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ABSTRACT

Catalyst deactivation is ultimately inevitable, and one of the processes known to cause
deactivation is sintering of metal particles. Consequently, numerous methods to reverse the
sintering process by re-dispersing metal nanoparticles have been developed. These methods
are discussed in this perspective, and the reported mechanisms of re-dispersion are
summarized. Additionally, the longer term practical use of such treatments, and the benefits

this can bring, is briefly disclosed.
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1 Introduction

In the field of heterogeneous catalysis, it is well documented that deactivation of catalysts is
not only problematic, but that it is also eventually inevitable. Such deactivations can be as a
result of both chemical and physical changes and in the case of metal supported catalysts, this
can occur by way of a number of mechanisms, such as poisoning, coking and
sintering/agglomeration of metal nanoparticles.” 2 Process technology considerations often
mean that methods of reversing catalyst deactivations are developed. These can occur either
during process operation (e.g. only a change of feed is required) or during a separate

regeneration process (where multiple conditions may need to be varied).3

In order to fully assess deactivation and/or reactivation due to changes in metal dispersions one
has to be mindful of the limitations of physio-chemical techniques (such as chemisorption, UV,
TEM and X-Ray based methods) that are used for such analysis. For example, chemisorption
techniques assess particle size based on adsorption. This is subject to error since the adsorption
provides a measure of the surface area and from this a particle size is inferred based on a
number of assumptions, for example the shape of the particle and the geometry of the
adsorbed molecule on the surface. Similarly, it is known that the electrons generated in
techniques such as TEM have the ability to change metal dispersions. Hence the best practice is
to use a combination of techniques, including, where possible, synchronous characterization
methods. There have been many reports of such studies combining, for instance, numerous
spectroscopic techniques. Recently, the emergence of pair distribution function (PDF) to be

utilized with traditional X-Ray adsorption spectroscopy (XAS) studies has also been discussed.*



In the future, the use of computed tomography with experimental techniques, such as XRD-
PDF°, may prove to be very useful given the ability to determine structural changes of “minor”

components®, such as smaller metallic nanoparticles.

Catalytic activity and durability are often inversely proportional to the diameter of the

supported metal particles, with smaller particles typically resulting in higher activities.” 8.

Consequently, the activity of supported metal catalysts is highly dependent on metal particle
size.’ For instance, for gold, the highest activity observed for CO oxidation was with gold
particles of 2-3 nm in diameter, whereas other reactions have their own optimum gold particle
size.1% 11 However, it is also worth noting that in the case of gold, changes in electronic
properties due to decreasing particle size (and lower coordination) can increase gold’s ability to

adsorb small molecules.1?

The driving force for sintering is the thermodynamic instability of small crystallite particles (nm
range), which possess a high surface to volume ratio!3. This driving force increases
exponentially with decreasing particle size;'# i.e. the greater the instability of the particles, the
greater the driving force is for sintering.!> Hence, larger metal particles are formed by the
aggregation of smaller particles, meaning that the total accessible metallic surface is
significantly reduced.'® In some instances, preventative measures have been taken in the
catalyst synthesis steps, but these may only delay the deactivation. For instance, the use of
“capping agents” which are designed to protect against agglomeration only delay the growth of
the nanoparticles’, and hence deactivation will still ultimately follow. An example of this is the

use of Re to retard Pt sintering as it results in the dispersion to smaller aggregates, thereby,



increasing the catalyst lifetime before regeneration is required.*® It has also been reported that
the presence of Re can, in fact, restrict Pt migration and, thereby, limit sintering.%-2* A similar
restriction in Pt sintering as a result of addition of Sn has also been reported?? and this is
thought to be as a result of Sn poisoning acidic sites of the support?3, although alloying with Sn
is also reported to inhibit the Pt activity. A similar inhibition has also been reported when
Ir/Al,03 was impregnated with CaO, SrO or BaO, although the concentration of these metals
(Ca, Sr or Ba) must be higher than the concentration of acid sites.?* It is also noteworthy that
addition of BaO to a sintered Ir/Al>03 and subsequent oxidation (in air at 600 °C) caused the Ir

metal to re-disperse.?*

The use of ligands (e.g. thiols) which can form strong sulphur-metal bonds (for instance with Au
and Pt) can stabilize mobile metal atoms on a CuO surface resulting in highly dispersed metal
particles upon removal of the ligands.” For example, tris(phenylthio)benzene (TPB) was
adsorbed on gold nanoparticles resulting in a decrease in the gold particle size from ~4 nm to
~1.5 nm. This was thought to be due to the TPB affecting the migration of the gold particles on

the oxide, resulting in a change in particle size distribution.

Additionally, when core shell structures were prepared, it was suggested that the encapsulated
nanoparticles were more resistant to sintering>2® and this is a possible explanation for catalytic

activity being maintained.?®

Another synthesis method which has the potential to limit sintering and/or promote dispersion
of metals (including Cu, Pt and Pd) is the use a support of a solid solution of mixed oxides

containing at least one reducible metal oxide, such as ceria.3%33 The presence of the reducible



metal oxide facilitates the creation of metal-metal oxide interfaces under reducing conditions,

which allows for the metal to be re-dispersed under oxidizing conditions.

Another possible route to prevent aggregation of nanoparticles is in the utilization of strong
metal-oxide/support interactions (SMOI or SMSI). It has been suggested that strong adhesion
energy of nanoparticles of metal (Ag, Ir and other late transition metals) to supports (including
ceria, magnesia and perovskites) is responsible for their resistance to sintering.3* 3> Obviously
SMSI effects are both metal and support dependent, so one can consider the thermal stability
of the metal as a guide to this. For example, over Al,O3, in Oz environment the SMSI effect
decreases from Rh>Pt>Ir>Ru whereas in an in H, environment the trend is Ir*Ru>Rh>Pt.3¢ In
addition to this, it has been reported that the use of non-reducible metal oxides (SiO2, Al;Os,
MgO) as supports can stabilize very small particles, specifically gold.3” More recent work has
reported a new type of SMSI for Pt nanoparticles on ceria®®, where the Pt (as Pts) has been
observed as a fluxional system where the charge distribution and geometry are able to change,

thereby facilitating an enhancement of catalytic activity.

Another factor to be considered is the role of the support in the re-dispersion process.3® For
instance, it has been reported that Pt supported on zeolite HY is much more prone to sintering
than Pt/Al,O3 catalysts.? The ability to disperse Pt over a range of metal oxide supports (TiO2,
Sn0;, NbO;, Zr0O,, SiOz, Ta20s and Nb20s) in low temperature fuel cells (under the operating
conditions of PEMFC cathode) has also been reported.3® As Pt re-dispersion is considered an
activated process it was calculated that, under such conditions, only NbO, was suitable for Pt

re-dispersion in the desired potential interval, although SnO; has some promise also. This



process is also affected by the acidity of the support. For example, using oxidative treatments
(at 550 °C), increased Pt dispersion was observed in the case of acidic supports (Al,0s and

MgO), but decreased over basic/neutral supports (SiO3, silica alumina, silicalite).*!

Despite attempts to prevent sintering, eventually metal particles will sinter, resulting in
deactivation of the catalyst. This is problematic and as a result some precious metal catalysts
(particularly for automotive uses) tend to be loaded with excess metal to enhance lifetime.*?
For instance, in automotive catalysts, the monoliths could contain as much as 2000 g t? of
metal. This excess loading is to ensure that the catalyst remains effective even at the end of its
guaranteed lifetime to comply with the environmental legislation.** Conversely, the demands
on precious metal resources are ever growing, due to increased industrialization and legislation
concerning emissions 42 Therefore, ways that can be developed resulting in the regeneration of
catalysts through the re-dispersion of supported metals in sintered catalysts are critical for the

future of emission control and chemical industries.

2 Metal re-dispersion strategies

With catalyst deactivation comes the obvious pursuit of catalyst reactivation/recycling. In the
case of deactivation by sintering this will require the rejuvenation of the metallic sites. The
regeneration process whereby the original metal dispersion of a sintered catalyst is achieved, or
even improved upon, is known as “re-dispersion”.%® It is possible to regain or even improve
upon the original dispersion and, in most cases, with this ability to re-disperse the metal
particles comes the ability to recover the catalytic activity. Note, however, that this will not

always result in the original activity being recovered.**



The use of re-dispersion of metal nanoparticles in the reversal of sintering has existed almost
from the point that sintering was identified as a deactivation process.* It has been argued that
sintering and re-dispersion are two sides to the same process, which have a dependence on
both temperature and atmosphere.?® It has also been postulated that re-dispersion is in itself
actually part of the sintering mechanism, whereby the metallic atoms become initially liberated
from larger particles.*” Hence, if the process is halted abruptly (normally by cooling), this
dispersion will be maintained or frozen. There is some evidence that this does occur since it has
been reported that catalysts which were rapidly cooled retained a higher dispersion than those

allowed to cool slowly, in what was referred to as a “freezing of agglomeration” .8

The ability to re-disperse a metal is dependent on a number of factors, including temperature,
redox environment, interaction between the metal and the support which affects the activation
energy of atom moving from metal nanoparticle to the support*’ and the surface area of the
support. It has also been reported (from Monte Carlo simulations) that the greater the initial
particle size, the slower the re-dispersion process.*® Similarly, the higher the initial metal

content, then the more difficult it will be to re-disperse the metal.*% >°

Numerous re-dispersion strategies have been utilized for a wide range of metals (e.g. Pt, Au and
Ag) and these are discussed in the subsequent sections. The strategies for metal re-dispersion

are summarized in Table 1.



