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ABSTRACT: Agglomerative sintering of an atomically dispersed, Three cycles of 3800 turnovers of cyclohexene hydrogenation at 72 °C

zeolite Y-supported catalyst, Ir; /zeolite Y, formed initially from the
well-characterized precatalyst [Ir(C,H,),]/zeolite Y and in the
presence of liquid-phase reactants, was monitored over three

| \ , .
cycles of 3800 turnovers (TTOs) of cyclohexene hydrogenation at \' :\' —»\' @' —>\' @} S

72 °C. The catalyst evolved and sintered during each cycle, even at \\. - \\. - \\ -
the relatively mild temperature of 72 °C in the presence of the Ir, It 40

cyclohexene plus H, reactants and cyclohexane solvent. Post each

of the three cycles of catalysis, the resultant sintered catalyst was characterized by extended X-ray absorption fine structure spectroscopy
and atomic-resolution high-angle annular dark-field scanning transmission electron microscopy. The results show that higher-nuclearity
iridium species, Ir,, are formed during each successive cycle. The progression from the starting mononuclear precursor, Ir;, is first to
Ir., ¢ then, on average, Ir_,; and finally, on average, Ir_,, the latter more accurately described as a bimodal dispersion of on-average
Ir. 450 and on-average Ir._; 4, nanoparticles. The size distribution and other data disprove Ostwald ripening during the initial and final
stages of the observed catalyst sintering. Instead, the diameter-dispersion data plus quantitative fits to the cluster or nanoparticle diameter
vs time data provide compelling evidence for the underlying, pseudoelementary steps of bimolecular agglomeration, B + B — C, and
autocatalytic agglomeration, B + C — 1.5C, where B represents the smaller, formally Ir(0) nanoparticles, and C is the larger (more
highly agglomerated) nanoparticles (and where the 1.5 coefficient in the autocatalytic agglomeration of B + C necessarily follows from
the definition, in the bimolecular agglomeration step, that 1C contains the Ir from 2B). These two specific, balanced chemical reactions
are of considerable significance in going beyond the present state-of-the-art, but word-only, “mechanism”—that is, actually and instead,
just a collection of phenomena—for catalyst sintering of “Particle Migration and Coalescence”. The steps of bimolecular plus
autocatalytic agglomeration provide two specific, balanced chemical equations useful for fitting sintering kinetics data, as is done herein,
thereby quantitatively testing proposed sintering mechanisms. These two pseudoelementary reactions also define the specific words and
concepts for sintering of bimolecular agglomeration and autocatalytic agglomeration. The results are also significant as the first
quantitative investigation of the agglomeration and sintering of an initially atomically dispersed metal on a structurally well-defined
(zeolite) support and in the presence of liquid reactants (cyclohexene substrate and cyclohexane solvent) plus H,. A list of additional
specific conclusions is provided in a summary section.
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B INTRODUCTION

process involved in catalyst sintering and involves the breakup of

Sintering of a supported catalyst'~'* is that sum of processes

whereby (i) catalyst agglomeration occurs with an accompanying
loss of catalytic surface area and, hence, loss of activity; whereby
(i) collapse of the catalyst support occurs;'® or whereby (iii)
both of these (and any other) processes occur that limit a
catalyst’s lifetime, reduce a catalyst’s productivity, increase the
net final cost of the catalyst, and result in increased energy use.””
Ostwald ripening (OR) is often believed to be an underlying
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a typically smaller metal particle into a single-atom fragment,
M, = M, + M,_, followed by M, migration and agglomeration
with a second, larger, particle, M,,, namely, M; + M,, = M,,,,,
in a net process M, + M,, = M,_; + M,,,, that is initially
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size-defocusing/broadening and ultimately yields larger, lower-
surface-area particles that are typically less active catalyti-
cally."*™"” The other most often cited (but in words only)
“mechanism” of particle sintering is particle migration and
coalescence (PMC),"”™>” although the precise balanced
chemical equations that constitute PMC are typically not given
and, therefore, unclear. Restated, PMC cannot possibly be a true
mechanism because it does not contain any specific, balanced
chemical equations that can be used to, for example, curve-fit
kinetics data. Instead, PMC is simply a collection of observations
and phenomena. Moreover, and unfortunately, such putative
mechanistic processes are often assumed and not independently
checked by experiment.”**'

Atomically dispersed precatalysts such as the well-
characterized mononuclear iridium complexes supported on
zeolite HY employed herein, shown in Figure 1 and abbreviated
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Figure 1. Schematic representation of the structure of the [Ir(C,H,),]/
zeolite Y precatalyst prepared by the reaction of [Ir(C,H,),(acac)]
(acac: CH;COCH,COCH;) with highly dealuminated (Si/Al = 30)
zeolite Y. Each Ir atom is 7-bonded to two ethylene ligands and
anchored to the support by two Ir—O bonds, as in the precursor
[Ir(C,H,),(acac)]. Reprinted with permission from ref 31. Copyright
2012, American Chemical Society.
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as [Ir;]/zeolite Y, offer a unique, previously

unexploited opportunity to test the stability of atomically
dispersed catalysts. They also offer an unprecedented oppor-
tunity to observe metal agglomeration and sintering from an
initially atomically dispersed catalyst that cannot, at least initially,
undergo OR'7™"7*° because the initial fragmentation process
M, = M, + M,_, is not possible for n = 1 (i.e., atomically dis-
persed M, catalysts such as our [Ir,]/zeolite Y). Indeed, inves-
tigation of the early stages of agglomeration of our atomically
dispersed catalyst also offers a unique opportunity to probe
several open questions, including (a) What is the stability toward
sintering of such atomically dispersed catalysts? (b) What is
the time profile (kinetics) of the reaction at each stage of
sintering beginning from a mononuclear species as it catalyzes a
prototype, simple reaction such as cyclohexene hydrogenation?
Are there, for example, (re)activation/induction periods, or is the
catalyst immediately active? (c) How does the initial rate at each
stage correlate with the number of accessible metal atoms of the
agglomerating catalyst? (d) What are the observable stages of
agglomeration, n, in terms of the metal product, Ir,, post a few
thousand cycles of catalysis? And (e) what is the role of the liquid
phase, solvent and other reactants (in what follows, cyclohexene
and H,)?

Recent Investigations of the [Ir(C,H,),l/Zeolite Y
Precatalyst in Contact with Solution: Demonstration
of An Initially Atomically Supported Ir, as the True
Catalyst. In a recent collaboration between our Colorado State
University (CSU) and UC Davis (UCD) groups,31 we examined
the site-isolated, mononuclear zeolite-supported precatalyst
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[Ir(C,H,),]/zeolite Y (Figure 1)."*'%'7?*°% Our recent
collaborative focus” was on the question of “what is the true
catalyst for cyclohexene hydrogenation at 22 °C; specifically, is it
the initial mononuclear, atomically dispersed [Ir;]/zeolite Y
species?” Evidence providing strong support for retentlon of the
atomic dispersion of the iridium at 22 °C included® (i) the
kinetics of our reporter reaction (especially the lack of an
observable induction period dunng which higher-nuclearity
aggregates could have formed),” postcatalysis extended X-ray
absorption fine structure (EXAFS) spectra of the resultant
iridium species (indicating no detectable Ir—Ir contributions,
consistent with mononuclear iridium),”" and high-angle annular
dark-field scanning transmission electron microscopy (HAADF-
STEM) images indicating only atomically dispersed iridium on
the support.31 Moreover, (i) quantitative catalyst poisoning
experiments with P(OCH;); showed that 1.0 equiv of
P(OCH;); per equivalent of Ir completely halted the catalytic
activity, providing compelling evidence for an intrazeolite,
mononuclear [Ir;]/ zeohte Y catalyst with no detectable metal
leaching into solution.”’ The conclusion of the [Ir;] catalyst
within the zeolite Y pore structure was bolstered by (iii) the lack
of detectable poisoning by the larger P(C4H,;);, a ligand too
large to enter the pores.31 In short, the results constitute a rare
example wherein all the evidence necessary to identify un-
equivocally an atomically dispersed, supported transition-metal
species as the true catalyst was obtained.’’ The significance of
that work for the present studies is that it pins down atomically
dispersed [Ir;]/zeolite Y as the starting point of the catalyst
sintering investigation detailed herein.

