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Highly dispersed supported metal nanoparticles find widespread longer length scaless{10 A), providing insight into the size and
application in catalysis, including in hydrocarbon reforming and morphology of the nanoparticles. The bond lengths obtained from
polymer-electrolyte-membrane fuel celi$. Pivotal to the develop- the PDF are absolute, not subject to an offset or derived from a
ment of catalytic materials with controlled reactivity is the structural model, as is typical for distances “measured” in an
understanding of the fundamental mechanisms that drive the EXAFS experiment.
formation of catalytic nanoparticles. A key step toward this goalis ~ The Pt* reduction kinetics, preceding nanoparticle formation,
the ability to discriminate between the separate processes, includingwere probed by following the reaction of Pt&l ions supported
the initial reaction of the precursors and the subsequent nanoparticleon TiO,, at multiple temperatures. Starting materials were prepared
sintering. Recently, the pair distribution function (PDF) method by aqueous deposition of,RtCk on TiO, with 5 wt % Pt loading.
has emerged as a powerful technique to probe the structure ofHigh-energy X-ray scattering data € 0.1612 A) were collected
nanoscale materials, with atomic-scale resolution across the entireat 1-ID-C at the Advanced Photon Source for polyimide capillary-
length scale of the nanoparticle, although to date this has beenloaded Pt'/TiO, samples in a reaction cell which allows rapid gas
limited to studies of static materials prepared ex situ, such as in switching near the sample. Diffraction images were accumulated
advance of the measuremént? Here we use in situ time-resolved  using an amorphous silicon-based area detttthrring sample
PDF methods to monitor the structural evolution and kinetics reduction under k(4% in He) gas flow at three temperatures, 100,
associated with the formation of Rtanoparticles from Pt ions. 150, and 200C.

Differential PDF (d-PDF) methods are applied, which allow the The PDFsG(r), obtained during the reduction (Figure 1) were
atom—atom correlations that arise only from the supported Pt extracted from the diffraction images as described previdadipe
material (i.e., metatmetal and metatanion contacts) to be  PDFs contain contributions from all ateratom correlations within
separated from those of the bulk support, it0 probe the structure  the sample, including those from the majority Fi€upport and
of the nanoparticles directly. We demonstrate that the reduction the deposited Pt species. The TFiérrelations remain unchanged
reaction follows pseudo-zero-order kinetics. The mobility of the during reduction, while those from the®Rtanoparticles increase
Pt atoms on the Ti@support varies with temperature, with particle  and those from the precursor decrease.

growth proceeding more rapidly at higher temperatures. While direct analysis of the minority #¢Pf component is

The potential of X-ray and neutron PDF methods to solve complicated by the dominant contribution of the support to the total
problems in catalysis has been demonstrated for industrially relevantppF, it can be readily analyzed in the d-PDF (Figure 2). These
zeolites and supported Pt systetd!“Although innovative atthe  §-PDFs were obtained by direct subtraction of a reference PDF
time, these studies, were limited by the flux, with each PDF measured for the bare support (at the same temperature) from the
requiring several hours to a week of collection time. The use of total PDFs, renormalized to the FO correlation (2.0 A).
synchrotron radiation in combination with an area detéetdlows The d-PDF of the as_deposited samp|e has a distinct correlation
the scattering data for an individual PDF to be collected simulta- 4t 2 5 A corresponding to thePEI bond within the PtGP~ anion.
neously such that the time resolution is limited only by the flux/ A peak due to the PtPt nearest-neighbor correlation develops
signal-to-noise ratio and the data read-out rate. Here, the applicationrapidly at 2.77 A during the reaction. The relative intensities of
of a highly sensitive, fast read-out deteétdras allowed structural  these first shell PtCl precursor and PtPt product correlations,
and mechanistic information to be obtained with time resolutions estimated from Gaussian fits to the peaks, change during the
up to 133 ms. This represents a significant advance in the study of reaction, reflecting changes in species concentration and coordina-
nanoparticles, as it opens up the new possibility of probing structure tion number (Figure 3). The intensity of the-R&I correlation, from
with sufficient time resolution to directly distinguish the reactions the discrete PtG}- ion, is directly proportional to the concentration
of the precursors from that involving particle growth. of Pt-Cl bonds and PtG} ions and, thus, provides a direct

