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Abstract We present here the size-dependent decompo-

sition of methanol (MeOH) over narrowly distributed Pt

nanoparticles supported on nanocrystalline anatase TiO2

powder. Micelle encapsulation has been used to create Pt

catalysts with average particle sizes of ~4, 6, and 8 nm.

A packed bed mass flow reactor and mass spectrometry

were employed to quantify the catalyst’s activity and

selectivity. Among the catalysts tested the smallest nano-

particles showed the best performance including an onset

reaction temperature of ~145 �C. No byproducts such as

CO2 or CH4 were observed in the test range of 100–330 �C.

Keywords Methanol decomposition � MeOH � H2

production � Micelles � Pt � Nanoparticle � TiO2 �
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1 Introduction

Presently, with the world’s demand for energy projected to

double by the year 2050 [1], the development of enabling

technologies for alternative energy sources is no longer a

question of debate but rather one of necessity. Hydrogen is

seen as one of the most promising alternatives and can be

produced in a myriad of ways [2]. The quest for a hydrogen

economy has attracted much attention to the reforming of

liquid hydrocarbons, and in particular to the reforming of

methanol. Because of its adaptability to the existing

infrastructure, and high hydrogen density, methanol is seen

as one of the most viable options for widespread use in fuel

cell vehicles [3]. Methanol can be produced from a number

of renewable resources such as black liquor, animal waste,

and dedicated energy crops, giving it environmental as well

as economic appeal.

The decomposition of methanol for the production of

synthesis gas (CO/CO2/H2) has many industrially relevant

applications such as the production of high-purity hydrogen

for metallurgical processes, generation of electricity, and

its promise for use in fuel cell technology, thus it has been

the subject of intensive study [4, 5]. There are several

decomposition processes currently in use and under study

including direct decomposition, steam reforming, and

oxidation [5]. These processes require the use of metallic

nanoparticle catalysts such as Cu, Pt, and Pd supported on

various metal oxides [6]. In the reverse direction, the

synthesis of methanol is a process that is better understood

in that there is now a preferred catalyst in widespread

industrial use (Cu/ZnO/Al2O3) [7]. However, the reaction

site and pathway mechanisms of this catalyst are still under

investigation [7–9]. Recently, other metals such as Ag, Au,

and AuPt alloys have shown potential as active catalysts

for methanol synthesis and oxidation [10, 11].

Metallic nanoparticles having dimensions less than

10 nm have been found to have size dependent chemical

reactivity, due in part to quantum size effects and an in-

crease in step density with decreasing particle size [12–14].

It has been shown that irregularities, such as kinks and

steps, play a vital role in catalytic reactions that occur at

surfaces [15]. In particular, the physical and electronic

properties of a nanoparticle catalyst are greatly affected by
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the number of atoms that make up such a catalyst. As the

particle size becomes smaller, the surface to volume ratio

grows, and the number of low coordinated surface atoms

grows accordingly. Such under-coordinated sites are

known to display distinct electronic properties. As an

example, a local enhancement of the electron density of

states has been measured by scanning tunneling micros-

copy (STM) at surface steps [16]. A possible correlation

between the unusual electronic features of low coordinated

atoms in nanoparticles and their increased catalytic reac-

tivity is under investigation.

Pt nanocatalysts have been proven to be exceptionally

active and selective for many industrially relevant chemical

reactions including hydrogen evolution [17], methanol

decomposition [18], the partial oxidation of methane [19],

ethylene hydrogenation [20], and the abatement of auto-

mobile emissions, which includes CO oxidation as well as

the reduction of hydrocarbons and NOx [21]. The nano-

particle synthesis method of micelle encapsulation allows

precise control over the size, shape, and spatial distribution

of particles [15], making it an attractive candidate for the

synthesis of monodispersed nanocatalysts. This is espe-

cially critical in fuel cell technologies where expensive

noble metals, such as Pt, are required to achieve not only

enhanced activity but also selectivity, which has become

the focus of modern catalysis [22, 23]. In this paper we

present the size dependence of methanol decomposition

over Pt nanoparticles synthesized by micelle encapsulation

and supported on polycrystalline anatase TiO2 powder.

