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a  b  s  t  r  a  c  t

Nanoparticles  supported  on high  surface  area  materials  are  commonly  used  in  many  industrially  relevant
catalytic  reactions.  This review  examines  the existing  literature  of  the  mechanisms  of  formation  of  prac-
tical, non-ultra  high  vacuum,  supported-nanoparticle  heterogeneous  catalysts.  Specifically,  this  review
includes:  (i) a brief  overview  of the  synthesis  of  supported-nanoparticles,  (ii)  an  overview  of  the  physical
methods  for  following  the  kinetics  of  formation  of  supported-nanoparticles,  and  then  (iii) a  summary
eywords:
eterogeneous catalysis
anoparticle
inetics
echanism

of  the kinetic  and  mechanistic  studies  of  the  formation  of  supported  nanoparticle  catalysts,  performed
under  the  traditional  synthetic  conditions  of  the  gas–solid  interface.  This  review  then  also  discusses  (iv)
the  synthesis,  (v)  physical  methods,  and  (vi)  the  extant  kinetic  and  mechanistic  studies  under  the  less
traditional,  less  examined  conditions  of  a  liquid–solid  system.  A  summary  of the main  insights  from
each  section  of  the  review  is  also  given.  Overall,  surprisingly  little  is known  about  the  mechanism(s)  of
eview formation  of  the  desired  size,  shape  and  compositionally  controlled  supported-nanoparticle  catalysts.
© 2011 Elsevier B.V. All rights reserved.
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deposited metal(0) atom model studies vs. the studies emphasized
herein (on “practical, dirty” catalysts) are the so-called “pressure”,
“temperature” and “materials” gaps [80–84].  The uncertainty at
References  .  .  . . . .  . . . .  . . .  .  . . .  .  . . .  .  . . .  . . .  .  . .  .  .  . .  .  . . .  .  .  . .  .  .  . .  .  . . .  .  . . . . . .  .  .

. Introduction

.1. The importance of mechanistic studies of heterogeneous
atalyst formation

Heterogeneous catalysts are used in many important and
ndustrially relevant catalytic reactions such as hydrogenations,
atalytic cracking, or naptha reforming; heterogeneous catalysts
re also employed in the water–gas shift reaction, the synthesis
f ammonia and for ethylene oxidation, to name a few addi-
ional reactions [1–4]. Often these heterogeneous catalysts take
he form of nanoparticles supported on high-surface-area materi-
ls [3,5]. Key properties inherent to these supported-nanoparticle
atalysts are known to affect greatly the resultant catalytic perfor-
ance [6,7]. For example, the size [8–10], structure [11–13] and

he lesser investigated, but crucial, surface composition [14–17] of
he supported-nanoparticles can influence the catalytic selectiv-
ty [6,13,18,19], activity [8,20] and lifetime [21]. Hence, in order to
xploit these key catalytic properties for catalysis, uniform cata-
ysts of the appropriate size, structure and composition are needed
22,23].

Unfortunately, as Schlögl has recently noted [7],  “catalysts are
urrently prepared rather than synthesized” so that rationally
uided syntheses of the desired size, structure and compositionally
ontrolled supported-nanoparticle catalysts are generally lacking.
ne main reason for this gap is the relatively poor understanding
f the mechanism(s) that govern the formation of these supported-
anoparticle heterogeneous catalysts. In particular, kinetic studies
re often lacking, kinetics being one of the general tools crucial in
lucidating reliable reaction mechanisms [24–28].1

.2. Organization and scope of this review

Herein we focus on reactions that assemble supported-
anoparticles starting from molecular precursors. What follows

s organized into two main sections: studies of supported-
anoparticle formation at the gas–solid interface (Section 2), and
hen studies of supported-nanoparticle formation in liquid–solid
ystems (Section 3). Sections 2 and 3 each contain: (i) a fun-
amental background information section which details the
ynthesis of supported-nanoparticles as well as the physical
ethods that have been utilized to measure their kinetics of
ormation; (ii) case studies regarding the kinetics and mechanisms
f supported-nanoparticle formation; and (iii) a conclusions sec-
ion that summarizes the key results in each section. A summary

1 Complete mechanistic studies require more than just kinetic studies; for exam-
le,  mechanistic studies of homogeneous organic [24], organometallic [25,26], or

norganic [27,28] reactions typically employ the following types of measurements:
i) first and foremost, determination of the balanced, complete reaction stoichiome-
ry including identification of all trace products; (ii) thermochemical data; (iii) early
nd direct detection of intermediates—so that multistep reactions can be broken into
lementary steps; (iv) kinetic studies, which typically elucidate the composition of
he  transition-state of the rate-determining step; (v) stereochemistry; (vi) indirect
etection or other evidence for (e.g., trapping of) intermediates; (vii) independent
yntheses and study of those key intermediates; and (viii) other specialized mea-
urements such as crossover experiments, isotopic labeling or isotope effect studies,
o  name a few.
Scheme 1. A pictorial representation of supported-nanoparticle heterogeneous cat-
alyst formation at the gas–solid interface.

section (Section 4) is also provided listing the broader, key insights
obtained from this first-of-its kind review.

To start, in Section 2 we  focus on systems involving the gas–solid
interface as depicted in Scheme 1. We  were able to find only
39 papers [29–67] (which are given in Table S1,  a condensed
version of which is shown in Table 2) that address the kinetics
and mechanism(s) of practical, non-ultra-high vacuum, supported-
nanoparticle heterogeneous catalyst formation under traditional
preparation conditions [22] at the gas–solid interface. Then, in Sec-
tion 3 we  review the less-commonly studied, but potentially quite
valuable, liquid–solid systems. We  found an additional eight kinetic
and mechanistic studies [68–75],  listed in Table 3, performed in
contact with solution. The presence of a solvent means that the
supported-nanoparticle formation steps can occur in solution, on
the support, or possibly in both phases as depicted in Scheme 2.

Note that the gas–solid and liquid–solid synthetic conditions
stand in stark contrast to the cleaner, better studied (and thor-
oughly reviewed [76–79]), but model catalysts made under ultra
high vacuum (UHV) conditions. The difference between those
high-vacuum, ultra-clean, often single-crystal/single facet vapor-
Scheme 2. A pictorial representation of the a priori plausible pathways
for  supported-nanoparticle formation in liquid–solid systems. The supported-
nanoparticle formation can in principle occur on the support (top), in solution
(bottom) or via some combination of these pathways. Section 3.2.2.4,  vide infra,
will  examine the possible pathways in more detail.
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alysts that yield poorly defined, speciation uncontrolled, secondary
precatalysts are non-ideal both synthetically and from a kinetic and
mechanistic standpoint. The need to begin with a single molecular
J.E. Mondloch et al. / Journal of Molecu

resent of how to bridge these gaps means that we  will not cover,
ut will supply lead references when necessary to, the: (i) kinet-

cs and mechanisms of model UHV studies [79,80]; (ii) reactions
hat are occurring non-deliberately during catalyst preparation
uch as “autoreduction”2; and also references to (iii) so-called
dynamic adsorbate induced phase changes” [85] of supported
etal nanoparticles (such as are present in the reduction of

uO/ZnO to Cu(0)/ZnO [86,113] or the reduction of Rh2O3/Al2O3 to
h(0)/Al2O3 [87], or their single crystalline counterparts [11,88]).

n addition, due to space limitations and the desire to focus this
eview as much as possible we will not cover (iv) the reduction
f bulk metal oxides to their metallic counterparts, for example
he reduction of (CuO)n to Cu(0)n [89]. There are some reports
f supported-nanoparticle formation in liquid–solid systems that
ccur under photo-deposition [90] or �-irradiation [91] conditions,
ut those, too, have been deemed beyond the scope of this review.

. Studies of supported-nanoparticles at the gas–solid
nterface

To begin, it is important to describe the synthetic methods
vailable at present for preparing supported-nanoparticles at the
as–solid interface. After that, a summary of the physical meth-
ds capable of following the kinetics of supported-nanoparticle
ormation at the gas–solid interface will be given.

.1. Fundamental background information regarding
upported-nanoparticle heterogeneous catalyst formation at the
as–solid interface

.1.1. Synthesis methods for supported-nanoparticle
eterogeneous catalysts at the gas–solid interface

Many synthetic methods exist for preparing supported-
anoparticle heterogeneous catalysts; hence, several books
3,92–94] and reviews [8,95] thoroughly describe such prepara-
ions. Therefore, for the purpose of this review it will suffice to
riefly outline the most common heterogeneous catalyst prepara-
ion techniques. The interested reader is referred to that literature
3,8,92–95] for more detailed discussions of these well-established
eterogeneous catalyst preparation methods.

In a simplified view, supported-nanoparticle heterogeneous cat-
lyst preparation consists of three steps: (i) contact of a metal
recursor with the support material; (ii) oxidation/calcination of
he resultant precatalyst precursor/support material, and then (iii)

ormation of the active catalyst species via reduction (e.g., often
nder H2)—it is this reduction step during which the supported-
anoparticles are typically formed [8].

2 The phenomenon of “autoreduction” can be described as the formation of sup-
orted M(0)n clusters or nanoparticles under conditions where a typical reductant,
uch as H2, is not deliberately introduced into the system. Hence, a reduction reac-
ion can occur under what would otherwise be oxidative (e.g., under O2 calcination
onditions) or inert (e.g., He) conditions. Generally speaking, the primary possible
ources of the required reducing equivalents appear at present to be either a ligand
r  the support [98,151,175]. For example, when starting with M(NH3)4

2+/zeolite
M  = Pt, Pd) supported precatalysts, Sachtler has noted that “the formation of metal
lusters and zeolite protons in the reducing atmosphere of (decomposing) amine
igands” occurs [98]. An excellent account of “autoreduction” due to ligand-induced

etal reduction, when starting with those M(NH3)4
2+ complexes, is given in the

ntroduction of a paper by van Santen and co-workers [151]. Alternatively, an
xample where the support appears to supply the reducing equivalent is given
y  Jacobs et al. [175]; they propose that a zeolite support can generate reducing
quivalents during thermal dehydration via the following reaction: 2(Ag+ZO−) →

1
2 O2 + Ag2

0 + ZO− + Z+ (where Z indicates the zeolite lattice). Note that high tem-
erature, a relatively weak Ag+–−OZ bond energy, and a basic/somewhat reducing,
nionic site appear to be factors in the driving force of this particular “autoreduction”
eaction.
talysis A: Chemical 355 (2012) 1– 38 3

Introduction of metal precursors onto a suitable support can
be accomplished by several, established methods. Common meth-
ods include: (i) impregnation [96], which involves deposition of a
metal precursor onto a support, typically from an aqueous solu-
tion (e.g. the well-studied system of H2PtCl6 impregnation onto
�-Al2O3, vide infra); (ii) coprecipitation [97], in which the sup-
port and metal precursor are simultaneously precipitated from
solution, (iii) deposition–precipitation [8],  where the support is
already present in solution and a metal precursor is precipitated
onto that support (often in the form of a metal oxide) from
solution, and (iv) ion-exchange, as commonly used for the prepa-
ration of zeolite supported catalysts, for example, where metal
salts such as Pt(NH3)4

2+ in aqueous solution are exchanged with
2K+ cations from a zeolite support [98]. One can also (v) employ
preformed metal clusters, such as metal carbonyls, M(CO)x or
My(CO)z [99–101], or (vi) deposit preformed colloids [8] (and, more
recently, preformed/ligated nanoparticles [102–105],3 vide infra).
Each method has advantages and disadvantages as discussed in
detail elsewhere [8,106], some of which will be brought out in what
follows.

An important point that is often ignored (vide infra) is the
speciation of the metal precatalyst [72,74]—that is, the spe-
cific composition and number of chemical species present post
the precatalyst/support contact step. Often multiple species are
present, in turn leading to complex formation reactions and
kinetics for the resultant supported-nanoparticles. Hence, it is
of the utmost importance to synthesize speciation-controlled
supported-metal precatalysts in order to achieve the best
supported-nanoparticle formation reactions as well to simplify
the kinetic and mechanistic studies of those (improved) synthetic
reactions.

The next step in catalyst preparation is often calcination. Che
and co-workers have correctly noted that “calcination may have
a pronounced effect on the reducibility, dispersion, and distribu-
tion of the metal in the final catalyst” [8].  Calcination is typically
carried out in air in order to oxidatively remove unwanted lig-
ands that came with the metal precursor complex and to attempt
to remove, completely, any carbonaceous overlayers that may  be
present. As Schwarz et al. [106] have noted, “calcination can change
the metal precatalyst complex, typically forming metal-oxide species
that are often ill-defined”—and, we would add, that are, therefore,
typically not speciation controlled. Clearly, strongly ligated precat-
3 Modern transition-metal nanoparticles can be distinguished from classical col-
loids via [102]: (i) their typically smaller size and narrower size distributions; (ii)
their isolability; (iii) their better compositional definition, and (iv) their reproducible
preparation and subsequent reproducible catalysis [102]. Another relevant distinc-
tion here, as discussed previously [104], is that between nanoparticles, nanoclusters
and clusters. Schmid et al. noted in 2010 [105] that there “is still no clear discrimina-
tion between the terms “cluster” and “nanoparticle”. Historically, clusters have not
been specified in size, but have been considered to be discrete, atomically precise
species containing metal–metal bonds “exactly defined in (their) chemical compo-
sition and structure” [105]. Many types of “clusters” are known in the literature,
metal carbonyl clusters, My(CO)z , being among the best studied [102,105].  In con-
trast, the terms nanoparticles and nanoclusters imply a size between 1 and 100 nm,
terms which are used interchangeably within the extant literature. Nanoparticles
“usually means particles of less precise characterization” [105], often particles with
a  range of sizes and chemical compositions. Unfortunately, the terms nanoparticles,
nanoclusters or clusters are used almost interchangeably in the current literature.
A  more precise vocabulary would, we suggest, use the following terms: (i) nanopar-
ticle,  when the precise structure of the particle is not known and a range of particle
sizes between 1 and 100 nm are present; (ii) nanocluster, when the precise struc-
ture  of the particle is known and is ≥1 nm in size, and (iii) cluster,  when the precise
composition and structure of the compound are known and the cluster is <1 nm in
size.
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Table 1
Physical methods used in the literature for measuring the kinetics of supported-nanoparticle heterogeneous catalyst formation at the gas–solid interface.

Method Times utilized in Table 2 Direct/indirecta In situ or ex situ (as used to date)

Extended X-ray absorbance fine structure spectroscopy 18 Direct In situ
X-ray absorbance near edge structure spectroscopy 15 Indirect to direct b In situ
H2 uptake kinetics 8 Indirect In situ
Infrared spectroscopy 5 Indirect In situ
Electron spin resonance 2 Direct Ex situ
H2 chemisorption 1 Indirect Ex situ
Total  high energy X-ray scattering plus

pair-distribution-function analysis
2 Direct In situ

UV–vis spectroscopy 1 Indirect to direct c In situ
X-ray diffraction 1 Direct In situ

a Direct (vs. indirect) is defined as the ability (or not) of the cited physical method to directly monitor M–M  or net M(0)n nanoparticle formation. In addition, a direct
physical method as defined herein should be able to measure those M–M bonds or M(0)n over the concentration range of interest.
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utes, making impossible time-resolved experiments on sub-minute
time scales [116]. Recently however, quick XAFS (QXAFS, which
employs faster scanning) yields data acquisition time scales on the

4 In principle, all supported-nanoparticle heterogeneous catalyst formation kinet-
ics would be monitored in operando (i.e., under working conditions) [107]. The Latin
term “in operando” implies the “simultaneous evaluation of both catalyst active
site  structure and catalytic activity/selectivity” [111]. While “catalyst preparation”
does  not typically occur in operando, ideally it should,  so that at least in some cases
the  Mx+ to M(0)n catalyst formation steps would occur, and be monitored, under
b XANES could in principle be used to follow M(0)n formation if one has the inde
ithin  this review, the XANES edge has typically been used to follow the loss of the
c UV–vis spectroscopy can be direct if the metal of interest contains a plasmon re

recursor, of precisely defined composition and structure, en route
o superior supported nanoparticle catalysts will be an important,
undamental and recurring point throughout this review, vide infra.

The final step in supported-nanoparticle heterogeneous cata-
yst preparation is the transformation of the precatalyst—or, really
nd typically, the range of precatalyst species present post the
ontact and calcination steps, vide infra—to the M(0)n supported-
anoparticle catalyst(s), typically by reduction under H2. Again the
xperimental conditions, such as the temperature or H2 pressure,
an change the observed catalyst product so that the reduction step
eeds to be optimized for each individual supported-metal precat-
lyst [3].  Importantly, the reduction of non-speciation controlled
upported-metal precatalysts often leads to a wide distribution
f supported-nanoparticle products (vide supra and vide infra),
o that precise, careful control of the precatalyst speciation is
ssential for preparing the next generation of size-, shape- and
omposition-controlled supported-nanoparticle catalysts. Overall
nd ultimately, it will become apparent throughout this review
hat each of the catalyst preparation steps (i.e., precursor/support
ontact, calcination and reduction) can dramatically affect the
echanism(s) by which supported-nanoparticles are formed (vide

nfra).

.1.2. Physical methods for following the kinetics of
upported-nanoparticle heterogeneous catalyst formation at the
as–solid interface

Nuzzo and co-workers correctly noted [45] that “methods avail-
ble to characterize the phase dynamics of nanoscale systems
re limited”. This sentiment was echoed by Chupas et al. who
emarked in 2007 that “the kinetics and mechanisms of nanopar-
icle formation.  . . have been largely overlooked, due to a lack of
dequate experimental methodology” [56].

Table 1 highlights the nine physical methods that have
een identified by this review for following the kinetics of
upported-nanoparticle heterogeneous catalyst formation in real
ime and at the gas–solid interface. In addition, Table 1 iden-
ifies how many times each physical method has been utilized
see Table S1 of the Supporting Information for a full list of
apers identified by this review, from which Table 1 was con-
tructed). Table 1 also lists whether each physical method is directly
ble to monitor M–M  bond formation or net M(0)n nanoparticle
ormation—if so, that physical method is designated as a “direct

ethod”, or if not, an “indirect method”. Table 1 also indicates

hether each physical method has typically been used in situ

r ex situ. Notably, only five direct methods have been utilized
o date to follow supported-nanoparticle heterogeneous catalyst
ormation.
nt XANES spectrum for both the reactants and products. For the studies identified
ing material qualitatively.
ce band in the visible region (e.g., Au, Ag and Cu).

Ideally, the use of multiple, complimentary, direct and in situ—or
better yet in operando4 [107–111]—physical methods should be
used to monitor all of the catalyst preparation steps and, then,
the supported-nanoparticle catalyst formation kinetics.4 Below,
key physical methods for following the kinetics of supported-
nanoparticle heterogeneous catalyst formation are discussed (i.e.,
and based on the literature in Table 1); key advantages and
disadvantages of each physical method are also highlighted. In
addition, recent advances in transmission electron microscopy
(TEM) instrumentation and imaging, ideally in operando but if not
at least in situ [112–115], promise to prove useful in understanding
the mechanisms of supported-nanoparticle heterogeneous catalyst
formation.

2.1.2.1. X-ray absorbance fine structure spectroscopy (XAFS): X-
ray absorbance near edge spectroscopy (XANES) and extended
X-ray absorbance fine-structure spectroscopy (EXAFS). XAFS spec-
troscopy is a local, average, but generally powerful method for
following the kinetics of supported-nanoparticle heterogeneous
catalyst formation, one that yields (average) structural informa-
tion for metal–metal and metal–ligand interactions (Table 1).
Of the 39 mechanistic studies regarding supported-nanoparticle
heterogeneous catalyst formation listed in Table S1 of the Support-
ing Information, 18 utilize XAFS to obtain their kinetic data. XAFS is
particularly attractive as it can in principle be used in both gas–solid
and liquid–solid systems, as well as for all metals and supports
of interest. However, one important pitfall to be aware of is that
the high energy X-rays can cause beam damage to the sample so
that controls should be performed, for example controls varying
the beam-exposure time [52].

Another important experimental consideration is the required
data acquisition time—is it slow or relatively fast? Early XAFS data
were collected by slow monochromator scanning of the entire
X-ray range point-by-point in energy space over the course of min-
the actual catalytic reaction conditions of interest. Such studies would, therefore,
also monitor so-called dynamic adsorbate induced restructuring [85]. Hence, and
at least in principle, synthesis and monitoring of all catalyst preparation steps in
operando should become the norm en route to the next generation of size-, shape-
and  composition-controlled supported-nanoparticle heterogeneous catalysts.



J.E. Mondloch et al. / Journal of Molecular Catalysis A: Chemical 355 (2012) 1– 38 5

Fig. 1. XAFS spectrum for a Pt foil [118]: �X (measured absorption coefficient) vs. E
(eV, energy of the incident X-ray) with the XANES and EXAFS regions identified as
s
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Fig. 2. An excellent example of the changes in a series of raw XANES spectra and the

those supported-nanoparticle formation reactions. Unfortunately,
however, EXAFS yields only relative scattering distances and not
absolute bond distances; the latter require the use of known
model structures and their measured EXAFS or other simulations
hown.

dapted with permission from [118]. Copyright (2000) Springer.

rder of seconds. Moreover, energy-dispersive XAFS (DXAFS, which
tilizes a bent monochromator to produce the range of required
-rays, so that scanning is not necessary) yields millisecond data-
cquisition time scales [116]. Herein, we will refer to all forms of
he experiment, including QXAFS and DXAFS, simply as XAFS, but
ith it being understood that both QXAFS and DXAFS should be

mployed as required.
Further details regarding the experimental and theoretical

etails of the XAFS experiment have been extensively covered in
 book edited by Koningsberger and Prins [117]. Hence, in what
ollows we will focus on the data that can be obtained via XAFS
pectroscopy along with the specific strengths and weaknesses of
oth the XANES and EXAFS components of XAFS for following the
inetics and mechanism(s) of formation of supported-nanoparticle
eterogeneous catalysts.

An example XAFS spectrum, shown in Fig. 1, is composed of
wo distinct regimes, the XANES and EXAFS regimes. XANES is both

etal and ligand dependent, and starts with the lowest energy pho-
oinonization process leading to the XANES edge (i.e., the so-called
jump” [117]) and continues up to ∼40 eV beyond the initial edge
119] (Fig. 1). XANES provides information on the electronic and
eometric properties of the metal of interest, including the relative
xidation state and, in favorable cases, the symmetry environment
f the adsorbing atom site [117]. Hence, XANES is poised to probe
hanges in the formal metal oxidation state, the ligand environment
nd covalency [119,120],  as well as any changes that occur dur-
ng the supported-nanoparticle heterogeneous catalyst formation
eaction. Shown in Fig. 2 is an example, from Gates and co-workers
61], which utilizes XANES to monitor the change over time in
he Rh K-edge of Rh(C2H4)2 supported on dealuminated zeolite-

 (zeolite-DAY) under H2 and at 298 K. Unfortunately, XANES is
ften qualitative, so that precise identification of the formal oxi-
ation state and ligand environment is only obtained in reference
o known, structurally well-characterized, model complexes [130].
dvances in XANES fitting theory (e.g., improvements in algorithms
nd calculation speed) are progressing and should help in ab initio
ANES modeling; however, at present XANES is often considered
emi-quantitative [121].

The remaining portion of the XAFS spectrum is the EXAFS region
Fig. 1) which arises from the backscattering of excited low kinetic
nergy (10–40 eV) photoelectrons by neighboring atom(s) at dis-
ances up to 4–5 Å, with an accuracy up to ±0.2 Å [117,122].  Overall,

XAFS yields average, local structural information concerning the
elative positions of neighboring atom(s), as well as their rela-
ive distances and coordination numbers to the adsorbing atom
f interest [123]. Hence, EXAFS can follow directly M–M  bond
white line intensity (insert) during the reduction of Rh(C2H4)2/zeolite-DAY under
H2 (at 298 K) [61].

