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1. Summary of the impact (indicative maximum 100 words)

UCL academics have been involved in the development and application of novel
experimental approaches and computational methodology. This research has provided
fundamental insight into the behaviour of catalytic materials, which in turn has translated into
improved understanding and performance in the areas of energy, environment, bulk and fine
chemicals production. Impact includes the creation of a start-up company Finden Ltd. (inc.
2012) whose novel analytical methods are the basis for annual turnover greater than
GBP1,500,000 since 2014 and whose insights have enabled the redesign of industrial
catalysts. Through sponsored research projects, industrial consultancy, and employment of
trained UCL scientists, continued collaboration between UCL and industry leader Johnson
Matthey plc (JM) has led to better understanding of catalyst properties and behaviour across
multiple business divisions. [TEXT REMOVED FOR PUBLICATION].

2. Underpinning research (indicative maximum 500 words)

The academics involved at UCL (Catlow, Sankar, Beale) have a long history of research on
the subject of heterogeneous catalysis with a significant number of outputs in the field (in
excess of 160 publications) during this REF period. Pertinent to this case study has been
research on the development of novel analytical techniques, methods, data handling and
analysis procedures, for tracking the behaviour of catalytic materials often studied under real
reaction conditions (R1-6). These data have been largely obtained from the Harwell campus
which houses the UK’s national capabilities for X-rays, Neutrons and Lasers. The insights
obtained are unique, as they are obtained from UCL specific capability involving advanced
characterisation methodology, often combined with novel computational methods.

The UCL team conducted experimental research on a series of heterogeneous catalytic
materials (supported metals on powders to structured catalysts) using national facilities for
X-rays, Neutrons and Lasers. In particular, UCL researchers have pioneered the
development of multimodal X-ray tomography techniques, particularly the novel approach of
‘6D’ X-ray diffraction computed tomography (XRD-CT) imaging, to study entire catalytic
systems in real time, under real process conditions, non-invasively. This approach, now
regularly exploited by Finden Ltd, yields a more holistic (spatial) characterisation of the
evolving (i.e. during reaction) catalyst composition than more standard single point
measurements. By using bright, hard X-rays, this work is particularly pertinent for the study
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of ‘real’ structured catalysts such as monoliths, enabling insight into industrial materials that
has not been possible until recently (R1, R2).

The collaboration between UCL and JM, enabled through joint PhD research, collaborative
and consultancy projects (in the areas of synthesis, advanced characterisation,
computational methods and their application) underpinned research and development of
catalytic technologies among a number of divisions in JM, in particular clean air, efficient
natural resources (ENR) and energy generation and storage. Specifically, the continued
application of in situ methods employing X-ray absorption spectroscopy (XAS), (which
includes X-ray absorption near edge structure (XANES), high energy fluorescence detection
of XANES (HERFD XANES), and extended X-ray absorption fine structure (EXAFS)) in
addition to, increasingly, pair distribution function (PDF) methods, often in tandem, has
proven powerful for differentiating between oxidation states and characterising short-range
order in supported catalysts (R3, R4). Industrially-relevant materials that have been
investigated during this REF period include mixed metal oxide shift systems for ENR and the
energy sector, and microporous and supported catalysts for clean air (R3, R4).

Whilst experimental techniques provide insights into catalysts, discussed above, often the
aid of computational methods are vital. To this end, the computational methods developed at
UCL have been invaluable, as they employ both force field and quantum mechanical
techniques for performing atomistic simulations. Notable developments include QM/MM
(quantum mechanics/molecular mechanics) ChemShell procedures for modelling active sites
and reaction mechanisms in catalytic processes, which has continued to the wide
applicability of QM/MM procedures to industrial modelling problems (R5). Furthermore, a
recent collaboration between UCL and JM using Quasi Elastic Neutron Scattering (QENS)
and Molecular Dynamics (MD) simulations has provided valuable insight into diffusion
mechanisms in zeolites used in selective catalytic reduction (SCR) to reduce emissions from
diesel engines (R6).
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4. Details of the impact (indicative maximum 750 words)

Catalysis is estimated to be worth GBP50,000,000,000 and GBP1,500,000,000,000 per
annum to the British and global economy respectively — 80% of every man-made
chemical/product has encountered a heterogeneous catalyst in its lifetime. Improvements in
catalyst performance can be realised via improved differential (activity) or integral (lifetime)
yield, which leads to direct economic and environmental benefits (e.g. reduced unwanted
products and lower energy costs) and indirect societal benefits (e.g. reduced NOx and CO).
The close working relationships that the UCL team has developed with JM and Finden have
been crucial in translating the expertise in advanced characterisation, using X-ray
techniques (R1-4) and simulation (R5) in combination with advanced characterisation (R6) to
obtain fundamental insight into a wide range of catalytic applications.

New product development and process improvements

Since Sankar and Catlow began their interactions with JM, realisation of the use of
techniques such as PDF, XAFS, QENS (R1-4) and modelling methodologies (ChemShell)
(R5, R6) has become an area of utmost importance in JM’s strategy to develop “world class
science and technology expertise” (81). To this end, according to JM, the collaboration has
had “a high and continuing impact across our [JM] businesses, brought about through
advanced characterisation of model and industrial catalysts and materials” (S1).