2 Experimental

Non-polar/polar diblock copolymers [Poly(styrene)-block-

poly(2vinylpyridine)] were dissolved in a non-polar solvent

(toluene) in order to obtain spherical nano-cages (inverse

micelles). The micelles were then loaded with a metal salt

(H2PtCl6 � 6H2O) to produce self-confined and size-se-

lected Pt nanoparticles. The particle size can be tuned by

using polymers with different head lengths and/or by

changing the metal-salt/polymer head concentration in the

solution [24–26]. The solution was then mixed with TiO2

in the form of a powder and placed in a tubular furnace

open to the air for calcination. For these experiments the

catalyst powder was not sieved. The nominal size of the

nanocrystalline anatase TiO2 support (Alfa Aesar) was

~32 nm, with our TEM data giving an average particle

diameter of ~42 nm after annealing at 500 �C for 2.5 h.

Each Pt/TiO2 catalyst sample had a total weight of 150 mg

and contained 2% by weight Pt. The amount of Pt salt used

in each sample is derived from the Pt-salt/P2VP ratio as

reported in Table 1. In these experiments three commercial

polymers [PS(x)-b-P2VP(y), Polymer Source Inc.], having

head groups with different molecular weights, were used in

order to create three distinct particle sizes. Further sample

preparation details can be found in Table 1.

Powder samples were deposited on carbon conductive

tabs (Ted Pella, Inc.) and transferred to an ultra high vac-

uum system (UHV, SPECS GmbH) for surface analysis by

X-ray photoelectron spectroscopy (XPS). XPS data were

collected using a monochromatic X-ray source (Al-Ka,

1,486.6 eV) operating at 400 W. The binding energies of

all samples were referenced to the Ti 2p3/2 [TiO2] peak at

458.6 eV [27].

To study the effect of calcination on the activity of the

catalyst, as well as to remove the encapsulating PS-PVP

polymers, the samples were annealed before the reaction at

two different temperatures. One set of samples was an-

nealed at 315 �C for 3 h and another set at 500 �C for

2.5 h. Activity tests were then conducted on each of the

sample sets.

Catalytic decomposition of methanol in the vapor phase

was carried out in a packed bed mass flow reactor. A ver-

tical quartz tube (inside diameter 4 mm) served as the

reactor vessel and the 150 mg powder catalysts were sup-

ported between glass wool plugs, giving a bed height of

~3.5 cm. A thermocouple (K-type) in contact with the

reactor at the location of the catalyst was used to monitor

temperature and the entire assembly was insulated to min-

imize heat losses. Immediately prior to the reaction all

catalysts were heated for 1 h at ~200 �C (below the initial

calcination temperatures) in a flow of He at 10 mL/min.

Activities were measured at atmospheric pressure in the

range of 100–330 �C . The temperature was increased

stepwise and kept constant at the recorded values. Regions

of stable activity were obtained and averaged over

~3–5 min intervals. Helium was used as the carrier gas

during methanol decomposition. The He flow was regulated

by a mass flow controller (MKS) at 10 mL/min. The com-

position of the feed was 2% MeOH, relative to the flow of

He as determined by the partial pressures of He and the

main fragment ion of MeOH (mass 31). The product stream

of the reactor was monitored by a quadrupole mass spec-

trometer (Hiden HPR-20, QMS). The QMS is equipped

with a heated silica capillary (inside diameter 0.3 mm) from

which the sample gases exit at low pressure and high

velocity, and subsequently impinge on a platinum orifice

(diameter 0.02 mm). The orifice provides a second stage of

pressure reduction from which sample gases enter directly

into the mass spectrometer ion source. The inlet of the

capillary has a maximum consumption of 16 mL/min.

Several tests involving the flow of the carrier gas were car-

ried out until an optimum flow of 10 mL/min was selected

for our experiments. This setup can be operated in a pressure

range of 10 mbar–2 bar. Partial pressures of all gases were

monitored using the system’s Faraday cup detector.
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The polymer-salt solutions were also dip-coated on

SiO2/Si(001) substrates in order to obtain particle size

information (height) via atomic force microscopy (AFM)

with a Nanoscope MultimodeTM (Digital Instruments)

microscope operating in tapping mode. In addition, trans-

mission electron microscopy (TEM) was carried out on the

powder samples with a Tecnai F30 TEM operating at an

accelerating voltage of 300 kV.

3 Results and Discussion

3.1 Morphological and Structural Characterization

Figure 1 displays AFM images of the three different

polymer-salt solutions dip-coated on SiO2/Si(001) before

(left) and after (right) UHV annealing for 30 min at

500 �C. At this temperature removal of the encapsulating

polymer is observed by monitoring the C-1s XPS signal.