Reprinted with permission from [61]. Copyright (2008) American Chemical Society.

formation (when appropriate models are used) and, therefore, can
follow directly the formation of M(0)n supported-nanoparticle het-
erogeneous catalysts. Shown in Fig. 3 is an example of the changes
in the Rh–C, Rh–OSupport and Rh–Rh coordination numbers over
time (under H2 and at 298 K), extracted from the EXAFS portion
of the spectra for the aforementioned Rh(C2H4)2 complex sup-
ported on dealuminated zeolite-Y system studied by Gates and
co-workers. Noteworthy is that each Rh first nearest neighbor (i.e.,
each of Rh–C, Rh–OSupport and Rh–Rh) can be followed in real
time, yielding information regarding both the loss of the precur-
sor (i.e., −d[Rh(C2H4)2]/dt) and formation of the Rhn clusters (i.e.,
+d[Rhn]/dt).

EXAFS is able to follow directly dilute molecular species (e.g.,
0.4-wt% Pd on zeolite H-USY has been analyzed [50]). In addition,
EXAFS is now commonly used to analyze supported-nanoparticles
[123], making it a valuable method for following the kinetics of
Fig. 3. An example of the changes in Rh–C, Rh–OSupport and Rh–Rh coordination
numbers obtained from EXAFS spectra of Rh(C2H4)2 supported on dealuminated
zeolite-Y at 298 K under H2 and vs. time [61].

Reprinted with permission from [61]. Copyright (2008) American Chemical Society.
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Fig. 4. Kinetic data obtained by the high energy X-ray scattering plus PDF method, from the work of Chupas et al. [56]. Shown to the left is the raw differential (support-
s right a
f

R .

t
r
a
k
i
fi
m
m
E
o
c
a
[
a

2
f
t
e
c
u
y
B
i
[
l
d
a
p

r
B
i
[

h
v

ubtracted) PDF for the formation of Pt(0)n/TiO2 under H2 over time. Shown to the 

or  the formation of Pt(0)n/TiO2.

eprinted with permission from [56]. Copyright (2007) American Chemical Society

ypically from known structural data (e.g., from single crystal X-
ay structures). Hence, quantitative EXAFS-based structural data
re often obtained only when a good fit is observed between a
nown model structure and the experimental data. However, even
n the most favorable cases the fitting procedure (containing up to
ve fitting parameters per scattering path [117]) can often “lead to
ore than one statistically valid and physically possible structural
odel”, as Gates and co workers have emphasized [124]. Therefore,

XAFS is often best used only in a complimentary role with several
ther physical methods. In addition, EXAFS requires the use of syn-
hrotron sources to provide the intense (1010 flux vs. 103 flux with
n X-ray tube) continuum (3–30 keV) of required X-ray radiation
117,125], so it is not yet what one would term a “routine method”
vailable to each and every laboratory at any time.

.1.2.2. Total high energy X-ray scattering and pair-distribution-
unction (PDF) analysis. A relatively new5 and potentially powerful
echnique for following the kinetics of supported-nanoparticle het-
rogeneous catalyst formation is total high-energy X-ray scattering
oupled with PDF analysis. To date, only two studies (Table 1) have
tilized total high-energy X-ray scattering coupled with PDF anal-
sis to follow the formation of supported-nanoparticles [56,66].
illinge has discussed extensively the experimental and theoret-

cal details of total high-energy X-ray scattering plus PDF analysis
126,127]; hence, only a very brief overview is given below, one
argely focused on PDF analysis. The focus herein is, instead, on the
ata that can be obtained along with our perception of the strengths
nd weaknesses at present of the total high-energy X-ray scattering
lus PDF analysis technique.

Total high-energy X-ray scattering utilizes all of the “structure-
elevant” diffraction data from a powder sample, including the

ragg and diffuse scattering components (vs. just the Bragg scatter-

ng components in conventional powder X-ray diffraction analysis)
128]; high-energy X-rays are required for adequate real-space

5 While the PDF analysis method is not new, its recent coupling with the total
igh-energy X-ray scattering data has allowed that coupling to become increasingly
aluable for the analysis of complex materials [130].
re the extracted Pt–Cl (top right) and Pt–Pt contributions (bottom right) over time

resolution from the sample [129]. The experimentally measured
scattering function (i.e., background subtracted and normalized),
termed the total scattering function S(Q), is given by Eq. (1):

S(Q ) =
Icoh(Q ) −

∑
ci

∣
∣fi(Q )

∣
∣2

∣
∣∑ cifi(Q )

∣
∣2

(1)

In Eq. (1),  ci is the atomic concentration, fi is the X-ray atomic
form factor, Icoh(Q) is the measured scattering intensity from a pow-
der sample, and Q = 4� sin(�)/� [126,127].  Billinge has noted that
“it is worth remembering that S(Q) is nothing other than the pow-
der diffraction pattern that has been corrected for experimental
artifacts and suitably normalized” [127].

Through a Fourier transform over a measured range Q, the S(Q)
is transformed into the atomic PDF (G(r), Eq. (2))  [126,127]:

G(r) = 4�r[�(r) − �0] (2)

In Eq. (2),  �(r) is the local atomic number density, �0 is the aver-
age atomic number density and r is the radial distance. Hence,
G(r) is a representation of the coherent scattering of the total
diffracted intensity of the material and, physically, contains infor-
mation regarding the distances between pairs of atoms [129].  The
atomic PDF (G(r)) data are then modeled to obtain quantitative
structural information [128].

Fig. 4 (left) shows an illustrative example, reported by Chupas
et al. [56], of raw and differential (i.e., support-subtracted) atomic
PDF data vs. time for the formation of Pt(0)n/TiO2 under H2 (at
200 ◦C). From the differential atomic PDF data, local Pt–Cl (at 2.5 Å)
and Pt–Pt (at 2.77 Å) atomic pair correlations can be extracted (Fig. 4
(right)). While not shown, it is also possible to obtain further, atomi-
cally resolved, structural information—such as nanoparticle size or
number of atoms per particle—via the Pt–Pt atomic pair correla-
tions without the need of infinite periodicity (see, for example, the
Supporting Information of Chupas et al.’s paper [56]). Specifically,

the X-ray scattering plus PDF method can yield atomic resolution
information at length scales up to 10 nm (i.e., at the nanoscale)
for either crystalline or noncrystalline materials [129,130].  Hence,
the total high-energy X-ray scattering plus PDF method is
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Fig. 5. An example of IR spectral data obtained for the formation and loss of ethyl
ligands (shown at 2964, 2936, 2876 and 2854 cm−1) from Ir(C2H4)2/zeolite-Y under
H
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Fig. 6. An example of H2 uptake kinetics following the formation of Pt(0)n/�-
2 and a temperature ramp.

eproduced with permission from [60]. Copyright (2008) Wiley-VCH.

omplimentary to EXAFS (with its local ∼0.5–1 nm scale) and X-ray
iffraction (XRD, with its long range bulk analysis, >10 nm).

The total high-energy X-ray scattering plus PDF analysis method
learly has several advantages, including: (i) the ability to follow
irectly both the loss of a metal precursor complex and the forma-
ion of M(0)n nanoparticles; (ii) the atomically resolved, absolute
ond distances, which result are not model dependent; and (iii)
he fact that this method can be used in situ (and, in principle, in
perando). Despite these advantages, as with any technique, dis-
dvantages exist, including: (i) the need for synchrotron sources;
ii) the challenge of quantitative analysis of the data (such anal-
sis can take a significant amount of time, presently up to even
–2 years in the case that we are aware of, as discussed in foot-
ote 16 of reference [72]); and (iii) “. . .the limitation brought by

nadequate data analysis software” [128]. More specific to the het-
rogeneous catalysis community, (iv) there is also the limitation
hat loadings below 5 wt% have proven difficult to analyze, at least
o date [66]. Despite this, total high-energy X-ray scattering plus
DF analysis is a powerful, evolving method that holds considerable
romise for monitoring the formation of supported-nanoparticle
eterogeneous catalysts. Hence, its enhanced use, especially as a
omplement to other direct physical methods such as XAFS and
RD and even indirect methods (such as IR spectroscopy, H2 uptake
r others, vide infra), can be anticipated.

.1.2.3. Infrared (IR) spectroscopy. IR spectroscopy relies on the
bsorption of infrared light by vibrational levels within a molecule
f interest. The theoretical details of IR spectroscopy can be
ound in many textbooks [3,131,132]. The experimental details
egarding measuring IR spectra of supported-metal complexes
nd supported-nanoparticles have been recently and expertly dis-
ussed by Gates and co-workers [133].

Five studies in Table S1 have utilized IR spectroscopy to follow
he kinetics of the loss of a supported-precatalyst [29,51,60,61,64].
n example is that of Ir(C2H4)2 on zeolite-Y from Gates and co-
orkers [60] (Fig. 5). The peaks at 2964, 2936, 2876 and 2854 cm−1

how the formation of ethyl ligands on the Ir/zeolite-Y (from the
r(C2H4)2/zeolite-Y precatalyst) and subsequent loss of those ethyl
igands over 1 h under H2 (and with a temperature ramp).

Importantly, IR spectroscopy often yields information regarding
he ligand shell of a supported-metal precatalyst (and, therefore, is
ighly complementary to the methods that are capable of following

–M  bond or net M(0)n nanoparticle formation directly). IR spec-

roscopy has not been used to follow the formation of M–M  bonds
uring supported nanoparticle formation, since support vibrations
ften overlap with the M–M  bond vibrations of interest, and is
Al2O3 [72]. The sigmoidal kinetics [72] and cyclohexene reporter reaction method
employed will be discussed in Section 3.2.2.3.

Adapted with permission from [72]. Copyright (2009) American Chemical Society.

in that sense and as defined before “indirect”. However, IR spec-
troscopy is particularly useful when supported-organometallics are
present that contain CO or hydrocarbon ligands [133]. Additional
advantages of IR spectroscopy include its ease of use, broad avail-
ability and value in routine, first-screenings of the kinetics of loss
of the supported-organometallic or other precatalysts.

2.1.2.4. H2 uptake kinetics: a chemical-based method. Early lit-
erature studies trying to understand supported-nanoparticle
heterogeneous catalyst formation kinetics, as well as the associ-
ated Mx+ reduction reaction, relied on H2 uptake monitoring. More
specifically, eight studies in Table S1 [30–35,37,52] utilized H2
uptake measurements to obtain their kinetic data. The H2 uptake
experiment is in principle simple: the material of interest is placed
in a closed vessel, exposed to H2 and either a change in the pressure,
or the H2 uptake in an apparatus that maintains constant pres-
sure, is measured quantitatively. Under the appropriate conditions,
H2 uptake kinetic data (for example when coupled to a reporter
reaction, vide infra) can reveal information about supported-
nanoparticle heterogeneous catalyst formation [72,74,75].  Shown
in Fig. 6 is an example where H2 uptake kinetic measurements
were employed to follow Pt(0)n/�-Al2O3 supported-nanoparticle
formation indirectly but in real time with hundreds to thousands
of high-precision data points [72].

The largest advantage of using H2 uptake as a kinetic monitoring
method is its ease of use, ready availability, and sample compati-
bility (e.g., both solids and liquids are readily analyzed). Another
advantage is that H2-uptake measurements of just the precatalyst
can yield information regarding the crucial stoichiometry of the
supported-nanoparticle formation reaction. These advantages so
noted, the two  greatest disadvantages of the H2-uptake method are
its indirect nature and the thermodynamic constraints when using
H2 as a reductant. An example of the latter constraint arises when
cheaper, earth-abundant first-row metal catalysts made from Co
(−0.28 V vs. NHE) and Ni (−0.257 V vs. NHE) are present; these met-
als are not reducible thermodynamically by H2 to the M(0) state, at
least under mild, room temperature and standard (1 atm) pressure
conditions.

2.1.2.5. Electron microscopy. Transmission electron microscopy
(TEM) is one of the most commonly used imaging methods for ana-
lyzing supported-nanoparticle heterogeneous catalysts or, for that
matter, nanoparticle catalysts made in solution and then deposited

for ex situ analysis on a TEM grid [134]. In general, TEM provides
largely direct and powerful, albeit historically ex situ, images of the
presumed catalyst (or, more often, the O2-exposed, possibly oxi-
dized form of the M(0)n nanoparticle). Concerns with this method
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nanoparticle heterogeneous catalyst formation. Specifically, while
24 of the 25 studies in Table 2 contain kinetic data, 9 of those
24 studies were done under non-isothermal reduction condi-
tions [137]. In addition, only 10 of the 25 studies rigorously

7 One sub-goal of kinetic studies is to obtain the Arrhenius parameters for the
chemical reaction of interest—that is, the activation energy (Ea) and pre-exponential
factor (A). This is commonly done by collecting a series of isothermal kinetic curves
(i.e., the change in the reactants or products with time), from which rate constants,
k,  are extracted. A subsequent plot of the ln k vs. 1/T  then yields the well-known
Ea (the slope of the line equals −Ea/R) and A (the y-intercept equals ln(A)). Another
possibility is to measure the kinetic curve during a temperature ramp, that is non-
isothermally. This approach is attractive as, at least in principle, the Ea , A and k can
J.E. Mondloch et al. / Journal of Molecu

nclude (i) the possibility of electron beam induced damage as “in
he end you can damage virtually anything you put into the TEM”
135], (ii) the ex situ nature of a typical TEM experiment (which
as made it largely ineffective for following the kinetics of the for-
ation of supported-nanoparticles), and (iii) the “non-canonical

nsemble” nature of TEM measurements (i.e., the ability to see even
ingle nanoparticles that may  be grossly unrepresentative of the
ulk sample). Hence, such potential disadvantages necessitate the
se of appropriate control experiments.

Recent advances6 in the design of environmental TEM cells have
llowed in situ TEM measurements under non-high-vacuum con-
itions [112,136].  For example, Creemer and co-workers recently
tudied the reduction of the well-known CuO/ZnO methanol syn-
hesis precatalyst [3] in situ, under 1.2 bar H2 (approximately
tmospheric pressure), at temperatures up to 500 ◦C and at a reso-
ution of 0.18 nm.  The reduction of CuO to Cu(0) on the ZnO surface
113] could be directly imaged; the migration of 5–10 nm Cu(0)n

anoparticles on the ZnO support was also observed.
In another recent study, Alivisatos and co-workers employed an

n situ, liquid-based cell to study the growth of Pt(0)n nanoparticles
rom Pt(acetylacetonate)2. Their studies revealed both monomer
ddition and bimolecular aggregation [114], albeit without a sup-
ort present. A limitation exposed via that study is that the TEM
lectron beam is involved in inducing the nanoparticle formation
eaction either directly, through solvated electrons, or possibly via
n oleylamine-assisted pathway, oleylamine being present as the
olvent [114]. In one additional in situ TEM study worth noting, the
etection of several intermediate phases from amorphous LiFePO4
n route to crystalline LiFePO4 [115] demonstrated the ability of
EM to directly image intermediate nanoparticle phases en route
o the final product. Overall, then, environmentally controlled TEM
ells [112,136]6 promise to make additional contributions to our
nderstanding of how supported-nanoparticle heterogeneous cat-
lysts form.

.1.3. Conclusions
Clearly, each of the precatalyst preparation steps—that is,

recursor/support contact, calcination and reduction—has the
otential to influence the supported-nanoparticle heterogeneous
atalyst formation speciation and resultant kinetics. Overall,
peciation-controlled, supported-metal precatalysts are needed for
he next generation syntheses of supported-nanoparticles as well
s for reliable kinetic studies of their formation reaction(s).

A variety of advanced techniques, including EXAFS, XANES,
otal high-energy X-ray scattering plus PDF analysis, as well as
n situ TEM are emerging as viable, often complimentary options
or following the stoichiometries and the kinetics of formation of
upported-nanoparticle heterogeneous catalysts. In addition, any
echnique capable of in situ, or better in operando,4 measure-

ents can in principle be used to follow the stoichiometries and
inetics, thereby helping deduce the mechanism(s) of supported-
anoparticle heterogeneous catalyst formation reactions.

IR spectroscopic and H2 uptake studies are the two-
uicker/easier methods that have been used to date to follow
upported-nanoparticle formation reactions. However, care must
e taken in such indirect studies to ensure that the desired
upported-nanoparticle heterogeneous catalyst formation reaction
s what is actually being monitored.

Overall however, there is still a need to develop more routine,

available-in-any-lab” methods to follow supported-nanoparticle
ormation stoichiometries and kinetics. A broader availability of

ore routine, ideally direct methods would ensure that only the

6 Also worth mentioning here are the recent advances in electron sources, damp-
ning and aberration correction that have improved TEM resolution [136].
talysis A: Chemical 355 (2012) 1– 38

most important systems are thereby indentified and developed, so
that only those “best” systems can then be subjected to the more
expensive and time-consuming, but more powerful and direct tech-
niques, including XAFS, high energy total X-ray scattering plus PDF
analysis and in situ TEM. Furthermore, the inherently complex
nature of supported-nanoparticle heterogeneous catalyst forma-
tion problem demands the use of multiple, complimentary physical
methods to follow the stoichiometries, kinetics and thereby deduce
reliable mechanisms for those supported-nanoparticle formation
reactions.

2.2. Kinetic and mechanistic studies of practical
supported-nanoparticle heterogeneous catalyst formation at the
gas–solid interface

2.2.1. Brief overview of the primary literature
Table S1 of the Supporting Information is a compilation of

39 primary literature references reporting kinetic and mechanis-
tic studies of supported-nanoparticle formation at the gas–solid
interface [29–67]. For what follows we have chosen four repre-
sentative systems, organized by the supported-metal precatalyst
used. The systems are covered in 25 of the 39 references in
Table S1 and are four systems which provide a good overview
of the best-studied systems in the literature. Those 25 papers
are shown in Table 2 along with: (i) experimental details of
the preparation of the supported metal precatalyst and, then,
the details of the supported-nanoparticle heterogeneous catalyst
formation reaction; (ii) information on whether the study con-
tains kinetic data (and, if so, the physical method employed);
and if kinetic data were obtained, then also (iii) information
on whether those data were collected isothermally or non-
isothermally. While classical chemical kinetics are traditionally
performed isothermally, non-isothermal kinetic measurements are
common in the supported-nanoparticle formation literature—the
precise interpretation, and hence the resultant exact meaning and
value, of which are currently being actively debated [137–141].7

Also given in Table 2 is (iv) whether the stoichiometry of the
supported-nanoparticle heterogeneous catalyst formation reaction
was explicitly demonstrated (and if so, how that stoichiometry was
obtained as a guide for future studies); and (v) the rate equations
and proposed mechanism as given by the original authors (if avail-
able).

Before discussing each of the four case studies in detail, a
brief overview of Table 2 is quite informative and reveals several
insights into the state of mechanistic knowledge for supported-
be determined from a single experiment [138]. Hence, the heterogeneous cataly-
sis  community has utilized such non-isothermal kinetic measurements to try and
understand the mechanisms of supported-nanoparticle formation [137], as Table 2
makes apparent. However, the utility and treatment of non-isothermal kinetic data,
particularly for understanding mechanism, is under current debate. Galwey has
argued that it is simply not possible, in general, to obtain the Ea , A and k from a single
non-isothermal kinetic experiment [141]. Galwey and Brown have also noted that
the  isothermal treatment of kinetic data “requires fewer assumptions and results
appear to be more consistent and reliable” [138].
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Table 2
The twenty-five primary case studies, of four main systems, investigated herein which report the kinetics and mechanisms of formation of supported-nanoparticle catalysts at the gas–solid interface. A full list of the 39 presently
available  studies, from which these 25 case studies were chosen, is available in Table S1 of the Supporting Information.

Entry
[Reference]

Authors System studied Kinetic data
(physical method
employed)

Isothermal
kinetic data

Stoichiometry
(physical method
employed)

Proposed mechanism(s) and rate equations as
written by the original authors (if available)

M(NH3)4
2+ based systems

1[29] Dalla Betta, R.A.; Boudart, M.  5-wt% Pt(NH3)4Cl2 was  ion-exchanged onto
zeolite-Y and reduced under H2 from 25 to
350 ◦C. The effects of calcination and H2O were
also investigated.

Yes (IR
spectroscopy)

No Yes (H2 uptake) Proposed mechanism. Aggregation is proposed to be
due to “the unstable neutral, hence mobile,
hydride (i.e., Pt–H), which leads to Pt
agglomeration”, as shown in Scheme 3.

2[39]  Tzou, M.S.; Sachtler, W.M.H. 7.4-wt% Pt(NH3)4Cl2 was ion-exchanged onto
zeolite NaY. The resultant precatalyst was
calcined between 360 and 550 ◦C and reduced
under H2 at 500 ◦C.

Yes (H2

chemisorption)
Yes No Proposed mechanism of subnanometer

Pt(0)n/zeolite-Y formation. Calcination at 360 ◦C
afforded Pt2+ ions in the zeolite supercages, which
are easily reduced with H2 between −15 and
150 ◦C. “Growth” kinetics were obtained by
monitoring the change in the Pt dispersion by H2

chemisorption. The H2 chemisorption data “favor
the mechanism of particle growth by migration
and coalescence of particles rather than Ostwald
ripening, that is by atomic migration”.
Proposed mechanism of 10–50 nm Pt(0)n/zeolite-Y
formation. Calcination at 550 ◦C afforded Pt2+ ions
in  the sodalite cages. The Pt2+ ions are reduced and
driven to a location where Pt(0)n particles can
form. “Two stages can be discerned: (a) nucleation,
and (b) growth of particles”. The Pt(0) atoms can
migrate to the surface of the zeolite.

3[41]  Homeyer, S.T.; Sachtler,
W.M.H.

2–7-wt% [Pd(NH3)4] (NO3)2 was
ion-exchanged onto zeolite NaY. The sample
was  calcined at 250 and 500 ◦C and then
reduced under a temperature ramp from −80
to  350 ◦C.

No Yes (H2 Uptake) Proposed mechanism when Pd ions are in the
supercages. “Pd ions migrate to an activated
nucleus where they are reduced, forming primary
particles. These migrate through the supercage
network until they either contact another primary
or  secondary particle. Once all the primary
particles are used up, further growth of the
secondary particles occurs via a different
mechanism, possibly involving Ostwald ripening
or local collapse of the zeolite matrix”.
Proposed mechanism when Pd ions are in the sodalite
cages. “Pd atoms are released into the supercage
network at higher temperatures, where they form
secondary particles either through migration and
coalescence or by trapping Pd atoms as they leave
the sodalite cages”.

4[47]  Oudenhuijzen, M.K.;
Kooyman, P.J.; Tappel, B.; van
Bokhoven, J.A.;
Koningsberger, D.C.

1-wt% [Pt2+(NH3)4] (NO3
−)2 was  impregnated

onto SiO2 by incipient wetness. The precatalyst
was  dried under N2 for 1 h at room
temperature, followed by 8 h at 80 ◦C. The
precatalyst is then reduced with H2 under a
temperature ramp from room temperature to
400 ◦C.

Yes (XANES and
EXAFS)

No No Proposed mechanism. The final size of the Pt
particles (when reduced under H2) is controlled by
two parameters, the nucleation rate and the
growth rate. “Since the formation of metal–metal
bonds adds significantly to the stability of Pt
atoms, the reduction of the Pt2+(NH3)x complex
must involve migration and collision of the Pt2+

species with either an earlier formed metallic Pt
nucleus or several other Pt2+ complexes and
reduced at the same moment”. The authors
propose that a highly mobile Pt–H species is
responsible for the nanoparticle growth, analogous
to  that reported by Dalla Betta and Boudart [29].
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Table 2 (Continued )

Entry
[Reference]

Authors System studied Kinetic data
(physical method
employed)

Isothermal
kinetic data

Stoichiometry
(physical method
employed)

Proposed mechanism(s) and rate equations as
written by the original authors (if available)

5[50] Okumura, K.; Yoshimoto, R.;
Uruga, T.; Tanida, H.; Kato,
K.; Yokota, S.; Niwa, M.

0.4-wt% Pd(NH3)4Cl2 was  ion-exchanged onto
zeolite Na–ZSM-5, H–ZSM-5 and Y–mordenite.
The samples were oxidized at 773 K and then
reduced in H2 up to 750 K.

Yes (EXAFS) No No No mechanism was proposed for the
supported-nanoparticle heterogeneous catalyst
formation reaction.

6[58] Okumura, K.; Kato, K.;
Sanada, T.; Niwa, M.

0.4 and 0.8-wt% Pd(NH3)4Cl2 was
ion-exchanged onto zeolite H–USY. The
samples were calcined under O2 at 773 K for
4 h and reduced with H2 under a temperature
ramp from room temperature to 773 K.

