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MODIFYING CATALYTIC BEHAVIOR OF NANOCRYSTALS

FIELD OF THE INVENTION

The invention relates generally to catalysts. More particularly, the invention relates to

modifying properties of nanocrystals to improve catalytic behavior.

BACKGROUND

Nanocrystals (also referred to as quantum dots) are often used as catalysts for many
catalytic reactions due to their high surface area to volume ratio. Reactions where
nanocrystal catalysts can be used include methanation, oxygen reduction, methanol
reduction, steam reforming, water-gas shift reactions, NOx oxidation, SOx oxidation,
disproportionation of hydrogen peroxide, alkylation, catalytic cracking, naphtha reforming,
ammonia or acid production, and other catalytic reactions. The electronic properties of
nanocrystals are typically different than the properties of the bulk material. The
performance and efficacy of a catalyst for a specific chemical reaction depends on these
electronic properties. In particular, the Fermi level of a nanocrystal catalyst plays a crucial

role in catalytic performance.

To find an appropriate catalyst, one must find a nanocrystal with the desired energy levels
that are applicable for the products and reactants of the catalytic reaction. However,
finding a nanocrystal catalyst with the desired energy levels can be a daunting task.
Furthermore, a nanocrystal catalyst with the desired electronic properties may be costly;
therefore it would be advantageous to be able to alter a less expensive or more readily

available nanocrystal to have the desired energy levels. Electronic energy levels, including



10

15

20

WO 2010/085356 PCT/US2010/000178

the Fermi level and the d-band centroid and width, of a nanocrystal are determined
primarily by the nanocrystal’s elemental composition, size, and morphology. By changing
the composition, size, and/or morphology of the nanocrystal, one may be able to tune the
energy levels indirectly to match the desired energy levels. However, these changes are
non-trivial or impossible. Moreover, it is typically difficult to precisely determine how the
energy levels will be altered from indirect changes to the composition, size, and/or

morphology of the catalyst.

Accordingly, there is a need to develop a method of modifying catalytic behavior of
nanocrystals by proximity of other nanocrystals to improve catalytic performance, such as
increased energy efficiency and lifetime of catalytic systems, reduced cost, and reduced

susceptibility to poisoning.

SUMMARY OF THE INVENTION

The present invention provides a method of providing a desired catalyst electron energy
level. The method includes providing a donor material quantum confinement structure
(QCS) having a first Fermi level, and providing an acceptor QCS material having a second
Fermi level, where the first Fermi level is higher than the second Fermi level. According to
the method the acceptor is disposed proximal to the donor to alter an electronic structure of
the donor and the acceptor materials to provide the desired catalyst electron energy level.
In nanocrystals, the ionization potential (IP) or highest occupied molecular orbital
(HOMO), may be the quantity of interest rather than the Fermi level, however, for

simplicity, we discuss merely the Fermi level here.
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In one aspect of the invention, the acceptor is separated from the donor by a distance of up

to 10nm.

According to another aspect, a vacuum or a material, or a vacuum and a material are
disposed between the donor and the acceptor. Here, the material can be an organic ligand,

a polymer or an inorganic film.

In another aspect of the invention, the QCS donor material can include a nanocrystal

material, a nanowire, a quantum well, or a thin film of bulk material.

In a further aspect, the QCS acceptor material can include a nanocrystal material, a

nanowire, or a quantum well and a thin film of bulk material.

In yet another aspect of the invention, the donor and the acceptor materials are disposed in
an electric field to enhance catalytic behavior when applied to charged, polar or polarizable

molecules undergoing a catalytic reaction.

According to another aspect, the donor and the acceptor materials are disposed in a non-
equilibrium state, where the non-equilibrium state induces polarization in molecules

undergoing a catalytic reaction.

In one aspect, the donor and the acceptor material are disposed to decrease a poisoning

susceptibility of a catalyst by a strongly-adhered adsorbate.
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According to a further aspect of the invention, the donor and the acceptor materials have

different properties that can include size, geometry, composition, or morphology.

In another aspect, the acceptor is disposed proximal to the donor using methods that can

include Langmuir-Blodgett deposition, atomic layer deposition, stamping, microcontact

printing, nanolithography, e-beam lithography, drop casting, spin coating, or SPM

(AFM/STM) lithography.

