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We studied Ru nanoparticles using Ambient Pressure X-ray Photoelectron spectroscopy
i} (AP-XPS) to investigate catalytically active species on Ru nanoparticles under reaction
£ | conditions. We found that the smaller Ru nanoparticles form bulk RuO:2 on their surfaces,
% causing lower catalytic activity. As the size increases, the core-shell type RuO2becomes
AL | stable. We studied the nature of Ru oxides on a Ru polycrystalline film under reaction
# | conditions. Our reaction studies showed substantial deactivation of the Ru film during
X catalytic CO oxidation. This is correlated with irreversibly formed bulk Ru oxide, as shown
i1 by AP-XPS. We also investigated two-dimensional Pt nanoparticle/titania catalytic systems
E | under the CO oxidation reaction. Our results show an enhanced activity of Pt nanoparticles
when the nanoparticle/titania interfaces are exposed. APD Pt shows superior catalytic activity
due to the catalytically active nature of the mild surface oxidation and the active Pt metal and
thus can be used for large-scale synthesis of active metal nanocatalysts. In the last study, we
showed that engineering Metal-oxide interfaces in TiO2-nanoporous (np) Au inverse catalyst
results in enhancement of H2 oxidation activity. We correlate change in activity with the
active sites at perimeter interface between the TiOz2and np-Au.
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1. Research Programme
Overview of the proposed research program and plan is explained as follows:

1.1 Fabrication of atomically engineered Metal-Oxide interface(s) in nano-catalytic

metal nanoparticles on oxide systems of ZnO, Ga203 and In203 of rod and sheet
morphology

The first critical step is to design well-controlled Metal-Oxide interface in metal/oxide
based nanocatalysts. The underlying aim is to be able to probe intrinsic contribution of
the metal-oxide interface(s) to the catalytic activity under gaseous reaction conditions.
This will be achieved through synthesizing smart nano-structures (e.g. metal
nanoparticles (NPs) of well defined sizes and Oxide nanostructures of atomically
controlled nano-dimensions such as rod and sheet morphology of uniform size and
shape), together with excellent dispersions of the individual components. The first
system of interest that will be designed and tested for catalytic reaction studies is
Cu/ZnO based nanocatalysts. Cu NPs of three different uniform sizes (1-2nm, 4-6 nm
and 8-10 nm) will be deposited on ‘Rod’ and ‘Sheet’” morphology based Zinc oxide
ultra-small nano-structures of uniform sizes and shape. In a similar fashion, we will
synthesize Ga203 and In203 based nanocatalysts.

1.2 Visualizing enhanced Metal-Oxide interactions via advanced In-situ techniques and
instrumentation to uncover atomic scale variations at active sites in working
nano-catalysts under gaseous/reaction atmospheres

In order to probe the intrinsic correlation between catalytic activity and the tailored metal
nanoparticle-oxide nanostructure interface, it is critical to probe the active sites at
interface perimeter during working conditions of the nanocatalysts. This will yield
crucial insights into the atomic scale working of the catalyst to be directly applied to
industrial catalysts and bridge ‘Pressure Gap’ across the lab-scale reaction conditions and
technologically relevant highpressure conditions. For this goal, we will conduct in-situ
probing of the interface via novel instrumentation including ambient pressure STM
(Scanning Tunneling Microscopy) and ‘Environmental TEM (Transmission Electron
Microscopy)’. These techniques allow us to observe the structural changes occurring on
the surfaces of the working nano-catalysts in real time under gaseous environments. It is
expected that the adsorption/desorption of the reaction and products species respectively
at active sites will be accompanied by atomic level structural changes on the active sites
at Metal NPs-Oxide perimeter interface. Initial optimization of the nano-architectures of
Zn0, Ga203 and In203 will be carried out using SEM/HR-SEM (Scanning electron
microscopy) and TEM/HR-TEM. In additional, thorough structure of the nano-catalyst
and its surface/bulk chemistry will be complemented by XRD (X-Rays diffraction) and
XPS (XRay photoelectron spectroscopy). We will also carry out relevant surface area
experiments such as metal dispersion measurement etc. using pulse chemisorption of
CO/H,.
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1.3 Catalytic Activity of the engineered nanocatalysts under reaction conditions to
establish intrinsic correlation between active sites under reaction conditions and
metal-oxide interface perimeter area

In the final step of the project, all ‘Metal-Oxide’ engineered nano-catalysts will be used
to carry out catalytic reaction such as CO oxidation reaction. Carbon monoxide (CO) is
one of the most-studied molecules among the many modern industrial chemical reactions
available. Turnover frequency (TOF) in terms of oxidized CO molecules/active site will
be calculated for each nano-catalytic system. Together with comparison with similar
catalytic systems reported so far and after calculation of metal-Oxide interface perimeter
area, a correlation will be established between metal-Oxide interface and catalytic
activity. Stand-alone reference catalysts such as Cu nanoparticles on inert SiO2 support
and Cu single crystals will be utilized for comparison with our nano-catalytic systems.

Metal-Oxide Interface ™.