Yes (EXAFS) No Yes (XANES) No mechanism was proposed for the
supported-nanoparticle heterogeneous catalyst
formation reaction.

7[62]  Okumura, K.; Honma, T.;
Hirayama, S.; Sanada, T.;
Niwa, M.

0.4 and 0.8-wt% Pd(NH3)4Cl2 was
ion-exchanged onto zeolite H–USY. The
samples were dried at 323 K under
atmospheric conditions and reduced under H2

at 300 K.

Yes (XANES and
EXAFS)

Yes Yes (XANES) No mechanism was proposed for the
supported-nanoparticle heterogeneous catalyst
formation reaction.

8[63]  Okumura, K.; Matsui, H.;
Sanada, T.; Arao, M.;  Honma,
T.; Hirayama, S.; Niwa, M.

0.4-wt% Pd(NH3)4Cl2 was  ion-exchanged onto
zeolite H–USY, dried at 323 K under
atmoshpere and reduced under H2 at 300 K.
Precatalysts containing PdCl2, Pd(OAc)2 and
Pd(NH3)4(NO3)2 on zeolite H–USY were also
investigated.

Yes (XANES and
EXAFS)

Yes Yes (XANES) No mechanism was proposed for the
supported-nanoparticle heterogeneous catalyst
formation reaction.

H2PtCl6 based systems
9[38] Dexpert, H. H2PtCl6 was impregnated onto Al2O3. The

samples were reduced under H2 at room
temperature or 200 ◦C.

Yes (XANES and
EXAFS)

Yes No Proposed mechanism. A summary of the author’s
word-based mechanism for the “decomposition of
the isolated PtCl62− complexes” is: (i) oxygen
starts to replace the chlorine atoms; (ii) a
chlorinated Pt dimer is formed; and (iii) the dimer
grows as the reduction continues.

10[40] Le  Normand, F.; Bazin, D.;
Dexpert, H.; Lagarde, P.;
Bournonville, J.P.

H2PtCl6 was impregnated onto �-Al2O3. The
catalyst was  dried at 120 ◦C and reduced under
H2 at 300 ◦C.

Yes (XANES and
EXAFS)

Yes No No mechanism was proposed, but qualitatively the
authors state that: (i) “the reduction rate tends to
increase with the time of isothermal reduction”,
which may  be due to spillover, and (ii) that “the
isothermal reduction is associated with the growth
of Pt clusters”.

11[56] Chupas,  P.J.; Chapman, K.W.;
Jennings, G.; Lee, P.L.; Grey,
C.P.

5-wt% H2PtCl6 was deposited on TiO2 via
incipient wetness. The samples were dried
overnight at 60 ◦C and reduced under H2 at
100, 150 and 200 ◦C.

Yes (total high
energy X-ray
scattering + PDF
analysis)

Yes No No mechanism was proposed for the
supported-nanoparticle heterogeneous catalyst
formation reaction.

12[65]  Shishido, T.; Asakura, H.;
Amano, F.; Sone, T.;
Yamazoe, S.; Kato, K.;
Teramura, K.; Tanaka, T.

H2PtCl6 was impregnated on TiO2 or �-Al2O3

(5-wt%), dried at 353 K and calcined at 773 K.
Subsequently the samples were pulsed with
5 mL  of H2 for 20 s at 473 K.

Yes (DXAFS) Yes Yes (XANES) No mechanism was proposed for the
supported-nanoparticle heterogeneous catalyst
formation reaction.

13[66]  Chupas, P.J.; Chapman, K.W.;
Chen, H.; Grey, C.P.

2.5–7.5-wt% H2PtCl6 was impregnated onto
TiO2 and dried at 60 ◦C overnight. Some of the
samples were calcined at 200 ◦C for 2 h under
O2. The kinetic data were collected while the
sample was being reduced in H2 from 0 to
227 ◦C.

Yes (high energy
total X-ray
scattering + PDF
analysis)

No No Proposed mechanism. “The initial Pt nanoparticles
that form are ∼1 nm in size, while by 200 ◦C are
larger and more crystalline. This suggests a
mechanism for particle growth where the initial
particles that form are small (<1 nm)  then
agglomerate into ensembles of many small
particles and lastly anneal to form larger
well-ordered particles”.
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Ag(NO)3 zeolite based systems
14[32] Beyer, H.; Jacobs, P.A.;

Uytterhoeven, J.B.
AgNO3 is ion-exchanged on zeolite NaY and
reduced under H2. Prior to reduction the
samples were out gassed and calcined at 373,
473 and 623 K and subsequently reduced
under H2 isothermally between 298 and 623 K.

Yes (H2 uptake) Yes Yes (H2 uptake) Observed rate law: low temperature (≤430 K)
dc
dt

= k′P
C′

0
−C

C
P is the H2 pressure, C ′

0 the initial Ag+, and C is the
reduced form of Ag+ at time t.
Proposed mechanism #1 (low temperature): H2

activation on Ag+

H2 + Ag+ � (Ag+H−) + H+

(Ag+H−)
RDS−→(Ag0H)

Ag+ + (Ag0H)  � H+ + Ag2

Proposed mechanism #2 (low temperature): H2

activation at some surface site, S
H2 + S � (SH–H)
(SH–H) + Ag+ � (SH–Ag) + H+

(SH–H) + Ag+ RDS−→S  + H+ + 2Ag
Observed rate law: high temperature (>430 K)
dc
dt

= k1(C0 − C)
C0 is the initial Ag+ and C is the reduced form of
Ag+ at time t.
Proposed mechanism (high temperature). The
reduction is “rate-controlled by the migration of
Ag+ ions” to activated H2 somewhere within the
zeolite.

15[36]  Hermerschmidt, D.; Haul, R. AgNO3 was  ion-exchanged onto zeolites X and
A. The samples were dehydrated under O2 at
400 ◦C and reduced under H2 isothermally
between −50 and 400 ◦C.

Yes (ESR) Yes No No mechanism was proposed for the
supported-nanoparticle heterogeneous catalyst
formation reaction.

16[37]  Beyer, H.K.; Jacobs, P.A. Ag(NO)3 was ion-exchanged onto the chabsite
zeolite. The samples were isothermally
reduced under H2 at varying temperatures
between 295 and 613 K.

Yes (H2 uptake) Yes Yes (H2 uptake) Observed rate law
d[Ag+]

dt
= k[Ag+]

2
[PH2 ]1/2

Proposed mechanism
H2 � 2H•

H• + Ag+ � [Ag(0)H+]

[Ag(0)H+] + Ag+RDS
� Ag2

+ + H+

17[42] Schoonheydt, R.A.; Leeman,
H.

AgNO3 was  ion-exchanged onto zeolite NaA.
The samples were calcined at 673 K and
reduced under H2 between 253 and 298 K. All
manipulations were carried out in the dark.

Yes (ESR) Yes No Proposed mechanism
Ag + Ag → Ag2 → Ag3, etc.

18[57]  Shimizu, K.-I.,; Sugino, K.;
Kato, K.; Yokota, S.;
Okumura, K.; Satsuma, A.

AgNO3 was  ion-exchanged onto zeolite H-MFI.
The sample was dried at 383 K for 24 h,
calcined at 823 K for 2 h and reduced under H2

at 573 K.

Yes (EXAFS and
UV–vis)

Yes Yes (H2 uptake) No mechanism was proposed for the
supported-nanoparticle heterogeneous catalyst
formation reaction.

Supported-organometallic systems
19[45] Nasher, M.S.; Frenkel, A.I.;

Somerville, D.; Hills, C.W.;
Shaplye, J.R.; Nuzzo, R.G.

1–2-wt% PtRu5C(CO)16 was  deposited on
carbon black via incipient wetness from THF.
The sample was allowed to dry in air for 1 h
and evacuated for 1 h and reduced under H2

from 150 to 773 K.

Yes (XANES and
EXAFS)

No No Proposed mechanism. “. . .the initial nucleation of a
compact (Pt-rich) structure (is) followed by the
inversion of the intraparticle distribution of the Pt
and Ru atoms upon continued high-temperature
annealing. In this inversion, the core-segregated Pt
atoms exchange with Ru surface atoms to form a
surface Pt shell structure”.

20[48]  Fiddy, S.G.; Newton, M.A.;
Campbell, T.; Dent, A.J.;
Harvey, I.; Salvini, G.; Turin,
S.; Evans, J.

5-wt% Pt(acac)2 was  slurried onto SiO2 from
toluene. The solvent was then removed by
rotary evaporation and reduced under H2 from
300 to 673 K. The authors also looked at a
bimetallic system of Pt(acac)2 plus GeBu4.

Yes (EXAFS) No No Proposed mechanism. “. . .an initial decomposition
of a small fraction of the supported Pt(acac)2

leading to the formation of a low level of small Pt
particles.  . . (which are) active for rapid H2

dissociation and subsequent spillover of atomic
hydrogen”.
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Table 2 (Continued )

Entry
[Reference]

Authors System studied Kinetic data
(physical method
employed)

Isothermal
kinetic data

Stoichiometry
(physical method
employed)

Proposed mechanism(s) and rate equations as
written by the original authors (if available)

21[51] Li, F.; Gates, B.C. 1-wt% Ir(CO)2(acac) was  deposited on zeolite
NaY from a pentane solution. The solvent was
removed by evacuation and put under CO at
40 ◦C.

Yes (IR
spectroscopy)

Yes No No specific mechanism was proposed for the
formation of Ir4(CO)12 on zeolite NaY.

22[60] Uzun,  A.; Gates, B.C. 1-wt% Ir(C2H4)2(acac) was  contacted onto
dealuminated zeolite-Y from a n-pentane
slurry. The solvent was removed under
vacuum and the sample was  reduced under H2

in a temperature ramp from 298 to 353 K.

Yes (XANES, EXAFS
and IR
spectroscopies)

No No Proposed mechanism. A model was proposed for the
formation of Ir4(ligand)x/zeolite-Y that goes
through a Ir2(ligand)x/zeolite-Y intermediate. A
pictorial representation, as proposed by the
original authors, is given in Scheme 10.

23[61]  Liang, A.J.; Gates, B.C. 1-wt% Rh(C2H4)(acac) was  contacted onto
dealuminated zeolite-Y from a n-pentane
slurry. The solvent was removed under vacuum
and the sample was  reduced under H2 at 298 K.

Yes (XANES, EXAFS
and IR
spectroscopies)

Yes No No mechanism was proposed for the
supported-nanoparticle heterogeneous catalyst
formation reaction.

24[64]  Kulkarni, A.; Gates, B.C. 1-wt% of each Os3(CO)12 and Ru3(CO)12 (by
metal) were simultaneously deposited onto
MgO  from pentane. The solvent was removed
under vacuum and reduced under H2 in a
temperature ramp from 298 to 423 K.

Yes (XANES, EXAFS
and IR
spectroscopies)

No No Proposed mechanism. “First, the decarbonylation of
triruthenium clusters (occurs) starting at 333 K
(with the triosmium carbonyl clusters still being
coordinatively saturated and intact). The
coordinatively unsaturated ruthenium species
were reactive, and at 333 K, had aggregated
substantially so that the average ruthenium cluster
was larger than trirutheim. When the temperature
had been raised to about 358 K, the triosmium
clusters began to undergo decarbonylation, and at
approximately 398 K the triosmium clusters had
lost enough CO ligands to become sufficiently
coordinatively unsaturated to allow migration and
reaction with Ru atoms of neighboring species”, as
pictorially depicted in Scheme 11.

25[67]  Nassreddine, S.; Bergeret, G.;
Jouguet, B.; Geantet, C.;
Piccolo, L.

1.0-wt% Ir(acac)3 was contacted with
amorphous silica–alumina (ASA) from toluene.
The sample was dried at 120 ◦C overnight and
reduced in flowing H2 at 350 ◦C for 6 h.

Yes (in situ XRD) Yes Yes (mass
spectrometry)

No mechanism was proposed for the
supported-nanoparticle heterogeneous catalyst
formation reaction.
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emonstrated the supported-nanoparticle heterogeneous cata-
yst formation stoichiometry—the first, key step in any reliable

echanistic study, since that stoichiometry is what the proposed
echanistic steps must sum to! Perhaps most strikingly, only 3 of

he 25 studies in Table 2 contain rigorous, chemical-reaction-based
echanisms (i.e., vs. their less useful word-only or picture-based
echanisms8). Chemical-reaction-based mechanisms are the hall-
ark of rigorous mechanistic chemistry in, for example, physical

rganic [24], organometallic [25,26] and inorganic chemistries
27,28]. From this brief overview alone of the literature in Table 2,
ne can conclude that the present state of knowledge, of how
upported-nanoparticle catalysts form, is still in an early, some-
hat rudimentary, stage.

.2.2. Kinetic and mechanistic case studies

.2.2.1. System I: M(NH3)4
2+ based systems (where M = Pt and Pd).

nterest in Pt(0)n and Pd(0)n zeolite-supported-nanoparticle cat-
lysts derives from their use as shape-selective isomerization,
ydrogenation and hydrocracking catalysts [3,98,142,143].  Jacobs
as insightfully noted that; “the solid-state transformations of Pt
nd Pd ions in zeolites are understood qualitatively. . . however,
he detailed chemical reactions involved have not been elucidated
uantitatively” [155]. He also noted that “in order to establish the
ispersion of metals in zeolite cages, it is necessary to understand
he reduction mechanism” [153]. We  have found eight papers in the
iterature [29,39,41,47,50,58,62,63],  detailed in Table 2 as Entries
–8, that focus on the kinetics and mechanisms of M(0)n/support
upported-nanoparticle heterogeneous catalyst formation starting
rom the M(NH3)4

2+/support precatalyst (or from closely related
erivatives such as M(NH3)4−x(H2O)x).

In a classic 1973 paper, shown in Entry 1 of Table 2, Dalla
etta and Boudart investigated the formation of nanometer and
ubnanometer Pt(0)n sized particles from Pt(NH3)4

2+ and all
upported on zeolite-Y [29]. The Pt(0)n/zeolite-Y products were
nalyzed via H2 chemisorption measurements; approximately9

4 nm Pt(0)n/zeolite-Y nanoparticles were found when the precat-

lyst was reduced under H2 using a temperature ramp from 25
o 350 ◦C. In contrast, much smaller, approximately9 0.9 nm Pt(0)n

anoparticles were found when the sample was first calcined in
2 at 350 ◦C and then reduced in a H2 temperature ramp from 25

8 Chemical-reaction-based mechanisms have been the hallmark of rigorous
echanistic chemistry in, for example, physical organic [24], organometallic chem-

stry  [25,26] and inorganic chemistry [27,28]. That said, we have noted elsewhere
282] that “At times, a word or picture-only mechanism may  be useful to describe
hat would otherwise be a very complex set of equations (that may  not be tested

r  even testable due to their associated mathematical complexity). But, they (word-
r  picture-only mechanisms) do not lead to precise kinetic equations and corre-
ponding differential equations (and then, ideally, their integrated counterparts),
uch differential-kinetic equations being required to test the mechanism vs. the
xperimental kinetic data. Another serious issue arises when a word or picture-
nly mechanism is proposed along with (different or other) equation(s) that cannot
e  derived from that (word or picture) mechanism: a disconnect then results between
he  mechanism proposed and the differential equation(s) given, which in turn leads to
he  use of rigorously undefined, if not simply wrong, concepts and words for the physical
henomena at hand. In rigorous mechanistic studies, balanced chemical equations
efine both the rate constant and the words and concepts that one can use” [282]. The

atter point is particularly significant as discussed further elsewhere [281].
9 Dalla Betta and Boudart reported the dispersion of the Pt(0)n/zeolite-Y cat-

lyst based on H2 chemisorption measurements [29]. Herein we  estimate the
upported-nanoparticle diameter empirically using a formula from the literature:
iameter = 108/(% dispersion) [3]. This formula can be derived by considering that
he  dispersion is equal to the number of surface metal atoms divided by the total
umber of atoms present with the particle, assuming a particle geometry (e.g.,
pherical), and taking into consideration the planar area of the metal atom of
nterest, all as derived in [3]. For example, the dispersion of the Pt(0)n/zeolite-Y
atalyst reduced directly under H2 was experimentally measured to be 8%. There-
ore, 108/8 = 13.5 nm or approximately 14 nm Pt(0)n nanoparticles supported on
eolite-Y.
Scheme 3. Formation of Dalla Betta and Boudart’s postulated “unstable neu-
tral, hence mobile, hydride” (top) which is proposed to cause aggregation to
Pt(0)n/zeolite-Y supported-nanoparticles [29].

to 400 ◦C. The observed, varying, Pt(0)n/zeolite-Y product provides
one specific example of how the precatalyst preparation condi-
tions can significantly affect the resultant supported-nanoparticle
products.

The structural evolution of the loss of NH3 and –NH stretches
from the Pt(NH3)4/zeolite-Y precatalyst, during the temperature
ramp under H2, was qualitatively followed over time via IR spec-
troscopy. Dalla Betta and Boudart proposed that the “unstable
neutral, hence mobile, hydride”, Pt(NH3)2H2 (Scheme 3), led to
the formation of large 13–14 nm Pt(0)n nanoparticles supported
on zeolite-Y when the precatalyst was  reduced under H2 without
the calcination treatment [29]. However, no evidence was obtained
for the presence of the putative Pt(NH3)2H2 intermediate, nor was
any kinetic or other evidence given for how Pt(NH3)2H2 evolves to
form the supported-nanoparticle product, Pt(0)n/zeolite-Y.

In a subsequent study, Mashchenko et al. [144] did obtain
IR spectroscopy stretching frequencies consistent with a
Pt–H+/zeolite-Y intermediate under H2; such a species may
be related to the putative Pt(NH3)2H2 intermediate proposed by
Dalla Betta and Boudart [29]. However, kinetic competence for
the Pt–H+/zeolite-Y intermediate en route to Pt(0)n/zeolite-Y has
yet to be demonstrated (i.e., observable species are often more
stable and, therefore, detectable only because they can lie off
the kinetically dominant pathway). While it is conceivable that
the putative Pt(NH3)2H2 intermediate may  be responsible for
the formation of the lower dispersed ∼14 nm Pt(0)n/zeolite-Y
products under H2, one precedented, alternative hypothesis [106]
is that the varying precatalyst preparation steps have led to the
formation of different supported-Pt precatalyst species (i.e., the
different conditions of direct reduction under H2 vs. calcination
followed by reduction under H2). Indeed, precedence exists in the
extant, M(NH3)4

2+/support preparation literature [106,145–151]
for the formation of: (i) (PtO2)n particles, (ii) Pt2+-based ions
(ligand composition unknown), or (iii) Pt(0)n particles (formed via
autoreduction2). Each of these species would then have their own,
different rates and mechanisms of supported-nanoparticle het-
erogeneous catalyst formation [47]. Relevant, excellent accounts
of the insights into the effects of the precatalyst/support contact
and calcination steps can be found in several key papers [147,151],
reviews [152–154] and a book chapter [155]. Clearly, then, this is
a classic example of where direct in situ (or better in operando4)
characterization of each precatalyst preparation step would be
enormously helpful in elucidating the precatalyst speciation and
then the resultant mechanism(s) of formation of the supported-
nanoparticle catalyst(s). The bottom line here is that additional
kinetic and other characterization studies are needed, under Dalla
Betta and Boudart’s precise experimental conditions, to confirm or

refute the important Pt(NH3)2H2 intermediate hypothesis.

In 1988, Sachtler and co-workers also studied the formation of
Pt(0)n/zeolite-Y under H2 from the same Pt(NH3)4

2+/zeolite-Y pre-
cursor (Entry 2, Table 1) [39]. Again the Pt(0)n dispersion/particle
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ize was found to be dependent on the calcination temperature.
ore specifically, lower calcination temperatures (e.g., 360 ◦C)

ead to subnanometer Pt(0)n nanoparticles while higher calci-
ation (e.g., 550 ◦C) temperatures led to much larger, 10–50 nm
t(0)n nanoparticles supported on zeolite-Y. Because of the widely
arying supported-nanoparticle products, two different supported-
anoparticle formation mechanisms were proposed (as described

n Table 2, Entry 39), namely particle growth via migration
nd coalescence (for the subnanometer Pt(0)n nanoparticles) and
ucleation and growth (for the 10–50 nm Pt(0)n nanoparticles).
nfortunately, these word-based mechanisms were not accompa-
ied by the chemical equations necessary to define the underlying
lementary reaction steps. The authors did obtain ex situ growth
inetics for the sample calcined at 360 ◦C by monitoring the Pt dis-
ersion (i.e., the Pt/H ratio) via H2 chemisorption. Also unfortunate

s that the H2 chemisorption data were not fit to any series of spe-
ific reactions and their associated kinetic equations to support, or
efute, the author’s proposed mechanistic hypothesis.

In a subsequent study (Entry 3, Table 2), Sachtler and co-workers
xamined the closely related system, Pd(NH3)4

2+/zeolite-Y, which
as calcined at either 250 or 500 ◦C and then reduced under H2
uring a temperature ramp [41]. Both “Ostwald ripening and coa-

escence growth” mechanisms were proposed, albeit again without
upporting kinetic data. In addition, neither study addressed the
inetics of the crucial nucleation step postulated [39] in the
ormation of their Pd(0)n/zeolite-Y products. In short, specific,
hemical-based mechanisms supported by kinetic studies are not
vailable from these early, important studies of the M = Pt, Pd
(NH3)4

2+ precursor to M(0)n/zeolite systems [39,41].
More recently, in 2002 Koningsberger and co-workers studied

he temperature-ramped H2 reduction of [Pt(NH3)4](NO3)2/SiO2
o yield 1.8 nm Pt(0)n nanoparticles supported on SiO2 [47]
Entry 4, Table 2). Several [Pt(NH3)4](NO3)2/SiO2 precatalyst
ecomposition pathways were elucidated via temperature-
rogrammed mass spectrometry; however and unfortunately, the
toichiometry of the supported-nanoparticle formation reaction
as not rigorously demonstrated. Insights into the Pt(0)n/SiO2

upported-nanoparticle formation reaction were obtained from
on-isothermal reduction kinetics monitored via EXAFS of both
he Pt–N bond loss and the Pt–Pt bond formation. The resultant
inetic data provide direct evidence for a simultaneous, rapid
ecrease in the Pt–N coordination number along with a concomi-
ant increase in the Pt–Pt coordination number between 150 and
00 ◦C. Building off Dalla Betta and Boudart’s work [29], Konings-
erger and co-workers postulated that a Pt(NH3)2H2 intermediate
as responsible for the formation of Pt(0)n/SiO2. However, again
irect evidence for the postulated Pt(NH3)2H2 hydride intermedi-
te is lacking. In addition, XANES was used to follow the decreasing
t LIII edge intensity as the supported-nanoparticle catalyst was
eing formed. The authors proposed that the final Pt(0)n/SiO2
article size is “governed by the ratio of the growth-rate and nucle-
tion rate”. However, no mechanism was proposed for this specific
Pt(NH3)4](NO3)2/SiO2 to Pt(0)n/SiO2 supported-nanoparticle het-
rogeneous catalyst formation reaction.

The authors are nonetheless correct in their statement that the
anoparticle size depends on the nucleation (k1) and (autocatalytic)
rowth (k2) rate constants. Significantly, a quantitative expression
or nanoparticle size as a function of the k1 (nucleation), k2 (growth)
nd initial precatalyst concentration (call it [A]0) is available from
tudies of the formation of nanoparticles in solution [[156]; see also
157]]. The k1 and k2 rate constants refer to the 2-step A → B slow,
ontinuous nucleation (rate constant k1) and then A + B → 2B auto-

atalytic surface growth (rate constant k2) mechanism established
or nanoparticle formation in solution, vide infra, where, again, A
s the precatalyst and B is the growing, M(0)n nanoparticle sur-
ace [156,157].  Greater use of the nanoparticle size equation, as a
talysis A: Chemical 355 (2012) 1– 38

function of k1, k2 and [A]0 and when the 2-step nucleation and auto-
catalytic growth mechanism is operative [156], is recommended.