Table 1: Summary of references for metal re-dispersion strategies

Strategy Metals References
Oxidation and reduction Fe 73-75
Pt 16, 22, 40, 76-93
Pd 94-107
Rh 18,79, 108-112
Ag 113-119
Au 10, 37, 120
Other metals and bi-metallics 16, 18, 22,79, 80, 121-123
Chlorination and oxychlorination Pt 19, 44, 50, 84, 158-170
Pd 171,172
Other metals and bi-metallics 18, 19, 22, 79, 80, 169, 173-184
Thermal treatment with iodomethane Au 9, 188-190, 192-194
Rh 191
Treatment with halohydrocarbons other than Au 9
iodomethane

2.1 Oxidation and Reduction

One of the most common approaches to re-dispersion are techniques using cycles of oxidation
and reduction, primarily with oxygen and hydrogen, respectively.®® Such techniques are
commonly used in industry, as indicated by the number of patents related to oxidation and/or
reduction methods for catalyst regeneration, for example references 52-71, although not all of
these refer to re-dispersion. During oxidation/reduction re-dispersion processes it has been
proposed that oxidations result in metal oxide particles, followed by mobilization of these

particles. Thereafter, heated hydrogen treatments (typically short in duration) form the




catalytically active metal particles through the reduction of the metal oxide. Short timescales
for this process are necessary as sintering can occur after prolonged heating, particularly in
reducing environments, although sintering can also occur while heating under oxidizing

atmospheres.”?

The temperature of such treatments dictates the ability to re-disperse or sinter the metal.”3-7>
For instance, in the case of iron on titanium oxide, reductive treatments (Fe3* being reduced to
Fe?*)’* below 370 °C result in particles < 10 nm (as observed via TEM).”> However, in the
temperature range of 404 to 434 °C, the Fe particles have been reported to grow to > 10 nm.”3
Reductions at 500 °C resulted in Fe particles ~ 10 nm in size, while reductions in the
temperature range of 602 to 700 °C gave Fe particles which were < 10 nm.”® In these instances,
the active catalyst is actually a mixed oxide of Fe and Ti, which is formed via oxidation at 677 °C,
where a high iron dispersion is still maintained in the form of FeTi,Os species. It should be
noted that the first oxidation could not completely reverse the changes caused by the first
reduction, nor were subsequent reductions found to completely reverse the effect of the
corresponding oxidation step, reportedly a consequence of SMSI.”> Such SMSI and temperature
dependencies for the sintering/re-dispersion (and reversibility thereof) will be metal and

support specific.

It should be noted that oxidation may not always result in re-dispersion to smaller particles. For
instance, in the case of Pt, the oxidation process is thought to disrupt the metal lattice. When
these particles are subsequently reduced, fissures appear in the Pt particles’® which can result

in a higher Pt surface area even though the Pt particle size remains apparently relatively



unchanged. For this reason, one should not use chemisorption experiments alone to assess the
extent of re-dispersion since any increase in Pt surface area will result in increased
chemisorption due to the porosity changes. Therefore, any link between a change in H/Pt ratio
(from chemisorption) and sintering/re-dispersion in the absence of further characterization is
the subject of some debate.”” Hence, it is preferable to make use of a combination of

additional techniques to definitively monitor changes in metallic particle size (e.g. TEM).

2.1.1 Platinum

The ability to re-dispserse platinum over a range of supports with oxidation-reduction cycles
has been well documented in the literature. However, it should be noted that it can take
numerous cycles of oxidation-reduction before any re-dispersion is actually observed.”® The
effect of oxidation-reduction cycles on Pt/Al,O3 catalysts has been examined through activity
studies'® 22 and using CO adsorption IR spectroscopy.’® 8 Interestingly, it was also found that

repeated oxidation cycles actually resulted in Pt sintering.??

TEM studies have shown that the re-dispersion of Pt particles was observed from 10.7 nm to
4.1 nm after heating a Pt/y-Al,Os3 catalyst in air at 600 °C for 18 h, followed by heating at 500 °C,
also in air, for a further 18 h.8! Prior to analysis with TEM, the samples were immersed in
mercuric chloride and then rinsed with water, before being stored under high vacuum for
several hours to avoid any contamination of the microscope. There was no apparent reduction
treatment, although the storage under high vacuum for several hours would have creating a

significant reducing environment. Some re-dispersion was achieved at lower temperatures (400

10



°C) following the 600 °C treatment, but to a lesser extent that that observed after heating at

500 °C.8!

A different study reported an optimum temperature for re-dispersion of Pt (in the case of a
number of pre-reduced Pt/Al,Os catalysts).®? In this case, oxidation at temperatures up to 600
°C, followed by a reduction with H, at 500 °C resulted in dispersion of the Pt (30%) which was
higher than that obtained with the fresh catalyst (10%). However, the maximum dispersion was
observed after oxidation at 550 °C (70 %), and sintering began to occur again at temperatures
greater than this. This optimum temperature has been reported elsewhere for oxidation-
reduction cycles, and highly dispersed metallic particles have been observed after reduction at
550 °C.%° |t was actually reported in this instance that the re-dispersed Pt was resistant to any
subsequent sintering.*? It should be noted, however, that there are also reports in the literature

of original dispersions of fresh catalysts being restored at 480 °C.%3

XRD and TEM were used to study the hydrogen storage capacity of a range of Pt/MgO catalysts
as a mean to assess changes in Pt particle size after oxidation and reduction. 4 It was found that
oxidative treatments between 550 and 800 °C resulted in Pt particles with a reduced average

crystallite size.

Using a cyclic oxidative/reductive process, it was found that at all studied temperatures (500 to
800 °C), the particle sizes of Pt were smaller after the oxidation step (2.21 to 9.56 nm)
compared with the Pt particle size after the reduction (3.03 to 11.11 nm), although the particle
size even after reduction was still smaller than that observed for the fresh catalyst.'® Similar

trends were noted in other studies of the same monometallic Pt catalyst.® It should, however,

11



be noted that this was quite a prolonged reduction step (16 h at 150 °C and 2 h at 250 °C), in
pure hydrogen. Consequently, the fact that some sintering occurred during this reduction step
is not surprising. Therefore, as previously stated in this perspective, it is important that any

reductive step conducted after oxidations is done under carefully controlled conditions.

XRD, TEM, XAFS and XPS have all been employed to study the sintering and re-dispersion of Pt
in Pt/MgO and Pt/y-Al,03 catalysts.®® Therein, the catalysts were aged at temperature (700, 800
and 900 °C) for 5 h in two ways; in constant air flow (air ageing) or in a flow switching every 5
minutes between 5% O, in Nz and 10 % H; in N; (redox ageing). Activity tests with simulated
exhaust gas (0.7% CO, 0.23% H, 0.053% CsHs, 0.12% NO, 0.646% 02, 10% COzand 3% H20 in N2)
reactions were then conducted with the aged catalysts, with conversion of CO, CsHs and NOx

monitored.

The air ageing tests had little effect on the activity of the Pt/MgO, but caused a significant
decrease in the activity of the Pt/y-Al,0s. Hence, Pt/MgO was more stable under high
temperature oxidative conditions than Pt/y-Al,0s. An explanation for this was that no sintering
of Pt occurred on Pt/MgO, but Pt particles as large as 30 nm formed on the air aged Pt/ y-Al,Os

catalyst.

It was previously demonstrated that the interaction of Pt with the support oxide occurs under
oxidizing conditions, and that the inhibiting sintering effect on Pt can be controlled by support
oxygen electron density through the interaction of Pt oxide with the support.®” The formation
of Mg2PtOs compounds during the air aging process is thought to inhibit Pt sintering, thereby

explaining the stability of Pt/MgO under high temperature oxidizing conditions. This is in

12



agreement with previous studies which showed that the Pt interactions with alumina were

much weaker®’, thus explaining the lack of Pt re-dispersion in Pt/y-Al,0s.