BRIEF DESCRIPTION OF THE FIGURES

The objectives and advantages of the present invention will be understood by reading the

following detailed description in conjunction with the drawing, in which:

FIGs. 1a-1b

FIG. 2a-2b

FIGs. 3a-3c

FIG. 4a-4c

FIG. 5a-5b

shows a computer simulation of a comparison of similar and different Pt
catalysts disposed proximal to each other according to the present
invention.

show a comparison of density of states between a single Ptgs and Pt3o|Ptss
and their effect on O, adsorption according to the present invention.

show a computer simulation of a Pt Quantum Well disposed proximal to a
Pt atom according to the present invention.

show the charge is delocalized over adjacent QDs and polarization results
from highest occupied molecular orbital (HOMO) mismatch, as well as
the effect on O, adsorption of the Au nanocrystal interaction according to
the present invention.

show how wavefunction overlap depends on QD spacing, where larger

polarization occurs when wavefunctions do not overlap according to the
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present invention.
FIG. 6 shows a schematic drawing of energy levels in two different QDs
separated by an insulator or vacuum according to the present invention.
FI1G.7 shows a chart of different matrix/substrate interactions with catalyst

nanocrystals according to the present invention.

DETAILED DESCRIPTION OF THE INVENTION

Although the following detailed description contains many specifics for the purposes of
illustration, anyone of ordinary skill in the art will readily appreciate that many variations
and alterations to the following exemplary details are within the scope of the invention.
Accordingly, the following preferred embodiment of the invention is set forth without any

loss of generality to, and without imposing limitations upon, the claimed invention.

The present invention is directed to modifying catalytic behavior of nanocrystals by
proximity of other nanocrystals. The present invention relies on the changes of a
nanocrystal’s electronic properties due to electron transfer with a nearby nanocrystal. In
particular, the electron transfer from a nanocrystal with a high Fermi level, referred to as a
“donor”, to one with a lower Fermi level, referred to as an “acceptor”, alters the electronic
structure of both nanocrystals. For some reactions and catalysts, the catalytic behavior
would be improved by changing (raising or lowering) the Fermi level, or by raising or
lowering or broadening or narrowing the catalyst d-band. Therefore, according to the
current invention, the method of placing at least two nanocrystals of different energy levels
enables tuning of the energy levels to attain desired levels, such as a desired Fermi level. In

nanocrystals, the ionization potential (IP) or highest occupied molecular orbital (HOMO),
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may be the quantity of interest rather than the Fermi level, however, for simplicity, we
discuss merely the Fermi level here. Since the proximate nanocrystals must have different
energy levels, particularly Fermi levels, for electron transfer to occur, the proximate
nanocrystals of a preferred embodiment generally have differences in elemental
compositions, sizes, morphologies, or any combination thereof. Some exemplary donor
materials can include but are not limited to Fe, Co, Au, Pt, Pd, Zr, Ag, Ni, Cu, and Ru.
Some exemplary acceptor materials can include but are not limited to Fe, Co, Au, Pt, Pd,
Zr, Ag, Ni, Cu, and Ru. Oxides and doped oxide materials may also be used as donor

and/or acceptor materials.

In one embodiment, the donor and acceptor nanocrystals are placed approximately 0.5 to 10
nm apart, or a distance up to 10 nm to achieve electron transfer via tunneling. Preferably, a
vacuum or a material (e.g. an organic ligand, a polymer, and an inorganic thin film) is
placed between the donor and acceptor. Some exemplary organic ligands can include but
are not limited to cyclopentadienyl, acetylacetonate, aminidate, oleic acid, oligo-(phenylene
vinylene), thiol, dithiocarbamate , trioctylphosphine oxide, p-sulfonatocalix (n)arene,
polydimethylaminoethyl methacrylate, alkyl phosphine, and alkyl amine. Further some
exemplary polymers can include but are not limited to polyethylene, hydrogenated
polynorbornene, PMMA, PVC, MEH-PPV, PEO, polystyrene, and lipids. Additionally,
some exemplary inorganic thin films can include but are not limited to oxides, sulfides,

selenides, nitrides, oxynitrides, arsenides, phosphides, Si, and Ge.

In one embodiment, one or both of the donor and acceptor nanocrystals can be replaced by
a thin film or by a bulk material, where the thin film has a thickness in a range of a sub-

monolayer to 200nm, and the bulk material has a thickness in a range of 3nm to 500um.
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The present invention is preferably applied to the following reactions: catalytic reactions
for fuel cells, ammonia synthesis, NO reduction, methanation, methonal production,
ethanol production, hydrocarbon synthesis, O2 reduction, hydrogen production (e.g. water-
gas shift reactions), hydrogenation and dehydrogenation, acid production (e.g. formic acid),
and citral hydrogenation. It is noted that the present invention can be applied to any

catalytic reaction and not limited to the above-listed reactions.