Between 2004 and 2009 Okumura and co-workers have exten-
sively studied the formation under H2 of Pd(0)n nanoparticles
supported on a variety of zeolites, including the Na–ZSM-5, H–ZSM-
5, H–mordenite and H–USY zeolites [50,58,62,63].  In an important
initial study (Entry 5, Table 2), Okumura and co-workers used
XAFS to follow the calcination (heating from 523 K to 773 K in
O2) of Pd(NH3)4

2+ supported on the zeolites Na–ZSM-5, H–ZSM-5
and H–mordenite [50]. A key finding is that the calcination step
yields (PdO)n clusters supported on Na–ZSM-5, but highly dis-
persed Pd2+–Ozeolite ions on the H–ZSM-5 and H–mordenite zeolites
as revealed, respectively, by the presence or lack of Pd–O–Pd con-
tributions in the EXAFS spectra. While not rigorously investigated
or discussed by the authors [50], the change in the Pd–Pd coordi-
nation number over time (and with increasing temperature) was,
as expected, observed to be qualitatively quite different for each
zeolite and for the reduction of (PdO)n and Pd2+–Ozeolite [50]—that
is, one expects that the mechanisms of formation of supported
Pd(0)n will be quite different for the (PdO)n clusters vs. the more
highly dispersed Pd2+–Ozeolite ions. The observed, different Pd–Pd
coordination number changes are consistent with the hypothe-
sis, presented herein, that different supported-precatalysts (PdO)n

and Pd2+–Ozeolite in the present case—and plausibly (PtO2)n, Pt2+

and Pt(0)n supported-precatalysts in the work of Dalla Betta and
Boudart discussed earlier [29])—are expected to have different
intimate mechanisms for their supported-nanoparticle formation
reactions. Hence, further kinetic and mechanistic studies of this
“Pd(NH3)4

2+”/support system (and of the classic aforementioned
“Pt(NH3)4

2+”/support system [29] as well) are needed to determine
the precise mechanisms of the supported-nanoparticle formation
reactions for these different, Pd(0)n (and Pt(0)n) systems.

Building off their aforementioned studies [50], Okumura and
co-workers studied the formation of Pd(0)n/H–USY [58] (Entry 6,
Table 2). Characterization of the 773 K calcined Pd(NH3)4

2+/H–USY
precatalyst via EXAFS spectroscopy indicated the formation of
highly dispersed Pd2+–Ozeolite ions supported on H–USY. When
the highly dispersed Pd2+–O/H–USY ions were reduced with H2
under an initial temperature programmed reduction (300–773 K
under H2), the supported-nanoparticle catalyst was found to be
Pd(0)∼55/H–USY. The metal component of the reaction stoichiom-
etry was  confirmed via XANES spectroscopy in that all of the Pd2+

was converted to Pd(0) under H2 by the time 500 K was reached.
Interestingly, subsequent calcination/reduction treatments led to
the formation of smaller, more highly dispersed, Pd(0)∼4 and
Pd(0)∼13 clusters supported on the H–USY zeolite. In each case,
EXAFS was  used to follow the kinetics of the loss of Pd–O and the
formation of Pd–Pd. Unfortunately and despite these very valuable
direct kinetic studies from Okumura and co-workers, no detailed
mechanism was  proposed for the formation of the Pd(0)n/H–USY
supported-nanoparticle catalyst.

More recently, Okumura and co-workers revealed conditions
where they could study the formation of Pd(0)∼13/H–USY from
Pd(NH3)4

2+ supported on H–USY [62,63] (Entries 7 and 8, Table 2).
Two notable differences from the aforementioned studies [50,58],
differences which give rise to varying supported-precatalysts, are
that the Pd(NH3)4

2+/H–USY precatalyst sample was  dried under
the milder conditions of 323 K in air (vs. 773 K under O2), and
that the reduction under H2 to Pd(0)∼13/H–USY was carried out
isothermally at 300 K (vs. 300–773 K under H2). EXAFS analysis
of the supported-precatalyst species suggests some form(s) of
Pd(NH3)4−x(H2O)x/H–USY are present; however, it is difficult to

distinguish between the Pd–N and Pd–O contributions in the
EXAFS spectrum and, therefore, problematic to assign definitively
the x value of the composition based on only the EXAFS. Clearly,
however, the precatalyst is different from either the (PdO)n
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Scheme 4. Three plausible, deliberately minimal mechanisms proposed herein to account for the observed Pd(0)∼13/H–USY supported-nanoparticle formation kinetics
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btained by Okumura and co-workers [62,63]. The proposed mechanisms include: (
2 is activated on the zeolite with K 	 1 and then diffusion occurs as part of the
ossibility (iii), the (non-obvious), ostensibly NH3-based decomposition products a

lusters or the highly dispersed Pd2+–Ozeolite ions previously
bserved by EXAFS [50,58]. The metal component of the reaction
toichiometry was again confirmed by XANES spectroscopy, data
hich indicate complete reduction of Pd(NH3)4

2+ to Pd(0)∼13
ithin 20 min. The authors studied the kinetics of the loss of

d2+/H–USY (via the XANES region) and the concomitant forma-
ion of Pd(0)n/H–USY (via the EXAFS region). Plots of ln(C0/C)
where C0 = Pd(0) + Pd2+ and C = Pd2+) for both processes were lin-
ar, consistent with first-order behavior (i.e., −d[Pd2+]/dt  = [Pd2+]1

nd +d[Pd–Pd]/dt = [Pd–Pd]1), yielding apparent rate constants of
 = 0.28 min−1 and k = 0.35 min−1, respectively.10 Okumura and
o-workers also investigated the effects of the H2 partial pressure
from 0.6 to 50% by volume of H2 in He), on the Pd(0)∼13/H–USY
upported-nanoparticle formation reaction [63]. A plot of the ln k
s. ln P(H2) plot was almost linear, with only a slight slope of
.08, indicating that the “partial pressure of H2 hardly affected
he reduction rate of Pd2+”, that is, implying a near-zero order
ependence on hydrogen [H2]0.08. Overall, Okumura and co-
orkers studies contain the only quantitative kinetic data to
ate for the Pd(NH3)4

2+/support to Pd(0)n/support system (and
or the Pt(NH3)4

2+/support to Pt(0)n/support system). However,
hey did not propose a mechanism for how the Pd(0)∼13/H–USY
upported-nanoparticles form, so that is done next.

Three conceivable mechanisms for the Pd(0)∼13/H–USY
upported-nanoparticle formation system are given in Scheme 4,
ossible mechanisms which we emphasize are deliberately
inimal and offered solely to stimulate the required additional

nvestigations attempting to disprove them.11 The observation

f a first-order dependence on both the loss of the precursor
nd formation of the Pd(0)∼13/H–USY supported-nanoparticle
atalyst, −d[Pd2+]/dt  = [Pd2+]1 and +d[Pd(0)∼13]/dt  = [Pd–Pd]1,

10 The reported rate constants from the EXAFS analysis (e.g., kobsPd–Pd = 0.35 min−1)
ere not corrected by the required statistical factor for the reaction stoichiometry

f  2Pd2+ → 1Pd–Pd; that is the XANES monitors the loss of 1Pd2+ (−d[Pd2+]/dt/1)
pecies while the EXAFS monitors the formation of Pd–Pd (+d[Pd–Pd]/dt/2). Hence,
kobsPd–Pd is equivalent to 1kobsPd2+ so that kobsPd–Pd/2 = 0.35/2 = 0.18 min−1.
11 (a) Reaction mechanisms, like science in general, progress only via conclusive
isproof of multiple alternative hypotheses, as Platt has emphasized (J.R. Platt, Sci-
nce  146 (1964) 347–353). Platt has further noted that “for exploring the unknown,
here is no faster method”. We strongly recommend Platt’s classic paper to all sci-
ntists. It is one of our favorite papers in all of science!
w, prior rate-determining step such as ligand dissociation; (ii) a mechanism where
etermining step; and (iii) an “autoreduction”2 mechanism. In the autoreduction

 shown.

requires one to write mechanisms with only one Pd in the rate-
determining-step. The mechanistic postulates in Scheme 4 are: (i)
a slow, rate-determining step (top left, Scheme 4), such as ligand
dissociation, to some “intermediate” species, followed by the fast
activation of H2 and subsequent formation of Pd(0)∼13/H–USY;
(ii) H2 activation by a K 	 1 prior equilibrium, on for example
the zeolite surface, followed by slow diffusion of two  H• to the
Pd2+ species and or diffusion of Pd2+ to the activated H• as part
of the rate-determining step, followed by fast agglomeration of
the resultant Pd–H or Pd(0) species (top right, Scheme 4); or (iii)
some autoreduction2 process (bottom left, Scheme 4) that gen-
erates reducing equivalents, an autoreduction that the observed
kinetics require would have to be slow and rate-determining (i.e.,
and relative to the subsequent, faster, supported-nanoparticle
formation steps under H2). The autoreduction mechanism can
likely be ruled out given the lower temperature (300 K) reaction
conditions since the reducing equivalents, generated from autore-
duction of supported M(NH3)4

2+ complexes, are not typically
observed until somewhat higher, 373–473 K, temperatures [149].
Overall, then, the implications are that the rate-controlling ligand
dissociation or H• (or Pd(NH3)4

2+) migration steps are obscuring
the supported-nanoparticle heterogeneous catalyst formation
kinetics. To summarize, additional kinetic studies are needed in
order to obtain the full rate law and distinguish between the prior
equilibrium and H2 activation mechanisms shown in Scheme 4 for
this otherwise classic Pd(NH3)4

2+/support system [62,63].

2.2.2.2. System II: H2PtCl6/support based systems. Pt(0)n nanopar-
ticles supported on �-Al2O3, as well as bimetallic derivatives
such as (Pt–Re)n, are often used in catalytic reforming reactions
[3,36,40,158–161]. One of the most common metal precursors
for the preparation of Pt(0)n/�-Al2O3 is H2PtCl6. However, and
again, little is known about the kinetics and mechanisms of the
supported-nanoparticle heterogeneous catalyst formation step for
such Pt-based systems. Five studies, which are summarized in
Entries 9–13 of Table 2, start from a H2PtCl6-based supported metal
precatalyst.

In 1986 and 1988 Dexpert and co-workers [38,40] studied

the formation of ∼1 nm Pt(0)n nanoparticles supported on �-
Al2O3, at 200 ◦C under H2, from an ill-defined Pt(OH)x(Cl)y/�-Al2O3
precursor. In their first study [38], the first 10 min  of the supported-
nanoparticle formation were qualitatively followed via EXAFS and
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tunately, Shishido et al. did not attempt to fit their data to zero- or
first-order plots. Another important point is that the temperature
of the reduction drastically affected the observed changes in the

12 (a) The white-line at the L3-edge is an element-specific quantum mechanical
cheme 5. Shown left is a proposed stoichiometry (top) and accompanying mecha
he  observed, linear, apparently zero-order Pt–Cl and Pt–Pt kinetics observed for t
low  H2 diffusion step that could also account for the observed kinetics [56].

ANES. A word-based mechanism, summarized in Entry 9 of
able 2, was proposed for the formation of small PtxCly clusters.
owever, the kinetic data collected were not fit to the proposed
echanism to thereby support, or refute, that proposed mecha-

ism. In a subsequent report [40], the loss of Pt–O and Pt–Cl bonds in
he supported precursor complex, as well as the formation of Pt–Pt
onds, were followed by EXAFS at 180 ◦C. No additional mechanis-
ic details were proposed for the formation of the Pt(0)n/�-Al2O3
upported-nanoparticle catalyst [40].

In 2007 Chupas et al. used the direct and powerful method
f total high-energy X-ray scattering along with PDF analysis
o study the kinetics of Pt(0)n/TiO2 supported-nanoparticle for-

ation [56,66] (Entry 11, Table 2). While the stoichiometry of
he supported-nanoparticle formation reaction was not rigor-
usly demonstrated, the Pt(0)n/TiO2 products were found to be
–5 nm depending on the reduction temperature. In their ini-
ial study, in situ X-ray scattering was used to directly follow
oth the loss of Pt–Cl bonds and the formation of Pt–Pt bonds
t 100, 150 and 200 ◦C. The kinetic data of the loss of the
t–Cl bonds were well fit to a zero-order process, which was
ependent on the reduction temperature—the activation energy
f the zero-order reaction was found to be 50.17 kJ/mol, appar-
ntly the activation energy of a diffusion controlled process
vide infra). Unfortunately, no mechanism was proposed for the
upported-nanoparticle formation reaction; the observed zero-
rder kinetics (i.e. −d[H2PtCl6/TiO2] ∝ [H2PtCl6]0) imply a diffusion
ontrolled process to the observed Pt(0)n/TiO2 products as detailed
ext.

The intriguing linear loss of H2PtCl6/TiO2 and implied zero-
rder dependence [H2PtCl6]0, sparked others to postulate a
echanism that could describe such a dependence for the

t(0)n/TiO2 system and since those other authors were also
tudying this same system, albeit in contact with solution [72].
ollowing collaborative discussions with the Chupas group, a
echanism was postulated that is consistent with the observed

inetic data, as shown in Scheme 5. The proposed mechanism
onsists of rate determining H2 activation on TiO2, followed by
ast H• diffusional transfer to the active site (not shown, where

2PtCl6 is reduced) and then supported-nanoparticle formation
i.e., which must be fast compared to the rate-determining H2 acti-
ation/diffusion and in order to explain the observed, zero-order
inetics). It is also plausible that a second, also diffusion-limited
echanism is operating here, one where the diffusion of non-

issociated H2 to the Pt4+ precatalyst is slow and the subsequent
2 activation and supported-nanoparticle formation steps are fast.

onsistent in a general way with the presence of a diffusion-

imited process, a report has appeared [56] describing Pt(0)n/TiO2
upported-nanoparticle formation in contact with solution (i.e.,
nvolving a gas–liquid–solid system) where a H2 gas-to-solution,
(bottom) [72] containing a slow rate-determining H2 activation step to account for
mation of Pt(0)n/TiO2 [56]. Shown right is an alternative mechanism containing a

diffusion-limited mechanism was also found to be operating under
certain conditions (vide infra, Section 3.2.2.3).

In a follow up study, Chupas et al. [66] studied the change in
the Pt–Pt contributions as the temperature was  ramped from 0 to
227 ◦C (Table 2, Entry 11). Three distinct regimes were observed,
from which the authors proposed that the “. . .initial particles
that form are small (<1 nm)  then agglomerate into ensembles of
many small particles and lastly anneal to form larger well-ordered
particles”. These ground breaking, first-of-their-kind, total high-
energy X-ray scattering/PDF analysis methods from the Chupas
team promise to provide significant insights into the mechanisms of
supported-nanoparticle heterogeneous catalyst formation once the
best, well-defined systems are studied. It will be important in those
studies to couple the X-ray scattering/PDF method to experimen-
tally determined, balanced reaction stoichiometries and to other
complimentary kinetic monitoring methods.

In 2009, Shishido et al. investigated the formation of Pt(0)n

nanoparticles supported on TiO2 and �-Al2O3 from a PtOx/TiO2(�-
Al2O3) precatalyst (Table 2, Entry 12). The observation of PtOx by
EXAFS is indicative of either highly dispersed atomic Pt4+ ions or
the presence of supported-PtO2 monomers. Evidence against the
formation of aggregated (PtO2)n particles, post the precatalyst cal-
cination step, is given by a lack of long range Pt–O–Pt contributions
in the EXAFS analysis (a control EXAFS measurement showed that
such long range Pt–O–Pt contributions were observable in a bulk
PtO2 standard). To start, the authors monitored the change in the
Pt LIII white line12 XANES edge over time for the PtOx/TiO2 sample
by admitting a pulse of 200 �L of H2 into their gas–solid cell. At
473 K the reduction of Pt4+ to Pt(0) was  linear and complete within
1 s (i.e., further pulses of H2 did not change the XANES white-line
intensity, meaning that no additional PtOx was being reduced to
Pt(0)) with no observable induction period. These observations are
consistent with Chupas et al.’s observation of linear kinetics for the
formation of Pt(0)n/TiO2 at 200 ◦C (which had not been calcined,
i.e., the Chupas team started from the chloro complex PtCl62− sup-
ported on TiO2) [56]. In addition, isosbestic points were observed
in the XANES data at 473 K, suggesting that a direct transition from
Pt4+ to Pt(0) occurred with no observable intermediate(s). Unfor-
transition arising from the excitation of core-level 2p3/2 electrons into unoccupied
5d5/2 and 5d3/2 states above the Fermi level.12 Practically, the white-line intensity
at  the L3-edge is a spectroscopic fingerprint that can be used, for example, to follow
the  loss of a supported metal precatalyst species. (b) J.J. Rehr, R.C. Albers, Rev. Mod.
Phys. 72 (2000) 621–654.
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The authors used H2 uptake measurements to follow the kinetics
of the Ag+ reduction; two distinct, temperature-dependent kinetic
regimes were observed. Since no mechanism was proposed for the
J.E. Mondloch et al. / Journal of Molecu

hite-line intensity over time; at room temperature the white line
ntensity effectively remained constant after two, 200 �L pulses of

2, and did not fully decrease until the third pulse (after which
o change was seen with subsequent pulses of H2). Although not
iscussed by the authors, the lack of an observable change in the
ANES white line intensity with exposure to H2 implies that an

nduction period is present under the more mild, room temperature
eduction conditions.

Next, the authors changed the support from TiO2 to �-Al2O3 and
xamined the reduction of PtOx/�-Al2O3 by monitoring the XANES
t LIII-edge and using the same H2-pulse procedure. Interestingly,
he PtOx/�-Al2O3 precatalyst could not be reduced (i.e., the XANES
hite-line intensity did not change) with H2 at room tempera-

ure over the course of 100 s, revealing that the reduction of the
tOx/�-Al2O3 is slower than that observed for the PtOx/TiO2 sample.
he results provide prima facie evidence that the support plays a
ajor role in the rates of supported-nanoparticle formation, at least

n the PtOx/TiO2 and PtOx/�-Al2O3 systems. However, no mech-
nism was proposed for this interesting, supported-nanoparticle
eterogeneous catalyst formation system. Additional kinetic and
echanistic investigations should prove informative and, there-

ore, are recommended.
Noteworthy here is that others observed very similar sup-

ort effects for the reduction of H2PtCl6 on �-Al2O3 and TiO2,
ut now with these catalysts in contact with solution (i.e., in a
as–liquid–solid system) [72], vide infra, Section 3.2.2.3.  That con-
ection (i.e., of the H2PtCl6 on �-Al2O3 or TiO2 at the gas–solid

nterface vs. these same systems in contact with solution), and the
onnection between the Chupas [56] and the solution [72] stud-
es of H2PtCl6/TiO2 (specifically the diffusion limited kinetics seen
or 5-wt% Pt(0)n/TiO2), are important connections/insights. Those
omparisons suggest that the mechanistic insights obtained from
uch studies of supported heterogeneous catalyst formation in con-
act with solution [72,74,75] will at least sometimes connect back
o, and perhaps be transferable to, the formation of supported-
anoparticle catalysts at the gas–solid interface (more here in
ection 3.2.2.4,  vide infra).

One final topic that merits discussion is the speciation of H2PtCl6
hat can occur during the metal/support impregnation step. The
peciation of H2PtCl6 in H2O [162], and in contact with �-Al2O3
163–166], has been extensively studied, is quite complex, and
aries according to the conditions employed during the impregna-
ion step [162–166]. The literature is clear that the following species
xist in aqueous solution as a starting reference point: [PtCl6]2−,
quo species such as [PtCl5(H2O)]−, and aquahydroxo species such
s [PtCl4(OH)(H2O)]−; in addition, their relative concentrations are
H dependent as one might expect [162–166]. Hence, the exact

nteraction of the species formed from H2PtCl6 in aqueous solutions
nd in contact with �-Al2O3 remains a complex, controversial sub-
ect [163,164].  Regalbuto has suggested that when fresh H2PtCl6
olutions are prepared, the major species present in solution is
PtCl3(H2O)3]+, and it is repelled from the protonated [�-Al2O3]+

urface at low pH [162]. In contrast, the major species present in
ged H2PtCl6 solutions at a pH of 5–9 is [PtCl2(OH)2(H2O)2]0 [162], a
eutral species that should more readily interact with the �-Al2O3
upport. Solution speciation for other chloro precursors, such as
uCl3 [52,59,167,168], has also been documented.

Interestingly, recent work with the discrete, soluble metal
xides known as polyoxometalates reveals that metal chlorides,
uch as PtCl42− [169,170] or RuCl3 [171] (with their strong
etal–ligand bond strengths), are often inferior to PtII(OH)6

2−

172,173],  for example and in the platinum case, for insert-

ng especially third- or even second-row transition metals into

etal-vacancy containing, so-called “lacunary”, polyoxometalates.
he connection here is that insights from the syntheses involv-
ng discrete metal oxides such as polyoxometalates and late
talysis A: Chemical 355 (2012) 1– 38 17

transition-metals can probably be used to guide improved synthe-
ses of superior, solid-oxide-supported catalysts.

The bottom line, then, of this subsection on H2PtCl6 derived
catalysts is that until and unless care is taken to minimize the speci-
ation present, the resultant supported-metal precatalysts will both
be ill-defined, likely exist as multiple species, and in turn yield mul-
tiple reactions and mechanisms to supported-nanoparticles with
a broad size distribution, mixed shapes and disordered composi-
tions! Hence, a—if not the—first topic en route to preparing the next
generation of supported-nanoparticle Pt(0)n (and other) catalysts
is the nature of the precise Pt speciation when H2PtCl6 (and other)
metals are placed on supports such as �-Al2O3. Once the expected
extensive studies required to unravel that speciation are in hand,
the next task will be to determine the kinetic contribution of each
species to the supported Pt(0)n nanoparticle formation reaction.13

Improved, rational heterogeneous catalyst syntheses will require
such speciation knowledge, kinetic and mechanistic studies and,
then, exploitation of the resultant insights.

2.2.2.3. System III: Ag+/zeolite supported systems. Interest in Ag(0)n

zeolite-supported (commonly zeolites A, X and Y) catalysts arises
from their potential use for hydrocarbon oxidation and the dimer-
ization of alkenes [174]. Much is known about the precatalyst
preparation steps (i.e., the metal/support ion-exchange, drying and
then calcination steps) when starting from Ag(NO3) and a zeo-
lite. A key point, again, is that a broad range of speciation is
present, including Ag+, Agn

x+ clusters and other established species
[174–188]. However, much less is known about the supported-
nanoparticle formation step. Entries 14–18 in Table 2 highlight
the five papers [32,36,37,42,57] in the literature that address the
kinetics and mechanisms of formation of Ag(0)n/zeolite supported-
nanoparticle heterogeneous catalysts.

