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Abstract

The effect of pretreatment conditions on the oxidation state and activity of
micelle-synthesized Pt nanoparticles supported on ZrO, was studied for methanol
decomposition and oxidation reactions. An O,-pretreatment is observed to be effective
for producing clean, stable, and active nanoparticles. Pt-oxide species formed during such
pretreatments were found to have little influence in methanol decomposition reactions
due to their tendency to reduce. However, these same species are stable during methanol
oxidation and appear to take part in a Mars-van Krevelen-type of process, in which

bound-oxygen (nanoparticle shell) may be replenished with oxygen from the gas phase.
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Introduction

In the last two decades it has become evident that highly dispersed metal
nanoparticles (NPs) supported on oxides display unique catalytic properties. Novel
geometric as well as electronic effects present in small particles (<10 nm) give rise to the
intriguing physical and chemical properties of these systems [1-5]. Furthermore,
interaction of the NPs with the support oxide may be significant and likewise contribute
to the observed catalytic performance [6-16]. However, one of the major challenges in
working with such catalysts is the difficulty in producing highly dispersed NPs with
controllable size and spatial distributions. This becomes important in light of the fact that
NP size can influence activity [17-20] and selectivity [3] as well as the stability of some
metal-oxide species [4, 17, 21, 22], which might themselves present enhanced chemical
reactivities [23]. In addition, the favorable reduction of surface energy by an increase in
NP size (i.e. thermal sintering) must be minimized during catalysts preparation and
subsequent exposure to chemical reactants [24]. This minimization may be facilitated by
proper choice of support [7, 25, 26], and/or interparticle distances when using planar
substrates [27]. An additional concern is the cleanliness of the catalytically active
component (e.g. precious metal) which is dictated by the preparation method and may
vary from one technique to the next [28, 29]. Although many advances have been made
and a number of NP synthesis routes are available [26, 28-32], not many adequately meet
the criteria with respect to the goal of reliably controlling all parameters (i.e. size, spatial
distribution, stability, oxidation state). Furthermore, proprietary methods are often not
fully disclosed leading to conflicting results for seemingly similar systems [31]. One

technique receiving increasing interest is that of micelle encapsulation. This technique is



based on the self-assembly of diblock copolymers into micelles which serve as sites for
NP formation via the introduction of a metal precursor (i.e. HyPtClg) [7, 17, 33, 34]. The
advantages of this technique lie in the ability to produce small NPs with narrow size and
spatial distributions [27, 35-37] as well as easily accommodating various metals and
bimetallic compositions [34, 36, 38]. On polycrystalline powder supports, the
disadvantage lies in the difficulty of completely removing the encapsulating polymer,
along with precursor elements such as Cl, without broadening too much the initially
narrow size distribution. Chlorine is known to be a poison for Pt in oxidation reactions
[31] and its removal is dependent on temperature and choice of support [17, 39]. With
planar substrates thermal effects (i.e. sintering) may be overcome by use of low-
temperature polymer removal treatments such as gas plasmas (O, and H,) [22, 35].
However, micelle-encapsulated NPs deposited on nanocrystalline oxide powders by way
of impregnation techniques require high temperature calcination procedures (>450°C) to
ensure clean NP catalysts [17]. Therefore, NP-support combinations which not only
facilitate reactions but also promote stability against agglomeration are necessary. To
further complicate the situation, drying times and temperatures as well as the ambient
conditions of calcination (temperature, time, gases present, flow of gases, etc.) have an
influence on the final oxidation state of the catalyst.

Recently, much attention has been directed towards the oxidation state of active
metal catalysts and whether or not oxidized metals may be beneficial with respect to their
reduced counterparts. As such, the interaction of various chemicals with oxidized
surfaces have been investigated and some interesting results obtained [22, 40-43]. For

example, the adsorption of MeOH on Cu is found to be greatly enhanced by oxygen [44],



either in the feed gas or as part of the catalyst due to an incomplete reduction process [45].
Over et al. [23] showed that the RuO,(110) surface is highly active for CO oxidation and
oxidized Ru is also preferred over its metallic state in bimetallic Pt-Ru anode catalysts for
fuel cell applications [46]. PtO, surfaces have also been reported to be more active for
CO oxidation than metallic Pt [47] and theoretical work by Gong et al.[48] shows that
Ru0O,(110), RhO,(110), PdO,(110), OsO,(110), IrO,(110) and PtO,(110) are indeed more
reactive than the corresponding metal surfaces for CO oxidation. Recent work by
Friend’s group on O-covered Au(111) also demonstrates the enhanced reactivity of the
pre-oxidized gold surface [49, 50]. It thus appears that the traditional negative view of
oxidation as a process leading to reduced catalytic performance must be reconsidered
[51]. However, in the case of Pt there seems to be a debate regarding the benefits of Pt
oxides. For example, the temporal decay in the performance of Pt-based fuel cell
electrodes has been attributed to the formation of PtO and Pt dissolution [52]. On the
other hand, there also exist a number of reports suggesting that the presence of Pt-oxides
could have a positive effect on catalytic performance. Dam al. [53] have shown that Pt
dissolution reaches a saturation level due to the presence of a protective platinum oxide
layer. Further, a study by Hull et al. [54] shows enhanced activity for Pt-carbon
nanotubes catalysts, where the Pt particles are covered by a thin Pt oxide shell. Although
for any particular application there will be reaction-specific considerations, the ability to
synthesize systems with predetermined, stable final oxidation states is clearly desirable.
In this study we address the open question of whether or not Pt-oxides may play
some significant role with respect to catalytic activity in their interaction with MeOH.