In one embodiment, an electric field is disposed between the donor and acceptor, which
aids the catalytic reaction. “Band bending” is a process by which an electric dipole and an
electric field are created, typically occurs as a result of electron transfer. The electric field
may be used to enhance the catalytic behavior, particularly if the product, reactant, and/or
intermediate states of the molecules undergoing the catalytic reaction are charged, polar, or
polarizable. Alternatively, if the donor and acceptor are not allowed to equilibrate (i.e. the
Fermi levels cannot achieve the same value), an electric field may remain as the driving
force for the polarization that is restricted or not allowed to occur. This remaining electric

field may also be used to aid the catalytic reaction.

In addition to or in replacement of improving catalytic performance, certain embodiments
of the present invention are directed to modifying the electronic properties of a nanocrystal

to decrease the susceptibility of a catalyst to be poisoned by a strongly-adhered adsorbate.

Modified materials, particularly nanocrystals, according to the present invention can have
many advantages over existing materials. The advantages include improved catalytic
performance, such as increased energy efficiency and lifetime of catalytic systems, reduced

cost, and reduced susceptibility to poisoning.
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Referring now to the figures, FIGs. 1a-1b show a computer simulation of charge transfer
between Pt QD’s, where positive values denote more e~ density. The simulation provides
similar and different Pt catalysts disposed proximal to each other, where FIG. 1a shows
two Pty particles placed separated by approximately 8A, where some bonding occurs, and
FIG. 1b shows one Pt particle and one Pt3y particle placed approximately 6.5A apart,
where e transfer occurs to the Ptgg particle. Here, it is shown that the charge transferred
charge sits on the edges of the QD’s. Further, this simulation shows that Pt catalyst
behavior is modified by changing the particle size and the type of particles disposed nearby.
Pt is the most used catalyst for oxygen reduction, an important step in fuel cells. While Pt
(and alloys that mostly contain Pt) is the best catalyst for that reaction, it is not ideal--it
binds oxygen too strongly. As can be seen in FIG. 2a-2b, this simulation shows that Pt
catalyst behavior is modified and the method of the current invention changes the activity

of the Pt to make it bind oxygen more weakly.

FIGs. 2a-2b shows a comparison of density of states between a single Ptss and Ptsg|Ptes,
demonstrating the changed electronic structure of Ptgg in the presence of a second QCS.
FIG. 2b shows the effect of modified catalytic activity on O, adsorption by adjacent QCS
of different energy levels according to the present invention. The interaction energy of

oxygen with Pt QCS can be tuned by altering the environment of the catalyst nanocrystal.

FIGs. 3a-3¢ show a computer simulation of a Pt Quantum Well disposed proximal to a Pt
atom. FIG. 3a shows the simulation geometry (periodic boundary conditions are used).
FIG. 3b shows how, compared to an isolated QW and isolated atom, the combined system

has a difference in density of states (DOS) near the Fermi energy (er). The donor/acceptor



WO 2010/085356 PCT/US2010/000178

system has shifted to higher DOS just above the Fermi level and lower DOS just below e;.
This will impact catalytic activity. FIG. 3¢, shows a charge difference map, where
polarization is evident. The atom becomes relatively positive by 0.044e, and the QW

becomes relatively negative by 0.016e, where overall, the charge transfer from the atom to

S  the well is of 0.060¢".

FIG. 4a shows that the symmetric system of two QCS of the same size and material does
not develop an electron transfer. FIG. 4b shows the charge delocalized over adjacent QDs
and the polarization that results from highest occupied molecular orbital (HOMO)
10 mismatch of the donor/acceptor according to the present invention. FIG. 4¢ shows O,
bonding energy to Au QD donor/acceptor pairs. TABLE 1 below shows a comparison of

QCS distance [A], O-O length [A], and adsorption energy [eV] for different Au,, structures

and O, molecules.

15 TABLE 1
02 Au19/ AU43/ AU|9|AU43/ Oz/AUw] AU|9|AU.43/ Oz/AU19|
O, 1023 0, Auys 0, Augs

QCS | N/ | N/A N/A 16.7 16.7 4.7 4.7
[A]
0-0 1.2 1.27 1.29 1.30 1.27 1.29 1.27
[A
Eads 1.50 1.22 0.88 1.07 1.18 1.38
[eV]

FIG. 5a-5b show how wavefunction overlap depends on QD spacing, where larger
20 polarization occurs when wavefunctions do not overlap according to the present invention.

Charge transfer from a donor QCS to an acceptor QCS is demonstrated in the result of this
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calculation of differently sized Au QCS.