The present approach offers several distinct advantages over theneasure of the progress of reduction. By contrast, the intensity of
X-ray absorption spectroscopy (XAS) methods more typically used tne pt-pt correlation and number of PPt contacts depend on the
to characterize supported nanoparticles. The monochromatic high-concentration of Pispecies as well as the size/extent of the particle,
energy X-rays £ 60 keV) used for PDF measurements are weakly ang thus, this correlation (particularly in comparison to the @it
absorbing, causing negligible radiation damage or perturbation to cqrelation) can provide additional information regarding particle
the sample-a particular problem for time-resolved XAS (energy ormation and growth.
dispersive EXAFS) which uses X-ray energies close to an absorp- N induction time is evident for the reduction at =200 °C,
tion edge'"**Unlike EXAFS data, the d-PDFs (and PDFs) contain  the pt-C| correlation decreasing approximately linearly with
structural information beyond the first few coordination shells, o a5ction time (Figure 3). The lack of induction time indicates that

* Argonne National Laboratory the reduction is not autocatalytic, as has been found fordpiecies
* Stony Brook University. in solution?® Tests of zero-order and first-order kinetic models
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Figure 3. The first shell P+Cl (a) and PtPt (b) peak intensities during
reduction at 100, 150, and 20C and the corresponding Arrhenius plot
(inset). The trend expected for linear growth (by mass) of hypothetical
nanoparticles is superimposed on the data obtained at@50

so for heterogeneous systems. This energy can, however, be
recovered readily from an Arrhenius plot, based on the zero-order
fits to the PDF data, resulting in a value of 0.52 eV (Figure 3).
The first shell PtPt peak grows continuously as clusters of
several atoms grow to form small particles, with the average
ob L ew., e V... ¥ S-S ~ coordination number (CN) increas_ing and eventually approaching
3 ,‘}A that of bulk Pt (CN= 12) on heating at 150C and above. The

Figure 2. (a) Recovery of the d-PDF isolating correlations involving only linear decrease in theP€I correlation and the zero-order reduction

Pt. (b) A series of d-PDFs for Pt/TiQluring reduction at 206C. kinetics suggest a linear increase i Bpecies; thus, the growth
in the first shell P+Pt peak intensity corresponding to linear growth
suggest that the data are better fit by a zero-order m&8gld order (by mass or number of atoms) of the clusters was calculated (Figure

= 0.94-0.98, RZirst—order = 0.84—0.90). Small deviations from a 3). These calculations demonstrate that linear growth of a single
perfect linear fit may be due to a contribution from a secondary particle, or linear parallel growth of multiple identical particles, is
process which follows different kinetic behavior. XAS studies have associated with nonlinear increase in the first shetifatintensity.
indicated that reduction of supported Rh follows first-order kinetics, To a first approximation, this parallels the observed behavior;
although different kinetics may be reasonably expected for different however, small deviations from the calculated growth curves suggest
systemg! Indeed, interpretation of XAS data can be complicated that other processes may influence the rate effRtbond formation
by multiple scattering effects and may be influenced by cluster size (including migration/mobility of Pt atoms and clusters, and the
effects and the absolute number of species pré3gvihile generally rate of addition of a Pt atom to another atom or small cluster). A
considered rare, zero-order kinetics often apply to reactions at distribution of particle sizes, nucleated over a period of times, at
surfaces with a fixed number of catalytic reaction sites (e.g., various stages of particle growth is also likely. Comparison of the
defects?? In supported systems, such as Pt/Jie surface area  relative rates and completeness of the Ptbond and Pfformation
to volume ratio is considerably larger than that of a bulk precursor, shows that Pt particle growth depends strongly on temperature, with
and as such, the reduction process may be dominated by existinggrowth at 100°C likely limited by reduced mobility of Ptatoms.
surface defect/reaction sites. Accordingly, zero-order kinetic be-  To further explore the effect of temperature on the relative rates
havior analogous to that of surface-catalyzed reactions may beof the two processes, data were collected-atK intervals as the
reasonably anticipated. Pt/TiO, was heated, under,;H4% in He) gas flow, from O to
The activation energy for the reduction of a nanoparticle is 200°C over 1 h then held at 20TC for 15 min. The changes in
generally challenging to measure experimentally and even moreintensity of the P+Cl and PtPt correlations indicate several
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Figure 4. The d-PDFs (inset) and the integrated peak intensities of the
Pt—ClI and Pt-Pt correlations upon heating undes 4% in He) gas flow.
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distinct behaviors (Figure 4). Between 0 and 225 the dominant
reaction involves the reduction of“Ptto form isolated Ptatoms