Micelle-synthesized, monometallic Pt NPs supported on ZrO, powder were used as



catalysts. Specific emphasis has been placed on the pretreatment conditions in order to
obtain samples of high purity with narrow size distributions and distinct contents of Pt
oxide species. The effect of the pretreatment conditions on the oxidation state and activity
of our micellar Pt NPs has been tested for MeOH decomposition and oxidation reactions.
Our data demonstrate that the oxides of Pt show drastic differences in their stability for
the different reactions. The first part of our discussion will focus on sample
preparation/characterization and subsequently on the performance of these samples for
MeOH decomposition and oxidation. We are particularly interested in addressing the
following specific questions: 1) what are the best pre-treatment conditions for optimizing
the catalytic performance of micelle-synthesized NPs, ii) to what degree, and under
which conditions, are the different oxides of Pt in our systems stable, and (iii) how does

the presence of Pt-oxide species affect the reactivity of our Pt/ZrO, nanocatalysts.

2. Experimental
2.1 Catalyst synthesis and pretreatment

Non-polar/polar diblock copolymers [Poly(styrene)-block-poly(2vinylpyridine)
Polymer Source Inc.] were dissolved in a non-polar solvent (toluene) in order to obtain a
solution of spherical nano-cages known as inverse micelles. The solution was then loaded
with Pt in the form of a metal salt (H,PtCle-:6H,0) to produce self-confined and size-
selected Pt NPs. The particle size was controlled by using a polymer with a specific head
length [PS(27700)-PVP(4300), i.e. constant PVP molecular weight for all samples] and
by selecting a metal-salt/polymer-head (PVP) molar ratio of 0.3 [4, 20, 33]. The solution

was then mixed with nanocrystalline ZrO, (~ 45 nm grain size, Alfa Aesar) in the form of



a powder resulting in a loading of 1% wt Pt. The sample was stir-dried in air at ~ 100°C
for 48 hours, after which four different calcination experiments under different gaseous
atmospheres were carried out, each utilizing a fresh 110 mg sample of the dried Pt-
salt/ZrO, powder. The four pretreatments were each carried out at 500°C on four
analogously prepared fresh samples and included calcination in: 1) a flow of O, for 8
hours, ii) a flow of helium for 8 hours, iii) a flow of H, for 8 hours, and iv) a flow of O,
for 4 hours followed by a flow of H; for 2 hours. All flows were 50 ml/min total with the
O, and H, treatments containing 50% O, or H; respectively and balanced with helium.

All gas-flow treatments were done in a packed-bed reactor as described below.

2.2 Morphological and structural characterization

Transmission electron microscopy (TEM) measurements were carried out on the
powder samples with a Tecnai F30 TEM operating at an accelerating voltage of 300 kV.
In parallel to TEM studies, the polymer-salt solutions were also dip-coated on
Si10,/S1(001) substrates in order to obtain particle size information (height) via atomic
force microscopy (AFM) with a Nanoscope Multimode (Digital Instruments) microscope

operating in tapping mode.

2.3 Electronic and chemical characterization

The powder samples were transferred to an ultra high vacuum system (UHV,
SPECS GmbH) for analysis by X-ray photoelectron spectroscopy (XPS) immediately
after the different ex-situ pretreatments as well as after exposure to MeOH. The sample

transfer time between our mass flow reactor and the ultra high vacuum XPS system was



less than 15 min. XPS data were collected using a monochromatic X-ray source (Al-Ka,
1486.6 V) operating at 350 W, and a flood gun was used to correct for sample charging
during measurements. All spectra were referenced to the Zr 3ds,, [ZrO,] peak at 182.6 eV
[55]. The fits of the Pt-4f spectra were done after Shirley background subtraction using
asymmetric Gausian-Lorentzian line-shapes (Casa XPS software). An asymmetry index
of 0.2 was obtained for the Pt° 415, in all fits, in agreement with the 0.19 value reported
in the literature for bulk Pt-4f [56]. For each spectrum the ratio of the two XPS lines in
the Pt-4f spin-orbit coupling doublet (Pt-4f;,, and 4fs/,) and their difference in energy
were held constant at the theoretical values of 0.75 and 3.3 eV respectively. The spectra
were fitted with three doublets corresponding to metallic Pt (47, ~71.7 eV), PtO (417,
~73.1 eV) and PtO, (4f7, ~75.3 eV) [57]. The maximum width (FWHM) of each
component was held constant [Pt0 (1.6 eV), PtO (1.8 V), PtO; (1.9 eV)] from spectrum
to spectrum. A tolerance of + 0.2 eV was allowed in order to account for broadening
associated with changing concentrations, for example, after significant reduction of Pt**
species. For comparison, the FWHM of our Zr 3d 5, reference peak is ~ 1.4 eV. This
makes the FWHM assignments given above for Pt species reasonable as Pt makes up

only 1% of the total sample weight compared to the ZrO, support material.