In a classic 1976 paper, Jacobs and co-workers studied the for-
mation of a putative, Ag(Ag3)+ subnanometer cluster on zeolite-Y
from a Ag+/zeolite-Y precatalyst over the temperature range of
298–623 K [32] (Table 2 (Entry 14)). Complete reduction of Ag+

to Ag(0) was  observed only above 556 K. The stoichiometry of the
reduction reaction was proposed to occur via Eq. (3) (where the
zeolite support has been omitted, although it likely plays a role
in trapping the proton, vide infra); H2 uptake measurements con-
firmed the Ag+, H2 and Ag(0) portions of that stoichiometry (Eq.
(3)):

2Ag+ + H2 → 2Ag(0) + 2H+ (3)

Eq. (3) is an example of what organometallic chemists have stud-
ied extensively and is known as heterolytic H2 activation [25,26].
As such, it requires a base (B) to accept the protons (as B–H+), the
strength of the base typically having a large effect on the observed
rate. In the present case the base is likely a zeolite–O− site, which
when protonated yields the hydroxyl species zeolite–OH (a site not
experimentally verified for the Ag(0)n supported-nanoparticle for-
mation systems in Entries 14–18 of Table 2). The Ag(0)n/zeolite-Y
supported-nanoparticle products were probed using powder X-ray
diffraction; below 473 K the products are Ag(0)n particles <3.5 nm
(as indicated by the lack of a Ag(1 1 1) reflection in the XRD spec-
trum). Above 423 K, the XRD data reveal that the Ag(0)n zeolite-Y
supported-nanoparticles are 21 nm—a result that implies that the
Ag(0)n particles are no longer within the pores of the zeolite.
13 Highly relevant here is the observation that the kinetics of Pt(0)n/�-Al2O3 for-
mation, in contact with EtOH are variable and irreproducible [72], with uncontrolled
speciation being the reported culprit, vide infra, Section 3.2.2.3.
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Scheme 6. The two mechanisms proposed by Jacobs and co-workers for the H2

reduction of Ag+/zeolite-Y to Ag0/zeolite-Y [32] at ≤430 K. The first mechanism
(top) entails H2 activation on Ag+ followed by a rate-determining electron trans-
fer  step, while the second mechanism involves H2 activation on the zeolite and a
rate-determining regeneration of the zeolite support site (“zeolite-Y”, which has
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Scheme 7. The fast, post rate-determining (i.e., post the proposed steps in
Schemes 5 and 6) aggregation steps proposed by Jacobs and co-workers, steps pro-
een  added for clarity to the author’s original mechanisms [32]). However, only the
rst mechanism appears to be consistent with the author’s observed kinetic data as
iscussed in the main text.

igh temperature regime (i.e., >430 K), in what follows the focus
ill be on the kinetic data obtained at lower temperatures (i.e.,
430 K). The kinetics at ≤430 K were first-order with respect to Ag+

nd H2, showed an inverse-first-order dependence with respect to
he “reaction product concentration” [32] (i.e., −d[H2]/dt ∝ [Ag+]1,
H2]1 and [H+ or Ag(0)]−1, respectively).14 An apparent activation
nergy of 40 kJ/mol was also obtained. The authors proposed two
echanisms (Scheme 6) both of which are claimed to be consistent
ith the observed kinetic data. However, only the first mechanism

ooks to be consistent with the observed rate law, vide infra.
In the author’s first proposed mechanism (Scheme 6, top), H2

s activated on Ag+ followed by a slow rate-determining electron
ransfer step. In the second postulated mechanism (Scheme 6, bot-
om), H2 is activated on some surface site of the zeolite (zeolite-Y),
ollowed by the diffusion of Ag+ to that activated H–zeolite-Y and
nally rate-determining regeneration of that surface site. Jacobs
nd co-workers favor the second mechanism (bottom), and argue
hat electron transfer in the first mechanism (top) should not be
ate determining. However, the differential equation describing
heir second mechanism was not provided and attempts, at least
n our hands, to derive a differential equation consistent with the
bserved kinetic data have not been successful (i.e., for the rate
aw: −d[H2]/dt  ∝ [Ag+]1, [H2]1 and [H+ or Ag(0)]−1). As inspection
f the second mechanism predicts, such derivations yield a [Ag+]2

ependence, at least in our hands.
Derivations of the rate law corresponding to the first mech-

nism (Scheme 5, left) are consistent with the kinetic data,

s stated by Jacobs’ and co-workers [32]. Hence, the observed
inetic data favor the first mechanism, where by H2 is het-
rolytically activated by Ag+ plus a basic site on the zeolite.

14 A key kinetic plot in Jacobs’ and co-workers paper [32] is in their Fig.
.  That plot establishes both a [H2]1 and a “c−1” (i.e., a [H+]−1 or [Ag(0)]−1)
ependence, all from just the H2-uptake kinetics, plus the stoichiometry
0 − Ci

′ = [Ag+]i − [Ag+]t − [Ag(0)]t − [H+]t . As such, this is an illustrative example of
ow considerable kinetic information can be obtained from just H2 uptake kinetic
easurements plus a balanced reaction stoichiometry.
posed to account for the observed formation of the aggregated Ag(0)n/zeolite-Y
products [32].

While the diffusion of Ag+ on the zeolite surface is possible,
well-known H• diffusion (i.e., H• spillover) could also be part of the
Ag+ plus H• surface reaction [189]. In short, while the final detailed
mechanism remains to be established, illustrative and worth
noting here is the nearly complete rate law that Jacobs’ and co-
workers were able to obtain from just the reaction stoichiometry
coupled with H2-uptake kinetic data. Their results argue strongly
for the increased use of H2 uptake experiments to screen and
establish the initial steps of supported-nanoparticle formation, at
least when and where such H2 uptake experiments are possible.

Finally, to account for the formation of their aggregated
Ag(0)n/zeolite-Y products, Jacobs and co-workers proposed the
post-rate-determining, aggregation steps shown in Scheme 7
(albeit of course without any kinetic evidence for those steps since
they are hidden kinetically by being after, and thus faster than,
the rate-determining steps in Scheme 6) [32]. Based on two  aggre-
gation steps now precedented in solution nanoparticle chemistry
[190–192], one can propose that analogous B + B → C (bimolecu-
lar) and B + C → 1.5 C (autocatalytic) aggregation steps are actually a
part of the aggregation/agglomeration of Ag(0)n in the Ag+/zeolite-
Y system, where B is Ag(0)n, and C is aggregates of B. The broader,
more general point here is that there is a need to mesh the litera-
ture of formation of Ag(0)n/solid-supports (Table 2, Entries 14–18)
with the established mechanistic steps of nanoparticles in solu-
tion [190–194] where applicable. A second, important future goal
is to integrate the above two  areas with the extensive literature
of ligand-stabilized Ag(0)n–Lx nanoparticle formation in solution
[195–198].

In 1980 Hermerschmidt et al. [36] studied the formation
of <5 nm Ag(0)n/zeolite-A supported-nanoparticles under H2 by
ESR spectroscopy (albeit from an uncharacterized, Ag supported-
precatalyst) (Entry 15, Table 2). A intermediate Ag6

+/zeolite-A
supported-cluster detectable by ESR was  shown to be kineti-
cally competent for the formation of <5 nm Ag(0)n nanoparticles
supported on zeolite-A. Although kinetic data were collected, Her-
merschmidt et al. acknowledge that “. . .the rate of formation of
the silver clusters can be (and were) measured from ESR signal
intensities below room temperature; however, no evaluation of
kinetic data was  attempted since a simple kinetic model cannot
be proposed for the complex mechanisms involved in the reduc-
tion, migration, and aggregation processes”. This 1980 statement
is notable, a general testament to the difficulty in studying the
kinetics and deriving a consistent and plausible elementary-step-
based mechanism for such supported-nanoparticle heterogeneous
catalyst formation reactions. Nevertheless, and as pointed out by
Jacobs [153], “Hermerschmidt et al. established that the loss of
Ag6

+/zeolite-A and the formation of Ag(0)n/zeolite-A occur concur-
rently” [36].

Following up their earlier work [32], in 1982 Jacobs and
co-workers studied the reduction of Ag+ supported on the

chabsite zeolite (Entry 16, Table 2) to yield a sub-nanometer
(Ag2

+)m/chabsite product (where m is assumed/proposed by the
authors, albeit without any experimental evidence, to be 2 to yield
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Scheme 8. The mechanism proposed by Jacobs and co-workers [37] for the forma-
tion of Ag2

+ on the chabsite zeolite. Modifications added herein for clarity include:
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Fig. 7. The kinetics of Ag6
+/zeolite-A(K+) supported-(sub)nanoparticle formation

measured by ESR at 273 K (circles) and 278 K (diamonds) [42]. The red lines are fits
done  as part of this review to the 2-step mechanism of A → B and A + B → 2B [193],
where A is Ag+, and B is the higher molecularity Agn or Ag(n + 1)

+ product(s). (For

will be detailed in Section 3.17 The 2-step mechanism has the gen-
eral form of A → B (slow continuous nucleation), where A is either
Ag or Ag+ and B is the higher molecularity Agn and Ag+

(n+1) species,

15 The authors measure the formation of Ag6
+/zeolite-A, that is more rigorously

something like [+d[Ag6
+/zeolite-A]/dt]i = kobs[Ag+]i

a[H2]i
b[unknown species]i

c. The
Arrhenius equation is given by kobs = A × exp(−Ea/RT) and the typical plot of ln(kobs)
vs.  1/T  yields the (composite) activation energy (Ea). The problem is that the rig-
orous interpretation of such composite activation energies relies on knowledge
of  the precise mechanism of formation of Ag6

+/zeolite-A. For a detailed example
and  derivation of how activation parameters propagate for composite steps, see
elsewhere [199,200].

16 The minimal, 2-step nucleation and autocatalytic growth mechanism men-
tioned once already was developed by Finke and Watzky while studying soluble
[156,193],  ligand-stabilized nanoparticle formation and their kinetics in solution
[193].  The 2-step mechanism has also recently been shown to apply to the kinetics
of  formation of supported-nanoparticles in contact with solution [72,74,75], a topic
that  will be discussed in Section 3.

17 The previously published kinetic data from Schoonheydt and co-workers [42]
he addition of the zeolite support (“zeolite”, above), the 1/2 { } to balance the
eaction, and the final summed stoichiometry.

n overall Ag4
2+ cluster) [37]. Again, a significant amount of kinetic

nformation was extracted via H2 uptake measurements, data
evealing that the reaction is second-order in Ag+ and half-order
ith respect to the H2 pressure (i.e., −d[Ag+]/dt  = k[Ag+]2[H2]1/2).
n apparent activation energy of 49 kJ/mol was also reported. The
uthors proposed the mechanism shown in Scheme 8, where the
zeolite” has again been added clarity. The mechanism for their
tated “first reduction step” now requires homolytic H2 activation
which presumably occurs on the zeolite surface or an impurity
uch as Fen+ on the zeolite), followed by the formation of a putative
rotonated Ag(0), “Ag0H+”, species (that an organometallic chemist
ould write formally as a little precedented, high energy AgII

pecies [AgII–H]+). Then a rate-determining step of Ag+ ion migra-
ion to that “Ag0H+” was proposed. Unfortunately, the differential
quation corresponding to the mechanism shown in Scheme 8
as again not derived [37]—but derivations done as part of this

eview confirm that the proposed mechanism will indeed account
or the −d[Ag+]/dt  = k[Ag+]2[H2]1/2 rate law. That said, still needed
o support the proposed mechanism in this classic study include:
i) unequivocal demonstration of the net reaction stoichiometry,
lus (ii) further kinetic and mechanistic work. Further study is
lso needed to (iii) understand why the mechanism and rate law
ave changed from that in Scheme 6 [32]; understanding the ori-
in of that change promises to yield an at least interesting, if not
mportant, insight into supported (Ag2

+)m/chabsite zeolite hetero-
eneous catalyst formation.

Moving to a 1989 study, Schoonheydt et al. also studied
he kinetics of the formation of Ag6

+/zeolite-A, from a putative
g+/zeolite-A precatalyst, under H2 and over the temperature range
f 258–298 K [42] (Table 2, Entry 17). ESR was used to follow the for-
ation of Ag6

+ on zeolite-A (via the most intense, central line of the
SR spectra). The resultant kinetic data were not fit to any mecha-
ism, but appear first-order in most instances. At each temperature,
he initial rate (i.e., [+d[Ag6

+/zeolite-A]/dt]i) was  extracted, and the
og of the initial rate was plotted vs. 1/T  to obtain an apparent acti-
ation energy of 47–60 kJ/mol (which depended strongly on the
mount of ion-exchanged Ag+).

Schoonheydt et al. also investigated the role of the zeolite
ounter cation on the formation of Ag6

+/zeolite-A by ESR (e.g.,
+ was exchanged for Na+). The idea here is that if the diffusion
f Ag+ is a crucial step in the Ag6

+/zeolite-A formation reaction,
hen the presence of different cations should affect the resultant
inetics. The kinetic curves are clearly different in the presence
f K+ cations (vs. Na+), appearing sigmoidal when K+ is present
vs. linear kinetics for the Na+ sample). Hence, the presence of
ther cations besides Ag+ matters. Finally, the authors note that
e-based impurities (either discrete Fe3+ or Fe2O3) also affected
he kinetics of Ag6

+/zeolite-A formation. From this information
he authors hypothesize that “the rate-determining step for the

ormation of the Na+-exchanged Ag6

+/zeolite-A is the diffusion
f Ag+ cations” [42]—again we see that slow, Mx+ cation diffu-
ion on supports and/or H• diffusion is a common, albeit still not
interpretation of the references to color in this figure legend, the reader is referred
to  the web version of the article.)

Adapted with permission from [42]. Copyright (1989) American Chemical Society.

well-understood, step in the proposed mechanism of formation of
supported-nanoparticle catalysts.

The mechanism of the Ag6
+ cluster formation consists, then,

of at least two  steps according to the authors: (i) “the forma-
tion of reduced centers, and (ii) the migration of Ag+ towards
these (reduced) centers” [42] (or, again we would add, H• migra-
tion). The authors note that “the reduced centers cannot be the
Ag(0) atoms” [42]. In addition, the authors also suggest, “that
the cluster formation is a series of consecutive reactions” given
by Ag + Ag → Ag2 → Ag3 and so on to the Ag6

+ product. The
authors argue that diffusion of Ag+, rather than of Ag(0), is rate-
limiting based on the fact that the measured activation energy
(40–67 kJ/mol) is within the range of known monovalent cation
diffusion Ea values in zeolite-A [42]. However, additional studies
are needed to rule out a mechanism containing diffusion of Ag(0)
(or possibly of Ag–H) as well as the possibility of H• migration.
In addition, the activation energy measured for the putative Ag+

migration step is at best a composite of the undetermined mech-
anism of Ag6

+/zeolite-A formation, making both interpretation of
the 40–67 kJ/mol values, and its comparison to literature values,
problematic at present [199,200].15

Finally, in Fig. 7 we show previously unpublished results reveal-
ing that the K+-based Ag6

+/zeolite-A (zeolite-A(K+)) kinetics can be
fit to a simplified, 2-step nanoparticle formation mechanism16 that
were digitized using Engauge Digitizer 2.12. The data were fit by the integrated
analytical equation given elsewhere, corresponding to the two-step mechanism of
A  → B and A + B → 2B [193].
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Scheme 9. Nuzzo and co-workers proposed pictorial mechanism for the conversion
of  PtRu5C(CO)16/activated-carbon into (Pt–Ru)n/activated-carbon under H2 (and a

presence of a reducing environment clearly changes the resultant
products—“larger” Pt(0)n/SiO2 nanoparticles (based on the Pt–Pt
coordination number obtained from EXAFS) were observed under

18 An important point here is the emerging role of the ligands present, in bi- or
higher-multimetallic nanoparticles, in determining which metal winds up on the
surface vs. in the core. Normally, one expects the “heavier” metal, with its higher
M–M  bond strengths and associated higher �Hvaporization [157] to reside in the core
of  a multimetallic nanoparticle or “nano onion”, where a greater number of those
stronger M–M bonds can be achieved. Good evidence of this expectation exists, see
footnotes 38 and 39 elsewhere [157]. However, the ligands present, along with the
stronger metal–ligand bond energies for the heavier metal, can draw that heav-
0 J.E. Mondloch et al. / Journal of Molecu

ollowed by A + B → 2B (autocatalytic surface growth). While the
ull implications of the fit shown in Fig. 7 remains to be established,
hat fit does provide a lead worthy of further investigation. To sum-

arize, it is clear just from the shape of the kinetic curves that the
resence of K+ has changed the underlying nanoparticle formation
echanism from that when Na+ is present [42].
In 2007, Shimizu et al. studied the formation of Ag4

2+ clusters
n zeolite MFI  from Ag+/MFI under H2 via EXAFS and UV–visible
pectroscopy [57] (Entry 18, Table 2). Pseudo first-order rate con-
tants were obtained from diffuse-reflectance UV–vis spectroscopy
easurements over the temperature range of 573–913 K. Appar-

nt activation energies were calculated from an Arrhenius plot
nd found to be the seemingly low value of 10 kJ/mol. Unfortu-
ately, no specific mechanism was proposed making interpretation
f the (apparent, composite15 [199,200])  activation energy prob-
ematic. Note that this 10 kJ/mol activation energy is considerably
maller than the previous values obtained by Jacobs and co-workers
32,37] or by Schoonheydt et al. [42] (10 kJ/mol vs. 97.6, 49 and
7–60 kJ/mol, respectively). The range of activation energies sug-
ests to us that one or more of these disparate values: (i) are
uffering from so-called artifactual Ea vs. A (i.e., �H‡ vs. �S‡) com-
ensation (in which, basically, the temperature range employed

s insufficient to deconvolute �H‡ from �S‡) [201]; or (ii) are
omposites and need to be deconvoluted into the �H‡ and �S‡

alues for their underlying steps to be meaningful [199,200].15 Also
ossible here is (iii) that the different zeolites are playing a signif-

cant role in the supported-nanoparticle formation mechanism, or
iv) conceivably some combination of the above possibilities could
e occurring. In any event, the need for further research on the
g+/support systems is apparent.

.2.2.4. System IV: compositionally well-defined supported-
rganometallic complexes. So-called “single-site”, compositionally
ell-defined, supported-organometallic complexes [202–204],

long with various supported-organometallic clusters, are
nown, active catalysts for olefin polymerizations [205,206]
nd hydrogenations [100,207].  Furthermore, they can also be
sed as speciation controlled precatalysts en route to supported-
anoparticles [74,75]. In addition, such supported-organometallic
recatalysts are particularly attractive for understanding the
echanisms of supported-nanoparticle heterogeneous catalyst

ormation as detailed in what follows. Speciation-controlled,
upported-organometallics also typically contain organic ligands
hat can often be used as additional handles to monitor the decom-
osition of supported-precatalysts which, when combined with a
irect technique for following M–M  bond formation (or net M(0)n

anoparticle formation), can be powerful en route to the required
alanced reaction stoichiometry for the nanoparticle formation
eaction. Seven kinetic and mechanistic studies of the formation
f supported-nanoparticles from supported-organometallic com-
lexes are listed as Entries 19–25 in Table 2 [45,48,51,60,61,64,67].
hese studies are covered next.

In 1998, Nuzzo, Frenkel, Shapley and co-workers studied the
nucleation and growth” of 1.5 nm (Pt–Ru)n nanoparticles from
he well-defined PtRu5C(CO)16/activated-carbon precursor [45]
Table 2, Entry 19). A narrow (but non-reported) size distribution
nd atomically precise (1:5 Pt:Ru metal content) supported-
anoparticle product (Pt–Ru)n/activated-carbon, resulted [101].
he structural evolution of the formation of (Pt–Ru)n supported
n activated-carbon under H2 (from 150 to 773 K) was followed via
ANES and EXAFS. The EXAFS structural evidence is consistent with

he author’s proposed picture (Scheme 9) and word mechanism,

n which “the initial nucleation of a compact (Pt-rich) structure
is) followed by the inversion of the intraparticle distribution of
he Pt and Ru atoms upon continued high-temperature annealing”.
he authors further state “In this inversion, the core-segregated Pt
temperature ramp from 150 to 773 K) [45]. The light gray spheres represent Ru
atoms, while the dark gray spheres represent Pt atoms.

Reprinted with permission from [45]. Copyright (1998) American Chemical Society.

atoms exchange with Ru surface atoms to form a surface Pt shell
structure”, all as depicted in Scheme 9. Nuzzo and co-workers’
study (Scheme 9) is an important case history, one which sets a
solid foundation for further investigation [157,208].18 An impor-
tant goal of those additional studies should be to provide a set of
chemical-based equations that echo the authors’ picture and word-
based mechanism, so that the proposed mechanism can be tested
kinetically.

In 2002, Newton and co-workers studied the formation of Pt(0)n

nanoparticles supported on SiO2 from a Pt(acac)2/SiO2 precur-
sor (where acac = acetylacetonato) under H2, and separately N2,
environments from 300 to 673 K (Table 2, Entry 20) [48]. The
ier  metal to the surface [208]. In short, the extensive but still evolving literature
of  bimetallic and higher multimetallic nanoparticles is currently striving to under-
stand these and the other competing factors that determine the structures of ligated,
bimetallic and higher multimetallic nanoparticles, studies beyond the scope of this
review.
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Scheme 10. Gates and co-workers proposed pictorial mechanism for the formation of Ir4(ligand)x/zeolite-Y under H2 and a 298–323 K temperature ramp [60]. In this scheme,
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2 vs. N2. EXAFS was used to follow the kinetics of the Pt–Pt
ond formation under both the H2 and N2 environments. As just
ne example, the kinetic data (for the formation of Pt(0)n/SiO2)
eveals that the Pt–Pt coordination number increased from 0 to
bout 9 over a very short temperature range of 15 K, starting
t approximately 350 K. The authors suggest that this is “indica-
ive of some form of autocatalysis”, which is corroborated by the
igmoidal shape of their kinetic data. The authors attribute this
utocatalysis to “an initial decomposition of a small fraction of the
upported Pt(acac)2 leading to the formation of a low level of small
t particles. . . (which are) active for rapid H2 dissociation and sub-
equent spillover of atomic hydrogen”. In other words the authors
ypothesize that H• spillover is the cause of the formation of the

arger Pt(0)n/SiO2 particles under H2 vs. N2. However, very similar
inetics are observed for the decomposition of Pt(acac)2/SiO2 under
2, data which seem inconsistent with the key role hypothesized

or H• spillover. One attractive alternative hypothesis here is that
obile hydride species (e.g., [Pt–H]0), such as those proposed by
alla Betta and Boudart [29] are present, a hypothesis consistent
ith the prior literature [29,72,74,75].  An important goal of the
eeded additional work here is, again, to write rigorous chemical-
ased mechanisms, followed by attempts to disprove those and any
ther, plausible alternative mechanistic hypotheses.

In 2004, Gates and co-workers studied the formation of
r4(CO)12/zeolite-Y from a Ir(CO)2(acac)/zeolite-Y precatalyst
nder CO [51] (Table 2, Entry 21). The progress of the reaction was
ualitatively followed using IR spectroscopy, the important, classic
pectroscopic handle for metal carbonyl complexes and clusters. A
CO stretching frequency at 1818 cm−1, indicative of edge-bridging
O ligands, was assigned to a Ir2(CO)8/zeolite-Y intermediate en
oute to the Ir4(CO)12/zeolite-Y product. The assignment of the
r2(CO)8 intermediate was corroborated by ex situ EXAFS anal-
sis which revealed the presence of Ir–Ir scatterers. Gates and
o-workers suggested that the formation of the Ir4(CO)12/zeolite-Y
roduct occurs in a similar manner to known solution-based car-
onyl chemistry [209] as shown in Eqs. (4) and (5).  This, then, is
nother valuable, classic system where detailed kinetic investiga-
ions promise to prove informative.

rCl3(l) + 3CO + H2O → [Ir(CO)2Cl2]−(l) + Cl− + 2H+ + CO2 (4)

[Ir(CO)2Cl2]−(l) + 6CO + 2H2O → Ir4(CO)12(l)

+2CO2 + 4H+ + 8Cl− (5)

Subsequently, starting from a well-defined Ir(C2H4)2/zeolite-

 precursor, Gates and co-workers studied the formation of

r4(ligand)x/zeolite-Y [60] (where the ligand structure was pro-
osed to contain ethylidyne and di-�-bonded ethylene) under
2 from 298 to 353 K (Entry 22, Table 2) [210,211].  The
 Ir. (For the color version of this figure, the reader is referred to the web version of

 [45].

Ir(C2H4)2/zeolite-Y precursor was  thoroughly characterized via IR
and EXAFS spectroscopies [210] and, later, via aberration-corrected
high-angle annular dark-field scanning TEM (HAADF STEM) [211].
Importantly in this well-executed study, a powerful combination of
complimentary physical techniques of XANES, EXAFS and IR spec-
troscopies were used to follow the loss of the Ir(C2H4)2/zeolite-Y
precursor and the formation of the Ir4(ligand)x/zeolite-Y product
[60]. The XANES data at the Ir LIII edge indicated five identifiable
isosbestic points, which are consistent with the transformation of
the Ir(C2H4)2/zeolite-Y into (just) the Ir4(ligand)x/zeolite-Y. The
time-resolved EXAFS data show the formation of Ir–Ir contribu-
tions and the loss of Ir–low Z contributions (i.e., Ir–ligand loss). The
final Ir–Ir coordination number (NIr–Ir) was  found to be approx-
imately 3, which is consistent with the formation of Ir4 clusters
supported on zeolite-Y. The IR spectroscopy data also indicate the
formation of di-�-bonded ethylene ligands at the onset of Ir–Ir
bond formation, data further consistent with the formation of the
Ir4(ligand)x/zeolite-Y. One proposed mechanism for the forma-
tion of the Ir4(ligand)x/zeolite-Y supported cluster is pictorially
reproduced in Scheme 10.  Gates and co-workers caution that the
proposed structures are “simplified” and were careful to note that
there is “no direct evidence of the dinuclear intermediate species”.
Interestingly, the Ir4(ligand)x/zeolite-Y undergoes fragmentation
back to the mononuclear Ir(C2H4)2/zeolite-Y precatalyst under
C2H4.