FIG. 6 shows a schematic drawing of energy levels in two different media separated by an
insulator or vacuum according to the present invention. Electron tunneling may occur
through the insulator or vacuum from a higher energy level to a lower energy level. By the
mechanism of electron tunneling, the donor and acceptor QCS of the present invention may

transfer charge and become polarized, thereby altering chemical reactivity.

FIG. 7 shows a chart of different matrix/substrate interactions with nanocrystal catalysts
according to the present invention. In this calculation, the catalyst support is MgO, and the
donor and acceptor catalyst particles are differently sized Au QCS. We see that the
presence of the support, in this case, has relatively little effect on the electronic structure of
the catalyst (see the HOMO and LUMO levels of Auj4 with and without the presence of
MgO). However, the donor and acceptor still exchange charge through the MgO matrix,
thereby altering chemical reactivity and catalytic performance. While the previous figures
have shown charge transfer between donor and acceptor, this result shows that a material
may be placed in between the donor and acceptor catalyst and still allow the desired

electronic structure modification.

The present invention has now been described in accordance with several exemplary
embodiments, which are intended to be illustrative in all aspects, rather than restrictive.
Thus, the present invention is capable of many variations in detailed implementation, which
may be derived from the description contained herein by a person of ordinary skill in the
art. For example, there may be more than one donor QCS or more than one acceptor QCS.

The donor and acceptor may be of different sizes, morphologies, materials, or any

10
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combinations of those traits.

All such variations are considered to be within the scope and spirit of the present invention

as defined by the following claims and their legal equivalents.

11
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CLAIMS

What is claimed:
1. A method of providing a desired catalyst electron energy level, comprising:
a. providing a donor material having a first Fermi level, wherein said donor
5 material comprises a quantum confinement structure (QCS) of said donor
material; and
b. providing an acceptor material having a second Fermi level, wherein said
acceptor material comprises a quantum confinement structure (QCS) of said
acceptor material, wherein-said first Fermi level is higher than said second
10 Fermi level and said acceptor is disposed proximal to said donor to alter an
electronic structure of said donor and said acceptor material to provide said

desired catalyst electron energy level.

2. The method of providing a desired catalyst electron energy level of claim 1,

15 wherein said acceptor is separated from said donor by a distance up to 10nm.

3. The method of providing a desired catalyst electron energy level of claim 1,
wherein a i) vacuum, ii) a material, or i) and ii) is disposed between said donor

and said acceptor.

20
4. The method of providing a desired catalyst electron energy level of claim 3,
wherein said material is selected from the group consisting of an organic

ligand, a polymer and an inorganic film.

12
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5. The method of providing a desired catalyst electron energy level of claim 1,
wherein said QCS donor material is selected from the group consisting of a
nanocrystal material, a nanowire, a quantum well, and a thin film of bulk

5 material.

6. The method of providing a desired catalyst electron energy level of claim 1,
wherein said QCS acceptor material is selected from the group consisting of a
nanocrystal material, a nanowire, and a quantum well and a thin film of bulk

10 material.

7. The method of providing a desired catalyst electron energy level of claim 1,
wherein said donor and said acceptor materials are disposed in an electric field
to enhance catalytic behavior when applied to charged, polar or polarizable

15 molecules undergoing a catalytic reaction.

8. The method of providing a desired catalyst electron energy level of claim 1,
wherein said donor and said acceptor materials are disposed in a non-
equilibrium state, wherein said non-equilibrium state induces polarization in

20 molecules undergoing a catalytic reaction.

13
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9.

10.

11.

The method of providing a desired catalyst electron energy level of claim 1,
wherein said donor and said acceptor material are disposed to decrease a

poisoning susceptibility of a catalyst by a strongly-adhered adsorbate.

The method of providing a desired catalyst electron energy level of claim 1,
wherein said donor and said acceptor materials have different properties selected

from the group consisting of size, geometry, composition, and morphology.

The method of providing a desired catalyst electron energy level of claim 1,
wherein said acceptor is disposed proximal to said donor using methods selected
from the group consisting of Langmuir-Blodgett deposition, spin casting, drop
casting, atomic layer deposition, stamping, microcontact printing,

nanolithography, e-beam lithography, and SPM lithography.

14
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FURTHER INFORMATION CONTINUED FROM PCTASA/ 2()3

1) A meaningful search is not possible on the basis of all claims 1-11
because all claims appear to be directed to a scientific theory (Rule
38.1(i) PCT).

