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I am pleased to present the 17t Biannual Research
Report for the Cambridge Centre for Advanced
Research and Education in Singapore (CARES).
The past six months have been much more in-
person, as COVID-19 restrictions reduced in
Singapore. As a result, we have enjoyed visits
from many collaborators and friends, including
Nobel Prize winner and Cambridge colleague
Prof Didier Queloz.

New Project Opportunities

Our newest project, “Knowledge Graph Driven
P2P Energy Trading” (supported by an NRF Intra
-CREATE seed collaboration grant), will be led by
Dr Casper Lindberg (a CARES Research Fellow
who joined us as a PhD student) in collaboration
with an NTU colleague, Asst Prof Hung Nguyen.
I am delighted to see our students developing
into independent researchers and the excellent
opportunities they continue to find within our
CREATE network. The project will aim to
develop an energy market framework that
leverages the benefits of a dynamic knowledge
graph.

The World Avatar Shortlisted by WEF

The continuous efforts of the J-Park Simulator in
building The World Avatar (TWA) dynamic
knowledge graph have been recognised by the
World Economic Forum, which has listed CARES
and TWA on their list of Global Use Cases as part
of its Global Digital Twin Cities initiative. Our
project has not only been recognised for its
current real-world uses in the CARES lab and for
analysing district heating in the UK, but also for
its potential to improve city governance and
create a conducive urban ecosystem for industries
and people.

FOREWORD

CLIC Remote Guided Testing Publication

While many aspects of laboratory work had to be
adapted in the last two years, the need for our
CLIC Programme (Centre for Lifelong Learning
and Individualised Cognition) to conduct human
participants testing at the height of social
distancing was a unique challenge. The team have
used the opportunity to innovate a remote guided
testing method in a published paper (Leong et al.,
2022) that shows such testing can produce results
consistent with the pre-pandemic standard of face
-to-face testing. This adaptation not only allowed
CLIC to continue data collection during the
pandemic, but has also contributed new tools to
the field.

Looking ahead

2023 will be a special year for CARES, as we will
have been in operation for ten years! We are
looking forward to a year of celebrations; sharing
ambitions

our scientific achievements and

through a series of special events and
communications. Please do sign up to our
LinkedIn Page or our website for more details

throughout the year.

I hope I have encouraged you to read more about
CARES’ latest work and achievements in this
report. As ever, please do get in touch if you
would like to know more about our work or have
ideas for collaboration.

Professor Markus Kraft, CARES Director
September 2022
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Cambridge CARES is the University of Cambridge’s presence in

Singapore

The Cambridge Centre for Advanced
Research and Education in Singapore
(CARES) is a wholly-owned subsidiary of the
University of Cambridge. Cambridge CARES is
funded by the National Research Foundation as
part of CREATE (Campus for
Excellence and Technological Enterprise). We

Research
have a number of research collaborations
between the University of Cambridge, Nanyang
Technological University, the National University
of Singapore and industrial partners.

The first programme administered by CARES is
the Cambridge Centre for Carbon Reduction in
Technology (C4T). The C4T
programme is a world-leading partnership
between Cambridge and Singapore, set up to
tackle the environmentally relevant and complex
problem of assessing and reducing the carbon
footprint of the integrated petro-chemical plants
on Singapore’s Jurong Island. It brings together

Chemical

researchers from chemical engineering,

biotechnology, chemistry, biochemistry,
information engineering, electrical engineering,

materials science and metallurgy.

The motivation for the C4T project is to integrate
materials design and selection (i.e., for adsorbents
and catalysts) with advances in process design to

achieve improved selectivity and conversion.
Such improvements will provide a reduced
carbon footprint and energy demand for both
established and new processes. Lowering the cost
of CO; capture, and technologies and strategies
for waste heat utilisation are also underlying
drivers in the research. Our six collaborative
Interdisciplinary Research Programmes (IRPs)
combine state-of-the-art experimental analysis
with advanced modelling research from
Cambridge and Singapore. Whilst each IRP has
clearly defined milestones and deliverables,
denoted as work packages (WPs), there is
significant interaction between the IRPs.