Preliminary Studies at Higher Temperatures. In our
prior work,>! we also performed initial cyclohexene hydrogena-
tion survey experiments starting with the site-isolated, mono-
nuclear zeolite-supported precatalyst [Ir(C,H,),]/zeolite Y at
50 °C. The goal of those survey experiments was to determine
whether the atomic dispersion was retained at temperatures
above 22 °C. The data suggested, instead, that the initially
formed, mononuclear [Ir;]/zeolite Y catalyst slowly evolved to
higher-nuclearity species, even at the mild temperature of 50 °C
and in the presence of the liquid reactant, cyclohexene, H,, and
cyclohexane solvent. Hence, that preliminary observation opened
up the possibility of quantitatively investigating the sintering
of the initially atomically dispersed, prototype [Ir,]/zeolite
Y catalyst system®' under liquid-phase conditions.

Herein, we report the results of experiments at 72 °C whereby
catalyst agglomerative sintering is faster than at S0 °C but still
observable in discrete stages. We characterized the sintering of
the initially [Ir, ] /zeolite Y catalyst following each of three cycles
of 3800 total turnovers (TTOs, = 4.94 mmol cyclohexene/
1.3 umol Ir) of cyclohexene hydrogenation in the liquid phase.
We have monitored the initial rate of reaction at each stage and
characterized the several postcatalysis samples by HAADEF-
STEM and EXAFS spectroscopy.’” In a nutshell, the data
demonstrate the agglomerative sintering of the initial Ir; species
at 72 °C to sequentially yield (i) clusters well approximated as
Ir._,_4 following the first 3800 TTOs occurring over 2 days, then
(ii) on-average Ir_,, clusters after 7600 TTOs, and then (c) on-
average Ir_;, clusters, that are more accurately described as
a bimodal distribution of on-average Ir_,, 5o and on-average
Ir. 00 nNanoparticles, after 11400 TTOs of cyclohexene. The
total of 11 400 TTOs of catalysis were accompanied by an overall
8.1-fold decrease in the initial rate of hydrogenation. The results
and the analysis that follows are of considerable interest because
they provide (i) the first quantitative characterization of the

DOI: 10.1021/acscatal.5b00321
ACS Catal. 2015, 5, 3514—3527


http://dx.doi.org/10.1021/acscatal.5b00321

ACS Catalysis

Research Article

agglomerative sintering of an atomically dispersed catalyst; (ii)
compelling evidence against Ostwald ripening; and (iii) an
identification and employment of the specific, balanced chemical
reaction, pseudoelementary mechanistic steps of bimolecular
agglomeration, B + B — C, and autocatalytic agglomeration,
B + C — 1.5C, to account for the agglomeration average particle
size vs time data quantitatively.

B RESULTS AND INITIAL DISCUSSION

First Cycle of 3800 Turnovers of Cyclohexene Hydro-
genation Starting with [Ir(C,H,),]/Zeolite Y at 72 °C:
Kinetics and Post-Kinetics EXAFS and HAADF-STEM
Analyses. Reaction Kinetics and Initial Rates. Figure 2
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Figure 2. First cycle of 3800 TTOs of cyclohexene hydrogenation under
standard conditions (¢) at 72.0 + 0.1 °C. The cyclohexene
concentrations were calculated from H, uptake data determined by
measuring the H, partial pressure loss then converting to the loss of
cyclohexene by the known 1:1 H,-to-cyclohexene stoichiometry.*” For
clarity, only one of every five datum points is shown.

shows the kinetics data starting initially with the [Ir(C,H,),]/
zeolite-Y precatalyst under what we refer to as standard
conditions, that is, 72.0 + 0.1 °C, 3800 equiv of cyclohexene
(relative to 1 equiv of Ir) in cyclohexane solvent, all in a batch
reactor prepared in an N,-filled drybox. The reactor with the
precatalyst was removed from the drybox and attached to a
hydrogenation line equipped with a computer-interfaced
pressure transducer for monitoring the decreasing H, partial
pressure as a measure of the conversion of the cyclohexene,
which is known to react with H, in a 1:1 stoichiometry to yield
cyclohexane.”® The catalysis experiment was started by
pressuring the system with H, to 40 + 1 psig and vortex-stirring
to keep the catalyst particles suspended.

The kinetics data over the first cycle of 3800 TTOs of
cyclohexene hydrogenation are shown in Figure 2, plotted as
cyclohexene concentration vs time. A cyclohexene plus cyclo-
hexane (reactant plus solvent) vapor-pressure correction was
applied to determine accurate changes in the H, partial pressure
during the reaction, as described elsewhere”” (see the Supporting
Information for details of the vapor pressure correction).

Noteworthy is that the cyclohexene hydrogenation reaction
started immediately, without a detectable induction period,
which is consistent with the starting [Ir(C,H,),]/zeolite-Y
precatalyst rapidly evolving to a kinetically competent catalyst.
The hydrogenation took only about 40 min to completely con-
sume 100% of the limiting reactant, cyclohexene. The cyclo-
hexene hydrogenation curve in Figure 2 is very similar to the one
obtained for the same reaction at 22.0 + 0.1 °C,”" with the only
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notable difference being the ~12-fold increased rate of
hydrogenation, the complete hydrogenation (3800 turnovers)
requiring only 40 min at 72 °C (vs 480 min at 22 °C).*

The initial rate of cyclohexene hydrogenation in the first cycle,
determined from the slope of the curve at time zero (Figure 2),
is 4.4 M/h for the standard catalyst mass that was employed
(in what follows, we use this same basis for representing reac-
tion rates). Repeat experiments showed that this value was
reproducible within an error of +5%.

Lack of a Detectable Induction Period and the Important
Associated Definition of the Sintering Starting Point. An
important observation in this first cycle of hydrogenation catal-
ysis is the lack of any detectable induction period or asso-
ciated sigmoidal kinetics curve. If present, then such sigmoidal
kinetics would most likely have been characteristic of the two-
step mechanism of nanoparticle nucleation and autocatalytic
growth, A - B, A + B — 2B (where, in the present example,
A =Ir'/zeolite Y and B = Ir(0) or, perhaps, Ir—H, plus probably
other ligands as well).‘?’2 What this means, in turn, is that later in
the paper, when we fit the agglomerated nanoparticle diameter vs
time data, we should (and will) use the nomenclature indicating
that we are starting with “B”, that is, formally Ir(0), in the
agglomerative sintering process, not “A”, the Ir'/zeolite Y
precatalyst.

Characterization of the Resultant Catalyst. Ex situ EXAFS
and HAADF-STEM characterizations of the catalyst were carried
out, after the first cycle of 3800 TTOs,'® with the primary goal of
establishing the nuclearity, n, of the resultant Ir, catalyst. The
EXAFS best-fit model characterizing the postcatalysis sample
is given in Table 1 (see the Supporting Information for data

Table 1. Summary of EXAFS Data at the Ir L;; Edge
Characterizing the Catalyst Formed from the Starting
[Ir(C,H,),]/Zeolite Y and Following the First 3800 TTOs
of Cyclohexene Hydrogenation at 72.0 + 0.1 °C

EXAFS parameters”
absorber—backscatterer pair N R (A) 10° x Ac* (A?) AE, (eV)
-0, ite 20 223 2.0 —7.8
Ir-C 5.7 2.15 6.8 -7.6
Ir—Al 1.0 3.08 0.7 2.4
I—Ciong 37 306 10 -80
Ir—Ir b b b b

“Notation: N, coordination number; R, distance between absorber
and backscatterer atoms; Ac¢?, variance in the absorber—backscatterer
distance (Debye—Waller factor); AE,, inner potential correction. Error
bounds (accuracies) characterizing the parameters are estimated to be
as follows: N, + 20%; R, + 0.02 A; Ac?, + 20%; and AE,, + 20%.
bContribution not detectable. Details of the EXAFS data fitting are
provided in the Supporting Information.

characterizing the other two models tested in detail in the EXAFS
data fitting). Significantly, the EXAFS spectra indicate that only
mononuclear iridium species, Ir;, are present, with the best-fit
Ir—Ir coordination number being indistinguishable from zero.
The Ir—C and Ir—C,,,, coordination numbers®* are 5.7 and 3.7,
and the Ir—O,, ;. and Ir—Al coordination numbers are 2.0 and
1.0, respectively, showing again that, on average and within
experimental error, each Ir atom in the catalyst after 3800 TTOs
is still bonded to two oxygen atoms at the aluminum site of the
zeolite and has ligands with low-atomic-number atoms, which we
infer to be carbon.