2.4 Reactivity characterization

Catalytic decomposition/oxidation of methanol in the vapor phase was carried out
in a packed-bed mass flow reactor with a vertical stainless steel tube (inner diameter =
7.4 mm) serving as the reactor vessel. A thermocouple (K-type) in contact with the

outside wall of the reactor, at the position of the catalyst, was used to monitor



temperature and the entire assembly was insulated to minimize heat losses. Immediately
following the above pretreatments the reactor was flushed with helium and activities for
MeOH decomposition and oxidation reactions were measured at atmospheric pressure at
a temperature of 260°C (decomposition) and at 260°C and 50°C (oxidation), each for a
period of 4 hours. Mass flow controllers (MKS) were used to flow helium through a
stainless steel bubbler (containing MeOH) as well as a bubbler-bypass line which was
used to control the concentration of MeOH. The total flow was 50 ml/min resulting in a
MeOH flow of 38 pmol/min for decomposition and oxidation reactions. MeOH oxidation
was carried out in an excess of O, with an O,/MeOH ratio of ~ 2. Reactions were
monitored by a quadrupole mass spectrometer (QMS, Hiden HPR20), details of which
can be found in Ref. [17]. The entrance of the mass spectrometer is attached to a heated
capillary tube which inhibits condensation, and all lines are heated at ~ 150°C during
experiments. Sixteen different masses were monitored to identify and distinguish reactant
and product gases. In order to ensure the reproducibility of the acquired data, each
experiment was conducted twice with fresh samples and the average values reported. The
experimental error bars displayed correspond to the difference of the reactivity values
obtained from the two measurements. For reference purposes, the reactivity of the
stainless steel reactor (loaded with the inert quartz wool) was tested within the
temperature range of our experiments (< 260°C). Under these conditions, a maximum of
approximately 3 % MeOH conversion was obtained at 260°C and 50°C for MeOH

decomposition and oxidation reactions, respectively.



3. Results and Discussion:
3.1 Morphological and structural characterization (AFM, TEM)

The morphology of our micellar Pt nanoparticles was studied by AFM. Figure 1(a)
displays an AFM image of the nanoparticle polymeric solution dip-coated on
S10,/S1(001). Figure 1(b) shows particles after the removal of the encapsulating polymer
by and in-situ (UHV) O;-plasma treatment. It is clear from these images that our
synthesis technique allows for a high level of control and results in Pt NPs having a
narrow size distribution. Analysis of image 1(b) gives an average particle size (AFM
height) of 2.1 + 0.4 nm.

Figure 2 displays high resolution TEM images of our NP samples after annealing
for 8 hours in O; (a-c), He (d-f), and H; (g-1). The images in Fig. 2(a-f) reveal the
presence of crystalline NPs. The average NP diameters obtained by TEM are: 4.2 £ 0.7 (8
hours O,), 4.4 £ 0.7 nm (8 hours He), and 3.3 + 0.8 nm (8 hours H;). These average
particles sizes (TEM diameters) are about twice the value of those measured by AFM
(height) after polymer removal by an in-situ O,-plasma treatment, Fig. 1(b). Likewise,
from Fig. 2 we see that our particles are somewhat oblate rather than spherical. This is
evidence that the micelle encapsulated particles form a strong contact with the ZrO,
support [see region marked by an arrow in Fig. 2(e)] and do not significantly coalesce
when treated under Hj, He, and O,, even at high temperatures (500°C). The analysis of
high-resolution TEM images of NPs in Fig. 2 gives a lattice parameter of ~3.91 £ 0.04 A
for NPs annealed in O, [Fig. 3(b)], and an average value of 3.94 + 0.04 A after annealing
in He [Figs. 3(d), (e) and (f), respectively]. This average value was obtained from two

sets of {111} planes and one set of {200} planes. All of our samples appear to be



polymer-free with the exception of the sample annealed in H,, Fig. 2(g-i), where a thin
amorphous shell enveloping the NPs as well as the ZrO, support is observed [highlighted
by arrows in Figs. 2(g,i)]. This observation is attributed to the presence of a residual
polymeric shell (C-coating) on this sample. Due to this surface coating, no lattice
parameter could be extracted from these images. As will be discussed later, this TEM
observation is in agreement with a significant residual C signal in the XPS spectrum of

this sample.

3.2 Electronic and compositional characterization (XPS)
A) Effect of sample pre-treatment

Figure 3 shows XPS spectra from the Pt-4f core level region of the Pt NPs
deposited on nanocrystalline ZrO, powder directly after the different pretreatments but
before exposure to methanol. The vertical lines in Fig. 3 mark the positions of the 4f;,
peak of metallic Pt (solid line), Pt** in PtO (dashed line), and Pt* in PtO, (dashed line) at
the energies given in the experimental section. The relative content of the different Pt
species obtained from the analysis of the data in Fig. 3 are summarized in Table 1. The
estimated error for the calculated areas of the fitted components given in Table 1 is + 3 %.
The distinction between PtO and PtO, species based on XPS binding energies (BEs) can
be difficult, especially when considering the wide range of energies that have been
reported [57]. NPs can further complicate things due to low peak intensities and the
associated peak broadening. However, a monochromatic X-ray source was used for these
measurements to minimize peak broadening, and the BEs and energy separations

obtained from our spectral fits are in agreement with previously published data [57-60].