The redox ageing tests were found to have an adverse effect on the activity of both the Pt/MgO
and Pt/y-Al,0O3 catalysts for simulated exhaust reactions. It was observed that the Pt particle
size had grown for both Pt/MgO (15 to 25 nm) and Pt/y-Al,03 (20 to 30 nm) following the redox
ageing tests. It was determined that the deactivated Pt/MgO catalyst could be regenerated by
re-dispersing the Pt nanoparticles following to a process of sequential treatments involving 20
% 0,/N; for 5 h and then 10 % H>/N; for 5 h at 800 °C. However, under the same conditions, the
activity of the Pt/y-Al,Os continued to decrease. Consequently, it was reported that the
formation of Mg;PtOs was the driving force of the re-dispersion process. This is further
evidence that a strong metal support interaction is desirable for catalyst regeneration via redox

treatments, in the case of Pt at least.

Similar conclusions were drawn when a Pt/Al,Os catalyst was compared with a Pt/CeZrY mixed
oxide catalyst using in situ time resolved Turbo-XAS.8 For the Pt/Al,O3 catalyst, it was observed
that as temperature increased so too did the Pt particle size (>20 nm); it was also noted that
the particle size did not decrease again upon cooling. However, in the case of Pt/CeZrY mixed
oxide, the particle size increased from 1.8 nm, for the untreated catalyst, to 4.4 nm as
temperature was increased from 400 to 800 °C, while particle size decreased again to 2.7 nm
when cooled to 550 °C. Hence, this sintering/re-dispersion could be controlled reversibly by
temperature. Again, the strong interactions between Pt oxide and support (primarily ceria) was

thought to be the reason for the re-dispersion process.

13



The nature of the Pt re-dispersion was further studied in terms of how the initial Pt particle size
affected the rate of Pt re-dispersion.8® It was determined that the larger the initial particle size,

then the slower the re-dispersion process, in agreement with Monte Carlo simulations.*

The effect of temperature on the rate of re-dispersion was also investigated.88 Unsurprisingly,
the re-dispersion occurs faster at higher temperatures, indicating an activated process, a fact
which is reinforced considering no re-dispersion occurred at 400 °C or below. Additionally, it
was found that re-dispersion occurred much faster at higher oxygen concentrations, which
supports the theory that Pt oxide interactions with the support are important to the re-

dispersion process.

It has been reported, that the agglomeration of Pt can occur in both reducing and oxidizing
atmospheres, particularly at temperatures above which Pt** species typically decompose.®’
However, subsequent oxidation at lower temperatures results in a mobile PtO phase, which can

result in highly dispersed metallic particles after a controlled reduction.

In general, it has been reported that Pt dispersions of Pt/Al,O3 catalysts after treatment with
oxygen are higher than the dispersions found after hydrogen treatments.° It has been reported
that when increasing oxygen concentration during oxidative treatments of a Pt/Al,O3 catalyst,
PtO forms, which promotes the formation of Pt-Al,O3 complexes and subsequent migration of
Pt species into the bulk lattice of the support.®! Upon reduction, these PtO and Pt-Al,O3 species
form Pt metal, resulting in a greater Pt dispersion being observed. However, it has also been
reported that heating in oxygen can cause catalyst deactivation, whereas heating in hydrogen

(or nitrogen) resulted in activation (at temperatures > 400 °C) for the hydrogenation of

14



cyclohexane and decomposition of hydrogen peroxide.®? At temperatures below 400 °C (for all
atmospheres) sintering and deactivation occurred. At higher temperatures in hydrogen (and to
a lesser extent, nitrogen) oxygen is removed from the surface of the support, which in fact
promotes dissociation of Pt crystallites and surface mobility of the Pt, towards these
vacancies.’? A similar mechanism (and trends; sintering in oxidizing and re-dispersion in
reducing conditions) has also been proposed for a Pt/TiO; catalyst.®® In this case, a change in
the titania was observed (from TiO; to TisO7) due to the reduction of the surface removing
oxygen and creation of vacancies.”® In this case, the Pt metal is thought to interact with
exposed Ti cations to form Pt-Ti bonds, which rupture under oxidizing conditions, reforming the

TiO2 and causing Pt agglomeration.®3

2.1.2 Palladium

Previously, the dependency of catalytic activity on the Pd particle size has been observed under
CO/NO cycling.®*%¢ Therein, from the CO/NO cycling experiments it was reported that an
increased size of Pd nanoparticles was found to have a negative effect on the production of
COz. In a study using EXAFS, DRIFTS and MS of NO reduction/CO removal it has been reported
that rapid, reversible sintering and a novel, non-oxidative re-dispersion of Pd nanoparticles
occurred during cycles between CO and NO flows.?” This occurred without chlorine present, and
without significant Pd oxidation. Experiments were conducted at 400 °C on a 1 wt.% Pd
supported on 10% ceria-zirconia on alumina (10ZCA) catalyst, cycling between flows of 5%
CO/He and 5% NO/He. While the fresh catalyst was found to contain PdO nanoparticles almost

exclusively, in both the CO and NO environments there was no PdO detected, and the Pd-Pd

15



bond lengths observed were characteristic of metallic Pd and Pd nanoparticles. However, the
Pd-Pd coordination was higher in the CO environment than in the NO environment, with
particles of ~100 Pd atoms forming due to sintering by CO. Under the NO environment, non-
oxidative dispersion of these large particles occurred, resulting in particles of ~20-25 Pd atoms.
The sintering/re-dispersion mechanism involved removal of adsorbed oxygen from the fresh
catalyst by CO (reductant). Once the adsorbed oxygen was depleted, the sintering of the Pd
occurred in tandem with the CO adsorbing on metallic Pd as observed with IR spectroscopy.
Under the NO feed, the adsorbed CO was removed from the surface and Pd re-dispersion

occurred, most likely, by a combination of both particle splitting and flattening.®’

EXAFS studies were also conducted on a chloride free Pd/Al,03 catalyst during redox cycles with
CO as the reductant and NO as the oxidant both in the absence and presence of oxygen.%® %°
The same overall trend was observed during the CO/NO cycles as that discussed previously?’,
i.e. sintering in CO, re-dispersing in NO. However, in the presence of O, during the NO cycle, the
amount of re-dispersion achieved was found to significantly increase, although this occurred
without oxidation of Pd.® % The postulated mechanism involves an initiation step of significant
Pd re-dispersion, prior to the formation of the more stable Pd0% °° which, as already discussed,
can migrate further over the support ultimately resulting in a higher metallic dispersion upon

reduction.

A similar observation has been made for Pd supported on perovskite used in catalytic
convertors.'%° Samples were cycled between lean (oxidative) and rich (reductive) engine

conditions at 800 °C using a sequence of oxidation (in air at for 1 h), reduction (10% H; for 1 h)

16



and re-oxidation (in air for 1 h). It was reported that the oxidation-reduction-oxidation cycle
caused Pd migration in and out of the lattice of the perovskite, hindering sintering of Pd. This
provided an explanation for the longevity of these catalysts due to apparent “self-
regeneration”, as has been previously reported.*? Crucially, with a refined methodology, the
perovskite material was also found to be equally effective in promoting self-regeneration in Pt
and Rh as well as Pd.®! It is also noteworthy that these self-regenerating catalysts have been
utilized in non-automotive applications, such as organic synthesis reactions like Suzuki

coupling.10% 103

2.1.3 Rhodium

While studying CO hydrogenation using Rh catalysts (RhVO4/SiO2, Rh/SiO2 and V20s-Rh/SiO3),
the mean sizes of the Rh particles was assessed.'®* After reduction (at 500 °C), it was found that
the Rh precursors used for catalyst preparation decomposed to form highly dispersed Rh
particles, the size of which varied for RhV04/SiO; (4 nm), Rh/SiO; (9-10 nm) and V;0s-Rh/SiO>
(9-10 nm). It was further determined that, after reaction, when the catalyst was sintered, it was
possible to regenerate the rhodium vanadate complexes via oxidation at 700 °C, and then

recover the highly dispersed Rh through a subsequent reduction step.

