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Abstract

We present here the size-dependent decompositiometfanol (MeOH) over narrowly
distributed Pt nanoparticles supported on nancaityst anatase Tigphowder. Micelle
encapsulation has been used to create Pt catahtbtaverage particle sizes of ~ 4, 6,
and 8 nm. A packed bed mass flow reactor and ms@&strometry were employed to
guantify the catalyst’'s activity and selectivitAmong the catalysts tested the smallest
nanoparticles showed the best performance includmgnset reaction temperature of
~145 °C. No byproducts such as £ CH, were observed in the test range of 100 to

330 °C.
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1. Introduction

Presently, with the world’'s demand for enepggjected to double by the year 2050
[1], the development of enabling technologies fiteraative energy sources is no longer
a question of debate but rather one of necessttydrogen is seen as one of the most
promising alternatives and can be produced in aadyof ways [2]. The quest for a
hydrogen economy has attracted much attentiongadforming of liquid hydrocarbons,
and in particular to the reforming of methanol. Because of its adaptability to the
existing infrastructure, and high hydrogen dengitgthanol is seen as one of the most
viable options for widespread use in fuel cell evdds [3]. Methanol can be produced
from a number of renewable resources such as liaodr, animal waste, and dedicated
energy crops, giving it environmental as well asremic appeal.

The decomposition of methanol for the productiorswithesis gas (CO/G,) has
many industrially relevant applications such as pheduction of high-purity hydrogen
for metallurgical processes, generation of eleityri@and its promise for use in fuel cell
technology, thus it has been the subject of intenstudy [4, 5]. There are several
decomposition processes currently in use and wtddy including direct decomposition,
steam reforming, and oxidation [5]. These processsjuire the use of metallic
nanoparticle catalysts such as Cu, Pt, and Pd si@obon various metal oxides [6]. In
the reverse direction, the synthesis of methanal gocess that is better understood in
that there is now a preferred catalyst in widespreaustrial use (Cu/ZnO/ADs3) [7].
However, the reaction site and pathway mechanistthis catalyst are still under
investigation [7-9]. Recently, other metals suchAgs Au, and AuPt alloys have shown

potential as active catalysts for methanol synthasd oxidation [10, 11].



Metallic nanoparticles having dimensions l#sn 10 nm have been found to have
size dependent chemical reactivity, due in paguantum size effects and an increase in
step density with decreasing particle size [12-14]has been shown that irregularities,
such as kinks and steps, play a vital role in gatafeactions that occur at surfaces [15].
In particular, the physical and electronic progeytof a nanoparticle catalyst are greatly
affected by the number of atoms that make up suchtalyst. As the particle size
becomes smaller, the surface to volume ratio grand,the number of low coordinated
surface atoms grows accordingly. Such under-coatélth sites are known to display
distinct electronic properties. As an example,al@nhancement of the electron density
of states has been measured by scanning tunneicrgsoopy (STM) at surface steps
[16]. A possible correlation between the unusuattebnic features of low coordinated
atoms in nanoparticles and their increased catalgtctivity is under investigation.

Pt nanocatalysts have been proven to be excepyicactive and selective for
many industrially relevant chemical reactions iwddhg hydrogen evolution [17],
methanol decomposition [18], the partial oxidatiaf methane [19], ethylene
hydrogenation [20], and the abatement of automoéitessions, which includes CO
oxidation as well as the reduction of hydrocarbansl NQ [21]. The nanoparticle
synthesis method of micelle encapsulation allovexige control over the size, shape, and
spatial distribution of particles [15], making it attractive candidate for the synthesis of
monodispersed nanocatalysts. This is especialigalrin fuel cell technologies where
expensive noble metals, such as Pt, are requiradhi@eve not only enhanced activity but
also selectivity, which has become the focus of enodatalysis [22, 23]. In this paper

we present the size dependence of methanol decdroposver Pt nanoparticles



synthesized by micelle encapsulation and suppootedoolycrystalline anatase TiO

powder.