DOI: 10.1021/acscatal.5b00321
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Because the errors in the EXAFS data (eg, + 20% in
coordination numbers) imply that low concentrations of higher-
nuclearity iridium species Ir,, n > 1, could have been missed by
the EXAFS analysis in samples that contained predominantly Ir,
complexes, HAADF-STEM imaging was performed with the
same postkinetics sample used in the EXAFS experiments. The
results (Figure 3) confirm the principal findings of the EXAFS

Figure 3. HAADF-STEM image of the postcatalysis sample formed
from the [Ir(C,H,),]/zeolite Y precatalyst and following the first 3800
TTOs of cyclohexene hydrogenation at 72.0 # 0.1 °C. In the HAADF
imaging mode, the iridium species appear as bright features as a
consequence of the Z (atomic number)-contrast between the heavy Ir
atoms and the zeolite Y framework, which incorporates only light
elements. The image shows that the iridium is still present primarily as
isolated mononuclear, Ir;, complexes, as indicated by the isolated Ir
atoms (some examples are circled in white). Notable, however, is that
two iridium clusters with subnanometer diameters of ~0.42 and
0.45 nm are also evident (circled in red), corresponding to Ir.,
clusters.'® Hence, this image provides evidence of an early stage of
Ir._4 cluster formation.

analysis by showing that the sample is still composed of primarily
isolated mononuclear Ir; species. However, significantly, two
small subnanometer iridium clusters with diameters of ~0.42 and
0.45 nm, approximated as Ir,, are identified in the image, Ir,
clusters being known to be stable in this system and to form from
the mononuclear species.'”

Formation of an Ir_,_¢/zeolite Y Catalyst Plus Its EXAFS
and HAADF-STEM Characterization. Another standard
conditions, 3800 TTOs cyclohexene hydrogenation experiment
at 72.0 + 0.1 °C was carried out beginning with fresh
[Ir(C,H,),]/zeolite Y, but after those 3800 TTOs, the reactor
was kept on the H, line for ~2 days at 72.0 + 0.1 °C*° under the
~25 psig that remained”® (after the conversion of 3800 equiv of
cyclohexene) to allow the what turned out to be Ir.,_¢ clusters
(vide infra) to fully evolve. The EXAFS data representing the
best-fit model characterizing the sample after this experiment
(details in Supporting Information) are shown in Table 2.
Significantly, the data indicate an average Ir—Ir coordination
number of 2.9, consistent with the predominance of tetrahedral

3517

Table 2. Summary of EXAFS Data at the Ir L;; Edge,
Characterizing the Sample Formed from [Ir(C,H,),]/Zeolite
Y after Cyclohexene Hydrogenation at 72.0 & 0.1 °C after
3800 TTOs of Cyclohexene Hydrogenation, Followed

by ~2 Days under H,, As Described in the Text

EXAFS parameters”
absorber—backscatterer pair N R(A) 10°x Ac* (A*) AE, (eV)
=0, 051 210 1.5 29
Ir-C 4.1 2.27 11 =7.5
Ir—Clong 40 3.09 073 53
Ir—Ir 2.9 2.67 6.3 =S5.5

“Notation: N, coordination number; R, distance between absorber and
backscattering atoms; Ac?, variance in the absorber—backscatterer
distance; AE,, inner potential correction. Error bounds (accuracies)
characterizing the parameters are estimated to be as follows: N, +
20%; R, + 0.02 A; Ac?, + 20%; and AE, + 20%. Details of the EXAFS
data fitting are provided in the Supporting Information.

Ir, clusters, which are known to be relatively stable,'”***"*7~3

The average Ir—Ir bond distance of 2.67 A is typical for Ir,, >~
The Ir—C and Ir—C,,,, coordination numbers™* (4.1 and 4.0,
respectively) are consistent with the presence of hydrocarbon
ligands. The Ir—Ogyppor coordination number decreased from
~2 for the mononuclear species to 0.5, indicating the unlink-
ing of iridium from the support, as expected for such cluster
formation."”

HAADF-STEM images of this sample provide further
evidence of iridium clusters, with a mean diameter of 0.45 +
0.12 nm for 145 counted particles (Figure 4). The histogram
given in Figure 4 shows that the evolved iridium clusters are
characterized by a narrow, unimodal, and empirically nearly
Gaussian size distribution. The 0.45 nm mean diameter is within
the ranges reported on the basis of HAADF-STEM images of Ir,
and Irg clusters, namely, 0.39 + 0.03 and 0.49 + 0.03 nm,
respectively, with narrow size dispersities of +7.6% and 6.1%,
respectively.’ A slight overestimation of the cluster diameters is
expected on the basis of precedented blurring effects in HAADF-
STEM imaging associated with the electron beam probe size,
vibrational instabilities, irradiation effects, off-focus, and beam
broadening,*' but the histogram of relative sizes is expected to be
accurate. The absence of a second-shell Ir—Ir contribution in the
EXAFS data is evidence against the presence of a substantial
fraction of octahedral Irg clusters in the sample, but the images do
indicate the presence of a few Ir, clusters (which are also known
to be quite stable**). Overall, the product can be labeled with
some confidence as Ir._,_4/zeolite Y. Although it is difficult to
know if we have complete mass balance in our product studies,
the combination of a bulk (EXAFS) with a microscopic
(HAADF-STEM) method implies that we are seeing most if
not all of the main products formed during the catalysis and
associated sintering.

The bottom line is that the EXAFS and HAADF-STEM
evidence demonstrates that the additional ~2 days of treatment
under H,, in contact with cyclohexane solution at 72.0 + 0.1 °C,
resulted in the transformation of the primarily Ir,/zeolite Y
catalyst into one that is well approximated as Ir_,_4/zeolite Y.

Second Cycle of 3800 TTOs of Cyclohexene Hydro-
genation Beginning with the Ir_;_¢/Zeolite Y Catalyst:
Kinetics and HAADF-STEM Evidence of Sintering To Form
Ir_40 Nanoparticles. The evolved, now Ir_,_¢/zeolite Y, catalyst
was subjected to a second cycle of 3800 TTOs of cyclohexene
hydrogenation at 72.0 + 0.1 °C and 40 =+ 1 psig initial H, partial
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Figure 4. (top) HAADF-STEM image of the catalyst after cyclohexene
hydrogenation that was kept under the remaining, ~25 psig H, partial
pressure for an additional ~2 days at 72.0 + 0.1 °C. (bottom) Distribu-
tion of diameters measured for 145 iridium clusters. The mean cluster
diameter of 0.45 & 0.12 nm corresponds primarily to Ir, clusters, but
with a few Ir4 clusters present, as discussed in the main text. The red line
represents an empirical Gaussian curve-fit (OriginPro software) to the
distribution of the cluster diameters.

pressure as detailed in the Experimental Methods and Data
Analysis section. As shown in Figure S, the catalysis began
immediately, again without any detectable induction period,
as expected because a preformed Ir.,_¢/zeolite Y catalyst is
present. The initial rate of cyclohexene hydrogenation in this
second cycle was found to be 1.3 M/h, with an error of +10%
determined in repeat experiments.

HAADEF-STEM images of this post-7600 TTOs catalyst
demonstrate the presence of now even larger and more broadly
dispersed nanoparticles, with an average diameter of 1.04 +
0.22 nm (+21%) for the 98 counted particles, corresponding on-
average to Ir_,, (Figure 6).*’ These results are in good agree-
ment with earlier observations of the enhanced stability of
iridium clusters of this size,** Ir__,,, which are resistant to further
sintering.*” Strikingly, recent studies by one of our groups, of so-
called Ziegler-type nanoparticles stabilized by AlEt;, also show a
constant size of precisely (on average) Ir, 4, for that system and
its rather different stabilizer.** These and additional results*
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Figure S. Kinetics characterizing the catalyst evolution as monitored by
the cyclohexene hydrogenation data (0) obtained in an experiment
beginning with the fully evolved Ir.,_¢/zeolite Y clusters. For clarity,
only one of every 20 datum points is shown.

experimentally document the enhanced stability of Ir_, (to ~50;
vide infra) nanoparticle systems.

Moreover, DFT calculations performed by Pawluk et al.*’
predict that (naked; unligated) Ir particles prefer a rigid cubic
structure until a 48-atom particle (5.91 eV per Ir atom binding
energy) is reached, at which point a transition to face-centered
cubic occurs. This 48-atom (about 1.1 nm diameter) limit
hinders coalescence of at least naked, smaller nanoparticles
because energetically unfavorable surface rearrangements would
be required, again with the caveat here that these calculations
refer strictly to only naked, unligated iridium nanoparticles and
not those in, for example, a zeolite Y matrix such as ours. The
insightful calculations by Pawluk et al. are highly consistent with
and, indeed, predictive of'’ our experimental observations
(op. cit.) that iridium nanoparticles in the (experimental)
Ir40_so range exhibit a kinetics barrier to agglomeration and,
therefore, have relatively high kinetic stability en route to the
thermodynamic minimum of bulk Ir(0),.