/ ERcacenng

Ini-situ Pl‘obiﬁ?
at Atomic Scale

Figure: Summary scheme of the Research Program
2. Feasibility Analysis
2.1 Equipment and chemical reagents required for synthesis of the nano-catalysts: Basic
equipment and chemical reagents provided by CRC (Catalytic Reaction Chemistry)
Group at Dalian Institute of Chemical Physics (DICP) such as 1. Teflon lined
Autoclaves, Magnetic Stirrers, Temperature controlled oil bath, glassware etc.
2.2 Equipment and Instruments required for Characterization of the nano-catalysts: The
instruments required for basic analysis of nanocatalysts such as Catalyst Analyzer (Pulse
Chemisorption measurement), BET Surface area measurement, instruments required for
crystal structure, phase, composition, surface analysis such as High Resolution Scanning
electron microscope (TEM) and Transmission electron microscope, X-Ray Diffraction,
X-Ray photoelectron spectroscopy can be accessed inside DICP. Equipment required for
Insitu analysis of nano-catalysts under reaction/gaseous conditions such as
Environmental TEM can be accessed in DICP, while ambient pressure
Scanning-tunneling microscope (STM) can be accessed in Professor Jeong Young Park’s
group at Korea Advanced Institute of Science and Technology (KAIST), South Korea.
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3. Expected Outcomes

» Our work is expected to generate novel and interesting results as currently, there is
sparse

reports existing on the subject of ultra-small nano-rods and nano-sheets of atomic
dimensions with uniform size observed for ZnO, Ga203 and In203.

* It is expected that strong metal-support interaction (SMSI effect) will be observed
clearly

in our Metal-Oxide nanocatalysts due to ultra-small nano-scale dimensions of the
nanocatalysts arising from unique electronic and geometric properties in contrast to bulk
counterparts.

« It is expected that well-controlled Metal-Oxide based nanocatalysts will reveal clearly
the

contribution of perimeter interface area towards catalytic activity in Cu based
nanocatalysts

in particular and Metal NPs based nano-catalysts in general.

« It is also expected to open up a new field of investigation in nano-catalysis community
investigating strong metal-support interactions in nano-catalysis in general and Cu based
industrial catalysts such as Cu/ZnO/Al203 in particular. This will lead to bridging
Materials gap between model studies and technological catalysts thereof.

4. Current progress

At present all experiments are designed and continually optimized. Literature survey in
relationto synthesis of nano-rods and nano-sheets of ZnO has been completed and for
Ga203 and In203 is being compiled. Additionally synthesis of ZnO nano-rod is in the
process of optimization.

5. Challenges and Future Aspects

5.1 Challenges include:

* Preparation of ultra-small, uniform size nano-rods and nano-sheets of few atomic layer
thickness of ZnO, Gallium oxide and Indium oxide.

« Fabrication of controlled interface in nanocatalysts.

» Probing interface perimeter active sites using environmental TEM and ambient
pressure.

STM.

5.2 Future Aspects include:

« A novel route towards metal-oxide interface investigation and role in catalytic activity.
« It has the potential to be applied as a basic tool in catalysis to elucidate the metal-oxide
interface effect in other similar catalytic systems.

* The insights gained can be applied to technological catalysts and therefore has direct
significance to chemical technology industry thereby reducing the energy costs.

« This project in long run is a key way to bridge pressure and materials gap between
model and real catalytic systems.
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6. Timetable of the Research Plan:

Time-line of the proposed project and brief research activity plan between 1st May 2016

~ 31° April 2018 (2 years) is tabulated as following:

Duration of Project

Experiment Scheduled

Comments

1% May 2017
(8)
To:
In-sitw/Ex-situ 317 0ct 2017
Characterization
and Catalytic

Reaction Test

@)

uniformity ete.
HR-TEM/HAADF-STEM-EDS
mapping images to determine lattice
structure and perimeter interface
contact latice

Environmental TEM investigation of
nanocatalysts under O,/CO and CO. Oy
catalytic conditions

Phase One 1¥ Quarter
From: (1) Synthesis of Rod Shaped ZnO, (1) Chemical Synthesis
15 May 2016 Incorporation of Cu NPs route for Oxide,
(2) Synthesis of Sheet Shaped Zn0, (2} CuNPs of three
To: Incorporation of Cu NPs different sizes
Synthesis of ZnO, | 31 Oct 2016 (3) Synthesis of Rod Shaped Ga,0; (3) SEM/TEM as per
Gay0;. Iny0; 2™ Quarter requirement to optimize
Nano-Rods and (4) XRD/XPS as per
Nano-Sheets From: (4) Svnthesis of Sheet Shaped Ga>0;. requirement to test
1" Nov 2016 Incorporation of Cu NPs crystal structure and
(3) Synthesis of Rod Shaped In,0;. oxidation states
To: Incorporation of Cu NPs
31 Apr 2017 (6) Synthesis of Sheet Shaped InyO;.
Incorporation of Cu NPs
Phase Two 3™ Quarter
From: (7) HE- SEM to determine size and shape (5) Basic catalyst

characterization
techniques such as
CO/H; pulse
chemisorption as per
need to evaluate metal
NPs dispersion and
surface area etc.

4™ Quarter

From:
1 Nov 2017

(10)

To:
317 April 2018

(11)

(12)

Ambient pressure STM of
nanocatalysts under 0,/CO and CO. O,
catalytic conditions

Analyzing and documenting data of key
observations

Publishing key results and potential
Patent registration of the nanocatalysts
design method

(©)

Ambient pressure STM
to be carried out in
Professor Jeong Young
Park’s group. South
Korea. Collaboration
agreed upon subject to
sample provision
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