2. Experimental

Non-polar/polar diblock copolymers [Poly(styeg-block-poly(2vinylpyridine)] were
dissolved in a non-polar solvent (toluene) in oreobtain spherical nano-cages (inverse
micelles). The micelles were then loaded with aamngalt (HPtCk.6H,O) to produce
self-confined and size-selected Pt nanoparticlHse particle size can be tuned by using
polymers with different head lengths and/or by diwag the metal-salt/polymer head
concentration in the solution [24-26]. The solatigas then mixed with Tigin the form
of a powder and placed in a tubular furnace opetheoair for calcination. For these
experiments the catalyst powder was not sievece riidminal size of the nanocrystalline
anatase Ti@support (Alfa Aesar) was ~ 32 nm, with our TEM dgtaing an average
particle diameter of ~ 42 nm after annealing at 80@r 2.5 hours. Each Pt/TO
catalyst sample had a total weight of 150 mg andtasned 2% by weight Pt. The
amount of Pt salt used in each sample is derivaa the Pt-salt/P2VP ratio as reported
in Table 1. In these experiments three commepobimers [PS(x)-b-P2VP(y), Polymer
Source Inc.], having head groups with different @salar weights, were used in order to
create three distinct particle sizes. Further sanmpeparation details can be found in
Table 1.

Powder samples were deposited on carbon ctmdutabs (Ted Pella, Inc.) and
transferred to an ultra high vacuum system (UHVEGB GmbH) for surface analysis by

X-ray photoelectron spectroscopy (XPS). XPS datarew collected using a



monochromatic X-ray source (Al-K 1486.6 eV) operating at 400 W. The binding
energies of all samples were referenced to thepdi O,] peak at 458.6 eV [27].

To study the effect of calcination on the atyiof the catalyst, as well as to remove
the encapsulating PS-PVP polymers, the samples amnealed before the reaction at
two different temperatures. One set of samplesamagaled at 315 °C for 3 hours and
another set at 500 °C for 2.5 hours. Activity $esere then conducted on each of the
sample sets.

Catalytic decomposition of methanol in the ataphase was carried out in a packed
bed mass flow reactor. A vertical quartz tube ii@esdiameter 4 mm) served as the
reactor vessel and the 150 mg powder catalysts sugmgorted between glass wool plugs,
giving a bed height of ~3.5 cm. A thermocouplet{iée) in contact with the reactor at
the location of the catalyst was used to monitorpgerature and the entire assembly was
insulated to minimize heat losses. Immediatelpmto the reaction all catalysts were
heated for one hour at ~ 200 °C (below the intekcination temperatures) a flow of
He at 10 ml/min. Activities were measured at apie@ric pressure in the range of 100
to 330 °C. The temperature was increased stepavidekept constant at the recorded
values. Regions of stable activity were obtained averaged over ~ 3-5 min intervals.
Helium was used as the carrier gas during methdeocbmposition. The He flow was
regulated by a mass flow controller (MKS) at 10miifm The composition of the feed
was 2% MeOH, relative to the flow of He as detemdiby the partial pressures of He
and the main fragment ion of MeOH (mass 31). Thaepet stream of the reactor was
monitored by a quadrupole mass spectrometer (HHIBR-20, QMS). The QMS is

equipped with a heated silica capillary (insidengiger 0.3 mm) from which the sample



gases exit at low pressure and high velocity, aresbagquently impinge on a platinum
orifice (diameter 0.02 mm). The orifice providesecond stage of pressure reduction
from which sample gases enter directly into thesysgmectrometer ion source. The inlet
of the capillary has a maximum consumption of 16mml. Several tests involving the
flow of the carrier gas were carried out until gtimum flow of 10 ml/min was selected
for our experiments. This setup can be operatedpressure range of 10 mbar to 2 bar.
Partial pressures of all gases were monitored ubmgystem’s Faraday cup detector.
The polymer-salt solutions were also dip-coate®dy/Si(001) substrates in order to
obtain particle size information (height) via atenforce microscopy (AFM) with a
Nanoscope Multimod& (Digital Instruments)nicroscope operating in tapping mode. In
addition, transmission electron microscopy (TEM)swearried out on the powder

samples with a Tecnai F30 TEM operating at an acathg voltage of 300 kV.

3. Results and discussion
3.1 Morphological and structural characterization

Fig. 1 displays AFM images of the three differealymer-salt solutions dip-coated on
SiO,/Si(001) before (left) and after (right) UHV annegl for 30 min at 500 °C. At this
temperature removal of the encapsulating polymeserved by monitoring the C-1s
XPS signal. As seen in Fig. 1, the size distrdnutin each sample is narrow,
demonstrating that the simple method of micelle apsalation can consistently
synthesize size-selected Pt nanoparticles. ArglySthe images taken after annealing
gives an average particle height of 3.0.6 nm (b), 6.3 1.1 nm (d), and 8.1 1.4 nm (f).