As seen in Fig. 1, the size distribution in each sample is

narrow, demonstrating that the simple method of micelle

encapsulation can consistently synthesize size-selected Pt

nanoparticles. Analysis of the images taken after annealing

gives an average particle height of 3.7 ± 0.6 nm (b),

6.3 ± 1.1 nm (d), and 8.1 ± 1.4 nm (f). Since the nano-

particle diameters measured are significantly enhanced due

to tip-convolution effects, the AFM heights measured will

be used as the representative size of the nanoparticles

throughout the text.

Figure 2 shows typical bright-field TEM images of Pt

nanoparticles prepared by micelle encapsulation, which are

supported on anatase TiO2 powder. Contrasts from these

images were also employed to measure the size of the Pt

nanoparticles as reported in Table 1.

3.2 Electronic and Chemical Characterization

Figure 3 shows XPS spectra of the Pt region for three

samples annealed at 315 �C (samples #2, #4, #6) and three

samples annealed at 500 �C (samples #1, #3, #5) before

reaction with methanol. The solid lines indicate the posi-

tions of the main core-level peaks of metallic Pt at 70.4 eV

(4f7/2) and 73.7 eV (4f5/2) [28], the dashed lines to Pt2+ in

PtO (72.4 and 75.7 eV) [29], and the dotted lines to Pt4+ in

PtO2 (74.6 and 77.9 eV) [30].

All samples annealed at 315 �C display a convolution of

mainly Pt0 and Pt2+. Since a residual Cl signal was mea-

sured after this low temperature (315 �C) thermal treatment

for samples #2, #4, and #6 (Fig. 4 shows Cl 2p XPS data

from sample #2), we conclude that the Pt2+ found in these

samples must be mainly in chlorinated compounds. This is

in agreement with the binding energies measured by Zhao

et al. [31] on dendrimer-encapsulated Pt nanoparticles

before the removal of the encapsulating ligands (72.8 and

75.7 eV). Furthermore, in these samples the Pt2+/Pt0 ratio

was found to increase with increasing particle size. In

particular, the XPS spectrum from the sample containing

the largest nanoparticles (sample #6) shows mainly

Pt2+—4f peaks at ~72.4 and 75.7 eV. The difference in the

Cl content of nanoparticle samples with different sizes

(higher Cl content for larger clusters) can be tentatively

attributed to the different number of low-coordinated Pt

atoms in these systems, as well as to the distinct melting

temperature of clusters with different sizes. Small clusters

have a larger number of atoms at the surface and a reduced

melting temperature. It is therefore plausible that chlori-

nated compounds in such systems, available mainly at the

nanoparticle surface, are easier to decompose upon thermal

treatment. For larger clusters, the complete Cl removal

from the bulk requires higher annealing temperatures as

well as longer annealing times. Upon annealing to 500 �C

(samples #1, #3, #5), no residual Cl signal was observed

(Fig. 4, sample #1) and the binding energies measured

were attributed to Pt0, PtO, and PtO2. After identical

thermal treatments, it was found that the oxidation state

of the nanoparticles depends on the particle size. The

smallest nanoparticles (sample #1) were fully reduced at

500 �C, while samples #3 and #5 still contained Pt2+ and

Table 1 Synthesis parameters and average height (AFM) and diameter (TEM) distributions of Pt nanoparticles synthesized by inverse micelle

encapsulation

Sample PS(x)/P2VP(y) molecular

weight (g/mol)

Pt(salt)/P2VP

ratio

Annealing (�C) AFM height

(nm)

TEM diameter (nm)

# 1 27,700/4,300 0.6 500 3.7 ± 0.6 nm 8.6 ± 1.2 nma 8.2 ± 1.7 nmb

# 2 27,700/4,300 0.6 315 – –

# 3 53,400/8,800 0.3 500 6.3 ± 1.1 nm 20.8±2.7 nma

# 4 53,400/8,800 0.3 315 – –

# 5 81,000/14,200 0.6 500 8.1 ± 1.4 nm 11.4 ± 1.6 nma

# 6 81,000/14,200 0.6 315 – –

Here the symbol a represents size distributions of the samples measured after annealing but before exposure to methanol, and b represents

distributions done after annealing and subsequent exposure to methanol
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Fig. 1 Tapping mode AFM