Gates and co-workers also studied the reduction of the
analogous Rh(C2H4)2/zeolite-Y precatalyst using the same method-
ology (Table 2, Entry 23)—the largest difference was  that a
Rh2–3(ligand)x/zeolite-Y product was formed during isothermal
reduction at 298 K in H2 [61] (i.e., and in comparison to the tem-
perature ramp from 298 to 323 K for the Ir(C2H4)2/zeolite-Y to
Ir4(ligand)x/zeolite-Y zeolite system [60]). Significantly, the pre-
cise nuclearity of the subnanometer catalysts present, for both the
Rh [212] and the Ir [213] systems, proved highly dependent on the
reactive environment and specifically on the H2/C2H4 ratio: higher
H2 ratios favor multinuclear clusters, while higher C2H4 ratios favor
the mononuclear form [61,213].

To summarize, all of the data for the Ir(C2H4)2/zeolite-Y
to Ir4(ligand)x/zeolite-Y supported-cluster formation are consis-
tent with Gates’ and co-workers proposed pictorial mechanism,
Scheme 10.  Indeed, this example from the Gates’ group is illus-
trative of how establishing “just” the balanced reaction is very
powerful mechanistically for supported-nanoparticle formation
studies—and for materials chemistry in general! This example also
illustrates that getting “just” that balanced stoichiometry often
takes considerable, focused effort using multiple physical tools. The

system in Scheme 10 is, therefore, a prime candidate for the next
level of kinetics and associated chemical-reaction-based mech-
anistic studies. Some collaborative efforts towards this goal are
currently underway [214].
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Scheme 11. Gates’ and co-workers’ proposed pictorial model for bimetallic (RuxOsy)n/MgO cluster formation from [Ru3(CO)12] and [Os3(CO)11]2− supported on MgO  under
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2 (and a temperature ramp from 298 to 423 K) [64]. In this scheme, the yellow sph
range  spheres are the MgO  support. (For the color version of this figure, the reade

opyright (2009) Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permissio

In 2009, Gates and co-workers also studied the formation of
he bimetallic [H2Os3Ru(CO)13]/MgO cluster from [Ru3(CO)12] and
Os3(CO)11]2− supported on MgO  under H2 and over the tempera-
ure range of 298–423 K [64] (Entry 24, Table 2). Again a powerful
ombination of complimentary physical techniques, XANES, EXAFS
nd IR spectroscopy were used to follow the loss of the precursors
nd formation of (RuxOsy)n/MgO. Because of the multiple methods
sed, the authors were able to show that the supported product
till contains some of both of the [Ru3(CO)12] and [Os3(CO)11]2−

recatalysts. The IR spectroscopy also indicates that the bimetallic
roduct closely resembles [H2Os3Ru(CO)13]/MgO, and the EXAFS
ata are consistent with that interpretation. The authors suggest
hat the mechanism of [H2Os3Ru(CO)13]/MgO occurs, as picto-
ially described in Scheme 11,  via “first, the decarbonylation of
riruthenium clusters starting at 333 K (with the triosmium car-
onyl clusters still being coordinatively saturated and intact)”. The
uthors also note that “The coordinatively unsaturated ruthenium
pecies were reactive and, at 333 K, had aggregated substantially
o that the average ruthenium cluster was larger than triruthe-
ium. When the temperature had been raised to about 358 K,
he triosmium clusters began to undergo decarbonylation, and at
pproximately 398 K the triosmium clusters had lost enough CO
igands to become sufficiently coordinatively unsaturated to allow

igration and reaction with Ru atoms of neighboring species”.
verall, this is another important system, developed by the Gates
roup, that merits additional kinetic and mechanistic studies en
oute to fully understanding bimetallic nanoparticle formation
rom well-defined, supported-organometallic complexes, namely

etal carbonyl clusters in this latter case.
Finishing with very recent work, in 2010 Nassreddine et al. stud-

ed the formation of 1.2 nm Ir(0)n nanoparticles supported on amor-
hous silica alumina (ASA) from a Ir(acac)3/ASA precursor under H2
67]. The formation of Ir(0)n/ASA was followed by in situ XRD from 0
o 700 ◦C. The authors found that the Ir(0)n/ASA particle size grows
radually from 0 to 300 ◦C and then slows down and remains con-
tant at 1.2 nm above 500 ◦C. However, considering that the Ir(0)n

articles cannot be detected until 200 ◦C, it is not clear if the par-
icle size truly increases linearly below 200 ◦C. No mechanism was
roposed for the formation of the Ir(0)n/ASA product.

.2.3. Conclusions
The eight M(NH3)4

2+ (M = Pt2+, Pd2+) case studies reveal that
(0)n, Mx+ or (MxOy)n species can form on the support during

he precatalyst preparation steps and that those (different) species
an have different kinetics of supported-nanoparticle formation
50,58,62,63]—results that reiterate the importance of precisely
ontrolling the precatalyst speciation, ideally in all future syntheses
f heterogeneous catalysts. While kinetic studies are in hand for the
(NH3)4

2+/support systems, no rigorous chemical-reaction-based
echanisms have been proposed for the formation of the resultant

(0)n supported-nanoparticle products. Dalla Betta and Boudart

29], as well as Konigsberger and co-workers [47], have suggested
hat a neutral “Pt(NH3)2H2” intermediate is responsible for the for-

ation of Pt(0)n nanoparticles supported on zeolite-Y and SiO2,
re Os, the dark blue spheres Ru, the red spheres C, the light blue spheres O and the
erred to the web  version of the article.)

 [45].

although, no compelling—and certainly no direct—evidence for that
putative Pt–H intermediate exists at present. Hence, further stud-
ies attempting to detect the putative “Pt(NH3)2H2” intermediate
under the in situ nanoparticle formation conditions, for exam-
ple with a combination of in operando XAFS plus IR spectroscopy,
are hereby identified as an important, future research goal. Oku-
mura and co-workers have demonstrated that the Pd(0)∼13/H–USY
supported-nanoparticle formation kinetics from Pd2+/H–USY are
first order in Pd2+ and Pd–Pd (i.e., −d[Pd2+]/dt  ∝ [Pd2+]1 [Pd–Pd]1)
[62,63]; three deliberately minimal mechanisms have been sug-
gested herein (and were shown back in Scheme 4), mechanisms
that can account for the observed kinetic data and which employ
the aforementioned, putative Pd–H intermediate. The fact that the
kinetics are separately first-order in both Pd2+ and Pd–Pd, and
not bimolecular in any Pd species (e.g., −d[Pd2+]/dt  = kobs[Pd2+],
but not −d[Pd2+]/dt  = kobs[Pd2+][Pd–Pd]), demands that some of
the supported-nanoparticle formation steps occur post the rate-
determining step and are, therefore, kinetically hidden. Hence,
conditions that unmask those later steps are and additional, impor-
tant goal for future research.

Inspection of the five H2PtCl6 case studies reveals that the
known speciation of H2PtCl6 in aqueous solution, as well as in
the presence of metal-oxide supports [162–166],  has been largely
ignored in the extant kinetic and mechanistic literature of Pt(0)n

supported-nanoparticle formation from the classic H2PtCl6 precur-
sor. Chupas et al. demonstrated zero-order kinetics (i.e., [H2PtCl6]0)
for the H2PtCl6/TiO2 to Pt(0)n/TiO2 system [56]. Two mechanisms,
which can account for the observed zero-order H2PtCl6/TiO2 kinet-
ics, as well as the Pt(0)n/TiO2 supported-nanoparticle products,
were shown back in Scheme 5. The observation that the kinetic
data are zero-order in H2PtCl6/TiO2, and not bimolecular in any
supported Pt species, but still yield a Pt–Pt bonded, Pt(0)n/TiO2
product suggests that the desired nanoparticle formation steps
are kinetically hidden. Hence, hereby identified as important steps
in advancing our understanding of the formation of supported-
nanoparticle catalysts, from the classic H2PtCl6 precatalyst (and
once the speciation issues with this precatalyst are resolved first),
are: (i) continuing to write out specific balanced reactions corre-
sponding to the proposed mechanistic steps; (ii) being sure those
reaction steps add up to the observed, experimentally demon-
strated reaction stoichiometry, and then (iii) executing the needed
kinetic studies that unmask the desired supported-nanoparticle
formation steps from any diffusion-limited processes present.

The five Ag(NO3) case studies contain, by far, the most-detailed
chemical-reaction-based mechanisms to date for supported-
nanoparticle formation at the gas–solid interface. Importantly,
Jacobs and co-workers were able to establish the supported-
nanoparticle formation stoichiometry by using H2 uptake mea-
surements [32,33,37].  In addition, the classic studies of Jacobs
and co-workers focus on the reduction step for those Ag+/zeolite

based systems. The accompanying kinetic studies reveal that the
desired supported-nanoparticle formation steps are again masked
by diffusion of H• and Ag+ towards each other. Three differ-
ent chemical-reaction-based mechanisms, Schemes 6 and 8, were
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roposed for the formation of Ag(0) or Agn
x+ species [32,33,37].

ence, future studies that unmask the kinetics of those important
upported-nanoparticle formation steps are highly desirable.

An important insight is that diffusion-limited processes are
ommon in the mechanisms of supported-nanoparticle formation
eactions at the gas–solid interface. It means that consideration of
iffusion-limitations need to be undertaken in the design of future
inetic and mechanistic studies of supported-nanoparticle forma-
ion reactions at the gas–solid interface.

The seven kinetic and mechanistic studies starting from
upported-organometallic precursors demonstrate that well-
efined, speciation-controlled precatalysts can be and have been
ynthesized. Additional benefits when starting from well-defined,
peciation-controlled, supported organometallics include: (i) the
resence of organic ligands, which offer additional handles such
s IR spectroscopy for following the reactions and their kinetics,
nd (ii) systems which have precedented solution-based chemistry
or comparison purposes (and which therefore can, in favorable
ases, also yield otherwise unobtainable insights). Unfortunately,
o date no rigorous kinetic and mechanistic studies, starting
rom well-defined supported organometallic complexes, have been
eported for gas–solid supported nanoparticle formation systems.
owever, many of the supported organometallic systems, in par-

icular Gates and co-workers M(C2H4)2/zeolite (M = Ir, Rh) systems
60,61], are prime systems for the desired kinetic and mechanistic
tudies—ones where the hard first step of preparing and character-
zing the system is now in hand.

In short, the above case studies of the M(NH3)4
2+ (M = Pt2+, Pd2+),

2PtCl6, Ag(NO)3 and supported-organometallic systems provide
 solid foundation of work upon which to build. However, much
emains to be done. Recommended focal points include: (i) con-
rolling the precatalyst speciation, ideally to one supported species;
ii) determining experimentally the complete, balanced supported-
anoparticle formation stoichiometry, including trace metal and
ther products where possible; (iii) ensuring if possible that
iffusion is not masking the desired supported-nanoparticle forma-
ion kinetics; (iv) writing chemical-reaction-based mechanisms,8

ather than the word- and picture-based schemes or cartoons that
urrently dominate the supported-nanoparticle formation liter-
ture, so that those mechanisms can be tested kinetically, and
hen (v) disproving multiple alternative mechanisms/hypotheses11

ather than asserting a single mechanism emphasizing the author’s
references/beliefs. Mechanism, like science in general, proceeds
nly via conclusive disproof of multiple alternative hypotheses
Platt, op. cit.11).

There is also arguably a need to bridge the practical gas–solid
echanistic systems discussed herein with the cleaner, better-

tudied, UHV counterparts where available, assuming their
ssociated temperature, pressure and materials gaps [76–79]
an be bridged/overcome. The eventual goal is to have a uni-
orm, cohesive mechanistic picture of heterogeneous catalyst
ormation, and their resultant catalysis, a picture that spans the
nowledge available from UHV to that from practical supported-
anoparticle science to what is known in organic, organometallic
nd inorganic chemistry. Merging those existing areas of knowl-
dge will then yield insights sufficient to drive the synthesis of
he next generation of composition-, size- and shape-controlled
upported-nanoparticle catalysts. This includes heterogeneous cat-
lysts synthesized in contact with solution, as discussed next.

. Studies of supported-nanoparticles in liquid–solid

ystems

Recent advances in solution-based nanoparticle synthe-
es [134,215–223] have resulted in significantly improved
Scheme 12. Two  emerging, limiting synthetic approaches for the preparation of
supported-nanoparticle heterogeneous catalysts in contact with solution (i.e., in
liquid–solid systems).

control over the resultant nanoparticle composition [224–230],
size [156,231] and shape [232–235]. Kinetic and mechanistic
insights into nanoparticle formation—that is, into nucleation, auto-
catalytic growth, bimolecular agglomeration and autocatalytic
agglomeration—have also been obtained [114,190–194,236–240],
insights possible in part due to the greater ease of full prod-
uct, balanced stoichiometry, and kinetic and mechanistic studies
for solution vs. solid-state reactions. Indeed, the systems and
discussion which follow strongly suggest that the synthetic and
mechanistic insights, available from a relative short period of solu-
tion nanoparticle syntheses and mechanistic studies, already come
close to surpassing all those generated from all of the aforemen-
tioned studies at the gas–solid interface. Hence, an important goal
in modern heterogeneous catalysis is to transfer the synthetic and
mechanistic insights, from the modern revolution in nanoparticle
synthesis and mechanistic study in solution, to the synthesis of
solid-supported-nanoparticle heterogeneous catalysts.

3.1. Fundamental background information regarding
supported-nanoparticle heterogeneous catalyst formation in
liquid–solid systems

Before reviewing the kinetic and mechanistic studies of
supported-nanoparticle heterogeneous catalyst formation in con-
tact with solution—that is, in liquid–solid systems—it will
prove useful to describe first, but briefly, the synthetic meth-
ods for preparing supported-nanoparticles in liquid–solid and
gas–liquid–solid systems. The physical methods for following the
kinetics of those reactions will also be briefly summarized to start,
all as an aid to the reader in understanding what follows.

3.1.1. Emerging synthetic strategies for the preparation of
supported-nanoparticle catalysts in solution (i.e., liquid–solid
systems)
Two  limiting routes have emerged using solution-prepared
transition metal nanoparticles to synthesize supported-
nanoparticle heterogeneous catalysts (Scheme 12). The first
method attempts to take advantage of the nanoparticle
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ommunity’s ability to make stabilized transition-metal nanopar-
icles in solution (often with polymer or other ligands present
o prevent nanoparticle aggregation [215–223]). Those stabilized
anoparticles are then typically isolated, redispersed and sub-
equently deposited onto a support [241–248]. Unfortunately
owever, the polymer or other bulky, often massive stabilizers are

nvariably and unavoidably co-deposited. This is as expected, given
hat typical metal–ligand dative bonds are 25–40 kcal/mole or

ore [25,26].  Complete removal of the stabilizing polymer or other
igands—as is required for the most coordinatively unsaturated
nd hence, facile catalysts [249]—has proven difficult to impos-
ible [247,248,250–262].  Extensive treatments such as thermal
ctivation in N2, H2 and O2 environments [250–252], UV/ozone
253–256], O2/plasma [256] and even neutron sputtering [257]
ave been largely unsuccessful in removing completely all the
olymeric or other organic ligand “debris”—although claims of
complete” removal of all ligands or polymers continue to appear
ithout controls demonstrating detectability limits, and thus the

rror bars, on the true level of “debris” removal. The resultant,
artially poisoned, supported-nanoparticles are then, and in
urn, also rendered compositionally ill-defined. The supported-
anoparticle’s size and shape can also be altered by the harsh
hermal, oxidative, reductive or other treatments attempting to
ully remove the poisoning ligands or polymers [250–262].

A second, arguably more attractive synthetic approach—one
ow attracting increasing attention [263–277]—is to start from sup-
orted molecular precursors and then synthesize the supported-
anoparticles in situ, that is, in contact with solution. Ideally

n this approach, only the desired catalytic reaction substrates
r other desired ligands are present, thereby leading to what
as been termed “weakly ligated/labile ligand nanoparticles”
104,223,278,279].19 This in situ method can, at least in principle,
rovide superior control over the resultant supported-nanoparticle
omposition, size and shape since one can readily add desired
olvents, ligands, and other additives or “promoters” as desired dur-
ng the synthesis—all assuming that a careful, preferred selection
f ligands and solvents can be selected en route to composition
ontrolled, non-ligand-poisoned, “weakly ligated/labile ligand”
104,223,279] supported-nanoparticles.

.1.2. Characterization methods for following the kinetics of
upported-nanoparticle heterogeneous catalyst formation in
iquid–solid systems

In principle, each of the physical methods capable of following
he kinetics of supported-nanoparticle formation at the gas–solid
nterface (Table 1) could also be utilized in liquid–solid systems.
espite this, no direct, in operando (or in situ) methods have yet
een utilized to follow the kinetics of supported-nanoparticle for-
ation in liquid–solid systems; to date, only H2 uptake and ex

itu TEM and AFM have been utilized for following the kinetics of
upported-nanoparticle formation.

.1.3. Conclusions from the brief, fundamental background
ection on liquid–solid systems

The synthesis of supported-nanoparticles in liquid–solid sys-

ems is attractive since it has the potential to allow the synthetic
nd mechanistic insights, from the modern revolution in nanopar-
icle syntheses in solution (including control over the nanoparticle
ize, shape and composition), to be transferable to the synthesis of

19 “Weakly ligated/labile ligand” nanoparticles are simply nanoparticles where
nly weakly coordinated ligands plus the desired reactants are present [104].
elated topics include “putative cation-only stabilized nanoparticles” [223] and
putative solvent-only stabilized nanoparticles” [279], neither of which actually
ppears to exist [104,223,279].
talysis A: Chemical 355 (2012) 1– 38

supported-nanoparticles, at least in principle. Moreover, many of
the physical methods listed back in Table 1 should be applicable to
studies of liquid–solid systems. However, to date the use of direct, in
operando (or in situ) techniques to follow supported-nanoparticle
formation kinetics in liquid–solid systems has not been reported,
so that providing such studies in operando is an obvious, needed
area of future research.

3.2. Kinetic and mechanistic studies of supported-nanoparticle
formation in liquid–solid systems

3.2.1. Brief overview of the primary literature
Table 3 is a compilation of the eight available studies striving to

understand the mechanisms of supported-nanoparticle heteroge-
neous catalyst formation in liquid–solid systems. Table 3 details:
(i) the experimental preparation and nanoparticle formation con-
ditions; (ii) whether the study contains kinetic data and, if so, by
which method(s) those data were obtained; (iii) whether the sto-
ichiometry of the supported-nanoparticle formation reaction was
obtained, and if so how; and finally (iv) the proposed mechanism
and rate equations as given by the original authors, if available.

A brief inspection of Table 3 is quite informative and reveals
several global insights into the state of mechanistic knowledge
for supported-nanoparticle heterogeneous catalyst formation in
liquid–solid systems. First, there are only 8 studies in liquid–solid
supported-nanoparticle formation systems to date—only 1/5th as
frequent as the more common, 39 studies of gas–solid systems. In
7 of the 8 studies of liquid–solid systems, kinetic data have been
collected, but, as already noted no study has used a direct method
that is also at least in situ. However, in 3 of the 8 cases a supported-
nanoparticle heterogeneous catalyst formation stoichiometry has
been explicitly demonstrated, kinetic data have been collected and
a chemical-reaction-based mechanism has been proposed, one that
is both consistent with the kinetic data and where one or more
alternative mechanistic pathways have been disproved.11 Finally,
the first liquid–solid study in Table 3 was reported in 2004, two  of
the studies in 2006, with the remaining 5 studies of the 8 total from
the period 2009–2011. Clearly the study of supported-nanoparticle
formation, in contact with solution is a much younger, still wide-
open area of investigation.

3.2.2. Kinetic and mechanistic case studies
3.2.2.1. Wang et al.’s study of the formation of Pt(0)n on carbon nano-
tubes. In 2006 Wang et al. studied the formation of Pt(0)n on carbon
nanotubes (CNTs) from a mixture of H2PtCl6 in ethylene glycol,
sodium dodecyl sulfate (SDS) and CNTs [69] (Table 3, Entry 2). The
authors were able to control the Pt(0)n/CNT nanoparticle size over a
range of 2.3–9.6 nm (with 12–44% dispersities) by varying the con-
centration of H2PtCl6, the temperature and the reducing agent. It is
likely that the use of the organic solvent helps minimize the H2PtCl6
speciation and allows the formation of the near-monodisperse
(i.e., ≤ ±15% [215]) 2.3 ± 0.3 Pt(0)n/CNT catalyst—although the pre-
cise speciation of the H2PtCl6 precatalyst is once again an issue.
Wang et al. proposed a mechanism of supported-nanoparticle
heterogeneous catalyst formation consisting of “. . .heterogeneous
nucleation (which becomes favorable) once the critical nucleus size
is attained, autocatalytic growth of the particle rapidly depletes
the Pt-monomer concentration in solution, thereby effectively
depressing homogeneous nucleation”, as summarized pictorially
in Scheme 13.  Unfortunately, the needed kinetic studies were not
performed to support or refute the authors’ proposed mechanis-
tic hypothesis. In the one case where solid-support-based (i.e.,

heterogeneous) nucleation vs. solution (i.e., homogeneous) nucle-
ation has been kinetically tested [75], homogeneous nucleation was
observed, Scheme 18 (vide infra), not the heterogeneous nucleation
proposed in Scheme 13.  Hence, at present and until the needed
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Table 3
The kinetic and mechanistic studies of supported-nanoparticle heterogeneous catalyst formation in liquid–solid systems.

Entry [Reference] Authors System of study Kinetic data
(physical method)

Stoichiometry
(physical method)

Proposed mechanism(s) and rate equations as written by the original
authors (if available)

1 [68] Singh, A.; Luening, K.;
Brennan, S.; Homma, T.;
Kubo, N.; Pianetta, P.

Si wafers were dipped into a Cu–2%
nitric acid matrix.

Yes atomic force
microscopy (AFM)

No Proposed mechanism. The authors assert that the Cu grows via an
Ostwald-ripening mechanism.

2  [69] Wang, Y.; Xu, X.; Tian, Z.;
Zong, Y.; Cheng, H.; Lin, C.

50-wt% H2PtCl6, ethylene glycol (as the
solvent and reducing agent), carbon
nanotubes (CNTs), and sodium dodecyl
sulfate (SDS) were mixed together and
sonicated, and then heated and stirred.

No No Proposed mechanism. “Salt effects increase the barrier towards
homogeneous nucleation, such that heterogeneous nucleation
becomes more favorable. Once the critical nucleus size is attained,
autocatalytic growth of the particle rapidly depletes the Pt-monomer
concentration in solutions, thereby effectively depressing
homogeneous nucleation”, that is pathway 2B in Scheme 13.

3  [70] Marre, S.; Cansell, F.;
Aymonier, C.

Cu(hfac)2
•H2O was  mixed with SiO2

spheres, in isopropyl alcohol, CO2 and
H2 and brought to supercritical
conditions.

Yes (ex situ TEM) No Proposed mechanism. The author’s (word-based) mechanism consists
of  (i) homogenous decomposition to Cu nuclei, which are then (ii)
deposited onto the SiO2 surface, followed by (iii) direct growth of the
nuclei on the SiO2 surface.

4  [71] Marre, S.; Erriguible, A.;
Perdomo, A.; Cansell, F.;
Marias, F.; Aymonier, C.

Cu(hfac)2·H2O reduced in situ with
SiO2 spheres.

Yes (ex situ TEM) No Proposed mechanism. The authors suggest a mechanism consisting of
homogeneous nucleation followed by heterogeneous growth, as
depicted in Scheme 14.

5  [72] Mondloch, J.E.; Yan, X.;
Finke, R.G.