Since the nanoparticle diameters measured arefismrly enhanced due to tip-



convolution effects, the AFM heights measured Wdlused as the representative size of
the nanoparticles throughout the text.

Fig. 2 shows typical bright-field TEM images of itnoparticles prepared by micelle
encapsulation, which are supported on anatase go@der. Contrasts from these images

were also employed to measure the size of therRipaaticles as reported in Table 1.

3.2 Electronic and chemical characterization

Figure 3 shows XPS spectra of the Pt region foeedhsamples annealed at 305
(samples #2, #4, #6) and three samples anneale@0atC (samples #1, #3, #5) before
reaction with methanol. The solid lines indicate fpositions of the main core-level
peaks of metallic Pt at 70.4 eV {4f and 73.7 eV (4f,) [28], the dashed lines to#in
PtO (72.4 and 75.7 eV) [29], and the dotted limeB " in PtQ (74.6 and 77.9 eV) [30].

All samples annealed at 315 °C display a chrtian of mainly Pt and Pt*. Since a
residual Cl signal was measured after this low &emafore (315 °C) thermal treatment for
samples #2, #4, and #6 (Fig. 4 shows Cl 2p XPSfdata sample #2), we conclude that
the Pt found in these samples must be mainly in chlogidatompounds. This is in
agreement with the binding energies measured byo Ztaal. [31] on dendrimer-
encapsulated Pt nanoparticles before the removidieoencapsulating ligands (72.8 eV
and 75.7 eV). Furthermore, in these samples tHéPtratio was found to increase with
increasing particle size. In particular, the Xp@drum from the sample containing the
largest nanoparticles (sample #6) shows mairfi{+ Bf peaks at ~ 72.4 and 75.7 eV. The
difference in the CI content of nanoparticle sarmpkath different sizes (higher CI

content for larger clusters) can be tentativelyilaited to the different number of low-



coordinated Pt atoms in these systems, as web #setdistinct melting temperature of
clusters with different sizes. Small clusters havarger number of atoms at the surface
and a reduced melting temperature. It is therefpdaesible that chlorinated compounds
in such systems, available mainly at the nanoparsarface, are easier to decompose
upon thermal treatment. For larger clusters, thepete Cl removal from the bulk
requires higher annealing temperatures as webliragel annealing times. Upon annealing
to 500 °C (samples #1, #3, #5), no residual Claigvas observed (Fig. 4, sample #1)
and the binding energies measured were attribwtéft PtO, and Pt@ After identical
thermal treatments, it was found that the oxidasitate of the nanoparticles depends on
the particle size. The smallest nanopatrticles fdartl) were fully reduced at 500 °C,
while samples #3 and #5 still contained"Rind Pt" compounds. It is interesting to note
that the main Pt peak (4) of all samples appears at ~ 70.4 eV. This vaduease to
those reported by Silvestre-Albero et al. [32] $onilar TiO,-supported Pt particles, and
corresponds to a negative shift of ~ 0.7 eV whenpared to the most common value
measured for bulk Pt 71.1 eV [33]. Such negative shifts can be @rpld by strong
support-metal interactions. Charge transfer frommgtpport to the particle, especially in
systems with metallic particles on reducible metaldes, can alter the electronic
properties of the particle [34]. Small particléscahave a large number of surface atoms
with reduced coordination number. This featur&nswn to induce negative binding

energy shifts relative to the value measured ferahlk metal [35].