The first five-year research phase of C4T came to
an end in October 2018. The programme received
a further five years of funding for Phase 2, which
commenced in November 2018.

A second large CREATE-funded programme, the
Centre for Lifelong Learning and Individualised
Cognition (CLIC), began in October 2020. CLIC is
a collaboration between University of Cambridge
and NTU and focuses on the neuroscience of
learning, a new research area for CARES.

In April 2020, CARES was awarded a further
Intra-CREATE large grant for Cities Knowledge
Graph, which brings together researchers from




Cambridge CARES

University of Cambridge and ETH Ziirich to
harness rapidly growing and diversifying data
streams to improve the planning and design of
cities. Cities Knowledge Graph will do this by
developing an innovative digital platform
designed to combine data and share knowledge
about cities, and to inject new precision and
responsiveness to static instruments of planning,

such as the city master-plan.

As well as this large Intra-CREATE grant, CARES
hosting AMPLE (An
Manufacturing Platform for

is Accelerated
Engineered
Nanomaterials), funded by the Central Gap
Fund. There are several smaller projects and spin-
offs ongoing: The Intra-CREATE seed funded

Knowledge Graph Driven P2P Energy Trading

NRF

and Real-time Network Operation for High
Renewables, and currently one ongoing stream
under the Pharmaceutical Innovation Programme
Singapore (PIPS) that involves industry funding.
CARES also takes part in the Cooling Singapore
2.0 programme hosted by the Singapore-ETH
Centre. Details and updates for these smaller
projects can be found on page 135.

This report is a summary of our last half-year of
research progress. It includes scientific updates
from each of our researchers, along with abstracts
and figures from our recent publications. There
are also several articles that explain the
fundamental science behind some of our work,

and the impact this can have to our society.

National Research
Foundation, Prime Minister’s
Office, Singapore

CREATE

SEC
Singapore-ETH Centre

| Campus for Research
Excellence and Technological

UoC
University of Cambridge

Enterprise

Cities Knowledge Graph
Planning a Smart Nation

builds on knowledge

Other projects
Commercialisation |
development, seed funding, §
industry projects, other

CREATE programmes and
NRF-funded projects

Cambridge CARES
Cambridge Centre for
Advanced Research and
Education in Singapore Ltd

caT

Cambridge Centre for
Carbon Reduction in
Chemical Technology
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FOCUS ON

FUNDAMENTAL SCIENCE

Flying into the Exhaust: Capturing In-plume Particle

Characteristics

Dr Molly HAUGEN, CARES Visiting Scientist, IRP 4

Maritime emissions account for ~3% of global
greenhouse gases and has led to NOx and SOy
being directly regulated, and particle mass (PM)
indirectly regulated via sulphur content within
the fuel. Measuring exhaust PM has not yet been
a standardised practice as collecting data on PM
for in-use vessels has been a challenge within the
maritime regulation community. However, here,
we present an opportunity to directly measure
the emitted PM in order to ensure this sector can
continue towards a more sustainable future.

Capturing direct particle emissions from high
particle emitting ferries at the Port of Rafina,
Greece, would not have been possible without

A picture of Dr Haugen and the drone used in the study.

using an unmanned aerial vehicle (UAV, ie, a
drone). Our UAV acted as a tool to bring particle
instruments closer to the emission source,
allowing us to make measurements on particle
characteristics that otherwise would not have
been accessible. During the 10-day
different particle characteristics such as particle

study,

number, lung-deposited surface area, and mass
from in-use maritime emissions were measured.
This was done, for the first time in literature, here
in Rafina using a UAV with handheld sensors for
maritime emission data collection. Comparing
how these metrics change in relation to each
other is key for determining particle coagulation,

Biannual Research Report (April —September 2022) 8



particle deposition into the water, or atmospheric
suspension of particles. The UAV + handheld
sensors provided novel insight into how the
particles within plumes evolve as they age or as
the plume moves away from the stack pipe of the
ferry.