Additional, Third Cycle of 3800 TTOs of Cyclohexene
Hydrogenation Beginning with the Agglomerated/
Sintered Ir_,, Nanoparticles: Initial Rate Plus HAADF-
STEM Evidence of Further Sintering To Form Ir_;,
Nanoparticles. An experiment starting with the Ir_,y/zeolite
Y catalyst, but a fresh 3800 equiv of cyclohexene added per mole
of iridium, again yielded data characterized by immediate
catalysis without any detectable induction period (Figure 7).
The initial rate in this third cycle of cyclohexene hydrogenation
was 0.55 M/h. Thus, these data show a further decrease in
cyclohexene hydrogenation rate by 2.3 fold vs the Ir._,_4/zeolite
Y catalyst and an 8.1-fold total decrease vs the initial rate
characterizing the atomically dispersed Ir;/zeolite Y catalyst.
Again, the formation of larger nanoparticles was verified by the
microscopic images postcatalysis. The average nanoparticle
diameter had now grown to 1.30 + 0.98 nm, corresponding,
on-average, to particles approximated as Ir_-,. The particle size
dispersity, too, is again considerably broader, now 0.98/1.30 or
75% (Figure 8), with some particles being 2—4 fold greater in
diameter than average.

Hence, both the size and the average dispersity of the iridium
species increased as the agglomerative sintering progressed: from
Ir; and +0% size dispersion; to Ir_,_¢ and 0.45 + 0.12 (+£27%)
size dispersion; to Ir_4, and 1.04 + 0.22 nm (£21%); and, finally,
after the third cycle of 3800 TTOs, to Ir..,y and 1.30 + 0.98 nm

DOI: 10.1021/acscatal.5b00321
ACS Catal. 2015, 5, 3514—3527


http://dx.doi.org/10.1021/acscatal.5b00321

ACS Catalysis

Research Article

20+

- -
(=3 [
n 1

Frequency (% )

0.
0.0 02 04 06 08 1.0 12 1.4 1.6 18
Nanocluster Diameter ( nm)

Figure 6. (top) HAADF-STEM image of the catalyst sample after the
cyclohexene hydrogenation experiment, beginning with the fully
evolved Ir_, ¢/zeolite Y at 72.0 + 0.1 °C and 40 =+ 1 psig initial H,
partial pressure. (bottom) Distribution of diameters measured for
98 iridium nanoparticles shown in the image at the top. The mean
nanoparticle diameter was found to be 1.04 & 0.22 nm, corresponding,
on average, to ~Ir_,."> The red line represents an empirical Gaussian
curve-fit (OriginPro software) to the distribution of the nanocluster
diameters.
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Figure 7. Kinetics of the catalyst evolution as monitored by the
cyclohexene hydrogenation reporter reaction (¢) beginning, in this
third cycle of 3800 TTOs, with Ir,_,, nanoparticles at 72.0 + 0.1 °C and
40 + 1 psig initial H, partial pressure. For clarity, only one of every
30 datum points is shown.
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(£75%). However, the data for the third cycle of catalysis and
associated sintering are of special interest in that they show that
a bimodal distribution of particles has formed, namely, 1.1 +
0.2 nm (+18%) and 3.5 + 0.9 nm (+26%), corresponding to,
on-average, Ir_5o (ie., still within error of Ir.,) and Ir.ieoq
respectively. Striking here is that the (experimentally) Ir_4_so
nanoparticles (i) are identical within experimental error to the
Ir,s that the DFT calculations of Pawluk et al. predict can have
enhanced stability toward agglomeration,”” and (ii) are
experimentally observed to persist even after ~40 fold larger,
Ir . 1600, Nanoparticles have formed. Reflection upon these results
also (iii) hints at the role(s) of surface ligands formed from
the reactants (cyclohexene, H,) plus the role of the liquid
cyclohexane solvent in overcoming the kinetics barrier to
agglomeration of the Ir_4_so en route to Ir.. ;4.

Three observations characterizing this last cycle of sintering
are especially significant: (i) the (1.0 + 0.2)-nm, Ir.,,, particles
are still the dominant particles present with an unchanged,
~20%, size dispersion within experimental error; and (ii) no
smaller particles are apparent in the images, as would be required
if Ostwald ripening had been occurring; that is, OR is ruled out in
this last cycle of sintering (and was ruled out earlier for the initial
cycle of Ir; sintering because it is physically impossible there).
The results thereby provide compelling evidence that the often-
claimed OR is actually not taking place in the observed cycles of
sintering of at least the present Ir,/zeolite Y system. Moreover,
(iii) the largest particles are now “explosively” (i.e., autocatalyti-
cally, vide infra) larger, Ir_ 4, vs those characterizing the prior
two cycles of 3800 TTOs of catalysis and associated sintering,
which yielded Ir; — Ir,_g, then Ir,_¢ — Ir.,, particles, but the
dispersion of those much larger, Ir_ 49, particles is remarkably
still nearly as narrow (+26%) as the Ir., (+20%) starting
materials of this third cycle of sintering! The results demand
something more insightful and specific to describe the observed
sintering than the often-used words of “particle migration and
coalescence.” In short, and as detailed further in the Discussion
section which follows, the results are consistent with and
supportive of the relatively recently discovered®™"****’ sintering
pseudoelementary steps of autocatalytic agglomeration, which is
intrinsically “explosive” (autocatalytic) in its particle size increase
as well as size-narrowing, B + C — 1.5C, operating in parallel to
bimolecular agglomeration, B + B — C, the primary initial step of
sintering, but one that is intrinsically size-broadening.

Quantitative Curve-Fitting of the Observed Sintering
Size vs Time Data, Thereby Providing Compelling
Evidence for the Bimolecular and Autocatalytic Agglom-
eration Pseudoelementary Steps. On the basis of the
previously mentioned lack of any induction period in any
hydrogenation cycle, we start in what follows with “B”, formally
1r(0), not A, formally Ir". This is not a trivial point:>’ it sets the
starting point and, hence, chemical reactions, namely, B+ B — C
and B + C — 1.5C, as well as then the associated proper words
and descriptors, specifically bimolecular agglomeration and
autocatalytic agglomeration, respectively.

An important feature of the, therefore, B+B - Cand B+ C —
1.5C steps is that they should be able to quantitatively fit the
sintering kinetics data. The fits shown in Figures 9 and 10 were
accomplished with eq 1, which was derived earlier for the average
diameter of the nanoparticles vs time, C, formed by the two
agglomeration steps, B+ B — C, and B + C — 1.5C;*" all
reactants are treated as being “solubilized” for the purposes of
the fits that follow and as detailed in the Experimental Methods
and Data Analysis section. The additional assumptions or
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Figure 8. (top) HAADF-STEM image of the sample after the
cyclohexene hydrogenation at 72.0 + 0.1 °C and 40 + 1 psig initial
H, partial pressure in the experiment that began with the Ir._,,/zeolite Y.
(bottom) Histogram showing the iridium particle size distribution
measured for the 82 particles observed in the image. The mean particle
diameter was found to be 1.3 & 0.98 nm, corresponding, on average, to
~Ir,.,o nanoparticles™ with, as the histogram shows, a few significantly
larger, ~2.6—4.4 nm, particles. However, and more accurately, the figure
reveals a bimodal distribution of particles of 1.1 + 0.2 nm (+18%) and
3.5 + 0.9 nm (+25%), corresponding to, on-average, Ir 5o and Ir. 40,
respectively.*

approximations underlying the derivation and use of eq 1 are
given elsewhere;*”" the main ones to be noted for the present
application of eq 1 are provided in a footnote.”’ In eq 1 the
following definitions apply: D, and Dy are the starting and
final diameters; [B], is the starting “concentration” of Ir(0) = B;
and k; and k, are the bimolecular and autocatalytic agglomera-
tion rate constants, respectively, retaining the nomenclature
and numberiné for these rate constants defined in earlier
publications.*”

The ability of eq 1, derived from the two-step bimolecularly
nucleated autocatalytic agglomeration mechanism, B + B — C,
and B + C — 1.5C, to fit the observed data is obviously excellent
(Figure 9). This statement seems to be especially pertinent given
that no other mechanism-based equations exist that can be used
to fit the data; certainly, there are no equations available from the
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Figure 9. Fits to Ir, diameter vs time (top) and diameter’ vs time
(bottom) assuming a final average cluster diameter of 1.3 nm
(corresponding to Ir,,). The fits are to the “bimolecular” nucleated
autocatalytic agglomeration B + B — C, B + C — 1.5C mechanism with
ky = 283(3) M' s7! and k, = 4.43(2) X 10° M~ s7! (fits were
accomplished with Origin; observed residual = 9.15 X 10~ nm®).

word-only collection of phenomena known as “particle migration
and coalescence.”