3.2 Catalytic activity



Figure 5 displays the activity as calculatexhf data acquired by the quadrupole mass
spectrometer. Activity is defined in terms of jparpressures measured by the QMS and
given by the equation (RHPHy)/Pn31. Here PH is the pressure of Hat a given
temperature, PHis the initial background pressure of, ldnd Ris; is the pressure of the
main fragment ion of methanol. A clear size dej@ste of the catalytic activity of Pt
nanoparticles supported on Ti3 observed. For the sample set annealed at 315 °C
(open symbols in Fig. 5) we can see a well-defiimedd where an increase in activity is
associated with a decrease in particle size. Alairtrend was observed for the set of
samples annealed at 500 °C (closed symbols in Figalthough samples #3 and #5
displayed almost identical activities. This effazdn be attributed to nanoparticle
coarsening, since our TEM measurements indicaté s$ihgnificant agglomeration
occurred in sample #3 after annealing at 500 °@.(B), rendering an average size
distribution comparable to sample #5. Furthermtre, most dramatic improvement in
activity was observed for the largest particlesn(si@ #5) after the high temperature pre-
treatment. This may be related to the fact thatahalogous sample, annealed at 315 °C
(sample #6), showed the largest'M®P ratio, and that subsequent annealing to 500 °C
served to remove residual Cl and increase the atrafumetallic Pt species. The other
two sizes annealed at 500 °C also displayed enbaatevities as the temperature in the
reactor approached 260 °C for sample #1 and 30for&ample #3. This suggests that
after low temperature annealing (315 °C) thereesdual Cl in the samples which is
detrimental to the reaction, and that the highemeahng temperature is of greater
advantage as long as the sintering is minimizedur @ass spectroscopy data from

samples #3 and #4 indicate that any benefits gdnoed the removal of the chlorine can



be offset by a corresponding increase in partide.sThis size effect also reveals itself
in the low temperature region of Fig. 5, where we & clear decrease in activity for
sample #3 as compared to its counterpart (sampleatdined at lower temperature (315
°C).

We also note that all samples show ptoduction well below 200 °C with the
smallest particles (sample #1) becoming active wtherreactor temperature is about 145
°C. This is especially important for the developinef heat recovery systems [36] and
compares favorably with values reported elsewh8ie4[l]. During the course of all
reactions no significant amount of byproducts sashmethane (ChH, carbon dioxide
(CO,), or dimethyl ether (CHDCH;) were observed. Therefore, the main process
involved is the direct decomposition of MeOH andmpeting B reactions (i.e.
methanation) are not a factor.

Fig. 5 shows that the smallest particles, whichenalso more easily reduced from
Pt* to PP, displayed the highest activities. This effecffiisther illustrated in Fig. 6
where the activity, measured at four different teactemperatures for samples calcined
at 500 °C (samples #1, #3 and #5), is plotted \wetise nanoparticle height as measured
by AFM. Here again we can see the effects akemsed nanoparticle size in sample #3,
which shows a slightly lower activity than samplb &t 250 °C (squares), and is
comparable to sample #5 even at 300 °C (diamond@kus, the removal of the CI from
this sample has been negated by an increase iiclpasize. We conclude that
nanoparticle coarsening in sample #3 is not dueengperatures in the reactor since all
experiments were conducted in the range of 100-330which is well below the

pretreatment temperature of samples #1, #3, arad B60 °C. In addition, TEM analysis



reveals that the most active particles (sampledid)not coarsen during reaction with

methanol, having an average size of 8.6.2 nm before reaction, and 8.2 =+ 1.7 after
reaction (Table 1). We may note also that eaclemxent lasted for about 6 hours, and
no deactivation was observed during that periothoé for any sample.

On similarly synthesized gold nanoparticles supmmbron TiC, our group has also
demonstrated a dependence of the particle sizheonatalytic activity of this system for
low temperature CO oxidation [15]. However, we mugntion that smaller particles do
not always perform better, and reducing particte shay only be advantageous to a point.
For example, It is known that a minimum number twfn@s per cluster is required to
observe high reactivities, in particular the enleghactivities displayed by small clusters
for CO oxidation decrease below a particle sizabwut 2-3 nm [13, 42].

Although the present study focuses on the influeatehe nanoparticle size on
chemical reactivity, it should be stated that tlaure of the metal oxide support also
plays a crucial role in catalytic processes medidlg supported nanoparticles. For
example, the use of ZnO, TiOSIO,, CeQ, and AbO3z as supports can effect particle
sintering, catalytic activity, and selectivity ieactions such as MeOH decomposition
[43], steam reforming of MeOH [44], and CO oxidatiand propylene hydrogenation
[45]. It is believed that the oxygen vacancies #eily appear in some of these materials
upon annealing may play a crucial role [46, 47].r&lgpecifically, on reduced T
charge redistribution and accumulation around omryggcancies has been predicted [34],
and the possibility of charge transfer to smalloparticles suggested. This excess charge

could significantly influence the catalytic perfacance of the cluster/metal oxide system.