The designed study also acted as a source of

validation for existing and new models,
specifically for combustion sources. The data
collected from the UAV were compared to an
improved method of artificially emulating the
plume dispersion while considering the chemical
transformations within a plume. The new
technique is called the Incompletely Stirred
Reactor Network (ISRN) and incorporates the
effects of simultaneous coagulation, mixing, and
dilution downwind from the emission sources.
Together, the data collected from the UAV with
handheld sensors and the ISRN estimates can
give researchers, policymakers, and related
industrial contributors tools to monitor and
explore maritime plume particle dispersion. The
ISRN estimates can be used for an improved
approximation of particle concentration levels for
multiple metrics (particle number, lung deposited

surface area, and black carbon) without requiring

laborious field campaigns. This work can be used
directly by the Port of Rafina to improve the air
quality in the area, as well as by maritime
researchers in general who are seeking new
methods for measuring and building databases
around in-use emissions of maritime traffic.

For more information: A paper related to this
novel study is “Measurements and modelling of
the three-dimensional near-field dispersion of
particulate matter emitted from passenger ships
in a port environment” (DOL 10.1016/
j-atmosenv.2022.119384) published in Atmospheric
Environment by researchers from the University
of Cambridge. The abstract can be found in our
Research Highlights on page 20.

The drone has been developed with support from
the NRF-funded CARES C4T programme and it
had been originally planned to be deployed in
Singapore for field work in 2020. Due to the
COVID-19 pandemic, field work was initially
done in Europe as described, it is however hoped
that the Singapore field work plan will be able to
recommence in 2023, subject to licenses.

Dr Molly Haugen is a Senior Research Associate in Emissions Measurement
at the University of Cambridge. Her work with Prof Epaminondas MASTO-
RAKOS (PI, CAM) focuses on plume dispersion in ports and urban environ-

-top versions)

cological effects

ments. Her projects include:

1. Using drones to measure maritime emissions for use by political, academic,
industrial, and requlatory industries

2. Developing an easy-to-use, low-cost particle counter (commercialisation
and laboratory experiments)

3. Development of tyre and brake wear generation rigs (large-scale and bench

4. Generating brake and tyres wear to characterise particle metrics and toxi-

Dr Haugen will be visiting CARES in April 2023.


https://doi.org/10.1016/j.atmosenv.2022.119384
https://doi.org/10.1016/j.atmosenv.2022.119384

FOCUS ON

FUNDAMENTAL SCIENCE

Estimating Pollution from Ships using Computational

Fluid Dynamics

Dr Ramesh KOLLURU, Research Fellow, IRP 4

Maritime transport is of paramount importance
to international trade and the world economy. It
is estimated that about 90,000 marine vessels are
used to transport 80% of goods carried by sea.
These vessels consume the same fossil fuels as
normal road vehicles and emit up to 3% of global
CO; emissions, among other harmful pollutants.
As shipping traffic increases daily, we must ask
the question: How can we assess pollutants
emitted by a ship?

Common methods of assessment wuse
experimental, analytical or numerical methods.
Experimental methods require using several
accurate measuring devices without interfering
with the

turbulence, etc.) to conduct a realistic experiment.

flow phenomena (water, wind,
This can sometimes be difficult or nearly
impossible. In such circumstances, analytical or
numerical methods are better suited to gain
the

Numerical simulations, which are Computational

knowledge on physical phenomena.
Fluid Dynamics (CFD) in this case, are used to
recreate physical phenomena on a computer by
solving the governing equations using numerical

methods. A normal desktop computer can do the

job, but it can take months to obtain basic
information. In such cases, supercomputers are
needed to achieve more realistic timeframes,
which still range from days to a week. The
decision to use a desktop or a supercomputer
depends on the accuracy with which the
information is sought.

Process analysis on a computer involves the
following steps:

A) Creating an area - While ships sail in open
oceans, we do not have the ability to model an
entire area. Therefore, we select a region of
interest and analyse the phenomenon in question
in that region. In this case, we analyse the
development of pollutants and their dispersion
by a ship.