High resolution electron microscopy (HREM) studies looked at the influence of reduction/re-
oxidation conditions on the particle size distribution of a series of Rh/CeO; catalysts prepared
from Rh(NOs); and RhCls.1% Reductions and re-oxidations were conducted using a flow of H, or
0, while heating the catalyst from 25 °C up to selected reduction temperatures (350, 500 and

900 °C) at a rate of 10 °C min! before dwelling for 1 h. Reduction at 700 °C and re-oxidation at

17



800 °C were also investigated. Progressive sintering was observed during reduction up to 700
°C, and significant sintering occurred at 900 °C. Rh re-dispersion was only observed during the
re-oxidation treatments at 800 and 900 °C, while the re-oxidation at 500 °C induced sintering. In
previous studies!®® 197 employing TPO experiments it was determined that metallic and oxidized
Rh phase were both present following re-oxidation treatments at lower temperatures (100 and
250 °C). However, polycrystalline Rh203 particles were found to be the almost exclusive phase
after re-oxidation at 500 °C. Re-oxidation at higher temperatures was found to encourage the
migration of these Rh;0s particles across the CeO;, which then could be reduced to highly

dispersed metallic Rh,

2.1.4 Rhenium

For a Re/Al,03 catalyst studied using chemisorption, ESR and TPR a dispersed oxide phase had a
high level of interaction with the support, which readily reduced to metallic Re at temperatures
>500 °C, while maintaining dispersion.1® The crystallite oxide phase could be oxidized further
to Re’, and then subsequently reduced to metal Re in hydrogen at 350 °C. This metallic Re
could be dispersed via oxidation, followed by exposure to vacuum or inert gas at 500 °C. This
dispersed oxide phase could then be reduced to Re metal as mentioned previously.'® Such
characteristics (spreading of oxide phase and reduction of oxide) have been further confirmed

by similar experiments using XPS.19°

The Re dispersion of 1 and 10 wt.% Re/y-Al,03 catalysts following four different oxidation-
reduction treatments was monitored using hydrogen chemisorption, TEM, XRD, electron

diffraction and electron spin resonance!'® and in terms of the activity and selectivity of the
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catalysts for hydrogenation and hydrogenolysis of benzene.!!! The 1 wt.% Re catalyst was
subjected to 20 oxidation-reduction cycles while 10 wt.% Re catalyst underwent 10 oxidation-

reduction cycles.

The chemisorption results of both 1 and 10 wt.% Re/y-Al;Os indicated that surface area and Re
dispersion increased relative to the untreated catalyst after oxidation at 400 °C. An increased
dispersion was also noted for the catalysts stored in air at room temperature for several
months, which undergo a low temperature oxidation in this time. The Re dispersion only
increased slightly after calcination of the long term, low temperature oxidized catalyst. XRD and
TEM were unable to satisfactorily detect the Re of 1 wt.% Re/y-Al,03, and it was assumed that
Re was highly dispersed in all the cases studied. No metallic Re was observed in the XRD and
TEM of the passivated 10 wt.% Re/y-Al,03 and it was concluded that Re was completely
oxidized to Re;07. After the reduction at 550 °C, metallic Re particles of ¥4 nm were observed
with TEM as well as in the XRD. It was found that re-oxidising at 400 °C resulted in rhenium
oxide again, and it was assumed that this was highly dispersed as it was not observed with TEM
or XRD. After the subsequent reduction at 500 °C, Re was once again present in metallic form

(observed by TEM), but the particle size had decreased further (to ~3 nm).11°

From these results, two possible mechanisms (oxidation at low temperature and 400 °C) for the
Re re-dispersion were proposed. At low temperatures, while the catalyst was stored in air, the
Re slowly oxidized, resulting in hydrated rhenium oxide. This caused the Re;O7 clusters to split
into smaller particles, which are mobile via surface diffusion. The reduction process then

resulted in Re;07 particles reducing to highly dispersed metallic Re particles. The mechanism for
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the oxidation at 400 °C occurred through the formation of Re207, which has a low melting point
and high vapor pressure, meaning that Re;O7 could migrate via the gas phase as well as through
surface diffusion. Once again, subsequent reduction yielded metallic Re of a smaller particle

size and uniform dispersion.'10

This study also highlighted that the re-dispersion of the active metal is not always beneficial.
For example, in the hydrogenolysis reaction, the dispersion of the Re which yielded the highest
TOF was 26 % and the activity was found to decrease rapidly at higher dispersions.
Furthermore, the selectivity during hydrogenolysis while relatively constant (~¥60 %) for
dispersions up to 60 %, was found to decrease at higher dispersions. The opposite trend was
observed for the hydrogenation, where selectivity was steady at 40 % up to 60 % dispersion,
before increasing up to 80 % selectivity at higher dispersions. Importantly, it was found that the

re-dispersion process did not result in any loss of Re.

In a follow up study*'?, HRTEM, H2 chemisorption, O, uptake and XRD were utilized to further
understand the mechanism of the oxidative re-dispersion process. In the proposed scheme for
oxidation and re-dispersion, a number of temperature dependent processes were proposed. At
low temperatures (20 to 150 °C) superficial Re oxides (including Re;07) are formed due to
dissociative oxygen chemisorption. In the 200-250 °C range, oxidation and sublimation of Re
occurs, with HRTEM showing that metallic Re particles were present, without any surface oxide
layer. At 300 °C, complete oxidation of Re to Re>07 occurs, with only small traces of metallic Re
observed with HRTEM. Between 400 and 600 °C, surface compounds of ReOs form. These

compounds decompose at 800 °C, with some sublimation to Re;07. In the case of the sample
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oxidized at 500 °C, further reduction at 550 °C resulted in re-dispersion via the reduction of the

surface compounds to small metallic Re particles.

In the studies of Re/Al,Os catalysts under the conditions discussed previously!® 7 the Re
dispersion increased (along with increased activity for the heptane-H; reactions) after oxidation

at 550 °C; however, these catalysts were still prone to deactivation via coking.'® 7°

2.1.5 Silver

Changes in morphology of Ag nanoclusters supported on titania due to oxygen have also been
reported.’'® XPS and STM were used to observe the changes in Ag morphology following to
redox treatments. Initially, a unimodal Ag particle size distribution was observed (2.0 to 6.5 nm)
for the untreated catalyst. Following oxidation of the catalyst, it was found that Ag,O particles
were formed in a bimodal size distribution with sizes of 1.0 to 5.0 nm and 5.0 to 11 nm. This
meant that while some clusters became reduced in size, others increased. It was determined
that the clusters which increased in size did so through Otswald ripening, a form of intercluster
transport where clusters grow at the expense of others. In this work it was noted that under
vacuum or reductive conditions, migration of Ag from clusters could only occur in the form of

free metallic Ag atoms. '3

It has also been observed with DRUV, EXAFS and UV-Vis, that even under mild reduction
conditions!?4116 including vacuum conditions!!’” silver has a tendency to aggregate. For
instance, EXAFS showed that upon exposure to a SCR mix, Ag* ions aggregate to form a range of

active clusters of Agn®* (average n value of 3).11% In XRD and EXAFS study of similar Ag/y-Al>Os3
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found that samples aged in the SCR reaction feeds between 600 and 800 °C underwent similar
reconstruction.'® After ageing at 600 °C, the Ag atoms coalesced into small clusters of ~ 3
atoms. However, using the same feed conditions at 800 °C, the Ag-Ag coordination number
began to decrease (from 3.2 to 2.1) as the larger particles began to re-disperse to form smaller
Ag clusters. These smaller clusters are thought to be a precursor to silver aluminate
compounds.t'® The changes in Ag dispersion during the aging process had different effects on
the SCR in the presence and in the absence of hydrogen. For instance, increased dispersion
actually had an adverse effect on the activity of the hydrogen promoted SCR reactions, whereas
in the absence of hydrogen, there was a promotional effect for the SCR reaction from the Ag

reconstruction at 600 °C.

2.1.6 Gold

A DRIFTS, MS and XRD study of an Au/CeO; catalyst used for CO oxidation has revealed the
dependence of gold particle size on redox conditions.’® The results indicated that during the
reductive conditions of CO adsorption studies, the metal dispersion increased as the Au species
became oxidized and diffused from the metal oxide bulk to the surface. This was attributed to
Au-support interaction, the formation of (O)Au*-CO species due to CO creating oxygen
vacancies on the surface. These gold-ceria interactions promote migration of gold particles,

resulting in re-dispersion of the gold through etching of the larger gold particles.°

Similar conclusions were also drawn from in situ XRD and Raman studies of Au supported on a
cerium-europium mixed oxide used for the CO oxidation.3” It was reported that doping with

europium increased the number of oxygen vacancies, thereby promoting the ability of Au to

22



diffuse through the support via stronger Au-support interactions. It was determined that the
number of oxygen vacancies increased during reductive conditions (H2), which resulted in
increased gold dispersion. Oxidative treatments (in synthetic air), where oxygen vacancies
were replenished, make the Au-support interactions became less favorable than the reducing
conditions, causing Au particles to sinter. This sinter/re-dispersion process was found to be
reversible due to its dependency on the existence of oxygen vacancies, and therefore the

oxidative/reductive nature of the environment.

During EXAFS, TEM and SEM studies, Au/TiO, catalysts used for liquid phase hydrogenations
were found to undergo re-dispersion from particles of 8 nm to smaller particles of 2-3 nm.'?% In
contrast, larger particles (8-10 nm) formed during the reduction (Hz, 60 to 300 °C) of the fresh
catalyst After the liquid phase hydrogenation reactions, it was found that the average Au
particle size decreased to ~2-3 nm, and these particles were stable under reaction conditions.
Such re-dispersions did not occur over Al,03 support. Figure 1 reports a comparison of TEM and
particle size distribution of an Au/TiO; reduced in hydrogen at 60 °C (on the left) and then this
treated catalyst following the hydrogenation reaction, and the differences in particle size are
clearly observed.