4ky(1 — ehilBhi/2) v

4hy(1 — ebBb2y

D, = Do3 + (Df3 - D03)

(1)

Significantly, one can also fit the size vs time data if one uses
the larger clusters of average diameter 3.5 nm, corresponding to,
on average, Ir_ ¢, as the final product of the three stages of
agglomeration (Figure 10).

The residual of the two fits is 4 X 10> times smaller (i.e., better)
for the plot using Ir_,, as the average final size, an unsurprising
result because Ir_-, (not Ir_;4) is, in fact, the actual, observed
average diameter, eq 1 being an equation to describe the average
diameter vs time. But the good fit of the progression to even the
larger, 3.5 nm, Ir_ 4 average diameter argues that if the third
cycle of sintering had been continued until all the starting Ir,_,,
were consumed, then it is very likely that the two-step,
“bimolecularly” nucleated, autocatalytic agglomeration mecha-
nism would have fit those data, too.

Also noteworthy is the ability of the novel, autocatalytic, size-
focusing agglomeration step, B + C — 1.5 C discovered in
2005, to account for the lack of significant broadening of the
size dispersion post even three cycles of agglomerative sintering.
That said, the precise, empirically Gaussian form and breadth of
the distribution cannot be accounted for by the two-step
mechanism (which yields only an average diameter). The shape
of the distribution is, therefore, an important remaining problem,
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Figure 10. Fits to Ir, diameter vs time (top) and diameter® vs time
(bottom) assuming a final cluster diameter of the larger size of the
bimodal distribution of 3.5 nm, corresponding to Ir,¢q,. The fits are to
the autocatalytic agglomeration B + B — C, B + C — 1.5 C mechanism
with k3 = 02(2) M™' s7" and k; = 7(2) X 10* M~ s (using Origin;
observed residual = 3.87 X 107> nm?).

one that is currently under investigation as a separate project.
Moreover, it is not clear at present whether the agglomeration
happens in solution, on the zeolite support, or in both phases.
Hence, those and other details of the sintering are additional
important topics for future investigation.

Bl DISCUSSION

Three Observed Stages of Sintering of an Initially
Atomically Dispersed Catalyst. The results show that the
initially site-isolated, mononuclear iridium complex [Ir,]/zeolite
Y sinters as it catalyzes cycles of 3800 turnovers of cyclohexene
hydrogenation in cyclohexane solvent at 72 °C to give (a)
subnanometer Ir.,_4 clusters; then (b) larger, on-average Ir.,,
clusters; and further (c) even larger, approximately and on-
average Ir_,, nanoparticles that are, however, better described
as a bimodal distribution of, on-average, Ir 4 5o and Ir_ 4
nanoparticles. Some of the nanoparticles in the Ir_, and Ir_,
samples have diameters greater than the ~1.3 nm diameter of the
zeolite Y supercages,” as is evident in the images in Figures 6 and 8.
It follows that the larger, >1.3 nm, iridium nanoparticles in these
samples cannot have been encapsulated within the intact zeolite
framework.

Similarly, platinum nanoparticles >1.5 nm in diameter
supported on zeolite Y (formed by treatment of the supported
platinum precursor in gas-phase O,) were found to be present on
external zeolite particle surfaces.”> There is also literature
evidence that growing platinum clusters/nanoparticles in zeolite
X destroy the zeolite lattice as they expand.”* All of these results
support our inference that the larger, >1.3 nm, iridium
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nanoparticles we observed are outside the zeolite pores or
present in noncrystalline zones that formed as the zeolite lattice
was destroyed by the growing iridium nanoparticles. Observa-
tions by STEM of the same Ir; complex investigated in the
present work, but in that case supported in the pores of another
zeolite (HSSZ-53),"* directly demonstrate the first steps of
iridium cluster formation under the influence of the electron
beam in that work."* The images in that study show migrating Ir
atoms in the straight zeolite pores, leading to the formation of Ir,
species, then Ir; species, then larger iridium nanoclusters as the
zeolite framework is destroyed to create amorphous material, all
further evidence consistent with the observations of the present
study.

The fact that the present Ir,/zeolite Y catalyst is stable at
22 °C, yet undergoes agglomerative sintering even under the
mild conditions of 72 °C in the presence of cyclohexene, H,, and
cyclohexane, documents the well-precedented' ™" effect of
increasing temperature on catalyst sintering. In addition, whereas
most reports of sintering of supported metal catalysts are
concerned with samples in the presence of gas-phase reactants,
our data provide a rare measure of the performance and evolution
of an initially atomically dispersed catalyst in the presence of
liquid-phase reactants.

Evidence Against Ostwald Ripening, but for Bimolec-
ular and Autocatalytic Agglomeration, in the Observed
Sintering. As noted in the Introduction, one of the most often
cited mechanisms for sintering is Ostwald ripening, the sequence
of steps of M, = M, + M, _,, followed by M, migration and
agglomeration with a second, larger, particle M,,, namely, M, +
M,, = M,,,,in anet process M, + M,, = M, _, + M, that, since
the smaller clusters continue to “dissolve” preferentially, M, _; =
M, + M,,_, and so on, eventually consumes the smaller particles
to make larger, lower-surface-area, particles."*"” We reempha-
size that OR cannot physically be involved in the initial steps of
sintering of our present atomically dispersed [Ir,]/zeolite Y,
because the putative initial OR step of M,, = M, + M,,_, leads to
the nonsensical “M; — M;” for the case of n = 1. Thus, the first
step of the sintering process must necessarily be the step of Ir; +
Ir) — Ir, for the present system, a rare definitive determination of
a specific stoichiometry for what the literature has collected
under the term “particle migration and coalescence.””"* Put
another way, the Ir; + Ir;, — Ir, step that must be part of the
sintering process is an atomic verification of the more general
step of bimolecular agglomeration, B + B — C, first detailed
elsewhere.***

After Ir, is formed, additional agglomerative sintering steps are
necessary to obtain the Ir_,_¢, Ir 4, and Ir_;, products observed
in this investigation. Steps that include Ir, + Ir, = Ir,, Ir; + Ir, —
Ir; (the latter having been observed in the pores of HSSZ-53'%),
and so on are the expected steps, atomically precise versions of
the more general steps of bimolecular agglomeration, B + B — C,
and also autocatalytic agglomeration, B + C = 1.5C, where again,
B represents smaller clusters or nanoparticles, and C, the larger
ones.”™*’ The present work is significant in its support for the B +
C — 1.5C, autocatalytic agglomeration step of catalyst particle
sintering and the “explosive” size increase, yet particle-size
dispersion-narrowing and, thus, size-dispersion retention proper-
ties of this new, pseudoelementary”” step.***’

A very important aspect of the two-step sintering mechanism
and, hence, of the present and prior48’49 studies, is that we now
have precise chemical descriptors—bimolecular and autocata-
Iytic agglomeration—and balanced chemical reactions—B +
B — Cand B + C — 1.5C—that appear to update and certainly
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make much more specific the previously word-only and, thus,
chemically ill-defined collection of phenomena known as
“particle migration and coalescence.” That is, there are now
two specific, likely more general, pseudoelementary step
reactions that can serve as a foundation for particle sintering
and for fitting of sintering kinetics data. These equations can and
should be used in the future to test—that is, to attempt to
disprove—those two steps in a given catalytic system as a now
precedented sintering mechanism.

Another important aspect of the present work is that OR was
also ruled out for the final step of sintering of Ir. 4, because that
sintering step (i) yields a bimodal distribution, yet (ii) both
distributions are not defocused (not broadened) from the
~+20% size dispersity of the starting Ir_,, as would be required
if OR were involved. Buhro and co-workers’ studies and con-
clusions™® are strongly supportive of this conclusion, specifically,
their statements that (a) “Ostwald ripening is incapable of
producing a bimodal distribution”,*® and (b) that OR produces
“a unimodal distribution that shifts and broadens,”° that is, that
OR is size-defocusing.”™’ The present work therefore also
reinforces the notion that particle-size distributions are key in
verifying or refuting proposed sintering mechanisms.”**° In
short, OR ripening can be ruled out in the initial sintering stage,
starting with Ir), and the final sintering stage, starting with Ir_j.