B) Creation of a grid: In the selected region, a
certain number of points are chosen at which the
basic equations are solved. Due to current
software and hardware limitations, it is not
possible to select an infinite number of points. A
typical grid on a ship is shown in Figure 1.

C) Solver - One or more suitable equations are
selected to be solved on a computer using an

200

33 EEEiEE

0 200 30 40 50 40 700 80 90 100 100 1200 100 1400 1500 1600 1700 1800 747
Figure 1: Adaptive grid generated on the ship (yellow and green blocks) at runtime. The spatial coordinates
shown are in metres.
Biannual Research Report (April —September 2022) 10
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approximation method. CFD generally uses the The content described is only the tip of the
finite volume method, the finite difference iceberg in the numerical simulations we call
method, or the finite element method, depending Computational Fluid Dynamics.

on the complexity of the underlying physics. More information on Dr Kolluru’s research can

be found on page 72 of the report.
D) Data analysis: After creating the grid, data is

obtained when the governing equations are
solved at each point. The data obtained can be
represented as streamlines, line plots, and
contour plots (Figure 2).
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Figure 2: Cut section view of the plume evolution. The spatial coordinates are in metres and the variable Xi repre-
sents concentration of pollutants.

Dr Ramesh Kolluru obtained his PhD from the Aerospace Engineering De-
partment at the Indian Institute of Science. He was a Postdoctoral Fellow at
the department working on developing hybrid optimisers for Dassault Avia-
tion France, using gradient-based algorithms and non-gradient-based algo-
rithms. He also worked as an Assistant Professor at the Department of Me-
chanical Engineering, B.M.S. College of Engineering Bangalore from 2011 to
2019. His primary interests are in algorithm development of high-speed com-
pressible flows and optimisation. His work at CARES focuses on numerically
investigating turbulent flows related to dispersion and mixing of pollutants
in the atmosphere arising from marine traffic around Singapore. He will also
develop CED models for the mixing processes in the development of reacting
flows during the transformation of pollutants.

11



FOCUS ON

IMPACT

Going With the Flow in Pharmaceutical Manufacturing
Dr Dogancan KARAN, Research Fellow, PIPS

The synthesis of drug molecules involves
complex multi-step processes such as chemical
reactions, purifications, workups, and more.
Traditionally, pharmaceutical companies employ
batch processing where the product of one batch
reaction is isolated and purified and used in the
next batch reaction. This process is not very

different than cooking food in a large pot.

Although pharmaceutical companies are
comfortable with using batch processing, it comes
with various interlinked problems such as heat
and mass transport limitations, safety, and slow
data generation for reaction optimisation.
Therefore, reaction conditions are optimised by
one-variable-at-a-time

chemist intuition or

optimisation protocols since it is extremely time

consuming to test all the possible combinations of
the process parameters. However, this situation
generally fails to explain complex interactions
between reaction

parameters leading to

inefficient optimisation. As a result, a
combination of out of date manufacturing
practices and optimisation methods increase the
development time and cost of the drug molecules
significantly. Therefore, there is a paradigm shift
in pharmaceutical industry on continuous
processing, digitalisation, process intensification,

and sustainability.

Continuous processing offers various advantages
over its batch counterpart - expanded operation
space, enhanced safety, facile integration of
process analytical technologies (PAT), and ease of

Biannual Research Report (April —September 2022) 12



automation. The advantages offered by
continuous processing open new and more
sustainable process routes which are not possible
to achieve in batch processing. Furthermore, with
high-quality and reliable data generation offered
by continuous processing, it is much easier to
optimise with various

process parameters

methods such as first-principle modelling,
mathematically-guided optimisation, or black-

box optimisation.