The proposed mechanism of the re-dispersion, in this case, involves Au interaction with
oxygen vacancies of the support, and the presence of H; (or reducing conditions) increasing the
guantity of these vacancies, and hence promoting re-dispersion of the gold. This is in

agreement with other studies in the literature.1% 37
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Figure 1:12° HAADF-STEM Micrographs and particle size distributions of Au/TiO; catalysts

treated in H; at 60 °C and then again after hydrogenation of 4-nitrobenzaldehyde at 100 °C and

10 bar H,.
2.1.7 Other metals and bimetallic catalyst systems

The dependency of metal dispersion on oxidative and reductive treatments has also been
observed for a Co/TiO; catalyst.'?! Reduction was found to generate smaller particle sizes at

700 °C than at lower temperatures. It was proposed that the Co particles are originally bound
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chemically to the oxygen of the support, and these bonds can be broken at higher temperature,
while a phase transformation from anatase to rutile proceeds, thereby, causing the Co to re-

disperse.

The effect of oxidation and reduction cycles on Pt-Sn/Al>O3 has also been studied using pulsed
CO chemisorption and IR spectroscopy,?>%° as well as XRD.® The samples were first calcined in
air during a 15 °C min! temperature ramp up to 400 °C (followed by a 30 min dwell), followed
by reduction at 400 °C for 1 h in H. A series of 6 consecutive oxidation (1 h at 550 °C; 60 ml
min? of air) and reduction (1 h at 400 °C; H,) cycles were then employed.?? The results
indicated that the Sn partially hindered sintering of Pt, although the ability to re-disperse the Pt

via oxidation-reduction was also significantly diminished.

The deactivation and regeneration of a range of Pd/Rh monolith catalysts (removed from a
commercial automobile exhaust gas system) using oxidation and reduction treatments at
temperatures up to 500 °C has also been investigated.'?> TEM images of fresh samples,
combined with EDX analysis, confirmed that no noble metal particles of size > 3 nm were
present on the monolith. In the aged samples, large agglomerates of metal were observed,
including some Pt and Pd particles as large as 100 nm. TEM of aged samples after oxidation (10
h, 20 % O in N2) showed a reduction in some of the agglomerates and while activity in terms of
HC and NOx conversion were recovered, the authors pointed out that the removal of

contaminants from the surface could also be a factor.

As mentioned previously, a pulse chemisorption technique has also been used to study Pt-Re

bimetallic catalysts.'® It was found that the bimetallic catalyst was more resilient to sintering
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than the monometallic Pt system. This was shown by the fact that, when the catalysts were
sintered at 800 °C, only the bimetallic catalyst was catalytically active after re-dispersion. The
bimetallic system was found to sinter in reducing environments, and re-disperse in oxidizing
environments. It was concluded that the Re inhibited the sintering. It was further concluded
that a temperature threshold existed below which metal-support interactions in the form of
PtO-Al,03 complexes did not occur, and it was above this temperature where re-dispersion

could proceed.1®

Similar studies on the oxidation-reduction cycles of Pt-Re/Al,O3 catalysts have been conducted
using the conditions discussed previously.'® 7° In this case, similar trends in dispersion to those
for the Pt/Al,03 catalyst were observed (i.e. Pt sintering), indicating little effect of the Re,

although evidence of formation of bimetallic particles was reported.® 7°

While studying methanol carbonylation over Ir-La/C it was found that the addition of La
inhibited the deactivation of Ir catalysts which occurred by sintering and reduction to metallic
Ir.123 With the Ir-La/C catalyst it was observed that a greater dispersion of the metal(s) was
achieved following an activation treatment in syngas (CO to H ratio of 4:1), with particles
mostly being 1-3 atoms in size. This high dispersion has been attributed to formation of Ir-La
hydrocarbonyl species after exposure to CO) along with the role of La in stabilizing Ir and Ir*

species.

2.1.8 Summary
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Oxidation and reduction cycles have been reported to be successful in the re-dispersion of a
number of metals. However, under certain conditions, this process has its limitations. For
instance, it has been reported that the oxidation and reduction can be useful for re-dispersion,

provided:1%4

1. the metal can be oxidized under the conditions used;

2. reduction can occur without sintering (i.e, sintering temperature is higher than

temperature for metal oxide decomposition).

It has also been stated that this process may not be ideal for metals forming oxides which are
highly stable and highly mobile.'?* In instances where oxidation and reduction are found not to
be ideal for the re-dispersion, it has been suggested that reduction after the formation of metal
sulfides, carbides or chlorides could be a viable alternative.'?* For instance, in the case of Pt on
different supports, the metal can re-disperse in O only (at 600 °C) if the support is Al,03.1%° If

the support is TiO, chlorine (from CCls) was needed to enable re-dispersion.1?>

The mechanism of re-dispersion via oxidation/reduction cycles is in the form of the “strain”

model®! and can be summarized as follows:

e oxidation causes the large metallic agglomerates to undergo oxidation;

e oxymetal species form on the surface of the particle;

e the variation in metal-metal distances in the metal oxide surface layer and those in the

unoxidized metal causes induces a metal strain energy;
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e oxymetal particles progressively fragment from the large particle (by fracture of the

larger particle);

e fragmented oxymetal species undergo dispersion through interactions with the support.

2.2 Chlorination and Oxychlorination

The use of halogen species (primarily chlorine based) to boost re-dispersion is commonplace
and has been in existence for decades. Halogens are used widely for catalyst regeneration, as
indicated by the number of patents related to such processes.'?¢>7 Although chlorine is
primarily used for re-dispersion (and the discussion in this section will reflect this), it has also
been reported that Br can be used for the re-dispersion of metals, and in particular Pt on

Al,03.44

2.2.1 Platinum

It has been reported that the rate of Pt re-dispersion was greatly increased in the presence of
chlorine species®, and total metallic dispersion has been reported when small concentrations
(0.9-1.0 %) of chloride have been utilized. '° Interestingly, the use of halogenated precursors
(e.g. aqueous H,PtClg) for the preparation of a catalyst can result in an initial higher Pt
dispersion than if a non-halogenated precursor (acetone solution of Pt(CsH70,),) is used.?% 159
Residual chlorine from the precursor can form HCl vapour under reaction conditions, and
increase the dispersion/accessibility of the metal (specifically Pt in the reported case).® This is

also the case when a catalyst has been chlorinated after preparation.’® It has been proposed
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that chlorine inhibits growth of Pt (on alumina)®*® and stabilizes Pt,*° thereby increasing its

ability to be dispersed.>®

Pt/Al,03 catalysts have been monitored under oxygen and hydrogen treatments for re-

161 and sintering!®?, using TPR and UV-Vis, respectively. Three samples of highly

dispersion
dispersed Pt catalysts supported on alumina were studied, including one which had been
chlorinated. Re-dispersion during oxygen treatment was only observed in the presence of
chloride, a process which was associated with an oxychloroplatinum surface complex species,
PtVOxCly, the existence of which was confirmed by TPR.1®! The presence of this complex was
also confirmed with UV-Vis in the re-dispersed catalysts prior to sintering.1®> The Pt re-
dispersion process on pre chlorided Pt/Al,Os; catalysts has also been investigated in IR
studies®® 164 35 well as XRD and TEM.3* It was noted that Pt re-dispersion was accompanied by
an increase in Pt oxidation state; the oxidation of crystalline Pt and Pt re-dispersion were found
to be conjoined processes. As the “re-dispersing oxidation” only occurred in the presence of the
chloride, it was concluded that mobile Pt"VOCl, was responsible for the re-dispersion. This was

reinforced by the temperature range in which re-dispersion occurred (500 to 600 °C), which

corresponds to the temperature range where the Pt"VO4Cl, complex can be formed.6!

The effect of chlorine (in the form of HCI, Cl, or CCls) on the dispersion of Pt has been known for
some time.'®> There are other reported studies on the effect of Cl, and HCl on the re-dispersion
of Pt over a range or materials, including zeolites.'®® The oxychlorination consisted of heated
treatments (at 450, 620 or 720 °C) under a flow of 400 ppm CCls in Oz, which were followed by

reduction (500 °C for 16 h). The reported optimum temperature for the Pt dispersion was 620
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°C. The results of the study with CCls reinforced the previously reported view?!63 164 166 that the
creation of oxychloroplatinum or chloroplatinum species was the important step in the re-

dispersion process.

