyst implies that at this concentration, the system

falls in the intrinsic kinetic regime (Fig. 5 and ESM,

Figures S6, S7).

The second set of experiments consists of the

measurement of TOFs with different stirring rates.

Since the degree of mixing of the reactants depends

upon the stirring rate, this may influence the reaction

rate. If small changes in the stirring rate do not

change the reaction rate, then it implies that the mass

transfer process between the gas and liquid phases

does not control the overall reaction. We evaluated

the stirring-rate dependence for cuboctahedral plati-

num particles with concentration of 48 lM (Fig. 5b).

According to our concentration-dependence set of

experiments, this concentration is located in the

kinetic regime. The reaction rate was observed to

Table 1 Equations that describe the number of atoms

according to their site in the nanorods surface

Square face atoms NS ¼ t� 1ð Þ2 4NCO þ 2ð Þ
Triangular face

atoms

Nt ¼ 4 t� 2ð Þ t� 1ð Þ þ 4 t� 3ð Þ t� 2ð Þ½
þ4t� 8� NCO � 1ð Þ

Vertex atoms Nt ¼ 4NCO þ 8

Edge atoms Ne ¼ 40 t� 1ð Þ þ 16 NCO � 1ð Þ t� 2ð Þ
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level off at high stirring rates. This behavior agrees

closely with an intrinsic kinetic regime.

The stirring-rate dependence study was also done

for platinum nanorods (48 lM). A plateau in the

catalytic activity for high stirring rates was observed

(ESM, Figure S8). This experiment confirms that

nanorods at a concentration of 48 lM are also in a

kinetic regime. If the same experiment is performed

with a concentration of 110 lM using cuboctahedral

particles, no plateau is reached, which agrees with a

process governed by mass-transfer limitations as

expected (ESM, Figure S9).

The reactions were run under a known hydrogen

pressure. The decrease in the pressure measured

during a known period of time allowed us to

calculate the amount of hydrogen moles consumed

in the reaction and the TOF. The validity of this

TOF value was also checked by 1H-NMR (7 h were

needed for these experiments). In the 1H-NMR,

allyl alcohol and 1-propanol were the chemicals

detected, which indicates a high selectivity. It also

points toward platinum being a poor catalyst for

oxidative dehydrogenation because of the absence of

propanaldehyde or propenal (Kereszzegi et al.

2001). 1H-NMR integrals gave us number of moles

of 1-propanol that agrees with the decrease in the

hydrogen pressure, thus confirming the reliability of

calculated TOFs.

To determine TOF values for Pt cuboctahedra

particles and nanorods, we have assumed that the

whole amount of Pt atoms has been reduced. This

assumption is based on the reducing conditions

(hydrogen atmosphere) used for our experiments

combined with the presence of Pt(0) atoms that could

act as catalytic seed for unreduced Pt particles.

Cuboctahedral nanoparticles and nanorods were

studied as catalysts. TOFs for cuboctahedral particles

[169 ± 21 mol H2/(mol Pt 9 h)] and nanorods

[243 ± 29 mol H2/(mol Pt 9 h)] showed a different

catalytic activity. The data revealed that nanorods

display the highest catalytic activity in spite of the

fact that cuboctahedra particles and nanorods share a

similar atomic distribution. We can conclude that

nanorods are better catalysts than the cuboctahedra in

agreement with previous articles (Besson et al. 2005a, b;

Narayanan and El-Sayed 2003; Ott et al. 2007).

It is also worth to mention that nanorods have

less Pt atoms on the particle surface (42%)

compared with the cuboctahedra (52%) (ESM,

Figure S5). The superior catalytic activity of nano-

rods can be explained on the basis of differences in

the amount of protein in both materials. Cubocta-

hedral particles, monodispersed with a well-defined

shape, contain four times the quantity of protein that

is present in the nanorods. A higher amount of

proteins also implies an increase in the amount of

sulfur groups in the solution that can chelate the

particle and a more effective stabilization and

passivation as the PCS studies suggest. In the

nanorods, with a cleaner metallic surface available

to perform the reaction and a less effective particle

protection, the catalytic activity is better. The

catalytic activity measured for both types of BSA-

functionalized nanocrystals was greater than the

activity reported for dendrimer-encapsulated plati-

num nanocrystals [TOF = 50 mol H2/(mol Pt 9 h)]

(Scott et al. 2003).

Fig. 5 a Rate versus catalyst concentration for (24:1) Pt:BSA

nanoparticles. b Rate versus stirring rate for 48 lM (24:1)

Pt:BSA nanoparticles
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Stability

Platinum particles studied in this work remain stable for

months. Nevertheless, when the hydrogenation reaction

is performed, a precipitate is observed within 24 h.

In order to study the stability of these bioconjugated

protein platinum nanoparticles, hydrogenation reac-

tions were performed and aliquots were taken after 3

and 24 h (ESM, Figures S10, S11). Coalescence of the

nanocomposites was observed according to TEM

analyses. After 24 h, protein aggregation is clearly

visible for the cuboctahedral nanoparticles as well as

the nanorods. The precipitate is clearly more notice-

able when the cuboctahedral particles are the catalyst,

although in this case, BSA protein concentration is also

higher (24 platinum atoms per BSA molecule).

Different control experiments were performed to

discern the origin of the precipitation. A 20 mL

aqueous solution of allyl alcohol (0.6 mL) and 48 lM

cuboctahedral platinum particles were stirred at room

temperature in the absence of hydrogen. No precipitate

was observed after 24 h. A second experiment was

carried out stirring a solution of 48 lM cuboctahedral

platinum nanoparticles under hydrogen atmosphere.

The solution does not change after 24 h and no

decrease in the hydrogen pressure was noticed. After

this period of time, allyl alcohol was introduced in the

system. The hydrogenation reaction took place and

after 1 day, a clearly observable precipitate appeared

in the system. This experiment was also conducted

using platinum nanorods and the same results were

obtained. A degradation of the protein is likely to be

the cause for this precipitation. The BSA protein has

unsaturated residues that are close to the nanoparticle

surface and can be reduced. Degradation of unsatu-

rated residues could induce a change in the tertiary

structure of the protein, ultimately leading to aggre-

gation of the BSA molecules which is visible at the

macroscopic scale, and coalescence among the nano-

crystals which is evident at the microscopic scale.

Conclusions

In summary, we have demonstrated that platinum

nanocrystals directly conjugated to BSA protein mol-

ecules are active toward the catalytic hydrogenation of

allyl alcohol. The characterization of the catalysts was

performed by means of TEM, XPS, and PCS studies.

These experiments suggest that the cuboctahedral

nanoparticles are small, well-defined, and monodis-

perse Pt(0) particles while the nanorods are a polydis-

perse sample that forms larger aggregates in solution

with the BSA. We report the catalytic performance of

our materials, with nanorods exhibiting superior

activity. We attribute this difference in catalytic

activity to the amount of protein used as template in

each case. A lesser amount of protein means a cleaner

metallic surface available to perform the reaction

although the polydispersity of the Pt nanoparticles is

higher. A model for the nanorods and equations that

describe the proportion of atoms in the different sites of

the particle (face, vertex, edge, or interior) is reported.

However, the long-term dimensional stability of pro-

tein-functionalized platinum nanocrystals was com-

promised under the catalytic reaction conditions, as

documented by TEM analysis. Significant coalescence

was observed in the cuboctahedral particles and nano-

rods after 24 h of reaction within the intrinsic kinetic

regime. We attribute the observed protein aggregation

and nanocrystal coalescence to the structural degrada-

tion of BSA molecules when exposed to the hydroge-

nation reaction conditions for prolonged time.
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