or small clusters, as evident from the substantial drop of the Pt
Cl correlation intensity and only a significantly smaller growth of
the peak due to PtPt contacts. At 125140 °C, the intensity of
the Pt-Pt correlation grows dramatically without any significant
changes for the PtCl correlation. Thus, the increase in-fRt
intensity and Pt CN derives from particle growth and sintering rather
than a rapid increase in the number of §tecies. Above 140C,

a more gradual increase in the-Rt correlation is observed. At
this temperature, the reduction of thé'Pis complete, as evident
by the lack of P+Cl contacts, and this increase of the—Pt
correlation is due to further growth of the Pt nanoparticles through
the slower merging of larger particles with other (smaller) clusters.
An estimate of the Pt coordination number calculated from the Pt
Pt correlation intensity (see Supporting Information) is consistent
with this, the average CN increasing by2.5 from <6 to 8.5 at
125-140°C, and by a further2.5 to~11 from 140 to 200C. A
further measure of particle size can be obtained from the distance
r to which distinct correlations in the PDF remain since peaks will
not be evident beyond the length scale of the parfitien the
basis of this analysis, the particles have grown to over 5 nm at
200°C. These results indicate a dramatic increase in the mobility
of Pt atoms or small clusters on the Gi€upport above-125°C,
consistent with the isothermal results.

Variations in d-PDF peak positions and shapes during the reaction
(Figure 4) indicate additional subtleties associated with cluster
formation and growth mechanisms. The data suggest that the
structure of some clusters may not resemble that of bulk face-
centered cubic (fcc) Pt. The first shell-F®t correlation is broad
and slightly asymmetric below~125 °C, consistent with a
distribution of Pt-Pt bond lengths, and perhaps multiple cluster
types. Above~125°C, the first shell peak sharpens and the splitting
of the third shell peak disappears, as the particles grow in size.
Concomitantly, the peaks shift to lowerdue to a contraction of
the Pt-Pt bond with heating. Such negative thermal expansion has
been observed in Pt particles of less than a nanorietgyain
indicating that small clusters/particles 1 nm) are present in this
temperature regime. By 20@, where the small clusters/particles
have sintered into larger particles ef5 nm, the long-range
correlations in the PDF are now well reproduced by a fcc model.
Grazing incidence small-angle X-ray scattering (GISAXS) studies

In conclusion, we illustrate a methodology for the direct and
quantitative study of the kinetics and mechanism of nanoparticle
formation and sintering in heterogeneous systems, an area that has
been largely overlooked, due to a lack of adequate experimental
methodology. The advantage of the present approach is that it
directly discriminates between the reactions involving the precursor
and those involving sintering and particle growth. The methods
described here are not limited to Pt nanoparticles but are broadly
applicable to the study of both the chemical kinetics associated
with nanoparticle formation and the stability of nanoparticles under
reaction conditions. Applications of this approach to a large variety
of systems, including nanocomposites in lithium ion battery mater-
ials and supercapacitors, iron-oxyhydroxide nanoparticles in the
environment, and gold nanoparticles in catalysis, can be readily
envisaged.
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