Figure 2:167 TEM Micrographs of 0.6 wt. % Pt/Al>Os; sintered (a) and re-dispersed (b)

30



Two sintered Pt/Al,O3 catalysts (0.6 and 1 wt.% Pt) underwent successful Pt re-dispersion at
500 °C in an oxychlorination treatment with 2% O, in a HCI/H,0/N; feed (H,0 to HCI molar ratio
of 56) for up to 8 h.'®’ The treated samples were analysed using TPR, hydrogen chemisorption,
TEM and EXAFS. Chemisorption results indicated that the oxychlorination led to an increased Pt
dispersion. TEM results (See Figure 2) indicated the presence of particles of 15 to 20 nm in size
in the sintered sample, compared with particles of 6 to 8 nm in size over the re-dispersed
catalyst. EXAFS results reported that the Pt-Pt co-ordination numbers also decreased due to the
oxychlorination treatments. The EXAFS results also indicated the presence of some Pt-O and Pt-
Cl co-ordination during the re-dispersion process, which would be indicative of the formation of

some oxychloroplatinum species, most likely [Pts(OH)4Cl2]%.

In another study of a Pt/Al,Os catalyst (which was also prechlorided with HCl during
impregnation) which used HCl in the oxychlorination treatment, the effect of oxygen partial
pressure (from 0 to 100%) and HCl concentration (from 0.0005 to 0.003 atm) on re-dispersion
were assessed.'®® In this case, the sintered catalyst had a Pt dispersion of ~12 %. The most
effective temperature range for re-dispersion by oxychlorination was found to be 480 to 500 °C.
In the absence of oxygen, further sintering was observed, highlighting the importance of oxygen
in the re-dispersion. Furthermore, as the partial pressure of oxygen was increased (at fixed HCI
concentration), the rate of re-dispersion was also found to increase. Analogously, when the HCI
concentration was increased (at fixed O, concentration) it was also found to increase the rate of
re-dispersion, as well as increasing the final dispersion achieved. Subsequently, a kinetic model

for the sintering and re-dispersion processes of Pt on Al,03 was also developed.6®
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XANES has been utilized along with hydrogen chemisorption and n-heptane reforming activity
screening to monitor the effect of oxychlorination/reduction cycles on Pt/Al,0s3, as well as a Pt-
Re/Al,03; bimetallic catalyst.'®® Oxychlorination in the chemisorption studies was conducted by
injecting 1,2-dichloropropane at a rate of 30 pl h! in the first cycle and 15 pl ht for all
subsequent cycles. Reduction at 500 °C followed after the oxychlorination. For the XANES
studies, oxychlorination was conducted during a temperature ramp up to 550 °C (at 6.8 °C min°
1) and a subsequent dwell time of 30 min. Again, 1, 2-dichloropropane (1270 ppm in He; halved

for the subsequent cycles) was used with 45 cm® min! of air delivering ~1% Cl to the sample.

It is also noteworthy that there are cases of Pt re-dispersion being achieved using
hydrofluorination with HF.17% Activation with HF was studied since the fluorine-aluminum bond
is much stronger than the chlorine-aluminum bond and as such was seen as an alternate to the
need of constant injection of halohydrocarbon, as is typically the case with chloro compounds
in industrial reactors.® Primarily, this treatment (doping 0.2 wt.% Pt/H-ZSM-5 with up to 3%
HF) increases both acid strength and number of acidic sites, which increased selectivity for
methylation of toluene to xylenes (and reducing side reaction to trimethyl-benzenes) due to the
changes in shape of active site. However, it was also noted from H; pulse chemisorption that
there was an apparent increase in Pt dispersion when the catalysts were doped with HF.
Unfortunately, no microscopy was reported that determined the Pt particle sizes in the

catalysts.

2.2.2 Palladium
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A monolithic Pd three way catalyst was treated by chlorination using submergence in HCI
solution in order to achieve regeneration.!’! Hydrogen chemisorption was used to determine
the dispersion of Pd and particle diameter, and it was calculated that the Pd dispersion was
increased following the HCl treatment, while the particle size decreased from 7 to 3 nm. SEM
studies determined that there was a large quantity of particles of size 50 to 100 nm present in
the aged (sintered) catalyst. Using the HCl treatment, although there were still some particles
~100 nm in size, the number of these was reduced by ~60%. EDX analysis reported that the
Pd/Al ratio increased also following the HCl treatment, which is evidence that the reduction in
number of larger gold particles is not due to leeching of Pd. It is worth noting though that the
HCl treatment did not recover the original dispersion of the fresh catalyst. However, despite the
original dispersion not being regained it is still claimed that such regeneration methods have
real prospects for automotive catalyst recycling since there is still the potential to prolong the

lifetime of the catalyst.

A further example of Pd re-dispersion has been reported using Cl; diluted in a feed of oxygen
and helium for the oxychlorination treatment.'’> A Pd/Ce0,-Al,03 catalyst was studied with
XRD, XPS, TEM, TPR and OSC measurements, before and after a range of oxychlorination
treatments (with varying concentrations of Cl;) in the 500 to 850 °C temperature range. The
results have indicated that the oxychlorination followed by reduction was very effective for re-
dispersion of Pd, with average particle sizes decreasing from 17 nm to ~ 8nm. It was further
found that at oxychlorination temperatures above 500 °C, there was no further significant re-

dispersion of Pd.
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2.2.3 Other metals and bimetallic catalyst systems

The results indicated that the oxychlorination resulted in an increased dispersion of the Pt in
both the monometallic and bimetallic catalysts. In the case of the monometallic catalyst, this
increased dispersion had insignificant impact on the selectivity during the n-heptane reforming
reactions, but increased selectivity to the hydrogenolysis products was apparent in the case of
the bimetallic catalyst. XANES studies found that there was no Pt-Re alloy formation in the
calcined catalyst, but that alloy formed during the reduction. Oxychlorination was found to
disrupt the alloy, resulting in highly dispersed monometallic particles. All subsequent reductions
again resulted in alloy formation, although the physical (particle size) and chemical (active
metal distribution) nature of the alloyed species was significantly different from that formed
after the initial reduction. This was due to the mobilization of the oxidized species (during
oxychlorination) and the presence of chlorine.'®® Similar studies have been reported elsewhere,

where particle size reportedly decreased from 70 nm to ~20 nm.73

The effect of oxychlorination (followed by reduction) treatment on Pt/Al,O3 and Pt-Sn/Al,03
has also been studied.?% 8" A series of 6 consecutive oxychlorination (1 h at 550 °C; 31 pmol h!
of 1, 2-dichloropropane in 60 ml min-! of air) and reduction (1 h at 400 °C; H.) cycles were then
employed for an IR study.?? Alternatively, the samples were calcined in air during a 15 °C min*
temperature ramp up to 400 °C (followed by a 30 min dwell), followed by reduction at 400 °C
for 1 h in H,. Then an oxidation (in air, at 550 °C for 1 h) was followed by a further reduction (in

Ha, at 400 °C for 1 h). A series of consecutive oxychlorination (1 h at 550 °C; 510 pumol h? of 1,
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2-dichloropropane per 50 mg of catalyst, in 60 ml min! of air) and reduction (1 h at 400 °C; Hy)

cycles were then employed.®°

It was noted that any sintering occurring during oxidation-reduction could be reversed by
oxychlorination-reduction treatment. From the IR spectroscopy, it was reported that
oxychlorination caused the formation of (oxy)chloroplatinum species on the surface. Hence, in
the absence of chlorine the Pt tended to sinter, the re-dispersion in the oxychlorination can be
attributed to the formation of these (oxy)chloroplatinum species, which are mobile on the

support surface, and decompose during reduction to form small clusters of Pt atoms.??

For the oxychlorinated Pt-Sn/Al>Os catalysts, the presence of Sn significantly reduced the
formation of chloroplatinum and oxychloroplatinum complexes (by up to 50%). Excess Sn
favored alloy formation in the presence of chlorine, hindering the migration of Pt through
competition for support sites.8? Hence, the reduced catalyst (after oxychlorination) also had a

significantly lower dispersion than was observed in the absence of Sn.

Similar work on the oxychlorination treatments of Pt/Al,O3, Re/Al,O3 and Pt-Re/Al,Os catalysts
has been conducted, using the same preparation conditions previously mentioned herein.® 7°
Instead of the oxidative treatment, however, the oxychlorination involved heating the samples
to 550 °C and introducing 1,2-dichloropropane (60 pl h™* per gram of catalyst) into the 60 ml
min! feed of CO,-free air for 1 h. & 7° Similar studies, with similar results, have been reported

elsewhere.18
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In the case of the monometallic catalysts, the Pt dispersion was increased during the
oxychlorination, but this was not the case for Re. The Pt dispersion of the bimetallic catalyst
was also increased. The oxychlorination formed chloroplatinum and oxychloroplatinum
complexes (in the case of the bimetallic these were free of Re), and this improved the Pt
dispersion (after reduction) as the Pt complexes were able to migrate across the alumina. As
before?? &, the oxychlorination has also been found to reverse the sintering and the existence

of Pt-Re bimetallic particles that occurred following oxidation and reduction cycles. & 7°

In combination with the oxidation and reduction cycles (as discussed in previous section),
oxychlorination was also investigated for Pd/Rh monolith catalysts.??? the addition of chlorine
to the oxygen feed (0.8 Cl;, 18% 0, balance N3) resulted in a marked improvement in the
activity of the aged catalyst, and this has been attributed to an increased rate of dispersion of
the metals on the surface.'’* The greater efficiency of the oxychlorination compared with the
oxidation treatment is further reinforced by the fact that the oxychlorination was only

conducted for 1 h as opposed to 10 h for the chlorine free treatment.