Finally, we have also been able to use our data to comment
on the level of “structure sensitivity” or “insensitivity” of the
observed cyclohexene hydrogenation. Specifically, the initial rate
plotted vs the number of accessible Ir atoms reveals that, as the
clusters grow from Ir; to Ir, to Ir._, in (or on) the zeolite Y, their
catalysis of cyclohexene hydrogenation is “structure-insensitive”
within a factor of 10. The data, and lead references to the
extensive literature of structure-sensitive vs -insensitive reactions,
are provided in the SI for the interested reader.

Issues in Need of Further Investigation. Notwithstanding
the above-mentioned advances, much more remains to be
learned. For example, additional investigations will be required to
understand better which factors are important in the sintering of
initially atomically dispersed metals in contact with liquids,
including (i) the presence of ligands such as H (ie., metal
hydrides) or olefins, such as cyclohexene; and, as already noted,
(ii) the liquid medium, which may ligate and solvate species
(especially the smallest ones) and enable recently precedented
off-the-support, solution-based mechanisms for the enhanced
mobility and resultant sintering of initially supported catalysts.>®
Furthermore, (iii) in-operando SAXS studies of homogeneous
systems that can track both the size distribution and number of
particles promise to provide insight.”*° In the future, it will also
likely prove important to (iv) tie in studies, such as the present
one, concerned with sintering species in contact with a liquid
phase, to studies of sintering of gas—solid-phase systems. A
section has been added to the SI, entitled “Sintering of Ir,/HY
Zeolite in the Presence of Gas-Phase Reactants: Evidence for the
Chemistry in the First Steps of Sintering”, with this important
future goal in mind.

Also worth mentioning is the well-established precedent
for faster sintering of metals under the influence of ligands,
exemplified by the effects of CO on the sintering of Pd,.** These
results are contrasted with the effects of CO ligands on
mononuclear iridium complexes on our support—which inhibit
the first steps of sintering by inhibiting iridium hydride
formation."®> We also recognize that the interactions of liquids
with supports may be substantially different from interactions of
gases with supports and that changes in the supports during
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sintering can affect the sintering processes, especially when the
metal species are very small. The liquid environment might affect
the sintering process more after the nanoparticles have grown so
large as to destroy the zeolite lattice and been freed from its
constraints. Correspondingly, we do not rule out the possibility
that more than one “mechanism” of sintering might have been in
play. Nonetheless, we emphasize that—at a minimum—a
mechanism of the bimolecular and autocatalytic agglomeration
steps accounts quantitatively for our average size vs time
sintering kinetics data.

B CONCLUSIONS

The present work is an examination of an atomically dispersed,
well-defined [Ir(C,H,),]/zeolite Y precatalyst under three
successive cycles of 3800 TTOs of cyclohexene hydrogenation,
11 400 TTOs of catalysis. The evolution of the resultant catalyst
has been followed by measuring the initial rate of catalysis at the
start of each cycle and then characterizing the products by
EXAFS spectroscopy and HAADF-STEM. The main findings are
summarized as follows:

e Overall, the present work comprises the first investigation
of the sequential agglomerative sintering of a well-defined,
atomically dispersed, supported catalyst as it undergoes a
series of catalytic cycles in contact with liquid-phase
reactants (cyclohexene, H,) and solvent (cyclohexane).

o A sequence of agglomerative sintering was observed for
samples on-average of Ir; to Ir_, 4 to Ir_,, to Ir_ as they
went through successive cycles of 3800 TTOs of
cyclohexene hydrogenation, the final size distribution
being more accurately described as a bimodal distribution
of, on-average, Ir,_,o_so and Ir._ 5 particles. The atomically
dispersed Ir,/zeolite Y, which was stable during cyclo-
hexene hydrogenation catalysis at 22 °C,*! is, however,
not stable at the only 50 °C higher temperature of 72 °C in
the presence of H, and liquid cyclohexene substrate and
cyclohexane solvent.
Because the initial iridium species was atomically dis-
persed, Ir, the first stages of aggregation cannot involve
Ostwald ripening as its initial step (forn=1) of M,, &> M,
+M,_,. The present sintering data therefore represent the
simplest and most fundamental case of metal aggregation,
namely, that involving migration of the metal through the
pores of zeolite Y and the resultant Ir—Ir bond formation.
The results are also of significance in that no evidence for,
and instead compelling evidence against, Ostwald ripening
was obtained for the final stage of sintering starting from
Ir_ 4.
The results complement and expand those presented
previously'®' in which the initial stage of aggregation of
iridium beginning with the [Ir(C,H,),]/zeolite precatalyst
is triggered by reduction of the iridium by H, (leading to
iridium hydride formation) but, in that case, via gas-phase
reactants. The present data, instead, demonstrate sintering
of an initially atomically dispersed, supported catalyst in
the presence of liquid-phase reactants. However, the task
of integrating the present solution-phase sintering studies
with prior gas-phase studies remains.

Our results document the enhanced kinetics stability

toward agglomeration of supported Ir_, 5o clusters,

consistent with our other work on Ir_ clusters™
stabilized by AlEt;. Our results are also highly supportive
of the DFT calculations by Pawluk et al.*” predicting that

DOI: 10.1021/acscatal.5b00321
ACS Catal. 2015, 5, 3514—3527


http://pubs.acs.org/doi/suppl/10.1021/acscatal.5b00321/suppl_file/cs5b00321_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.5b00321/suppl_file/cs5b00321_si_001.pdf
http://dx.doi.org/10.1021/acscatal.5b00321

ACS Catalysis

Research Article

Ir,g clusters are stabilized by a rearrangement barrier from
their cubic-closed packed structure to a fcc structure.
The results also bear heavily on the concept of atomically
dispersed catalysts.”" In particular, our results document
that true, stable, atomically dispersed, sinter-resistant
catalysts promise to be challenging to prepare and will
require documentation of their sinter-resistance, especially
when in contact with liquid reagents and ligands such as
olefins, CO,* and others, especially those such as H, that
reduce the metal. That said, there are notable examples of
highly sinter-resistant, atomically dispersed catalysts with
metals in nonzero oxidation states, a notable recent
example being an Fe/SiO, catalyst in which the iron is
embedded in a silica matrix post a synthesis that involves
1973 K and molten silica as part of the catalyst prepara-
tion.”” Such catalysts typically involve metals that are
oxophilic.
Significantly, the sintering average size vs time data starting
from the atomically dispersed catalyst were quantitatively
accounted for by the two-step sintering mechanism of
B +B — Cand B + C = 1.5C, an unprecedented result.
e An important finding from the present investigation is the
definitive evidence against OR at the initial and final stages
of the sintering along with evidence of the pseudoele-
mentary-step sintering steps, of bimolecular and auto-
catalytic agglomeration, B+ B - C and B + C — 1.5C.
The data also fortify the expectation***” that the novel,
autocatalytic agglomeration step can lead to explosive
particle growth while largely maintaining the particle size
distribution via the intrinsic particle-size focusing nature
of this novel"*’ step. Both of these specific, balanced
chemical reactions provide the proper, more specific,
words to describe catalyst sintering, as well as specific
chemical equations that can be used to fit sintering kinetics
data and thereby test quantitatively proposed sintering
mechanisms. In that way, an important step has been
accomplished beyond the word-only statement that is a
collection of phenomena, but not a chemical mechanism,
for sintering known as “particle migration and coalescence.”
e We recognize that important questions remain, including
but not limited to the following: (a) the role of liquid in the
sintering process; and (b) whether the nature of the
sintering, perhaps influenced by the liquid, is essentially
different when the confining role of the zeolite pores is
removed.

B EXPERIMENTAL METHODS AND DATA ANALYSIS

Materials and General Considerations. Sample Syn-
theses at UCD. Sample syntheses and handling were performed
with the exclusion of moisture and air. The highly dealuminated
HY zeolite (DAY zeolite) (Zeolyst International, CBV760), with
a Si/Al atomic ratio of ~30, was calcined in O, at 500 °C for 4 h
and evacuated for 16 h at 500 °C. After calcination, the zeolite
powder was isolated and stored in an argon-filled drybox
(MBraun, with an H,0O concentration <0.5 ppm and an O,
concentration <5 ppm, as monitored by VAC monitors equipped
with LM-H,0-A and LM-O,-A alarms). n-Pentane (Fisher, 99%)
was dried and purified by column chromatography (Grubbs
apparatus, MBraun SPS) in the presence of argon.