4. Conclusion

Micelle encapsulation has been used to creiateselected Pt nanoparticles highly
dispersed on polycrystalline anatase-I80pports. These nanocatalysts were found to be
active for the decomposition of MeOH and subsegpeodluction of H at temperatures
as low as 145 °C. Mass spectrometry data show dhathese Pt nanoparticles, H
production proceeds mainly through the direct dgmosition of MeOH and that the
activity increases with decreasing particle siz&urthermore, the influence of the
oxidation state of the Pt nanoparticles on thefivelg and selectivity was investigated.
Our mass spectrometry data reveal that the sangresaled at higher temperature,
where a larger percentage of metallic Pt speciesdetected by XPS, are the most active.
However, this is not the case when the high tentperdreatment leads to nanoparticle
coarsening and significant increase in particle.siz In addition, the residual Cl present
in our catalysts after low temperature annealiridp (3C) was found to hinder the reaction.
However, the size of the particles turned out tah@edominant factor in determining the
relative activity of these samples, and the smia¢anoparticles were found to be the

most active.
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Sample | PS(x)/P2VP(y) Pt(salt)/ | Annealing| AFM Height | TEM diameter
molecular P2VP (°C) (nm) (nm)
weight (g/mol) ratio
#1 27700/4300 0.6 500 3t/0.6 nm 8.661.2nm*
8.2+ 1.7 nm **
#2 27700/4300 0.6 315
#3 53400/8800 0.3 500 6+31.1 nm 20.8 2.7 nm*
#4 53400/8800 0.3 315
#5 81000/14200 0.6 500 &11.4 nm 11.4£ 1.6 nm*
#6 81000/14200 0.6 315

Table 1 - Synthesis parameters and average helRM)Y and diameter (TEM)
distributions of Pt nanoparticles synthesized byerse micelle encapsulation. Here the
symbol * represents size distributions of the s@®pheasured after annealing but before

exposure to methanol, and ** represents distrimsticdone after annealing and

subsequent exposure to methanol.



Figure 1 - Tapping mode AFM images of size-seledchanoparticles dip-coated on
SiO,/Si(001). The left column shows samples #1 (a)&¥3and #5 (e) before annealing.
The right column shows samples #1 (b), #3 (d),#mdf) after annealing in UHV at 500

°C for 30 min. The z scale is 0-12 nm for (b), Orzb for (f), and 0-20 nm for all others.
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Figure 2 — Bright-field TEM images showing Pt naadijtles prepared by micelle
encapsulation supported on anatase,TpOwder: (a) sample #1 before reaction with

methanol and (b) sample #1 after methanol expo$cyesample #3 before reaction with

methanol. All samples shown were calcined at 300 °



Figure 3 — XPS spectra of Pt particles supportedi@a measured at room temperature.
The solid lines show the positions of the 4f peaiksetallic Pt, the dashed lines give the
positions of the Pt peaks, and the dotted lines shoWPtThe spectra number at the
right corresponds to the sample from which the detee obtained and is described in

Table 1.
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Figure 4 — XPS data showing CIl 2p at ~198.4 eV. salinples show residual CI after

calcination at 315 °C (sample #2 is shown herejterAcalcination at 500 °C the Cl is

removed and all samples show spectra similar toathsample # 1 as shown in the figure.
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Figure 5 — Activity of size-selected Pt nanopaescupported on Tianatase powder
(see Table 1 for details) for methanol decompasitithe activity is defined in terms of
partial pressures measured by a quadrupole mast@peter (QMS) and given by the
equation (PHPHy)/Pn31. Here PH is the pressure of Hat a given temperature, Pi$
the initial background pressure of,knd Ry31 is the pressure of the main fragment ion of

methanol. Samples are identified by their numisegigen in Table 1.
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Figure 6 — Activity plotted as a function of palticheight (AFM) at four different
reaction temperatures for samples previously cattat 500 °C (samples #1, #3 and #5).
Circles represent a reactor temperature of 15arf&hgles 200 °C, squares 250 °C, and

diamonds 300 °C. Columns are denoted by the sanyphder as given in Table 1.