Nevertheless, the metallic Pt-4f;,, peak in our Pt NPs is shifted ~ 0.7 eV higher than the
value of bulk Pt [61]. This positive shift may be attributed to final state effects in our
small clusters and/or an interaction with the support itself [62]. One possible interaction
is the formation of interfacial Pt-Zr compounds. Jung et al. [63] have studied the
interfacial properties of ZrO,-supported precious metals using DFT calculations for Pty,
Pd4, and Rhy clusters on the surface of ZrO,(111). They found the adsorption of Pt to be
associated with the largest surface rearrangement and strong Pt-Zr interaction as well as
Pt-O bond formation. The same authors also report that oxidation of their clusters
increased the metal-support interaction [63]. In addition, their calculations revealed a
charge transfer from metal atoms in the clusters to the support and a polarization of the
deposited clusters, consistent with our observed positive BE shifts. We also see from the
TEM images evidence of this strong particle-support interaction. For example, the He
treated sample of Fig. 2(e) shows the substrate drawn up and around the perimeter of the
nanoparticle-support interface (region highlighted by an arrow). In addition, even though
our initial encapsulating micelles were spherical, most particles imaged show some
degree of flattening at the support interface after annealing at 500°C as in Fig. 2(e),
highlighting strong particle-support interactions. However, since the lattice parameter of
a PtsZr alloy (3.99 A [64]) is close to that of Pt (3.96 A), distinguishing pure Pt from Pt-
Zr compounds is a difficult task, specially considering our experimental TEM error ~0.04
A . In addition, much of the alloying is expected to take place at the particle-support
interface, and the TEM values that we have obtained (3.91-3.94 A) were averaged over

entire particles.



From Table 1 and Fig. 3 we see that the sample treated in a flow of O, for 8 hours
consists of ~25 % PtO, ~57 % PtO, and ~18 % PtO, indicating that the dominant
component is PtO. We have shown in a previous study [34] that PtO in Pt/ZrO, NP
systems is the preferentially formed oxide, especially in Pt particles greater than ~ 2 nm,
in agreement with Wang et al. [65]. Furthermore, PtO appears to be stable in this system,
and as will be shown below, cannot be completely reduced even under our reaction
conditions for MeOH decomposition, Fig. 4.

The possibility of detecting Pt** and Pt** species by way of chlorides (residues from
the H,PtCl, salt in the NP preparation) instead of Pt oxide formation has been considered.
If stable, such species would show XPS peaks at ~ 73.6 eV and ~ 75.5 eV for the 4f7, of
PtCl, and PtCly respectively [57], which are similar values to the PtO and PtO, BEs.
Unfortunately, the main XPS peak for Cl (2p) resides at ~ 200 eV, a BE where the ZrO,
support also shows a feature, rendering the identification of residual Cl in the Pt/ZrO,
samples difficult. However, the absence of CI in our samples after all the different
annealing treatments at 500°C can be concluded based on: (i) the lack of a ClI signal in
analogous micellar Pt nanoparticles deposited on TiO,, Al,0O3, CeO,, and SiO, (where the
support does not show an XPS peak in the CI-2p region) after annealing at 500°C [7, 17],
and (ii) the fact that the high BE Pt-4f peaks are present on the samples annealed under
an oxidizing environment (O,).

The samples annealed in flows of H, and helium are considerably reduced and
consist of mainly metallic Pt, with both samples reducing to ~ 90 % Pt’. Furthermore,
there seems to be a limit of reducibility for our samples (~ 90 % Pt°), since complete

reduction was not observed even after MeOH exposure in decomposition reactions at



260°C, Fig. 4 and Table 1. The 10 % content of Pt oxides present in these samples is
assigned to stable Pt-O-Zr species at the Pt/ZrO, interface. Interestingly, once our
samples had been reduced (H, treatment), a subsequent air exposure for 48 hours resulted
in minimal reoxidation (from ~94 % to 84 % PtO). This experiment also corroborates that
our ex-situ XPS data are not significantly affected by the short transfer time (~ 15 min)
which takes place after calcination and/or reaction between the pre-treatment chamber

(mass flow reactor) and the surface analysis UHV system.