The essential features of the alleged invention are presented in such a
vague form that only the underlying theory appears to remain. The only
features are a "desired" energy level {i.e. arbitrary, *any* value),
achieved by a "quantum confinement structure (QCS)" (how defined? how
determined?), in turn somehow comprised in *any* amount (or
concentration) in *any* material, as long as it is a "donor" material
with higher "Fermi level" (parameter definition? how determined?) than a
second *arbitrary* material with likewise a "quantum confinement
structure (QCS)", but with a lower "Fermi level" and placed "proximal"
(concrete limitation? how distance determined?). These features are
supplemented by the desideratum that the "electronic structure" (??) of
donor and acceptor material is thereafter "altered" in *any* way to
provide said "desired" {*arbitrary*) energy level.

Furthermore, there are **no worked examples**, the donor/acceptor
materials may be essentially anything and the only such materials
presented are Pt68, Pt39, Aul77, Aud3, Auld, Aud4 and {Mg0)32, the latter
apparently as model support, which appear to be **exclusively theoretical
models**. The figures present solely **simulations**.

Thus there is **no concrete realization of the method at all**, neither
in the form of a tangible chemical compound nor at least a reaction
product.

Notwithstanding this evident lack of disclosure (Art. 5 PCT), **no
effects** can furthermore be verified. The claim, however, depends on an
effect.

Without a demonstrated effect whatsoever, **only a theory predicting an
effect**, the latter in turn very vaguely formulated ("altered electronic
structure") remains. In other words not a solution to a technical problem
(altered catalytic properties or alternative catalysts) but **merely a
theory of how a solution might possibly look like is defined**.

2) Notwithstanding the non-patentability reasoning above, even if, to the
applicant's favour, the present definition in claims 1-11 were seen as
the attempted definition of an invention, it would severely lack clarity,
support by the description and disclosure (Arts. 5 and 6 PCT) for the
reasons mentioned above. For instance the mere mention of “Fermi level"
is neither clear {especially considering the extremely broad scope of
materials envisioned) nor sufficiently disclosed, inter alia the
reference system as well as the temperature must be known, none of which
are disclosed in the present application, see e.g. Wikipedia, entry
"Fermi level" {(http://en.wikipedia.org/wiki/Fermi_level), the same
applies as to which approximations are used for any (highly) irregular
structures also encompassed by the claims, see e.g. Wikipedia, entry
"Fermi energy" (http://en.wikipedia.org/wiki/Fermi_energy) and entry
"chemical potential® (a synonym for Fermi level;
http://en.wikipedia.org/wiki/Chemical_potential).

3) Yet further, and notwithstanding the reasoning above, the vague
definition of subject-matter, as far as it may possibly be understood,
appears to encompass numerous examples of well-known household items.
Inter alia a light switch, with respective oxide layers on both metal
contacts, typically copper, would appear to fall within at least claim 1,
since it is well-known that the initial closed circuit from one metal to
the other (with evidently differing Fermi levels due to the potential
difference) is achieved via quantum-tunneling through the ubiquitous
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oxide layer {an inorganic film and insulator, see e.g. claim 4 and page
6, lines 23-25). The altered energy level is obviously "“desired”,
especially at night.

Moreover, the **prediction of the effect** mentioned in item 1 above
appears to be quite vague, as far as it may presently be understood. Only
an altered "energy level" to modify a QNS containing catalyst for use in
*any* catalyzed reaction is predicted. To perform such alterations,
without a clear effect or goal, by using essentially combinations of
atomic and/or molecular orbitals and/or other unspecified intermolecular
interactions would appear to fall within **common general knowledge**
(see e.g. LCAO, MO, perturbation and similar theories).

It is **pointless to search well-known subject-matter** and a **fall-back
strategy cannot be seen**, hence the subject-matter to possibly be
searched is not clear either (Art. 6 PCT).

4} The non-compliance with the substantive provisions is to such an
extent that a meaningful search of the whole claimed subject-matter could
not be carried out (Article 17(2) PCT and PCT Guidelines 9.37). There
being no reasonable basis in the application that clearly indicates the
subject-matter which might be expected to form the subject of the claims
later in the procedure, no search at all was deemed possible. No worked
examples are contained but rather so many divergent embodiments that an
expected fall-back position cannot be determined.

The applicant's attention is drawn to the fact that claims relating to
inventions in respect of which no international search report has been
established need not be the subject of an international preliminary
examination (Rule 66.1(e) PCT). The applicant is advised that the EPO
policy when acting as an International Preliminary Examining Authority is
normally not to carry out a preliminary examination on matter which has
not been searched. This is the case irrespective of whether or not the
claims are amended following receipt of the search report or during any
Chapter II procedure. If the application proceeds into the regional phase
before the EPO, the applicant is reminded that a search may be carried
out during examination before the EP0 (see EPO Guideline C-VI, 8.2),
should the problems which led to the Article 17(2) declaration be
overcome.
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