images of size-selected Pt

nanoparticles dip-coated on

SiO2/Si(001). The left column

shows samples #1 (a), #3 (c),

and #5 (e) before annealing. The

right column shows samples #1

(b), #3 (d), and #5 (f) after

annealing in UHV at 500 �C for

30 min. The z scale is 0–12 nm

for (b), 0–25 nm for (f), and

0–20 nm for all others

Fig. 2 Bright-field TEM images showing Pt nanoparticles prepared

by micelle encapsulation supported on anatase TiO2 powder: (a)

sample #1 before reaction with methanol and (b) sample #1 after

methanol exposure, (c) sample #3 before reaction with methanol. All

samples shown were calcined at 500 �C
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Pt4+ compounds. It is interesting to note that the main Pt

peak (4f7/2) of all samples appears at ~70.4 eV. This value

is close to those reported by Silvestre-Albero et al. [32] for

similar TiO2-supported Pt particles, and corresponds to a

negative shift of ~0.7 eV when compared to the most

common value measured for bulk Pt0 at 71.1 eV [33]. Such

negative shifts can be explained by strong support-metal

interactions. Charge transfer from the support to the par-

ticle, especially in systems with metallic particles on

reducible metal oxides, can alter the electronic properties

of the particle [34]. Small particles also have a large

number of surface atoms with reduced coordination num-

ber. This feature is known to induce negative binding

energy shifts relative to the value measured for the bulk

metal [35].

3.3 Catalytic Activity

Figure 5 displays the activity as calculated from data

acquired by the quadrupole mass spectrometer. Activity is

defined in terms of partial pressures measured by the QMS

and given by the equation (PH2–PH0)/Pm31. Here PH2 is the

pressure of H2 at a given temperature, PH0 is the initial

background pressure of H2, and Pm31 is the pressure of the

main fragment ion of methanol. A clear size dependence of

the catalytic activity of Pt nanoparticles supported on TiO2

is observed. For the sample set annealed at 315 �C (open

symbols in Fig. 5) we can see a well-defined trend where

an increase in activity is associated with a decrease in

particle size. A similar trend was observed for the set of

samples annealed at 500 �C (closed symbols in Fig. 5),

although samples #3 and #5 displayed almost identical

activities. This effect can be attributed to nanoparticle

coarsening, since our TEM measurements indicate that

significant agglomeration occurred in sample #3 after

annealing at 500 �C (Fig. 2), rendering an average size

distribution comparable to sample #5. Furthermore, the

most dramatic improvement in activity was observed for

the largest particles (sample #5) after the high temperature

pre-treatment. This may be related to the fact that the

Fig. 3 XPS spectra of Pt particles supported on TiO2 measured at

room temperature. The solid lines show the positions of the 4f peaks

of metallic Pt, the dashed lines give the positions of the Pt2+ peaks,

and the dotted lines show Pt4+. The spectra number at the right

corresponds to the sample from which the data were obtained and is

described in Table 1
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Fig. 4 XPS data showing Cl 2p at ~198.4 eV. All samples show

residual Cl after calcination at 315 �C (sample #2 is shown here).

After calcination at 500 �C the Cl is removed and all samples show

spectra similar to that of sample #1 as shown in the figure
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Fig. 5 Activity of size-selected Pt nanoparticles supported on TiO2

anatase powder (see Table 1 for details) for methanol decomposition.

The activity is defined in terms of partial pressures measured by a

quadrupole mass spectrometer (QMS) and given by the equation

(PH2-PH0)/Pm31. Here PH2 is the pressure of H2 at a given

temperature, PH0 is the initial background pressure of H2, and Pm31

is the pressure of the main fragmention of methanol. Samples are

identified by their number as given in Table 1
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analogous sample, annealed at 315 �C (sample #6), showed

the largest Pt2+/Pt0 ratio, and that subsequent annealing to

500 �C served to remove residual Cl and increase the

amount of metallic Pt species. The other two sizes annealed

at 500 �C also displayed enhanced activities as the tem-

perature in the reactor approached 260 �C for sample #1

and 300 �C for sample #3. This suggests that after low

temperature annealing (315 �C) there is residual Cl in the

samples which is detrimental to the reaction, and that the

higher annealing temperature is of greater advantage as

long as the sintering is minimized. Our mass spectroscopy

data from samples #3 and #4 indicate that any benefits

gained from the removal of the chlorine can be offset by a

corresponding increase in particle size. This size effect also

reveals itself in the low temperature region of Fig. 5, where

we see a clear decrease in activity for sample #3 as com-

pared to its counterpart (sample #4) calcined at lower

temperature (315 �C).