B) Stability of Pt oxides

We have investigated by XPS the stability of Pt oxides in our Pt/ZrO, nanocatalysts after
direct MeOH decomposition (Fig. 4) and MeOH oxidation (Fig. 5) reactions. We can see
from the analysis given in Table 1 that the Pt** (PtO,) component has been completely
reduced in all samples after direct methanol decomposition, Fig. 4. However, as seen in
Fig. 3 and Table 1, even reduction in a flow of H, does not completely eliminate PtO
from these catalysts (~9 %). A possible explanation for the stability of this oxidized Pt
species is the strong interaction between Pt atoms at the interface of the NPs and the ZrO,
substrate as discussed above. Nagai et al. [66] have recently shown the importance of the
Pt-O-support bond strength in the re-dispersion of agglomerated Pt-based automotive
catalysts. Here, the mobility of Pt and Pt oxide species, dictated by the choice of support,
leads to the possibility of catalyst regeneration and increased lifetime. PtOx species that
form on large, sintered particles become mobile and can re-disperse over the surface
where they are stabilized because of the strong interaction between Pt and the support

[66]. Another possibility for the incomplete reduction of oxides in our NPs is the



presence of subsurface as well as surface oxide species. Surface oxide species may be
more easily decomposed upon gas exposure whereas subsurface components can remain
stable, especially when deposited on non-reducible oxides [22]. Yazakawa et al. [67]
have also noted that Pt supported on ZrO, is difficult to reduce when compared to other
supports which are more acidic (i.e. Si0,-Al,03). The authors also reported that the
stability of these oxides is responsible for the inferior performance of their Pt/ZrO,
catalyst in the combustion of methane as compared to more easily reducible systems. In
addition, it should be noted that even though our oxidized Pt species were formed upon
annealing in an oxygen-rich environment at 500°C, our experimental reaction
temperature of 260°C during MeOH exposure is relatively low, and significant thermal
decomposition of our oxides is not expected under these circumstances. For example,
temperature programmed desorption studies of pre-oxidized Pt(111) surfaces utilizing an
atomic oxygen beam revealed O, desorption features at temperatures as high as 500°C
[68].

From Table 1 we see that after MeOH decomposition reactions most samples
reduce to fairly similar final states, with ~5-13 % PtO detected after MeOH exposure at
260°C. Our MeOH decomposition experiments result in the catalysts being exposed to
MeOH at 260°C for four hours followed immediately by XPS measurements. In order to
further investigate the stability of Pt oxide species in our samples during direct methanol
decomposition, a test was conducted in which a sample was exposed to MeOH at 260°C
for only a short time interval (10 min) followed immediately by XPS measurements. For
this test a new sample was prepared by pre-treating it with O, for four hours at 500°C (for

polymer removal and oxidation), and then exposing it to MeOH from room temperature



up to the reaction temperature of 260°C with a heating ramp of 8°C/min (XPS spectrum
not shown). Our XPS data showed that this sample was also reduced to a maximum value
of ~90 % Pt°. This is evidence that the oxides in our samples are not chemically stable
under MeOH exposure and reduce rather quickly, most likely due to the presence of CO
upon MeOH decomposition. This idea is supported by the detection of CO, in all MeOH
decomposition experiments as will be noted in the reactivity section. Similar observations
were also made for thin films of oxidized Rh exposed to MeOH at 200-350°C [69].

The stability of Pt oxide species during MeOH oxidation reactions was also
evaluated. Different sample pretreatments were carried out on a second batch of samples,
before MeOH oxidation, in order to obtain samples with different contents of Pt and Pt-
oxides (Table 1). The treatments included: i) O, annealing for 4 hours at 500°C (polymer
removal) plus H, reduction at 500°C for 2 hours, ii) O, annealing for 4 hours at 500°C
plus reduction via the decomposition of MeOH at 260°C for 4 hours (as shown in Fig. 4
and Table 1), and iii) O, annealing for 8 hours at 500°C. Figure 5 shows XPS of the Pt-4f
core level region for these Pt/ZrO, samples before (bottom spectrum, 4 hours O,
treatment only) and after MeOH oxidation reactions at 50°C and 260°C. Table 1 gives the
corresponding results of the XPS analysis. The spectrum of the as-prepared sample
(annealed for 4 hours in O,) indicates that this sample is highly oxidized and Table 1
shows that it contains oxide concentrations analogous to the sample treated for 8 hrs in
oxygen shown in Fig. 3. This suggests that a limit to the oxidation of these particles under
our conditions has been reached after four hours. Contrary to the results displayed in Fig.
4, where all samples appeared mainly reduced after MeOH decomposition reactions, Fig.

5 indicates that exposure of oxidized NPs to MeOH + O, at 50°C does not result in the



reduction of Pt>* species. Nevertheless, when the MeOH oxidation temperature was
increased to 260°C, a small decomposition (~14 %) of the PtO component was observed.
From these data we see that both samples remain in highly oxidized states after reaction.
These results are opposite for the case of MeOH decomposition reactions in which the
oxides were found to be chemically unstable. In the presence of oxygen the oxides of Pt
remain relatively stable at least up to 260°C during MeOH oxidation. Wang et al. [70]
have also reported a slight stabilization of AgOy species under MeOH oxidation
conditions.