Of particular note has been Sankar’s collaboration with the Clean Air and ENR divisions
using synchrotron radiation (SR) techniques, such as X-ray Absorption Spectroscopy (XAS,
including XANES), to understand metal ion speciation within or at the surface of supported
catalysts. This information has enabled JM to prepare new products with improved
performance that comply with current and future legislations. The High Temperature
Shift Technical Manager at JM, affirms that “JM High-Temperature Shift catalysts are sold
across the globe to customers producing Hydrogen and Ammonia. [TEXT REMOVED FOR
PUBLICATION].” The XAS study conducted by Sankar and the team has elucidated
structural properties of the catalyst leading to enhanced understanding. (S1) The Global V-
SCR Product Development Manager adds, “As part of improvement in NOx reduction
technology for automotive emission control, it become critical to understand the oxidation
states of new additives in JM catalysts after different ageing conditions. Sankar’s expertise
in XANES enabled this novel work with appropriate detection limit, and thus enabled
industrialisation of the concept for customer sampling. [TEXT REMOVED FOR
PUBLICATION].” (81) In addition, Sankar’s research in XAS “has sped up the
commissioning process of electrochemical characterisation cells” (§1) which have an
important role in the commercialisation of new battery cathode materials.

Catlow’s collaboration with JM involved the application of a combination of neutron
spectroscopy and computational methodologies (R5, R6) in “strategic areas,” such as novel
fuel cell formulations, sustainable hydrogen production and clean air applications. Most
notably, computational modelling studies have “provided unique and novel insight [TEXT
REMOVED FOR PUBLICATIONY]” in the ENR and the syngas catalyst, “where we [JM] have
needed to go beyond intuition to make significant advances” (S1). Furthermore, the
Chemshell procedures have allowed JM to model zeolites used in the selective catalytic
reduction (SCR) reactions, which in turn enables JM to obtain its position as a market
leader. The leading computational chemists at JM has said, “Fundamental understanding of
zeolite catalysis using computational chemistry techniques, particularly Chemshell, in
collaboration with Prof Catlow and his co-workers at UCL has helped guide the design of
SCR catalysts with improved activity. [TEXT REMOVED FOR PUBLICATION]” (S1).

Finden Ltd, a UCL spinout established in 2012 with Beale as joint shareholder, has
pioneered the application of the advanced X-ray methods for structure characterisation (R1-
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2). In particular, the XRD-CT techniques developed at UCL provided Finden unique insight
into the structure and performance of materials under operando conditions. This approach
was, for example, successfully applied in collaboration with BASF in 2017 to study intact
portions of [TEXT REMOVED FOR PUBLICATION]. The results from this study enabled
BASF to redesign their catalyst to [TEXT REMOVED FOR PUBLICATION].

Knowledge transfer of techniques and highly skilled specialists

UCL-trained scientists have been employed by a number of industry partners including JM
and Finden, where their knowledge on catalyst characterisation serves as a critical
component of the success of the operation. At JM, the adoption of new X-ray
techniques/analysis procedures developed by UCL (R1-3) and integration of UCL-trained
scientists (6 FTE) has enhanced understanding, shortened research and development
projects, and improved the company’s competitiveness. At Finden, expertise on X-ray
tomography (R1, R2) from UCL alumni (6 FTE) has enabled the expansion of the spinout to
offer a wider variety of services, and it has driven an exponential growth in sales, particularly
in the last three years (S3). By sharing technical expertise as part of a wider international
collaboration, ex-UCL academics at Finden co-authored an academic output which became
one of the primary motivations behind a GBP 16,000,000 upgrade of two ESRF flagship
materials science beamlines (ID15 & ID31@ESRF) and the u15 beamline at Diamond Light
Source (S4, S5). The Diamond-Il programme aims to enable unparalleled insight into
industrial materials science problems spanning the fields of energy storage, manufacturing,
pharmaceuticals and cultural heritage.

In addition to the employment of personnel from UCL trained researchers, transfer of SR
and computational techniques facilitated through the continuous interaction with Sankar and
Catlow has led to the development of major centres. [TEXT REMOVED FOR
PUBLICATION]. Key examples include the creation of JM Research Centre in South Africa
and the Electron Physical Science Imaging Centre (ePSIC) at the Diamond Light Source
(Harwell Campus), both of which were initiated through UCL collaborations. The introduction
of SR techniques at JM has been invaluable to the company’s catalytic technology and
materials processing. The senior JM microscopist at ePSIC, comments, “[TEXT REMOVED
FOR PUBLICATION]. “The fact that Johnson Matthey, through Sankar’s Fellowship, had an
involvement with Diamond before the ePSIC initiative was an important part of our
relationship building [...]. | think more importantly our involvement with Sankar made us part
of the industrial advisory group which made us aware of the bigger picture” (81). [TEXT
REMOVED FOR PUBLICATION] (S1). The computational research collaboration between
UCL and JM led to the establishment of a Johnson Matthey Research Centre in
computational chemistry located in Pretoria, South Africa in 2013. The centre has resulted in
novel materials design, cost-effective synthesis of catalysts and a better understanding of
catalyst application under aggressive chemical process conditions.

[TEXT REMOVED FOR PUBLICATION]

5. Sources to corroborate the impact (indicative maximum of 10 references)
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