We also note that all samples show H2 production well

below 200 �C with the smallest particles (sample #1)

becoming active when the reactor temperature is about

145 �C. This is especially important for the development of

heat recovery systems [36] and compares favorably with

values reported elsewhere [37–41]. During the course of all

reactions no significant amount of byproducts such as

methane (CH4), carbon dioxide (CO2), or dimethyl ether

(CH3OCH3) were observed. Therefore, the main process

involved is the direct decomposition of MeOH and com-

peting H2 reactions (i.e. methanation) are not a factor.

Figure 5 shows that the smallest particles, which were

also more easily reduced from Ptd+ to Pt0, displayed the

highest activities. This effect is further illustrated in Fig. 6

where the activity, measured at four different reaction

temperatures for samples calcined at 500 �C (samples #1,

#3 and #5), is plotted versus the nanoparticle height as

measured by AFM. Here again we can see the effects of

increased nanoparticle size in sample #3, which shows a

slightly lower activity than sample #5 at 250 �C (squares),

and is comparable to sample #5 even at 300 �C (dia-

monds). Thus, the removal of the Cl from this sample has

been negated by an increase in particle size. We conclude

that nanoparticle coarsening in sample #3 is not due to

temperatures in the reactor since all experiments were

conducted in the range of 100–330 �C, which is well below

the pretreatment temperature of samples #1, #3, and #5 at

500 �C. In addition, TEM analysis reveals that the most

active particles (sample #1) did not coarsen during reaction

with methanol, having an average size of 8.6 ± 1.2 nm

before reaction, and 8.2 ± 1.7 after reaction (Table 1). We

may note also that each experiment lasted for about 6 h,

and no deactivation was observed during that period of

time for any sample.

On similarly synthesized gold nanoparticles supported

on TiC, our group has also demonstrated a dependence of

the particle size on the catalytic activity of this system for

low temperature CO oxidation [15]. However, we must

mention that smaller particles do not always perform bet-

ter, and reducing particle size may only be advantageous to

a point. For example, It is known that a minimum number

of atoms per cluster is required to observe high reactivities,

in particular the enhanced activities displayed by small

clusters for CO oxidation decrease below a particle size of

about 2–3 nm [13, 42].

Although the present study focuses on the influence of

the nanoparticle size on chemical reactivity, it should be

stated that the nature of the metal oxide support also plays

a crucial role in catalytic processes mediated by supported

nanoparticles. For example, the use of ZnO, TiO2, SiO2,

CeO2, and Al2O3 as supports can effect particle sintering,

catalytic activity, and selectivity in reactions such as

MeOH decomposition [43], steam reforming of MeOH

[44], and CO oxidation and propylene hydrogenation [45].

It is believed that the oxygen vacancies that easily appear

in some of these materials upon annealing may play a

crucial role [46, 47]. More specifically, on reduced TiO2,

charge redistribution and accumulation around oxygen

vacancies has been predicted [34], and the possibility of

charge transfer to small nanoparticles suggested. This

excess charge could significantly influence the catalytic

performance of the cluster/metal oxide system.

4 Conclusion

Micelle encapsulation has been used to create size-selected

Pt nanoparticles highly dispersed on polycrystalline ana-

tase-TiO2 supports. These nanocatalysts were found to be

active for the decomposition of MeOH and subsequent

production of H2 at temperatures as low as 145 �C. Mass

spectrometry data show that on these Pt nanoparticles H2

Sample # 1
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Sample # 5
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A
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.U 
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Fig. 6 Activity plotted as a function of particle height (AFM) at

four different reaction temperatures for samples previously calcined

at 500 �C (samples #1, #3 and #5). Circles represent a reactor

temperature of 150 �C, triangles 200 �C, squares 250 �C, and

diamonds 300 �C. Columns are denoted by the sample number as

given in Table 1
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production proceeds mainly through the direct decompo-

sition of MeOH and that the activity increases with

decreasing particle size. Furthermore, the influence of the

oxidation state of the Pt nanoparticles on their activity and

selectivity was investigated. Our mass spectrometry data

reveal that the samples annealed at higher temperature,

where a larger percentage of metallic Pt species was

detected by XPS, are the most active. However, this is not

the case when the high temperature treatment leads to

nanoparticle coarsening and significant increase in particle

size. In addition, the residual Cl present in our catalysts

after low temperature annealing (315 �C) was found to

hinder the reaction. However, the size of the particles

turned out to be the dominant factor in determining the

relative activity of these samples, and the smallest Pt

nanoparticles were found to be the most active.
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