1.96-wt% H2PtCl6 was  slurried with
either �-Al2O3 or TiO2 in a solution of
ethyl acetate. The solution was  taken to
dryness under vacuum. The precatalyst
was  reduced in EtOH plus cyclohexene
under 40 psig of H2 at 22 ◦C.

Yes (H2

uptake—cyclohexene
reporter reactiona)

Yes (pHapparent

measurements)
Proposed mechanism

where A is the supported precatalyst H2PtCl6/Al2O3 and B is the
growing Pt(0)n nanoparticle surface
Integrated rate equation

[A]t = (k1/k2) + [A]0

1 + (k1/(k2[A]0))exp(k1 + k2[A]0)t

6 [73] Rossi, L.M.; Nangoi, I.M;
Costa, N.J.S.

Between 1.34 and 1.76-wt%
Pd(acetate)2 was  slurried onto
ligand-modified SiO2 spheres (e.g.,
modified with
(3-aminopropyl)triethoxy-silane) from
toluene. The sample was  washed with
ethanol and acetone and dried under
vacuum. The precatalyst was placed in
toluene and reduced under H2 (6 atm)
at 75 ◦C.

Yes (H2

uptake—cyclohexene
reporter reactionb)

No No mechanism was proposed by the authors; however, they did note
that “additional experiments and control arrangements are in progress
in  order to elucidate the mechanism of supported-nanoparticle
formation”.
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Table 3 (Continued )

Entry [Reference] Authors System of study Kinetic data
(physical method)

Stoichiometry
(physical method)

Proposed mechanism(s) and rate equations as written by the original
authors (if available)

7 [74] Mondloch, J.E.; Wang, Q.;
Frenkel, A.I.; Finke, R.G.

[Ir(1,5-COD)Cl]2 was slurried with
�-Al2O3 in ethyl acetate and taken to
dryness under vacuum. The
Ir(1,5-COD)Cl/�-Al2O3 precatalyst was
reduced under H2 in acetone at 22 ◦C.

Yes (H2

uptake—cyclohexene
reporter reactiona)

Yes (H2 uptake,
cyclooctane
evolution)

Proposed mechanism

where A is the supported precatalyst Ir(1,5-COD)Cl/�-Al2O3 and B is
the growing Ir(0)n nanoparticle surface.
Integrated rate equation

[A]t = (k1/k2) + [A]0

1 + (k1/(k2[A]0))exp(k1 + k2[A]0)t
8 [75] Mondloch, J.E.; Finke, R.G. [Ir(1,5-COD)Cl]2 was slurried with

�-Al2O3 in ethyl acetate and taken to
dryness under vacuum. The
Ir(1,5-COD)Cl/�-Al2O3 precatalyst was
reduced under H2 in acetone (and
acetone plus cyclohexane) at 22 ◦C.

Yes (H2

uptake—cyclohexene
reporter reactiona)

Yes (H2 uptake,
cyclooctane
evolution)

Proposed mechanismc

where IrI/Al2O3 is Ir(1,5-COD)Cl/�-Al2O3, solvent is acetone and
IrI*solvent is Ir(1,5-COD)Cl(solvent) and the rate and equilibrium
constants are defined in Scheme 17.
Integrated rate equationd

[A]t = (k1obs/k2obs) + [A]0

1 + (k1obs/(k2obs[A]0))exp(k1obs + k2obs[A]0)t

where k1obs and k2obs are given by

k1obs = k′
1KDiss[solvent]t

[Al2O3]sus,t + KDiss[solvent]t

k2obs = k′′
2KDiss[solvent]t

[Al2O3]sus,t + KDiss[solvent]t

a The appropriate [cyclohexene]0 control reaction was demonstrated to ensure that the reporter reaction was functioning properly.
b The appropriate [cyclohexene]0 control reaction was not demonstrated to ensure that the reporter reaction was functioning properly.
c This mechanism applies only rigorously to the supported-nanoparticle formation reactions carried out in acetone. A slightly modified mechanism (with, however, the same general form) accounts for the mixed solvent case

of  acetone plus cyclohexane [75].
d These rate equations only apply rigorously to the supported-nanoparticle formation reactions carried out in acetone. Slightly modified rate equations (with, however, the same general form) were provided to account for the

mixed  solvent case of acetone plus cyclohexane [75].
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Scheme 13. Pictorial mechanisms proposed by Wang et al. [69] for the formation
of  Pt(0)n/CNT in contact with solution. The authors favor the bottom pathway con-
sisting of heterogeneous nucleation and growth, a pathway that is, however, not
supported by the one available kinetic study to date (albeit of a different, Ir-based
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ystem [75]).

opyright (2006) Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permis-
ion.

inetic studies are done, Scheme 13 must be considered as a pro-
osed, but kinetically unverified, picture-based mechanism.

.2.2.2. Marre et al.’s studies of the formation of Cu(0)n on SiO2
pheres. In 2006 and then in 2009, Marre et al. studied the
ormation of Cu(0)n/(SiO2)n (where (SiO2)n are silica spheres)
tarting from Cu(hfac)2 (where hfac = hexafluoroacetylacetonate)
n supercritical CO2/alcohol/H2 mixtures [70,71] (Entries 3 and
, Table 3). Ex situ TEM kinetic data were collected, monitor-

ng the change in size of the Cu(0)n/(SiO2)n product with time.
he authors proposed a model (Scheme 14)  for the formation of
u(0)n/(SiO2)n that accounts for the generation of nuclei due to
recursor decomposition (i.e., “mode (1)” in Scheme 14), and then
article growth by coagulation and coalescence (i.e., “mode (2)” in
cheme 14), that is “homogeneous nucleation followed by hetero-
eneous growth”, to quote the authors [71]. The authors claim that

The model allows the description of the particle size evolution
y the variation of four variables: the nuclei volume concentration
f mode 1 N1, the particle volume concentration of mode 2 N2, the

cheme 14. A pictorial mechanism proposed by Marre et al. for the formation of
u(0)n on SiO2 spheres [71].

eprinted with permission from [71]. Copyright (2009) American Chemical Society.
Scheme 15. The H2PtCl6/�-Al2O3 to Pt(0)n/�-Al2O3 supported-nanoparticle for-
mation reaction stoichiometry, cyclohexene reporter reaction and associated
sum/pseudoelementary step [72].

volumetric concentration of the aggregates V2, and the particle sur-
face area concentration of mode 2 A2”. However and unfortunately,
the proposed model was  not fit to the observed experimental Cu(0)n

diameter vs. residence time data (as it contains four parameters and
only 3 data points were collected), see Fig. 11 in Ref. [71]. Never-
theless, in hand is valuable initial work identifying a good system
worthy of additional, more detailed study. That said, several issues
become apparent from a critical look at this system [70,71],  vide
infra, issues that those future studies will want to consider.

To start, the model employed by Marre et al. was  originally
developed by Choi and co-workers for the formation of aerosols
[280] and assumes a monodisperse particle size distribution.
However, the –(SiO2)n-supported Cu(0)n nanoparticles are not
monodisperse; instead they show a size dispersion ranging from
29–55% based on the average and standard deviation of the diame-
ters given in reference [71]. Second and perhaps most importantly
(as examples elsewhere further detail [281,282]8), an insidious dis-
connect exists here, as it does with all other picture- or word-only
based mechanisms. Specifically, the words used (a) have no con-
nection to balanced equations that rigorously and correctly define
those words, and hence (b) no connection to the differential equa-
tion nor to the measured kinetic data. Those predicted differential
(kinetic) equations are, of course, essential for testing and thereby
supporting, or refuting, the proposed mechanistic equations and
hence their associated words and pictures. The significance of this
point is hard to over-emphasize. A look at the complex, confused
literature of solid-state kinetics, where such disconnects between
the words/concepts and the differential equations/kinetics is at
present rampant and causing considerable confusion, frustration
and unneeded complexity, will convince the skeptical reader that
such disconnects are a very serious, insidious problem indeed
[138–141,281].  Future work must strive to avoid the disconnect
caused by picture- and word-only “mechanisms”.

3.2.2.3. Studies of the formation of Pt(0)n on �-Al2O3 and TiO2. In
2009, studies were reported of the formation of Pt(0)n/�-Al2O3
starting from 1.96-wt% H2PtCl6/�-Al2O3 in EtOH (and cyclohex-
ene) under H2 [72] (Table 3, Entry 5). The stoichiometry of the
supported-nanoparticle formation (Scheme 15 (top reaction)), was
confirmed via pHapparent measurements of the reaction solution
post the supported-nanoparticle formation reaction (i.e., and in
comparison to a sample containing 6 equivalents of authentic
HCl plus the appropriate amount of �-Al2O3). Those experiments
yielded an identical pH within experimental error [72], thereby
verifying the 6 HCl part of the stoichiometry in the top line of

Scheme 15.

The kinetics of the Pt(0)n/�-Al2O3 supported-nanoparticle for-
mation reaction (Fig. 8, diamonds), were well-fit to a 2-step
mechanism (Fig. 8, line) consisting of slow continuous nucleation
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Fig. 8. H2PtCl6/�-Al2O3 to Pt(0)n/�-Al2O3 supported-nanoparticle formation kinetics (black diamonds) in contact with EtOH, cyclohexene and H2 (shown left) and fit to the
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-step  mechanism (the line). Shown to the right is the 2-step mechanism used to fit
o  the web version of the article.)

eprinted with permission from [72]. Copyright (2009) American Chemical Society

A → B, rate constant k1), followed by fast autocatalytic surface
rowth (A + B → 2B, rate constant k2), a mechanism discovered for
olution nanoparticle formation in 1997 [193] (Fig. 8 (right)). In
hese equations and in Fig. 8 A is H2PtCl6/�-Al2O3 and B is Pt(0)n/�-
l2O3. The 2-step mechanism is a minimal, “Ockham’s razor”

283], mechanism that has been widely used to extract average
ucleation (k1) and average autocatalytic surface growth (k2) rate
onstants from the integrated analytical equation shown in Entry 5
f Table 3. Average rate constants for nucleation (k1 ≈ 10−5.5(7) h−1)
nd autocatalytic surface growth (k2 = 1.2(2) × 104 h−1 M−1) were
btained so long as a prestirring/pre-equilibration period of 2–7 h
as employed when starting from the H2PtCl6/�-Al2O3 precatalyst

n contact with EtOH—very likely an equilibration period needed to
ontrol/minimize the “H2PtCl6”/�-Al2O3 speciation. Without this
reequilibration period the observed nucleation rate constant, k1,
aries by a range of ∼105, as reflected in the varied supported-
anoparticle formation curves shown in Fig. 9.

Although the detailed reason(s) for the interesting ∼105 range in
1 remain(s) to be established, one very plausible hypothesis is that
ust noted: that a variable H2PtCl6 speciation, for the impregnation
f H2PtCl6 onto metal oxides (recall Section 2.2.2.2), is responsible
or the ∼105 range in the rate constant for nucleation of the sup-
orted Pt(0)n nanoparticle synthesis when in contact with EtOH
olvent. Noteworthy here is that ∼105 range in k1 directly causes
 significant variation in the particle size (i.e., and in the size dis-
ribution) since k1, k2 and the starting [H2PtCl6]initial are three key

ig. 9. Observed variation in the kinetics of the Pt(0)n/�-Al2O3 supported-
anoparticle heterogeneous catalyst formation system if a pre-equilibrium stirring
eriod (in the EtOH reaction medium) is not employed. The resultant k1 nucleation
ate constant for these curves varies from ∼10−8 to 10−13 h−1, that is by a range of
105 [72].

eprinted with permission from [72]. Copyright (2009) American Chemical Society.
bserved kinetic data [72]. (For the color version of this figure, the reader is referred

factors in the equation governing nanoparticle size published for
the 2-step mechanism [156].

In order to fully appreciate how the Pt(0)n/�-Al2O3 supported-
nanoparticle formation kinetic data were collected (e.g. Fig. 8), it
is necessary to understand the indirect—but rapid, quantitative,
and now well-precedented [190–193]—cyclohexene hydrogena-
tion reporter reaction method that was employed. Experimentally,
the supported-nanoparticle formation reaction was  monitored by
following the loss of H2 pressure via a high pressure (±0.01 psig)
computer-interfaced pressure transducer, which was then con-
verted into cyclohexene loss via the experimentally verified (by
1H NMR) [193] 1:1 H2:cyclohexene stoichiometry. The cyclohex-
ene reporter reaction (Scheme 15,  middle reaction) takes advantage
of the fact that the catalytic activity of the nanoparticle surface is
proportional to the concentration of the active metal, B [193]. The
sum/pseudo-elementary step [284–286]20 is given in Scheme 15
(bottom reaction), so that the overall reaction stoichiometry is
then given by −d[A]/dt/1 = −d[H2]/dt/2600 = −d[cyclohexene]/dt/
2600 = +d[B]/dt/1 = + d[cyclohexane]/dt/2600. The power of the
pseudoelementary step is that it allows one to measure the loss of
H2 or cyclohexene (or formation of cyclohexane) and relate that to
the loss of A (or formation of B) by the above equation, for example
−d[H2]/dt/2600 = −d[A]/dt/1. An important point is that the use of
the cyclohexene reporter reaction demands that the hydrogenation
of cyclohexene be fast in comparison to the nanoparticle formation
steps. This assumption is easily experimentally tested by changing
the concentration of cyclohexene and plotting it vs. the H2 uptake
rate; the H2 uptake rate should reach a regime where its a constant
with increasing cyclohexene concentrations (i.e., should reach a
limiting zero-order dependence on cyclohexene [cyclohexene]0),
as observed in Fig. 10,  thereby verifying that cyclohexene reporter
reaction is fast relative to the slower steps that one wants to
measure kinetically (i.e., to A → B and A + B → 2B in the present
example). In short, by following the loss of H2 (or, equivalently
the loss of cyclohexene), and as long as the cyclohexene reduction
reaction is fast relative to the supported-nanoparticle formation
reaction, one can measure the desired supported-nanoparticle

nucleation, A → B, and autocatalytic growth, A + B → 2B, steps,
all while employing the pseudoelementary-step stoichiometric
relationships.

20 A pseudoelementary step is the summation of one or more, slow elementary
kinetic steps, to which one can add one or more fast steps, the overall (summed)
pseudoelementary step by definition being establishable by determining the overall
reaction stoichiometry. Noyes formally introduced the concept of the pseudoele-
mentary step in the 1970s when studying complex oscillating reactions [284–286],
although kineticists have used it and been aware of it probably long before Noyes’
important labeling of the pseudoelementary step concept.
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Fig. 10. A plot of the H2 uptake rate (−d[H2]/dt extracted from the linear portion
of  the supported-nanoparticle formation reaction, Fig. 8) vs. the cyclohexene con-
centration. The kinetics reach a zero-order plateau in cyclohexene above 1.65 M
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Scheme 16. The two, parallel nanoparticle growth pathways originally demon-
strated during the formation, in solution, of polyoxoanion-stabilized M(0)n

nanoparticles from a [M(1,5-COD)•P2W15Nb3O62]8− (M = Rh, Ir) precursor (i.e.,
P2W15Nb3O62

8− is the polyoxoanion that was employed) [287]. As demonstrated
elsewhere [287], insufficient H2 (i.e., H2 gas-to-solution MTL) yields polydisperse
nanoparticles since diffusive agglomeration (bottom) kinetically outcompetes sur-
face autocatalytic growth (top) when insufficient H2 is present in solution.

F
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72].

eprinted with permission from [72]. Copyright (2009) American Chemical Society.

In that 2009 study, also investigated was the conversion of
 more heavily metal loaded, 5-wt% H2PtCl6/TiO2 precatalyst to
t(0)n/TiO2 in EtOH (and cyclohexene) under H2 [72]. The observed
inetics are now linear (Fig. 11,  red diamonds left), in dramatic
ontrast to the sigmoidal kinetics observed when starting from
he lower loading, 2.0-wt% H2PtCl6/�-Al2O3 precatalyst (Fig. 8).
nterestingly and importantly, those linear kinetics are the same
s Chupas et al. observed for their formation of 5-wt% H2PtCl6/TiO2
o Pt(0)n/TiO2, but in their studies at the gas–solid interface [56].
tirring rate, and H2PtCl6 weight percent control experiments in
he 2009 study [72] revealed that the linear kinetic curves (for
his gas–liquid–solid system) are due to H2 gas-to-solution mass
ransfer limitations (MTL). Fig. 11 (left) demonstrates that when
he stirring rate is increased from 600 to 1000 rpm, the cyclohex-
ne uptake rate (or H2 uptake) increases from 42.2 psig H2/h to
6.8 psig H2/h, that is a 66% increase leads to a 58% increase in
he reaction rate, prima facie evidence for H2 gas-to-solution MTL
287].

Further evidence consistent with the presence of H2 gas-to-
olution MTL  is given by varying the weight percent of H2PtCl6 on
iO2 and then plotting that vs. the measured H2 uptake rate (Fig. 11

right)). In short, the kinetics for the higher, 5-wt% H2PtCl6/TiO2,
re diffusion limited, and not chemical-reaction limited, kinetic
vidence that is invaluable to knowing if the Pt(0)n nanoparticles
re being synthesized under optimum conditions. Here they are

ig. 11. Linear kinetics observed for the 5-wt% H2PtCl6/TiO2 system in contact with EtOH
 function of the Pt-wt% demonstrates that the reaction approaches zero-order kinetics (i

eprinted with permission from [72]. Copyright (2009) American Chemical Society.
not due to the established effects of H2 gas-to-solution MTL that
broaden the nanoparticle dispersion (vide infra) [287].

The negative affects of MTL  conditions on nanoparticle for-
mation (and syntheses) in solution have been demonstrated in
the literature [287], Scheme 16—an example of one of the ≥8
mechanistic insights now available from kinetic and mechanistic
studies of nanoparticle formation in solution [281]. Specifically,
aggregation to polydisperse nanoparticles occurs under such MTL
conditions (Scheme 16,  bottom half) since that aggregation kinet-
ically out competes the H2-requiring surface autocatalytic growth
that would otherwise yield near-monodisperse nanoparticles (i.e.,
±≤15% [193]) at sufficient H2 pressures (Scheme 16,  top half).

However and importantly, by using the cyclohexene reporter
reaction method it was  possible to screen rapidly and find condi-
tions that avoid the undesired linear (MTL) kinetic regime for the

H2PtCl6/TiO2 system [72]. Specifically, when a lower loading 0.99-
wt% H2PtCl6/TiO2 precatalyst was  employed, the kinetics changed
from linear to sigmoidal. While those 0.99-wt% H2PtCl6/TiO2

, cyclohexene and H2 at 600 and 1000 rpm [72] (shown left). The rate of H2 loss as
.e., approaches the H2 gas-to-solution MTL  regime) even by 2-wt% (right) [72].
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inetics were shown to still contain some MTL,21 the lower cat-
lyst loading is having the desired effect of moving away from
he MTL-regime and into the desired chemical-reaction-limited
egime.

In summary, kinetic and mechanistic studies of H2PtCl6/�-Al2O3
n contact with EtOH solvent and using the cyclohexene/H2 to
yclohexane reporter reaction method have demonstrated: (i) a
alanced reaction stoichiometry; and (ii) sigmoidal kinetic curves
hich can be fit by a 2-step, slow, continuous nucleation and

hen fast autocatalytic surface growth mechanism. Hence, the
ords/concepts of “slow, continuous nucleation” and then “fast

utocatalytic surface growth” [193] can be used rigorously and
ith confidence for this system.8 This is a non-trivial point in

omparison to literature word- or picture-based mechanisms. Also
emonstrated for the H2PtCl6/TiO2 system were: (iii) H2 gas-to-
olution MTL  kinetics, from which polydisperse nanoparticles to
orm as a result of those MTL  effects, and (iv) conditions that largely
void such undesirable MTL  effects. Perhaps especially important,
lso reported were (v) that there is a ∼105 range in k1 for the
2PtCl6/�-Al2O3 system unless one pre-equilibrates the system
ith the EtOH solvent, and (vi) the suggestion that the H2PtCl6 spe-

iation is the underlying cause of the ∼105 range in k1, an important
ypothesis that remains to be further tested and thereby supported
r refuted.

.2.2.4. Studies of the formation for the conversion of Ir(1,5-
OD)Cl/�-Al2O3 to Ir(0)∼900/�-Al2O3: development of a prototype
ystem in contact with solution. The speciation issues in the clas-
ic H2PtCl6/support system [72] lead to the definition, then
evelopment, of a so-called “prototype” system for the study
f the synthesis and kinetics and mechanism of the formation
f supported-nanoparticles in contact with solution. Specifically,

 criteria were defined [74] in which a prototype system: (i)
hould start from a compositionally and structurally well-defined
upported precatalyst; (ii) should be in contact with solution
nd formed under low temperature conditions; and (iii) should
ontain an establishable, balanced stoichiometry for a supported-
anoparticle formation reaction, a reaction that should also lead
o a well-characterized supported-nanoparticle catalyst. In addi-
ion, a prototype system; (iv) should yield an active and long-lived
atalyst, so that (v) the desired/necessary kinetic and mechanistic
tudies are worth the effort. The prototype system (vi) should also
ield reproducible and quantitative kinetic data, so that quantita-
ive conclusions and mechanistic insights can be drawn. Moreover
nd ideally, comparison should be possible to a kinetically and
echanistically well-studied solution nanoparticle formation sys-

em [193,288],  with the goal of obtaining new insights that such a
ittle-precedented comparison might reveal. Once that prototype
ystem is in hand, one would also like to (viii) systematically vary
ey synthetic variables (such as the support, the solvent, the metal
recursor and other desired additives or “promoters”) to reveal
heir affects on the supported-nanoparticle formation reaction in
ontact with solution. Other attributes of a prototype system are

urely possible if not desirable, but the above 8 attributes were the
nitial goal [74].

Hence, in 2010 and 2011 papers, studies were reported regard-
ng the formation of a (as defined) prototype Ir(1,5-COD)Cl/�-Al2O3

21 The observation that the lower 0.99-wt% H2PtCl6 loading on TiO2 still has MTL
ffects, despite being at 2-fold lower loading than the �-Al2O3 case, shows (a) the
ignificant effect of the support on the catalyst formation kinetics, and (b) argues for
ifferent speciation on, or in the presence of, these two  supports (with a more active
pecies toward Pt(0) formation being present on TiO2). Such support effects have
lso been observed in the gas-solid supported-nanoparticle formation literature
32,37,42],  but their detailed origin remains obscure.
Scheme 17. The recently developed [74] Ir(1,5-COD)Cl/�-Al2O3 to Ir(0)∼900/�-Al2O3

supported-nanoparticle formation system in contact with solution.

to Ir(0)∼900/�-Al2O3 supported-nanoparticle catalyst formation
system shown in Scheme 17 [74,75] (Table 3, Entries 7 and
8). The Ir(1,5-COD)Cl/�-Al2O3 to Ir(0)∼900/�-Al2O3 supported-
nanoparticle formation system in contact with solution satisfies
the first 7 of 8 prototype criteria as defined above. The
speciation-controlled Ir(1,5-COD)Cl/�-Al2O3 precatalyst was  thor-
oughly characterized via inductively coupled plasma optical
emission spectroscopy, CO trapping plus IR, and XAFS spectro-
scopies. The Ir(0)∼900/�-Al2O3 product was  formed in contact with
acetone, cyclohexene and H2, and then fully characterized via reac-
tion stoichiometry (confirmed via cyclooctane evolution and H2
uptake measurements), TEM and XAFS spectroscopy revealing a
near-monodispere [215], non-aggregated 2.9 ± 0.4 nm Ir(0)∼900/�-
Al2O3 catalyst (Fig. 12).  The resultant Ir(0)∼900/�-Al2O3 is a highly
active (turnover frequency of 8200 turnover/h) and long-lived
(≥220,000 total turnovers) cyclohexene hydrogenation catalyst
[74] ensuring that the subsequent, time-consuming kinetic and
mechanistic studies were worth the effort.