Given the relative

processing in the pharmaceutical industry, there

infancy of continuous
is no well-established process development
strategy which is used throughout the industry.
In this PIPS-Pfizer Project, we aim to fill this gap
by developing continuous flow technologies and
digital tools to support R&D and manufacturing
activities. The main objective of the project is to
demonstrate how to develop an end-to-end
continuous flow process for industrially relevant
drug molecules. The drug molecules chosen for
the project covers a great variety of technical
challenges to develop innovative solutions. First,
we develop the continuous flow reactors based

learning.

on the requirements of the process. The flow
reactors developed allow us to obtain reliable
data which we then use to optimise the process
parameters with various machine learning
models. The

protocols generated in this project will be used by

algorithms and mathematical
Pfizer as common practice to support their future
development of continuous flow reactors and
digital tools.

More information on the PIPS-Pfizer project can
be found on page 140 of the report.

Dr Dogancan Karan obtained his PhD from National University of Singapore
(NUS) at the Department of Chemical and Biomolecular Engineering in 2019.
He has extensive research experience in microfluidics and microreactor technolo-
gy, chemical reaction engineering, multiphase systems, computational fluid dy-
namics (CFD) as well as organic synthesis. Prior to joining CARES, he worked
on various PIPS projects to develop flow chemistry platforms for photocatalytic
applications and design fluidic components of a Mid-IR sensor. Currently, he is
working with Pfizer to develop novel flow chemistry platforms by using machine

13



Cambridge CARES

Highlighted research outputs from April - September 2022

A selection of publications from across our programimes.

C4T IRP 1: Heteroatom-doped microporous carbon nanosheets derived from pentaerythritol-

melamine for supercapacitors and CO; capture

Xiaochun Hu, Yuqing Luo, Xianyue Wu, Jiabin Niu, Mingwu Tan, Zhiqiang Sun, and Wen Liu, Materials

Today Energy
DOI: 10.1016/j.mtener.2022.101010

Abstract: Heteroatom-doped microporous -car-
bon nanosheets (HMCNs) are used in a wide
range of applications, including gas adsorption,
energy storage, and catalysis. Here, we demon-
strate a solvent-free, template-free, one-
pot polycondensation approach for the synthesis
of HMCNs using melamine (MEL) and pentae-
rythritol (PER) as precursors. By varying the ratio
of MEL to PER and the pyrolysis temperature,
the doping amount, surface area and porosity of
the HMCNs can be controlled. When used for
CO; capture, the HMCN synthesized by the py-
rolysis of a 3:2 mixture of MEL and PER at 900 °C

(3/2-HMCNs-900) affords a CO. uptake of

N

Pyrolysis

Volume adsorbed/cm?3g-!

MEL
PER
Supercapacitors
0.4
— 2mA
20.2
©
=
2
0
-0.2 1 1 1
0 100 200 300 400

t/s

5.35 mmol g? at 273 K and 1 bar CO; partial pres-
sure. Density functional theory calculations sug-
gest that the high CO, uptake performance of the
HMCN s is associated with the chemical modifi-
cation of the surface, as a result of N- and O- co-
doping. When assembled in a supercapacitor, 3/2
-HMCNSs-900 exhibits a high specific capacitance
(475 F gt at 1.3 A) and a fast charge-discharge
rate of 13.3 F s1 g'L. This study presents a novel,
resource-efficient and environmentally friendly
method for preparing HMCNs for energy and

environmental applications.

CO, uptake
150
120 -
3/2-HMCNs-900

90 +
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30
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HIGHLIGHTS | research

C4T IRP 1: Automated pH Adjustment Driven by Robotic Workflows and Active Machine Learning
Alexander Pomberger, Nicholas Jose, David Walz, Jens Meissner, Christian Holtze, Matthaeus Kopczyn-

ski, Philipp Miiller-Bischof , and Alexei Lapkin, Chemical Engineering Journal

DOI: 10.1016/j.cej.2022.139099

Abstract: Buffer solutions have tremendous im-
portance in biological systems and in formulated
products. Whilst the pH response upon acid/
base addition to a mixture containing a single
buffer can be described by the Henderson-
Hasselbalch equation, modelling the pH response
for multi-buffered poly-protic systems after acid/
base addition, a common task in all chemical la-
boratories and many industrial plants, is a chal-
lenge. Combining predictive modelling and ex-
perimental pH adjustment, we present an active
machine learning (ML)-driven closed-loop opti-
mization strategy for automating small scale
batch pH adjustment relevant for complex sam-
ples (e.g., formulated products in the chemical