Cyclohexene Hydrogenation Experiments at CSU. Unless
indicated otherwise, all manipulations were performed under N,
in a Vacuum Atmospheres drybox. Oxygen concentrations were
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continuously maintained in the drybox at <5 ppm, monitored by
a Vacuum Atmospheres O, monitor. Unless noted otherwise, all
solvents, compounds, and other materials mentioned below were
stored in the drybox. Cyclohexane (99.5%, anhydrous, Aldrich)
was used as received. Cyclohexene (99%, inhibitor free) was
distilled over sodium metal under argon. H, was purchased from
General Air (>99.5%) and passed through a Trigon Moisture
Trap and a Trigon Technologies Oxygen/Moisture Trap to
remove O, and H,0, followed by a Trigon Technologies High
Capacity Indicating Oxygen Trap. The conversion of cyclo-
hexene to cyclohexane was verified by recording a 'H NMR
spectrum of a sample prepared by adding a drop of the resultant
product solution into 1 mL of CD,Cl, (Cambridge Isotope
Laboratories) on a Varian INOVA-300 instrument, 300.115
MHz for 'H (cyclohexene: 5.5 ppm (m), 2 ppm (m), 1.6 ppm
(m); cyclohexane: 1.4 ppm (s)).

Sample Transport Between UCD and CSU. The samples to
be shipped to either CSU (for cyclohexene hydrogenation
experiments) or to UCD (for characterization by HAADF-
STEM and for preparation for transport to a synchrotron for
EXAFS spectroscopy), were prepared in the drybox. The samples
were placed into a stainless-steel vacuum tube, the ends were
clamped together and sealed with O-rings, and the samples
were then shipped to the other laboratory or to the synchrotron,
where the vacuum tube was opened in a drybox and prepared for
the reactions or analyses. The exclusion of air/O, was
meticulously maintained by careful handling and preparing the
samples under N, in a Vacuum Atmospheres drybox for the
cyclohexene hydrogenation experiments at CSU and the EXAFS
and HAADF-STEM analyses at UCD or at the synchrotron.

Catalytic Hydrogenation Apparatus. All the hydrogenation
reactions were carried out with the previously described, custom-
built pressurized hydrogenation apparatus that allows monitor-
ing of the H, pressure loss in real time with a precision of +0.01
psig via a PC interface (LabView ver. 8.2).°>°" A Fischer-Porter
(F-P) bottle was connected via its Swagelok TFE-sealed Quick
Connect fittings to a hydrogenation line and an Omega D1512
10 V A/D converter with an RS-232 connection to a PC. Post
monitoring of the H, uptake data via the computer interface, the
data were converted to cyclohexene consumption using the
known 1:1 H,/cyclohexene stoichiometry,”” then the cyclo-
hexene hydrogenation data were corrected for the cyclohexene
plus cyclohexane solution vapor pressure by using the previously
established protocol.” Specifically, the cyclohexene plus cyclo-
hexane solution vapor pressure was measured independently,
and a point-by-point subtraction from the raw H, uptake data
was applied to the cyclohexene hydrogenation data in Figures 2,
S, and 7 (see the Supporting Information for independent
cyclohexene plus cyclohexane solution vapor pressure measure-
ments and the point-by-point subtraction correction).

Each of the cyclohexene hydrogenation datum points
presented here was repeated at least three times, yielding
the same result within +10% error; the reproducibility tests
included experiments with independently prepared catalyst
samples.

Initial Rate Determinations. The initial rates were
determined by polynomial fitting of the cyclohexene loss vs
time data to a third-order polynomial. The derivative of this
polynomial at ¢ = 0 yields the initial rate.”>

Synthesis and Characterization of [Ir(C,H,),]/Zeolite Y
Containing 1 wt % Iridium. [Ir(C,H,),(acac)] (acac =
CH,COCH,COCHj;) was synthesized and characterized as
described elsewhere™ and slurried in dried n-pentane at ice
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temperature with the calcined zeolite powder in a Schlenk flask.
The stirred slurry was warmed to room temperature, and after
1 day, the solvent was removed by evacuation for a day. The
resultant solid, [Ir(C,H,),]/zeolite Y, containing 1 wt % iridium,
was characterized®' by EXAFS, IR, and NMR spectroscopies and
stored in the argon-filled drybox.

Procedure for Cyclohexene Hydrogenation Reaction
under Standard Conditions Starting with [Ir(C,H,),l/
Zeolite Y. To begin, 25 (+1) mg of [Ir(C,H,),]/zeolite-Y
(1wt % Ir) (1.3 pmol Ir) was weighed in a 2-dram glass vial and
then transferred into a new 22 X 175 mm Pyrex culture tube
containing a new 5/16 X 5/8-in. Teflon-coated stir bar.
Cyclohexane (2.5 mL) and cyclohexene (0.5 mL, 4.94 mmol)
were added via separate gastight syringes. The culture tube was
sealed inside the F-P pressure bottle and brought outside the
drybox. The F-P bottle was immersed into the oil bath until the
top level of solution in the culture tube was the same as the level
of the oil. The upper part of the F-P bottle was insulated from the
lower hot part with an insulator tape and cooled by blowing
cooler, room-temperature air across the F-P bottle using a heat
gun in the blower (not heat) mode mounted on a ring-stand. The
specific placement, tape-insulating, and cooling of the (non-
immersed parts) of the F-P bottle are essential to the success and
reproducibility of the hydrogenations, being necessary to avoid
the vaporization and condensation of volatiles outside the culture
tube placed inside the F-P bottle and to avoid artifactual
induction periods, all while keeping the immersed part of the F-P
bottle and reaction system at 72.0 = 0.1 °C for days. The oil bath
was held at a constant-temperature using a circulating bath
at 72.0 + 0.1 °C. The F-P bottle was connected via Swagelok
TFE-sealed Quick-Connects to the hydrogenation line, which
was pre-evacuated for at least 30 min to remove any traces of
oxygen and water. The solution in the culture tube was stirred at
600 rpm for 5 min so that the solution temperature reached
72 °C before filling with purified H, at 40 + 1 psig (~2.7 atm).
The F-P bottle was then purged 10 times with H, (S s per purge),
and the reaction was started at time ¢ = 0.

When the H, uptake ceased (as observed via the PC interface
and 'H NMR spectroscopy), the F-P bottle was disconnected
from the hydrogenation line, the remaining H, pressure was
released, the F-P bottle was transferred back into the drybox, and
the resultant sample in the culture tube was transferred into a
new 20 mL scintillation vial with a new 5/16 X 5/8-in. Teflon-
coated stir bar and dried under vacuum for 8 h. This sample was
sealed in a stainless steel vacuum tube, brought out of the drybox,
and shipped to UCD for characterization studies.

The standard conditions cyclohexene hydrogenation reaction
experiment starting with the [Ir(C,H,),]/zeolite Y precatalyst
was repeated 10 times, yielding the same result within +5% error
in the initial reaction rate.

Cyclohexene Hydrogenation with the Fully Evolved
Ir_4s_¢/Zeolite Y and Ir_so/Zeolite Y Clusters. The cyclo-
hexene hydrogenation reaction under the standard conditions
starting with [Ir(C,H,),]/zeolite Y was repeated at 72.0 =+
0.1 °C, with one variation: the reaction mixture was kept in the
line at 72 °C for ~2 days under the remaining H, pressure*®
(~25 psig) to allow a complete evolution of the zeolite-
supported Ir._,_4 clusters. Next, the F-P bottle was removed from
the line and, after release of the residual hydrogen pressure, taken
into the drybox, where 0.5 mL of fresh cyclohexene was added in
less than 1 min, giving a solution of 3 mL of cyclohexane plus
0.5 mL of cyclohexene. The F-P bottle was then resealed, taken
out of the drybox, and immersed into the oil bath until the top
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level of the solution in the culture tube was the same as the level
of the oil, as previously described. The upper part of the F-P
bottle was insulated from the lower hot part with an insulator
tape and cooled by blowing cool air (vide supra). The solution in
the culture tube was stirred at 600 rpm for S min so that the solu-
tion reached a temperature of 72 °C before being filled with
purified H, at 40 + 1 psig (~2.7 atm). The F-P bottle was then
reconnected to the hydrogenation line and purged 10 times with
H, (S s per purge), and the cyclohexene hydrogenation reaction
was started at £ = 0.

The subsequent cyclohexene hydrogenation reaction was also
performed beginning with the sample resulting from the above
procedure by removing the F-P bottle from the line when the
cyclohexene hydrogenation ceased (~4 h via PC interface and 'H
NMR spectroscopy). Then the F-P bottle was vented and taken
into the drybox, where 0.5 mL of fresh cyclohexene was quickly
added in less than 1 min; resealed; taken out of the drybox;
reconnected to the hydrogenation line in the same way as
described above; and stirred at 600 rpm for S min so that the
solution reached a temperature of 72 °C before being filled with
purified H, at 40 & 1 psig (~2.7 atm). The F-P bottle was then
purged 10 times with H, (5 s per purge), and the third cycle of
cyclohexene hydrogenation was started.