The use of 1,2-dichloropropane as a source of chlorine for oxychlorination treatments has been
further applied to Pd-Rh catalysts supported on a mixed ceria-zirconia-alumina support, albeit
with slightly different conditions (80 uL h'! 1,2-dichloropropane in 50 ml min™ of N;).}”> As has
been demonstrated already, the oxychlorinations were able to reverse the Pd sintering process
of thermal treatments, resulting in higher Pd dispersions, along with the recovery of oxygen

storage capacity of the support through stronger metal-ceria zirconia interactions.
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In the case of a Pt-Rh catalyst supported on a ceria zirconia alumina support!’®, the same
recovery of oxygen storage capacity was not achieved, but this could be due to different
strength of interaction between metal and support.'’>, A similar study has been reported for a

Pt-Re/Al,0s3, except that C;HCls was used as the source of chlorine.'”’

A structured monolith Pd-Rh three way catalyst was also treated with chlorine reagents (1,2-
dichloropropane and dichloroacetic acid) using 0.1 M solutions flowing at 0.6 L min™* at 50 °C
for 2 h'78, a procedure which has been reported before for the regeneration of other monolith
samples via removal of poisons.'”?,1® The dichloroacetic acid was found to be more effective
than dichloropropane at recovering Pd active sites, which has been attributed to the apparent
re-dispersion and restructuring of said Pd due to the chlorination and subsequent reduction.
This re-dispersion had the additional benefit of recovering oxygen storage capacity, as has been
noted in a number of cases. It should be noted, however, that no microscopy has been utilized
to establish any effectual change in metal particle size, and so one cannot rule out that this
recovery of Pd active sites is not re-dispersion at all, but rather it is the removal of coke or other

poisons.

The promotional effect of chlorine or fluorine on metal (Pt, Ir, Rh, Re or U) or bimetallic (Pt-Ir,
Pt-Rh, Pt-Re or Pt-U) dispersion when supported on y-Al,Os catalysts has also been studied for a
number of reactions. The pulsed micro-reactor experiments studied with these catalysts
included hydrogenation of aromatics (benzene or toluene)'®!, the dehydrogenation of

182

cyclohexane'®? and the hydroconversion of cyclohexene.’® The catalysts were doped with

halogen using ammonium chloride or ammonium fluoride, with an optimum halogen content
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found to be 3 %. The dispersion of metallic/bimetallic particles was determined using a
hydrogen pulse chemisorption technique. In most cases the treatment with halogen resulted in
an apparent higher dispersion of the metallic/bimetallic particles. No other techniques were
utilized to determine particle sizes, and as such the study is certainly not definitive in proving
that the particle size had changed. In terms of promotion of the catalyst activity, it was
reported that chloride was better than fluoride for the monometallic catalysts whereas in the
case of the bi-metallic catalysts, chloride inhibited the activity while fluoride promoted activity.
The proposed reason was that, in the case of monometallic catalysts, metal fluorides formed,
which due to obvious electronegativity differences, form stronger bonds than analogous
chloride species, making it more difficult to produce metallic particles in the case of the
fluorides. For the bimetallic catalysts, however, clusters of metals are reportedly formed, which

reduces the amount of halide formation.

While studying cyclohexene hydroconversion, Pt-Re/H-ZSM-5 catalysts were investigated for
activation by doping (3 %) with HCI or HF.'® Additionally, the monometallic Re catalyst were
investigated in a similar manner. The metal dispersion was calculated using hydrogen pulse
chemisorption, and doping with the halo acids was found to increase the apparent dispersion.
In the case of the monometallic Re catalysts, the HF doping resulted in the best metal
dispersion, whereas HCl gave the highest dispersion in the case of the bimetallic catalyst
(although this was still less than that of the HF doped monometallic catalyst). Although XRD was
used, the diffractograms were not published as it was reported that similar reflection intensities
for all samples were observed. Consequently, no quantitative discussion in terms of changes in

particle size was reported.
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These typical oxychlorination treatments have been found not to be effective for all metals. For
instance, while Pt does re-disperse in a Pt-Ir/y-Al,O3 catalyst, the Ir particle size was unchanged
if the chloride content of the catalyst was too low.*®* However, by increasing the chloride
content (e.g. up to 1.9 wt. %) of the catalyst, oxychlorinations using low concentrations of
chloride species (e.g. HCl) could generate chlorine in situ, a process which was also found to re-
disperse the Ir.18% This may be due to weaker Ir metal-support interactions since in the case of
Pt on SiO,, where the interaction is less than in the case of Pt-Al,Os, a higher concentration of
chlorine (to form the complex) and a lower temperature (to stabilize the complex) was
required.'®> However, in some cases the complex formed may have a low volatility (eg. IrCls)
compared with the analogous Pt species and so may also require a higher temperature to
induce vapor phase mobility'’4, a key aspect in re-dispersion. This aspect shows that the re-
dispersion process sometimes has to be a trade off in terms of temperatures, since if the
temperature is too high and the vapor phase chlorine complex too mobile, then leaching of the

metal can occur (> 700 °C in case of Pt/Al,03).18

2.2.4 Summary

A general mechanism for the re-dispersion by chlorination/oxychlorination has been

proposed:*6: 161, 167

e surface atoms of metal crystallite oxidized by oxygen;

e oxidized sites are attacked by chloride ions forming MO\Cl, species;

e the MO\Cl, species fragment from the larger particle;
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e mobile MOxCly migrate to the support surface;

e the metal is removed from the crystallite and re-dispersed.

It should be noted that some reports mention the formation of halo metal complexes,8 as
opposed to oxyhalometal species. It is also important to note that chlorination may not work on

all supports. For instance, chlorine could not prevent growth of Pt on SiO2 support.1>® 187

2.3 Thermal treatment with iodomethane

An issue arising from the use of the chlorination and oxychlorinations is the potential for
further deactivation of the catalysts due to chlorine poisoning!®. Consequently, other halogens
potentially easier to remove from the catalyst post treatment have been investigated.
lodomethane treatments have proven to be successful in the re-dispersion of metals to smaller
nanoparticles, primarily in the case of gold 810 but also for other metals, for example
rhodium.'®* A number of patents which use iodomethane as a promoter in an industrial process
using a gold catalyst have previously been issued, *> %3 although no mention was made
regarding an effect on the dispersion. The original treatment consisted of co-feeding
iodomethane (or bromomethane'®) in the reaction mixture for vapour phase methanol
carbonylation over gold catalysts.'®1°! This resulted in structural transformation from gold
particles of >10 nm to clusters of two or three gold atoms.'81% However, this treatment was
originally performed under harsh conditions (240 °C and 16 bar)8%192193 which, although ideal
for methanol carbonylation, would not necessarily be well suited for the wider application of

re-dispersive treatments with iodomethane. Further investigation found that with treatments
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conducted with vapour phase iodomethane at atmospheric pressure and lower temperatures,
re-dispersion of gold could still be achieved (atomic dispersion observed for temperature as low
as 50 °C).'® In an additional study using the same atmospheric conditions, similar results were

also obtained for Au supported on metal oxides including silica, titania and alumina 1%

In Figure 3, EXAFS data clearly shows that the as received catalyst sample contained large Au
particles with the peak at 2.85 A indicative of Au...Au coordination, and the presence of other
peaks at higher coordinations (5 to 6 A). After 10 h of the methanol carbonylation reaction
(which occurred at 16 bar pressure) the amplitude of the peaks at 2.85 A and above began to
decrease, while a new peak at 2.5 A began to emerge, which was attributed to the restructuring
and re-dispersion of gold particles. After 80 h of the methanol carbonylation reaction this
restructuring and re-dispersion has continued, as is evident from the complete disappearance
of the peak at 2.85 A and the continued decrease in amplitude of higher coordinations

(between 5 and 6 A), as well as the continued increase in the amplitude of the peak at 2.5 A.

Amplitude / arb. units

0.0 1.0 2.0 3.0 4.0 5.0 6.0
Distance / A
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Figure 3:18° Comparison of experimental (solid) and fitted (dashed) EXAFS data of Au/C catalyst;

as received (i) and after 10 h (ii) and 80 h (iii) of methanol carbonylation reaction

Similar observations were made whenever the iodomethane treatment was conducted at
atmospheric pressure for 1 h, as is reported in Figure 4. Clearly the as received Au/C catalyst in
this case has some very large gold particles, as can be seen in 4A and 4B, the micrograph and
particle size distribution of this sample, respectively. Importantly, Figures 4C and 4D show that
the iodomethane treatment is very effective at re-dispersion of gold since, after only 1 h, it is

apparent that the gold exists as isolated gold atoms, gold dimers or sub-nanometer Au clusters.