The observed Ir(0)∼900/�-Al2O3 supported-nanoparticle forma-
tion kinetics (Fig. 13,  left), again monitored via the cyclohexene
reporter reaction (analogous to the one shown in Scheme 15),
are sigmoidal (Fig. 13). Those kinetics are well-fit to the 2-step
mechanism of slow continuous nucleation (A → B, rate constant k1),
followed by fast autocatalytic surface growth (A + B → 2B, rate con-
stant k2), where in this case A is the Ir(1,5-COD)Cl/�-Al2O3 precata-
lyst and B is the growing Ir(0)n nanoparticle surface [74]. The resul-
tant, well-defined rate constants are k1 = 1.5(1.1) × 10−3 h−1 and
k2 = 1.6(2) × 104 h−1 M−1 for nucleation and autocatalytic surface
growth, respectively—note that control over the Ir(1,5-COD)Cl/�-
Al2O3 speciation has allowed reproducible k1 and k2 rate constants
along with formation of a near monodisperse (i.e., ±≤15%)
2.9 ± 0.4 nm Ir(0)∼900/�-Al2O3 supported-nanoparticle catalyst.

The choice of the Ir(1,5-COD)Cl/�-Al2O3 precatalyst allows for
an additional, valuable kinetic monitoring method performed as
a control. By using gas–liquid-chromatography (GLC), the authors
directly monitored the cyclooctane evolution kinetics (i.e., the loss
of A, Ir(1,5-COD)Cl, by the formation of cyclooctane, the hydro-
genated product of the starting 1,5-cyclooctadiene ligand) (Fig. 13
(right)). Importantly, the nucleation (k1GLC = 1.2(2) × 10−3 h−1) and
autocatalytic surface growth (k2GLC = 1.2(2) × 104 h−1 M−1) rate
constants obtained by the more direct, but slow and impre-
cise, GLC monitoring method provides independent verification
of the kinetics obtained by the fast and precise, but indirect,
cyclohexene reporter reaction method (k1 = 1.5(1.1) × 10−3 h−1 and
k2 = 1.6(2) × 104 h−1 M−1). The comparison of the GLC vs. H2-
pressure transducer obtained kinetics also experimentally and
independently verifies the −d[A]/dt/1 = −d[H2]/dt/1700 relation-
ship inherent to the reporter reaction with its excess, 1700
equivalents of cyclohexene vs. the 1 equivalent of A (where

A = the Ir(1,5-COD)Cl/�-Al2O3 precatalyst) [74]. The results make
apparent the ease, precision, power and validity of the of the
cyclohexene reporter reaction method for following the kinetics of
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Fig. 12. TEM imaging and particle size histogram of the prototype Ir(0)∼900/�-Al2O3 supported-nanoparticle catalyst showing 2.9 ± 0.4 nm,  and, hence a near-monodisperse
size  distribution [74]. (a) A large-area view (scale bar 100 nm)  reveals that the nanoparticles are well-dispersed on the support. (b) A close-up view (scale bar 5 nm)  reveals
that  the supported-nanoparticles are crystalline. (c) The associated particle size histogram.

Reprinted with permission from [74]. Copyright (2010) American Chemical Society.

Fig. 13. The sigmoidal kinetics obtained via the cyclohexene reporter reaction method and fit to the 2-step mechanism (left), plus the control of directly monitoring the
evolution of cyclooctane via GLC (right) all for the Ir(1,5-COD)Cl/�-Al2O3 to Ir(0)∼900/�-Al2O3 supported-nanoparticle formation reaction in contact with solution. The k1 and
k  agree within experimental error [74] (i.e., and after correction for the pseudoelementary
s ethod and the underlying kinetic derivations and pseudoelementary step method.
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upported-nanoparticle formation in contact with solution, at least
n such favorable cases and when the proper [cyclohexene]0 con-
rols are performed [74,193].

In a follow up study [75], the authors addressed the important
uestion of whether the nucleation and growth steps occur primar-

ly in solution, on the support, or possibly in both phases for one or
ore of the Ir(0)∼900/�-Al2O3 catalyst formation steps. That is, what

s the intimate kinetic mechanism for this prototype system formed
n contact with solution? The possible purely solid-oxide-based,
urely solution-based or mixed solution-plus-solid nucleation and
rowth alternative mechanistic pathways are shown in Scheme 18.
he bolded pathway shows the mixed solution-plus-solid mech-
nism that was uncovered by the kinetic and other mechanistic
tudies [75], vide infra.

In the kinetic treatment, and the expressions provided next (and
s originally derived elsewhere [75]), the Ir(1,5-COD)Cl/�-Al2O3

recatalyst (abbreviated [IrI/Al2O3]sus) and �-Al2O3 (abbreviated
Al2O3]sus) were necessarily approximated as being “homoge-
eously suspended in solution”,22 as depicted by the “sus”

22 More specifically, the hypothetical “concentrations” of active “Ir(1,5-COD)Cl”
inding sites of the suspended �-Al2O3 were treated as if they increase linearly when

n contact with solution (or, really, with the amount of solvent-exposed �-Al2O3

urface area) [75].

Scheme 18. The a priori, plausible solid-oxide only (left), solution-only (right),
and mixed (bolded; the kinetically observed) pathways for conversion of Ir(1,5-
COD)Cl/�-Al2O3 to Ir(0)∼900/�-Al2O3 in contact with solution [75].
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Fig. 14. Dependence of the k2obs (left black circles) and k1obs (right, circles) rate constants on the [�-Al2O3]sus “concentration”. Also shown are the fits (the lines) to Eqs. (11)
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nd  (10), respectively [75]. (For the color version of this figure, the reader is referre

eprinted with permission from [75]. Copyright (2011) American Chemical Society

ubscripts, and approximation that proved to work well in those
tudies. The bold mechanism in Scheme 18 consists of Ir(1,5-
OD)Cl(solvent) dissociation from the �-Al2O3 support (i.e., from

r(1,5-COD)Cl/�-Al2O3), then solution-based nucleation from that
issociated Ir(1,5-COD)Cl(solvent) species, subsequent fast Ir(0)n

anoparticle capture by �-Al2O3 and then solid-oxide-based
anoparticle growth by Ir(0)n/�-Al2O3 with Ir(1,5-COD)Cl(solvent).
or that bold pathway, the relevant kinetic equations can be derived
y starting from the 2-step mechanism (Eq. (6)):

d[IrI/Al2O3]sus
dt

= k′
1 [IrI ∗ solvent]t

+ k′′
2[IrI ∗ solvent]t[Ir(0)n/Al2O3]sus,t (6)

In Eq. (6) and the equations that follow, IrI*solvent is the
issociated complex, Ir(1,5-COD)Cl(solvent), IrI/Al2O3 is Ir(1,5-
OD)Cl/�-Al2O3 precatalyst, the subscript “i” represents initial
oncentrations, while the subscript “t” denotes each species as

 function of time. Solving the dissociative equilibrium equation
KDiss) (Eq. (7)) for [IrI*solvent]t followed by subsequent substitu-
ion in the mass balance equation (Eq. (8)) are key steps in the
erivation.

Diss = [IrI ∗ solvent]t[Al2O3]sus,t

[IrI/Al2O3]sus,t[solvent]t

(7)

IrI/Al2O3]sus,i = [IrI/Al2O3]sus,t + [IrI ∗ solvent]t (8)

Substitution of the resultant [IrI/Al2O3]sus equation back into Eq.
6) yields Eq. (9),  where the resultant rate constants are given by
qs. (10) and (11), respectively.

d[IrI/Al2O3]sus
dt

= k1obs[IrI/Al2O3]sus,i

+ k2obs[IrI/Al2O3]sus,i[Ir(0)n/Al2O3]sus,t (9)

1obs = k′
1KDiss[solvent]t

[Al2O3]sus,t + KDiss[solvent]t
(10)

2obs = k′′
2KDiss[solvent]t

[Al2O3]sus,t + KDiss[solvent]t
(11)

The mechanism in Scheme 18 (bold), along with Eqs. (10) and

11), predict that both the �-Al2O3 and solvent “concentrations”
hould affect the nucleation and growth rate constants.

To start, the effects of the suspended �-Al2O3 on the Ir(0)∼900/�-
l2O3 nucleation and growth kinetics [75] were investigated
e web version of the article.)

(Fig. 14). Consistent with the mechanism in Scheme 18 (bold)
both k2obs and k1obs qualitatively decrease with increasing �-Al2O3
(black circles). That trend is explained by the increased �-Al2O3
shifting the KDiss equilibrium in Scheme 18 to the left, result-
ing in less Ir(1,5-COD)Cl(solvent) in solution, and a corresponding
decrease in both k2obs and k1obs. Importantly, Eq. (11) could be
used to quantitatively fit the k2obs vs. �-Al2O3 data shown in
Fig. 14 (the line, left), yielding values of k2

′′ = 4(1) × 10−4 h−1 M−1

and KDiss = 1.3(6) × 10−2. The KDiss equilibrium was indepen-
dently verified by hydrogenating the dissociated/equilibrated
Ir(1,5-COD)Cl(solvent) in solution and quantifying the amount
of cyclooctane in solution via GLC. In addition, constraining
KDiss = 1.3(6) × 10−2, Eq. (10) could “roughly” account for the shape
of the k1obs vs. �-Al2O3 data also shown in Fig. 14 (the line, right).
Note that the scatter of ∼101 in the k1obs data is as expected; nucle-
ation rate constants are known to have a scatter of ∼101.2 in the best
studied nanoparticle formation systems to date (e.g., the solution
synthesis of Ir(0)∼300 nanoparticles from a single species Ir(1,5-
COD)·P2W15Nb3O62

8− polyoxoanion precursor [289]) for reasons
that are partially understood [193,288].  The steeper rise of the data
vs. the computed (fit) curve in the right-hand, k1 vs. [�-Al2O3]sus

plot in Fig. 14 is suggestive of bimolecular nucleation, A + A → 2B, a
point under investigation [290].

In order to investigate the affects of the acetone/solvent
“concentration” on the Ir(1,5-COD)Cl/�-Al2O3 to Ir(0)n/�-Al2O3
kinetics, a mixed solvent system of cyclohexane plus acetone was
used [75]. One key difference is that [Ir(1,5-COD)Cl]2 was now the
dominant species observable in solution via UV–vis spectroscopy.
While a slightly modified mechanism, and forms of Eqs. (10) and
(11), were derived in that original publication [75], the qualitative
results are easily explainable in terms of Scheme 18 and Eqs. (10)
and (11). The k2obs and k1obs vs. [acetone] data are shown in Fig. 15;
qualitatively both k2obs and k1obs increase with increasing acetone
concentration as the mechanism back in Scheme 18 predicts. Shift-
ing the dissociative equilibrium in Scheme 18 to the right results in
more Ir(1,5-COD)Cl(solvent) (really [Ir(1,5-COD)Cl]2 in this mixed
solvent case) in solution and a concomitant increase in both k2obs
and k1obs. Again, the general form of Eq. (11) could be used to quan-
titatively fit the k2obs vs. [acetone] data. Once the KDiss equilibrium
for the mixed solvent system was  determined, the k1obs vs. [ace-
tone] data could also be accounted for at least semiquantitatively
(i.e., and in light of the inherent experimental error in the data in
Fig. 15,  right). The higher data points above the curve-fit line in

the right hand k1obs vs. [acetone]1 plot are, again, suggestive of
bimolecular nucleation [290].

The Ir(1,5-COD)Cl/�-Al2O3 to Ir(0)∼900/�-Al2O3 supported-
nanoparticle formation nucleation and growth rate constants also
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Fig. 15. Dependence of the k2obs (left, circles) and k1obs (right, circles) rate constants on the [acetone] “concentration”. Also shown are the fits (the lines) to equations that
have  the same general form as Eqs. (11) and (10), respectively [75]. (For the color version of this figure, the reader is referred to the web  version of the article.)
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eprinted with permission from [75]. Copyright (2011) American Chemical Society

ave a general solvent dependence in acetone, propylene carbon-
te, CH2Cl2 and cyclohexane: k1obs varies by ∼3000-fold and k2obs
aries by ∼70-fold. Finally, that solvent variation-, �-Al2O3- and
cetone-dependent kinetic data, along with UV–vis spectroscopic
nd GLC data could also be used to rule out the all-heterogeneous
solid-oxide-based) and all-homogeneous (solution-based) nucle-
tion and growth mechanisms also shown in Scheme 18 (and as
etailed in the original paper [75]).

Importantly, these studies suggest that the ≥8 available syn-
hetic insights from the soluble, ligand-stabilized, nanoparticle
ormation literature should be transferable to the syntheses of
upported-nanoparticle heterogeneous catalysts. Those insights
nclude [281]: (i) that autocatalysis separates nucleation and
rowth in time, which in turn is why near-monodisperse
≤±15%) size distributions of typically “magic-number” sized [157]
upported-nanoparticles are formed; (ii) that rational size control
s possible via a recently developed nanoparticle size vs. time equa-
ion that relates k1, k2 and the precursor ([A]0) concentration to the
nal nanoparticle average size [156]; (iii) that additional size con-
rol is possible via olefin or other ligand additives [288]; (iv) that
ational seeded-growth methods are precedented by the surface
utocatalytic growth step, including the rational syntheses of all
ossible geometric isomers of multimetallic “nano-onions” [157];
v) that rational catalyst shape control is predicted, via preselected
igands attaching to the growing nanoparticle faces, thereby pre-
enting autocatalytic surface growth at those facets [232–235];
vi) that the negative effects of H2 gas-to-solution mass-transfer
imitations (MTL) in nanoparticle syntheses are expected (vide
upra), along with insights into how to avoid such MTL  effects
287]; (vii) that specific, nanoparticle lattice-matching ligands can
rovide additional nanoparticle stability if desired [223,291];  and
nally (viii) that nanoparticle size-dependent surface metal-to-

igand bond energies exist in which the larger nanoparticles have
eaker Mn–L bonds—plus all that very important, arguably very

eneral, preliminary finding implies for catalysis [191,192].

.2.3. Conclusions
The above survey (i.e., Table 3) of the kinetic and mechanistic

tudies of supported-nanoparticle formation in liquid–solid sys-
ems makes clear that such studies have occurred only 1/5th as
requent as studies of gas–solid systems. While word- and picture-
ased mechanisms dominated the earlier literature [69–71],  there

s a clear trend towards more rigorous, chemical reaction-based,

upported-nanoparticle formation mechanisms in the liquid–solid
ased nanoparticle formation systems [72,74,75].  A 2-step mecha-
ism consisting of slow, continuous nucleation A → B (rate constant
1) followed by fast autocatalytic surface growth, A + B → 2B (rate
constant k2), has been shown to quantitatively account for both
Pt(0)n/�-Al2O3 and Ir(0)n/�-Al2O3 supported-nanoparticle forma-
tion in contact with solution [72,74,75].  Also demonstrated is that
nucleation occurs in solution from Ir(1,5-COD)Cl(solvent) for the
Ir(1,5-COD)Cl/�-Al2O3 to Ir(0)∼900/�-Al2O3 system in acetone sol-
vent, the one case examined to date [75]. One expects the finding
of solution-based nucleation to be more general for other coor-
dinatively saturated (e.g., d8 square planar), or high-valent (e.g.,
Ir(III), Rh(III), Au(III)), supported organometallic species that do
not have facile reduction mechanisms to M(0)n under H2 (i.e.,
and while on the support) [292]. Additionally, diffusion-based
mechanisms (more specifically H2 gas-to-solution MTL) were also
revealed for Pt(0)n/TiO2 supported-nanoparticle formation from 5-
wt% H2PtCl6/TiO2 [72]; hence, care must be taken to minimize such
effects even when employing such liquid–solid systems. Finally, a
very important insight for future studies—one that makes physical
sense in hindsight—is that diffusion limitations present in gas–solid
catalyst formation systems can be overcome in favorable cases by
going to a liquid–solid system. This potential advantage, argues, by
itself, for much greater investigation of liquid–solid systems.

The future appears bright for synthetic, as well as kinetic
and mechanistic studies of supported-nanoparticle formation in
solution—catalysts ideally synthesized from speciation-controlled,
supported organometallics and other single-species precatalysts.
In those studies it will continue to be important to establish
regimes where chemical-reaction-based kinetics are occurring,
rather than diffusion-limited conditions. Establishing fully the
supported-nanoparticle formation stoichiometry and resultant
products will continue to be important stepping stones, as those
stoichiometries must be the sum of the proposed mechanistic
steps. Overall, the results suggest that synthetic and mechanistic
insights, from the modern revolution in nanoparticle syntheses and
study in solution, can now begin to be transferred to the synthe-
ses of improved, size, shape and surface-composition controlled
supported-nanoparticles and their catalysis.

4. Summary

Key points from the introduction section include:
• Key catalytic properties—such as selectivity, activity and

lifetime—of supported-nanoparticle catalysts depend of course
on the size, structure and composition of the supported nanopar-

ticles.

• Unfortunately, rational, mechanistically guided syntheses of
the desired size, structure and compositionally controlled
supported-nanoparticle catalysts are generally still lacking.
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• One major reason for this gap, despite the technological and
commercial importance of supported-nanoparticle catalysts, is
the present poor understanding of the mechanisms that govern
supported-nanoparticle formation.

Key points from the fundamental background information at the
gas–solid interface include:
• Methods such as XAFS and total high-energy X-ray scattering

plus PDF analysis are direct, powerful physical methods capable
of following supported-nanoparticle formation in real time.

• However, and despite the emergence and use of such powerful
spectroscopic methods, additional, more routine complimentary
kinetic monitoring methods are needed to screen systems and
to ensure that only the most important and well-defined sys-
tems are subject to the more expensive and time-consuming
synchrotron X-ray methods mentioned above. Restated, there is
a need in the future to couple cheap, quick and easy (albeit some-
times indirect) methods with the more expensive, slower (but
more direct and thereby powerful) reaction product and kinetic
monitoring methods.

• The complex nature of the mechanisms of formation of
supported-nanoparticles will demand the use of multiple, com-
plimentary physical methods (e.g., XAFS plus total high-energy
X-ray scattering with PDF analysis).

Key points from the kinetic and mechanistic studies at the gas–solid
interface include:
• The M(NH3)4

2+ (M = Pt2+, Pd2+) H2PtCl6, Ag(NO3), and
supported-organometallic systems provide a solid founda-
tion of work upon which to build. However, much remains
to be done including studies that, at a minimum, rigorously
demonstrate the following: (i) the supported-precatalyst
composition and structure—that is, the precise precatalyst
speciation present, (ii) the supported-nanoparticle products,
and (iii) the overall balanced stoichiometry of the nanoparticle
formation reaction.

• Control over the supported-precatalyst speciation is particu-
larly crucial as the supported-nanoparticle formation kinetics
are governed by the rates of evolution of those species (e.g.,
their nucleation (k1) and growth (k2) rate constants). Supported-
organometallic precatalysts offer one good, precedented, and
arguably more broadly applicable way to overcome and control
the precatalyst speciation problem.

• Once speciation-controlled precatalysts are in hand, diffusional
and other unwanted processes need to be looked for, and
then eliminated, when present so that chemical-reaction-based
kinetic regimes can studied en route to the synthesis of the
desired, more active, more selective, longer-lived and precisely
weakly-ligated supported-nanoparticle catalysts.

• The finding of diffusion-limited processes in supported-
nanoparticle formation of gas–solid systems is arguably a major
limitation at present in those systems—an important finding
from this review. It is crucial, therefore, to find conditions which
at least limit, if not eliminate, such diffusion-controlled limita-
tions in gas–solid supported-nanoparticle formation systems.

• Chemical-reaction-based mechanisms (rather than the cur-
rently dominant word- and picture-based), plus disproof of
multiple alternative mechanisms (hypotheses) en route to a
thereby better supported mechanism, are needed if the syn-
thetic and mechanistic knowledge of supported-nanoparticle
formation reactions is to advance smoothly, more quickly and
reliably.

• There is a need to bridge the synthetic and mechanistic knowl-
edge of supported-nanoparticle formation from the systems

and studies reviewed herein, with knowledge from the UHV
community, as well as with the knowledge now available from
soluble ligand-stabilized nanoparticle formation in solution.
There is also a need to bridge the above three areas with the
talysis A: Chemical 355 (2012) 1– 38

wealth of precise knowledge of reactions and their mechanisms
available from the organometallic community [25,26].

Key points from the fundamental background information in
liquid–solid systems include:
• Synthesizing supported-nanoparticles via liquid–solid systems

is an attractive, emerging area, one where the synthetic and
mechanistic insights, from the modern revolution in nanopar-
ticle synthetic and mechanistic studies in solution, can probably
be transferred to the synthesis of supported-nanoparticle cat-
alysts. Bridging the “pressure”, “temperature”, “materials” and
“no solvent vs. solvent” gaps between those areas, as well as
bridging and melding the “concept and associated nomencla-
ture” gaps, between these areas promises to be a formidable –
but key, important – challenge.

• Direct, in operando techniques for following the kinetics of
supported-nanoparticle formation need to be emphasized in the
future.

Key points from the kinetic and mechanistic studies in liquid–solid
systems include:
• In terms of volume, kinetic and mechanistic studies for

liquid–solid systems are presently 1/5th as common as the more
often studied gas–solid systems—indicating that a wide-open
opportunity for additional studies is present for liquid–solid sys-
tems.

• Despite the lower volume of work to date, good initial head-
way has been made into understanding supported-nanoparticle
formation reactions and their underlying mechanism(s) in
liquid–solid systems. In particular, the overall kinetics in several
systems can be fit by a chemical-reaction-based mechanism con-
sisting of slow, continuous, nucleation (A → B, rate constant k1)
followed by fast autocatalytic surface growth (A + B → 2B, rate
constant k2). A nanoparticle size vs. time equation is also avail-
able for that 2-step mechanism and in terms of k1, k2 and [A]0
[156].

• In one case, an as-defined prototype system, Ir(1,5-COD)Cl/�-
Al2O3, has been prepared and shown to evolve to a well-defined,
weakly-ligated, highly catalytically active, Ir(0)∼900/�-Al2O3
supported-nanoparticle catalyst via a demonstrated, balanced
reaction stoichiometry.

• In the Ir(1,5-COD)Cl/�-Al2O3 to Ir(0)∼900/�-Al2O3 system in
contact with acetone solution, kinetic and mechanistic studies
demonstrate that nucleation occurs in solution from Ir(1,5-
COD)Cl(solvent) dissociated from the �-Al2O3 support, followed
by a fast Ir(0)n nanoparticle capture step by the �-Al2O3 sup-
port, and then subsequent support-based nanoparticle growth
between Ir(0)n/�-Al2O3 plus Ir(1,5-COD)Cl(solvent) from
solution.

Overall, it is clear that kinetic and mechanistic insights
into supported-nanoparticle heterogeneous catalyst formation
greatly lags behind both the importance, as well as the prior
preparative chemistry, of these practical, industrially relevant cat-
alysts. However, a convergence appears to be emerging between
the knowledge of solution nanoparticle syntheses, mechanistic
studies of nanoparticle formation in solution, improved speciation-
controlled synthesis of supported precatalysts, plus the use of
powerful physical methods (such as XAFS and the total high-energy
X-ray scattering and PDF analysis). Complimentary, quicker and
easier, but less direct methods for following nanoparticle forma-
tion reactions are also finding use. A synergism of these subareas is
beginning to occur and is strongly encouraged. A combination and
melding of the knowledge of the heterogeneous catalysts, UHV,

solution nanoparticle and organometallic communities is needed
and, therefore, is an important, challenging goal.

Despite the above advances, much remains to be done to achieve
the lofty goal of synthesizing the next generation of size, size
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ispersion, shape and surface-composition-controlled supported-
anoparticle heterogeneous catalysts. It is hoped the present
eview of the current state of knowledge, and additional research
eeds, will help fuel the needed, synergistic efforts.

ote added in proof

Two relevant papers have been published since submission of
his review. The first study is a third publication from Chupas,
hapman and co-workers [293] in which those authors used total
igh-energy X-ray scattering, plus PDF analysis, to monitor the for-
ation of Ag(0)n species supported on the zeolite Mordenite (MOR)

rom a Ag+/MOR precatalyst under H2 (at 300, 350, 400 and 500 K)
nd at the gas–solid interface.

In the second study, Gates and co-workers use aberration-
orrected scanning transmission electron microscopy (STEM) to
tudy the “first steps of metal nanocluster formation” from another
ell characterized Ir(C2H4)2 complex supported on zeolite Al-SSZ-

3 and under the influence of the STEM electron beam [294]. The
nterested reader is referred to these papers for the synthetic and

echanistic details and insights therein.
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