The two samples that were reduced in H, and subjected to MeOH oxidation at
50°C and 260°C did not display changes with respect to their oxidation state after
reaction, Table 1. The same applies to the sample reduced during MeOH decomposition
and subsequently exposed to MeOH and O, at 50°C, Table 1. All three samples contain
mainly metallic Pt, although none of our samples were found to completely reduce under
any of our reaction conditions. We note here the possibility that highly active sites on the
surface of our NPs may be prone to rapid re-oxidation upon air exposure, therefore, even
though transfer times are less than 15 min, this process cannot be ruled out as responsible

for the small Pt oxide contents detected on the H, and MeOH reduced samples.

3.3 Reactivity (Mass spectrometry)
A) MeOH decomposition: activity and selectivity

Figure 6 shows the rate of MeOH conversion at 260°C for differently treated
Pt/ZrO, samples given in pumol(MeOH)converted/s/g-Pt. Conversions listed are at the

beginning of each reaction run, however, no significant deactivation was found for these



samples. The main products observed for all Pt/ZrO, samples were CO and H; indicating
the direct decomposition of MeOH given by:

CH,OH < CO+2H, (1)

The Pt-free ZrO, substrate (not shown), after a 4 hour pretreatment in O,, was found to
give ~5 % conversion at 260°C with small amounts of CO, H,, CO,, methyl formate
(HCOOCH3), and water as products. For comparison with Fig. 6, the rate of the ZrO,
support normalized to grams of ZrO; is ~ 0.3 pumol(MeOH)converted/s/g -ZrO, All
Pt/ZrO, samples showed small amounts of CO,, which might be attributed to reactions
occurring at the ZrO, support, to the water-gas-shift (WGS) reaction, and/or to the
reduction of Pt-oxides by CO in the case of pre-oxidized samples. The low levels of CO,
detected make a deconvolution of these processes difficult.

The addition of Pt to the ZrO, support almost eliminated completely the
production of methyl formate at 260°C in all samples. Instead, methyl formate was
detected at low temperatures, (~100°C) prior to reaching the target temperature of 260°C,
at which point only trace levels of this gas could be observed.

It can be seen from Fig. 6 that the H, treatment leads to a sample having the
lowest activity for MeOH decomposition. This is attributed to the insufficient removal of
the encapsulating polymer, as evidenced in the TEM images of Figs. 2(g-i), resulting in a
contaminated catalyst surface before MeOH exposure. Figure 7 shows XPS spectra of the
C-1s core level region of our NPs before (solid curves) and after (open symbols) MeOH
decomposition reactions. The arrows labeled C, span a range of energies representative
of carbon associated with the polymer used in the synthesis of the NPs [71]. The dashed

lines represent CO bound to Pt in bridged and linear configurations at 285.6 eV and 286.3



eV respectively [72]. Before reaction (solid curves) all samples except the H,-treated
sample show negligible amounts of carbon, with a very broad peak (low intensity) around
~285.2 eV. This energy is typical of adventitious carbon. The O, + H; sample shows the
lowest C signal before the reaction with MeOH, while a clear C peak was observed on
the H,-treated sample before reaction, Fig. 8 (top solid curve). Considering the range of
binding energies taken up by polymeric carbon (C,), we assign the large C signal of the
latter sample to an insufficient removal of the polymeric shell from our NPs. This
indicates clearly that annealing in H; is not an efficient way of cleaning micelle-
synthesized NPs, and that the amorphous layer covering this sample observed in the TEM
images of Fig. 2(g-1) is certainly of carbonaceous origin. In this case, hydrogen can react
with O and N in PVP suppressing the reactions between N and O with C, and leading to
an incomplete removal of polymer-related carbonaceous species.

Figure 6 and Table 1 might suggest that an increased presence of Pt-oxides in the
O, exposed samples could be responsible for improved reactivity. However, an additional
test was conducted on our samples consisting of a H, pretreatment (2 hours at 500°C)
after the initial O, exposure (4 hours at 500°C). Even though the H, treated sample
contained a lower amount of Pt oxides (32 % PtO and 5% PtO,, Table 1), it turned out to
be the most active from the entire series. This result could be due to several reasons: (i)
the exposure to H; induces changes in the structure and reactivity of the NPs, or (ii) once
the encapsulating polymer has been completely removed by the O, treatment, the
subsequent H, exposure serves to reduce the NPs and metallic Pt species are more
reactive than oxidized species for the direct decomposition of methanol. The C-1s XPS

data in Fig. 7 indicate a very small background C signal in this sample, and the spectra



acquired before and after MeOH exposure are nearly identical. However, similar results
were also obtained on the sample annealed in O, for 8 hours, indicating that the presence
of a lower content of residual polymeric carbon in this sample cannot explain its
improved reactivity. With respect to the effect of Hy, it has been reported for Pd [73] that
the presence of surface H, enhances the decomposition of methoxy groups, which is
regarded as the rate limiting step for MeOH decomposition in several systems including
Pd, Cu, and Pt [73-77]. This could explain the superior activity of the O, + H; treated
sample. This enhanced activity might also be due to the improved reactivity of metallic Pt,
as compared to Pt-oxides, simply due to the H, reduction process. However, our MeOH-
decomposition-ramp experiment (annealing from room temperature to 260°C with a
heating rate of 8°C/min) revealed that these samples are already reduced beyond the point
of the H; treated sample by the time we reach the reaction temperature of 260°C. This
suggests that it is not just metallic Pt that plays a role in the observed activity of this
sample but that H,, on or incorporated into the surface, might also have a positive
influence in the decomposition of MeOH. In order to corroborate this point, we tried
reducing our samples by a treatment in O, + He at 500°C, but found that they contain ~25
% less metallic Pt than the O, + H; samples, making a direct comparison of similar
systems impossible.