These findings were reinforced by the XRD results (Figure 5) where it is shown that the

reflections of gold begin to decrease after only 1 minute and, in fact, are no longer present

after only 15 minutes of treatment with iodomethane.
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Figure 5:188 X-ray diffractograms of Au/C catalysts. As received (a), and after treatment with

iodomethane for 1 (b), 5 (c), 15 (d), 30 (e) and 60 minutes (f)

With such iodomethane treatments there is an obvious need to remove any residual iodo
species to prevent any adverse effect of halide on the catalyst. With this in mind, a reductive
treatment at 190 °C was applied using 10% H, in Ar (20 cm® min) and was found to be
successful for the removal of residual iodo species without significantly affecting the dispersion

of the gold particles.

The vapour phase iodomethane treatment has been studied for its potential to recover activity
in a previously sintered catalyst, namely Au supported on a ceria zirconia titania mixed oxide.'**
The iodomethane treatment produced an active catalyst (50% conversion at 175 °C), with a
higher performance than the sintered -catalyst (50% conversion at 375 °C). DRUV
characterization of the sintered and treated catalysts indicated that the later had some gold

particles which are smaller in size than those found in the sintered sample.
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2.3.1 Summary

A general mechanism for the re-dispersion by iodomethane can be proposed:

e surface atoms of large gold clusters are attacked by iodide ions, forming Auyl;;

e these Auyl; species become “etched” away from the surface of the cluster;

e mobile Auyl, migrates to the support surface;

e anew layer of Au is exposed and attacked by iodide and the process is repeated.

2.4 Treatment with alternative halohydrocarbons

Due to the toxic and carcinogenic nature of iodomethane, a number of alternate
halohydrocarbons were studied to develop safer vapour and liquid phase treatments. ° Vapour
phase treatments focused on iodomethane, n-iodobutane, n-iodohexane and n-iodooctane.
These iodoalkanes were also used for liquid phase treatments, as were p-iodotoluene and the
analogous bromo compounds. All of these compounds have fewer risks associated with them,

and also happen to be less expensive than iodomethane.®

The catalyst used for this study was a 1 wt.% Au/C, which had an average particle size of 27 nm
and a dispersion of 3.3%. The same atmospheric conditions for the previously discussed vapour

phase treatments using iodomethane were applied to the other iodoalkanes.

In the pure liquid phase treatments, the pure and hexane diluted halohydrocarbon was mixed

directly with the catalyst at 40 °C. Following these treatments, significant changes to the Au/C
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as a result of the treatments with halohydrocarbons were observed. In all cases, with the
exception of the halotoluene samples, each halohydrocarbon had a varying ability to re-
disperse the gold to smaller nanoparticles. More specifically, the iodos were better at the
dispersion than the analogous bromos, and the ability to re-disperse gold increased with
increasing alkane chain length. This was related to the strength of the alkyl-halide bond; i.e. the
weaker this bond strength, then the greater the ability to re-disperse the gold. This also
explains the ineffectiveness of the halotoluenes, since the alkyl-halide bond strengths for these
compounds are higher than those of the haloalkanes that were investigated. The reported
results clearly demonstrated the possibility of using alternate haloalkanes to replace
iodomethane for the re-dispersion of gold particles. Added to this, not only were some of these
alternate halohydrocarbons less expensive, but some have been found to be just as efficient, if

not better, at the re-dispersion of large gold particles.

Clearly, a successful alternate method of treatment has also been established through the use
of liguid systems, which is obviously a less demanding process than the vapour phase treatment
which requires the catalyst to be heated up to 240 °C. This alternative lower temperature liquid

phase method of treatment was essentially as efficient as the vapour phase approach.

Additionally, a trend in ability of re-dispersion of gold has been determined which is based on
the bond strength of the R-X bond. It will now be possible to continue gold re-dispersion with
alternative haloalkane compounds while reducing the risk of toxic contamination and

carcinogenic exposure from iodomethane. A halide free catalyst post treatment was achieved
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using the same hydrothermal treatment previously employed for the original vapour phase

iodomethane treated samples.

2.4.1 Summary

The mechanism for this process is proposed to be the same as that which has been proposed
for the iodomethane process in the previous section which involves formation of gold-halide
species on the surface of large gold particles, followed by the etching of these gold-halide
species. Hence, the general mechanism for the re-dispersion by halohydrocarbons can be

proposed as:

e surface atoms of large gold clusters are attacked by haldide ions, forming AuyX;;

e these AuyX; species become “etched” away from the surface of the cluster;

e mobile AuyX; migrate to the support surface;

e anew layer of Au is exposed and attacked by halide and the process is repeated.

3 Overview

A number of mechanisms/modes of re-dispersion have been suggested, including molecular or
atomic migration caused by changes in wetting angle, SMSI/SMOI effects, surface erosion
(resulting in heterogeneous particle sizes) or homogeneous splitting. It should be noted that the
same trends are not always observed using identical conditions for catalysts comprised of the
same constituents (i.e. model versus real catalysts).2®>1% |t has been reported though that this

can be simply down to differences in preparation of the catalysts.'® This is also applicable to

47



sintering, since Pt-HY catalysts (prepared by ion exchange) are more likely to sinter than

Pt/Al,03 (prepared by impregnation).%°

Predominantly, the mechanism of re-dispersion (sometimes referred to as the “strain
model”)'%8 is similar in most cases. In terms of oxidation/reduction cycles, oxidation causes the
large metallic agglomerates to undergo oxidation, forming oxymetal species on the surface of
the particle. The variation in metal-metal distances in the metal oxide surface layer and those in
the unoxidized metal induces a metal strain energy.®! Consequently, the oxymetal particles
progressively fragment from the large particle (by fracture of the larger particle)’® 8! and
migrate and disperse due to interactions with the support.1®®1% Then, the newly exposed
surface of the agglomerate is oxidised, and the process continues resulting in highly dispersed
oxymetal species throughout the catalyst. Under reducing conditions, these oxymetals revert to
metallic form, but remain in a highly dispersed state. However, if reduction conditions are too
harsh (e.g. temperature or treatment time), then sintering will occur again. Similar re-
dispersion processes occur for halogen treatments (chlorination, oxychlorination, iodomethane,
halohydrocarbons) but with the formation of intermediate halometal or oxyhalometal species

(as opposed to oxymetal species).

In all cases the smaller halometal/oxyhalometal particles undergo transport in the vapour
phase, through the support and subsequent reduction treatments then result in highly
dispersed metal particles. There is, however, a difference between
chlorinations/oxychlorinations and iodomethane/halohydrocarbons in the process of the

removal of halometal/oxyhalometal species from the large particles (See Figure 6). For
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chlorinations/oxychlorinations, the larger cluster of halometal/oxyhalometal species

fragments/splits (process 1).

(1)
— g O —  atoms

(

2)
O  —_ O + atoms —>0 + atoms

Figure 6: Processes of particle erosion

In the case of the iodomethane and the other halohydrocarbons, re-dispersion occurs rapidly as
the large particles diameters shrink and erode due to the progressive removal of Au-X entities

from the surface of the main particles (process 2).

In terms of applicability of the different re-dispersion methods, and which of these might be
best, it is fair to say that there is not a one size fits all approach. As was indicated previously in
this perspective, the strength of interactions between metal and support are specific to both
metal and support. Since all the re-dispersion methods are an extension of metal/support
interactions, the best method for re-dispersion of metals will also be specific to both the metal
and the support. For instance, it is known that oxychlorinations are not suitable for gold, due to
chlorine poisoning and/or gold leaching. While poisoning with the iodine can occur, it has also

been demonstrated that the residual iodine can be removed with relatively mild treatments.
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The applicability of the iodo based treatments to other metals is as yet unknown since there are

no reported incidences where this has been investigated for any metal other than gold.

4 Perspective

The prospects of using re-dispersion treatments to regenerate catalysts have been summarised
above, and it clear that it is possible to regain or improve upon the original dispersion of
catalysts which have been sintered. While some of the reported re-dispersion processes have
been conducted ex-situ, there is great potential that any of these treatments could be used
within existing processes. For instance, in a system of parallel reactors with a switchable feed,
one reactor could be utilised for reaction while the catalyst is regenerated by re-dispersion in
the coupled reactor. By doing so, catalyst lifetime could be increased by maintaining catalyst
activity for a longer period of time. The additional benefit, in particular from the
halohydrocarbon treatments, of the ability to tune the size of the metal nanoparticles has the
potential to improve upon activity and selectivity.® As such, the ability of halohydrocarbons to

re-disperse metals other than gold is worthy of further investigation.
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