In separate experiments, when the H, uptake ceased (as
observed via the PC interface and 'H NMR spectroscopy) for all
runs, the F-P bottle was disconnected from the hydrogenation
line, the remaining H, pressure was released, the F-P bottle was
transferred back into the drybox, and the resulting product in the
culture tube was transferred into a new 20 mL scintillation vial
with anew 5/16 X 5/8-in. Teflon-coated stir bar and dried under
vacuum for 8 h. These samples were sealed in a stainless steel
vacuum tube, brought out of the drybox, and shipped to UCD for
characterization studies.

Kinetics Fitting of the D and D* Average Size vs Time
Data. The average diameter (D) vs time data from the three
cycles of sintering was fit using eq 1 (vide supra), as follows: An
initial single Ir atom in the Ir, /zeolite HY sample, with its atomic
diameter of 0.272 nm, was used as the starting “cluster”. The
times for the three data points past t = 0 were obtained by adding
the times from each experiment, judging each of the three
catalytic hydrogenation and sintering cycles to be complete once
the cyclohexene concentration had run below 0.01 M (hence, the
first run was judged complete after 0.87 h; the second run, after
3.00 h; and the third run, after 8.00 h, so that the total time was
11.87 h). The ~48 h during which the Ir,_¢ clusters were allowed
to form was not added; including this time decreased the quality
of the fits (see the Supporting Information for those fits). The
initial concentration of Ir, [B], in the fits to eq 1 was determined
from the initial reaction solution containing 25 mg of
[Ir(C,H,),] /zeolite Y (1 wt % Ir), corresponding to 0.25 mg
of Ir, or 1.3 X 107® mol. In the initial solution of 2.5 mL
cyclohexane and 0.5 mL cyclohexene, in turn, gives this an initial
Ir concentration, or [B],, of 4.3 X 10™* M. That is, the Ir/zeolite
Y catalyst was regarded as “solubilized” for the purposes of fitting
the diameter vs time data. The volume increase was 0.5 mL
(resulting from the addition of a fresh 0.5 mL of cyclohexene) in
each sintering cycle (i.e., and over and above the initial volume of
3.0 mL) so that the concentration of sintering particles was
decreasing by ~14%, 25%, and 34% in the three sintering cycles.
This effect has been neglected in the fits, since simulations show
that such a correction is not expected to have significant effects
on the quality of the fits (see the Supporting Information for the
simulations). The reported bimolecular rate constants will be
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increasingly too small by, on average, approximately the squares
of these percentage values, but they could be corrected for this
dilution effect if others use our rate constants and want more
precise values.

X-ray Absorption Spectroscopy. The X-ray absorption
spectra were recorded at X-ray beamline X18-B of the National
Synchrotron Light Source (NSLS) at Brookhaven National
Laboratory (BNL) and at beamline 4-1 of the Stanford
Synchrotron Radiation Lightsource (SSRL). The storage ring
electron energy and ring current were ~3 GeV and 200—300 mA,
respectively. Si(111) and Si(220) double-crystal monochroma-
tors were used at BNL and SSRL, respectively. Each mono-
chromator was detuned to 80% of maximum intensity to reduce
the interference of higher harmonics in the X-ray beam.

To minimize the exposure to air and moisture, each powder
sample was placed in a glass vial and sealed with Parafilm inside
the argon-filled drybox. Each glass vial was placed into a stainless-
steel Swagelok vacuum tube sealed with O-rings for transfer to
the synchrotron. The mass of each sample (~0.3 g) was chosen
to give an absorbance between 1.5 and 3.0 calculated at 50 eV
above the Ir Ly edge (11215 eV). In an N,-filled glovebox at the
synchrotron, each sample was pressed into a wafer and mounted
in a cell for transmission spectroscopy”* and maintained under
vacuum (at a pressure of 1077 kPa) at liquid-nitrogen tempera-
ture during the data collection. X-ray intensity data were
collected in transmission mode by use of ion chambers mounted
on each end of the sample cell.

EXAFS Data Analysis. The X-ray absorption edge energy
was calibrated with the measured signal of a platinum foil
(scanned simultaneously with the sample) at the Pt Ly; edge,
which was taken to be the inflection point at 11564 eV. The data
were normalized by dividing the absorption intensity by the
height of the absorption edge.

Analysis of the EXAFS data was carried out with the software
ATHENA of the IFEFFIT®*° package and the software XDAP
developed by Vaarkamp et al.”” Each spectrum that was analyzed
was the average of four spectra. ATHENA was used for edge
calibration and deglitching. XDAP was used for background
removal, normalization, and conversion of the data into an
EXAFS (y) file. A “difference-file” technique for shell isolation
was applied with XDAP for determination of optimized fit
parameters. A second-order polynomial was fit to the data in the
pre-edge region and subtracted from the entire spectrum in each
analysis. The functional that was minimized and the function
used to model the data are reported elsewhere.”® The back-
ground was subtracted by using cubic spline routines. Reference
backscattering phase shifts were calculated with the software
FEFF7% from crystallographic data. Ir(C,H,),(acac)® was used
as the reference for Ir—Ogyppor Ir—C, Ir=Ojggy and Ir—Cygp (the
latter two being Ir—O and Ir—C contributions at distances longer
than bonding distances); Ir—Al alloy’® was used for Ir—Al con-
tributions, and iridium metal was used for Ir—Ir first- and second-
shell contributions. Iterative fitting was done in R (distance)
space with the Fourier-transformed y data until optimum
agreement was attained between the calculated K, k', k%, and
k*-weighted EXAFS data and each postulated model (k is the
wave vector). The number of parameters used in the fitting was
always less than the statistically justified number, computed with
the Nyquist theorem:”" n = (2AkAr/x) + 1, where Ak and Ar are
the k and r ranges used in the fitting, respectively, and r is the
interatomic absorber—backscatterer distance.

For each analysis of EXAFS data characterizing each sample,
several candidate models were investigated that were selected on
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the basis of the expected and plausible contributions. See the
Supporting Information for the analysis of those models for each
sample. We emphasize that attempts were made to include Ir—Ir
contributions in each model to test for the presence/absence of
iridium clusters. Each candidate model was compared with the
data and evaluated on the basis of the goodness of fit for each
individual shell and for the data overall. The estimated errors
in the reported coordination numbers and bond distances are
+20% and +0.02 A, respectively.

HAADF-STEM: Sample Handling, Instrumentation, and
Analysis. To minimize the exposure to air and moisture, powder
samples (shipped from CSU) were loaded onto a lacey carbon,
300-mesh copper grid (Ted-Pella) in the argon-filled drybox.
The grid was packed in an Eppendorf tube and sealed with
Parafilm inside the drybox. Each Eppendorf tube was placed into
a stainless-steel Swagelok vacuum tube sealed with O-rings for
transfer to the microscope facility, where an argon-filled glovebag
(Glas-Col) was purged five times with ultrahigh-purity argon
(Praxair, grade 5.0), and the TEM grid was loaded onto the TEM
holder under a blanket of flowing argon in the glovebag. The
TEM holder was then inserted into the microscope under
flowing argon, with a time of possible exposure to air of <5 s.

Prior to imaging of a sample, the aberration corrector was
aligned with a Pt/Ir-on-holey-carbon standard sample (SPI
Supplies) until atomic resolution of the metal particles was
achieved and the lattice spacings of the metals were confirmed.

Images of the samples were obtained with a JEOL JEM-2100F
electron microscope. The microscope was equipped with a field
emission gun (FEG), operating at 200 kV, with a CEOS hexapole
probe (STEM) aberration corrector. The images were captured
by an HAADF detector with a collection semiangle of 75—200
mrad and a probe convergence semiangle of 17.1 mrad. To
minimize artifacts in the images caused by beam damage, the
microscope was aligned for one region of the sample, and then
the beam was shifted to a neighboring region for a quick image
acquisition: S s for a 512 X 512 pixel size.

HAADF-STEM Image Size Analysis. For each cluster/
nanoparticle, an intensity profile was obtained by using the
Digital Micrograph software (Gatan). Line profiles were then
transferred to OriginPro for baseline correction. Background-
subtracted profiles of the clusters were fitted to a Gaussian
distribution function in OriginPro, and full-width-half-maximum
(fwhm) values of the fitted peak were reported as the diameter of
each iridium cluster metal framework.
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