From the above results we can conclude that the oxides of Pt play no significant
role in the decomposition of MeOH over these catalysts, as they are chemically unstable

in the presence of MeOH at 260°C.



B) MeOH oxidation: activity and selectivity

The MeOH oxidation reactions were carried out in an excess of oxygen with an
0O,/MeOH ratio of ~ 2 (see eq. 2) while maintaining a total flow of 50 ml/min (38
umol/min MeOH) as in the decomposition reactions. For all oxidation reactions CO, and
water are the main products detected suggesting the complete oxidation of MeOH via

reaction (2).
CH,OH +%02 & CO, +2H,0 2)

The ZrO; support (pretreated in O, for 4 hours at 500°C) shows a conversion of ~ 27 %
with the additional products of methyl formate and dimethyl ether appearing in small
amounts. This is in agreement with observations of Hu et al. [78] for ZrO, supports in
their study of supported molybdenum oxide catalysts and is also an indication of
zirconia’s acid-base properties [79]. All Pt/ZrO, samples showed 100 % conversion of
MeOH when the oxidation reaction was carried out at 260°C accompanied by the
disappearance of methyl formate and dimethyl ether.

Fig. 8 shows the rate of MeOH conversion in umol(MeOH)converted/s/g-Pt at
50°C for the different sample pretreatments. We can see that there is virtually no
difference in activity, under our reaction conditions, for the oxidized versus the reduced
samples, each showing ~ 93-96 % MeOH conversion at 50°C. For comparison, the Pt-
free ZrO; substrate had a rate of ~2.0 umol(MeOH)converted/s/g- ZrO, at this
temperature.

It is interesting that the initial state of the catalyst is maintained for all samples
after oxidation reactions, Fig. 5 and Table 1. For example, the reduced samples remained

reduced while the oxidized samples remained oxidized. For oxidation at 50°C the



concentration of Pt species is virtually unaffected, however, for oxidation reactions at
260°C we see an overall reduction of the oxides of ~9% and even a small increase (~5%)
in the PtO, component suggesting additional oxidation beyond the initial treatment. It has
been noted that pure Pb surfaces are quite resistant to oxidation, however, oxide
formation can be stimulated by impurities, and once nucleated PbO can actually catalyze
the growth of additional oxides in an autocatalytic process [80]. It has also been shown
that a RuO; film grows autocatalytically on the Ru(0001) surface [81]. A similar situation
may exist in our Pt/ZrO, catalysts in which a highly reduced Pt surface will not easily re-
oxidize, but when Pt-oxide species dominate the particle composition they may take part
in a Mars-van Krevelen-type of process whereby oxygen depleted from the catalyst
surface is replenished by gas-phase O,. Support for this mechanism is also evident in the
~90 % reduction of all samples after decomposition reactions with MeOH, i.e. in the
absence of gas-phase O; all samples reduce (Table 1), however, even after oxidation

reactions at 260°C the oxides of Pt remain.

Conclusions

The present study highlights the importance that the sample pretreatment has on
the removal of residual contaminants from the sample preparation method, the oxidation
state, and subsequent reactivity of colloidal (polymeric) Pt nanoparticles. We have
demonstrated that micelle-encapsulated Pt NPs supported on ZrO; can be calcined at
500°C under a flow of oxygen for relatively long times without noticeable coarsening,
and that such a pre-treatment is highly efficient for the removal of polymeric carbon

leading to highly reactive and thermally stable nanocatalysts. Pretreatments in the



presence of different gases lead to differing degrees of oxidation with micelle
encapsulated NPs forming strong contacts with the ZrO, support. This latter idea is
reinforced by the observed, highly stable Pt-O compounds, most likely at the NP-support
interface, which do not fully reduce under our reaction conditions or H, treatments. In
addition, we observe that O,-treated samples exposed to H, before reaction are the most
active for the decomposition of MeOH, likely due to promotional effects of H; in the
decomposition of methoxy species.

The complete oxidation of MeOH takes place over our catalyst in the presence of
excess oxygen at 50°C with no appreciable difference in activity for oxidized versus
reduced samples and 100 % conversion for all samples is obtained at 260°C regardless of
pre-treatment. This is evidence that the oxidized surfaces of our Pt NPs are active for the
oxidation of MeOH and reduction pre-treatments commonly reported in the literature
may not be necessary. Furthermore, the oxidized surface appears to take part in a Mars-
van Krevelen-type of process, exchanging oxygen from the particle’s Pt oxide shell with

gas-phase O,, allowing it to remain oxidized during/after MeOH oxidation reactions.
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Table 1 — Relative phase content of the different Pt and Pt-oxide species from the Pt-4f
XPS spectra shown in Figs. 3, 4 and 5. This table contains data obtained after different

sample pre-treatments and after MeOH decomposition and oxidation reactions.

Pre-treatment Pt’ (%) | PtO(%) | PtO, (%)
Before MeOH 25.2 57.2 17.6
8 hours Oy After MeOH
decomposition 86.8 13.2 0
Before MeOH 24.3 55.6 20.1
After MeOH
4hours O, | oxidation, 50°C | 250 | 903 18.7
After MeOH
oxidation, 260°C | 329 41.9 252
Before MeOH 63.8 31.7 4.5
After MeOH 087 - 0
4 hours O, + dszOmi/(;st)tl;n . .
2 hours H, ter Me
oxidation, 50°C | 056 29.0 5.4
After MeOH
oxidation, 260°C | 623 31.7 6.0
Reduction in After MeOH
MeOH oxidation, 50°C | 90:0 10.0 0
Before MeOH 86.6 13.4 0
8 hours He After MeOH
decomposition 93.9 6.1 0
Before MeOH 90.9 9.1 0
After MeOH
8 hours H, decomposition 94.3 5.7 0
Before MeOH,
after 48 hours air 83.6 12.6 3.8




Figure Captions

Figure 1 —AFM images of Pt NPs synthesized by micelle encapsulation and deposited on
Si0,/Si(001) taken (a) before and (b) after polymer removal via an in-situ (UHV) O,-

plasma treatment.

Figure 2 — TEM images of Pt NPs deposited on nanocrystalline ZrO, powder. (a)-(c)
show particles from the sample annealed in a flow of O, for 8 hours, (d-f) in a flow of He

for 8 hours, and (g-1) in a flow of H; for 8 hours.

Figure 3 — XPS spectra of the Pt-4f region of Pt NPs deposited on ZrO, powder
following the different pretreatments as listed on the right hand side of the graph. The
vertical reference lines indicate the binding energies of the 4f;,, peaks of pt° (solid line),
PtO (dashed line), and PtO, (dashed line). Each pretreatment was conducted on a separate,

fresh sample.

Figure 4 — XPS spectra of the Pt-4f region of Pt NPs deposited on ZrO, powder
following the different pretreatments indicated on the right-hand side and subsequent
reaction with MeOH at 260°C for 4 hours. The vertical reference lines indicate the
binding energies of the 4f;,, peaks of pt° (solid line), PtO (dashed line), and PtO, (dashed

line). Each pretreatment and reaction was conducted on a separate, fresh sample.



Figure 5 — XPS spectra of the Pt-4f region of Pt NPs deposited on ZrO, powder
following the different pretreatments listed on the left hand side of the graph and
subsequent MeOH oxidation. The vertical reference lines represent the 4f7,, peaks of P’
(solid line), PtO (dashed line), and PtO, (dashed line). Each pretreatment and reaction

was conducted on a separate, fresh sample.

Figure 6 — Rate of MeOH decomposition at 260°C for all Pt/ZrO2 samples given in
umol(MeOH)/s/g-Pt. Pretreatments applied to each sample are listed on the graph. Each

pretreatment and reaction was conducted on a separate, fresh sample.

Figure 7 — XPS spectra of the C-1s region of all samples before (solid lines) and after
(open symbols) reaction with MeOH. C,, is a range of binding energies where C
associated with polymers used in the NP synthesis may be found. The dashed lines
represent CO bound to Pt in bridged and linear configurations at 285.6 eV and 286.3 eV
respectively. The pretreatments applied to each sample are listed along the left hand side
of the graph. Each pretreatment was conducted on a separate, fresh sample before

interaction with MeOH.

Figure 8 — Rate of MeOH conversion given in pmol(MeOH)converted/s/g-Pt during
oxidation reactions at 50°C for the Pt/ZrO, NPs pretreated in oxygen, and reduced in
hydrogen and MeOH. Each pretreatment and reaction was conducted on a separate, fresh

sample.



Croy et al., Fig. 1



ig. 2

F

Croy et al



68l70l72 74 76 78 80 82
Binding Energy (eV)

Croy et al., Fig. 3



I
| YT I IS I — |

PR PR
68 70 72 74 76 78 80 82

Binding Energy (eV)

Croy et al., Fig. 4



PO P PEY Pt-4f

68 70 72 74 76 78 80 82
Binding Energy (eV)

Croy et al., Fig. 5



260°C

T=

HH°Hysg

I °®HYys8

‘oysg

‘Hyz+Ouv

500
450
400

(1g-6 s/HO®W [ow) 81y UOISIBAUOD

350

300
250
200
150

100

o
Yol

Pretreatment

Croy et al., Fig. 6



| I

282 284 286 288 290

Binding Energy (eV)

Croy et al., Fig. 7



o
o
n
| z
- H PaI-*HYy ¢
—
c
)
S
©
[4
Hi ouys o
b=
©
p—
o
H P3I1-HO3N
Yol o n o Yol o n o Yol o
N~ o [sYEEm el N~ o [ Yol N~
© © n < [sp] () [aVE

(1d-B s/HOBIN JowM) B1ey UOoISIBAUOD

Croy et al., Fig. 8