industry). Several ML models were compared on
a generated dataset of binary-buffered poly-
protic systems and it was found that Gaussian
processes (GP) served as the best performing
models. Moreover, the implementation of trans-
fer learning into the optimization protocol
proved to be a successful strategy in making the
process even more efficient. Finally, practical usa-
bility of the developed algorithm was demon-
strated experimentally with a liquid handling
robot where the pH of different buffered systems
was adjusted, offering a versatile and efficient
strategy for a pH adjustment processes.

“‘C

Automated

/ Sample Preparation

s 0 _‘ pH Closed-Loop pH W—']
= B Adjustment Optimization Measurement
Predictive /
Modelling
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Cambridge CARES

C4T IRP 1: Single Solid Precursor-Derived Three-Dimensional Nanowire Networks of CuZn-Silicate

for CO; Hydrogenation to Methanol

Yu Shao, Mohammadreza Kosari, Shibo Xi, and Hua Chun Zeng, ACS Catalysis

DOI: 10.1021/ acscatal.2c00726

Abstract: Hydrogenation of CO, to MeOH is one
of the most promising technologies in mitigating
the emissions of COz and tackling the challenge
of climate change. In this work, we present a syn-
thetic protocol for preparing a Cu-ZnO-based
heterogeneous catalyst supported by siliceous
nanowire networks from a single solid precursor
with a tunable composition. The resulting Si-Cu-
Zn catalysts were evaluated with the MeOH syn-
thesis from the CO; hydrogenation reaction oper-
ated at moderate conditions (30 barg and 200-280
°C). A specific MeOH yield of 402 mgmeon gcu™! 'h
-1 and a MeOH selectivity of 51% were obtained
at 240 °C. Such a performance was attributed to
several structural and compositional merits,
granted through the attentively engineered syn-
thetic procedures. Small Cu nanoparticle (NP)
size was achieved and maintained by the high

a °. b
“ Q@
c; X
3 oc o: ™
%, " : v

dissolution

Cu,O + APTMS polycondensation

dispersion of Cu to the atomic level in the precat-
alyst and the incorporation of ZnO as a structural
promoter. Moreover, the desirable Cu-ZnO syn-
ergistic effect can be further attained from the
strong metal-support interaction (SMSI) between
the Cu NPs and the partially reduced ZnO phase.
Lastly, the robust siliceous nanowire networks
provided decent spatial confinement to contain
the growth of Cu NPs while offering high accessi-
bility with the macroscopic porous morphology.
The catalyst exhibited stable performance over a
week’s long stability test while keeping its struc-
tural integrity intact. Overall, this study may of-
fer an alternative design and synthesis strategy
for the well-received Cu-ZnO system to ap-
high
COz hydrogenation.

proach its performance in
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C4T IRP 1: Boxlike Assemblages of Few-Layer MoS, Nanosheets with Edge Blockage for High-

Efficiency Hydrogenation of CO; to Methanol

Shenghui Zhou and Hua Chun Zeng, ACS Catalysis

DOI: 10.1021/ acscatal.2c02838

Abstract:: Direct hydrogenation of CO; into meth-
anol is a promising strategy for reducing exces-
sive dependence on fossil fuels and alleviating
environmental concerns. Recently, in-plane sulfur
vacancies in two-dimensional MoS, nanosheets
were unveiled as efficient catalytic active sites for
methanol synthesis from CO,, whereas edge va-
cancies facilitated hydrogenation of CO; to me-
thane. Herein, we developed boxlike assemblages
of quasi-single-layer MoS; nanosheets, which
were edge-blocked by ZnS crystallites (denoted
as h-MoSz/ZnS) via a metal-organic framework
(MOF)-engaged solvothermal route and subse-
quent heat treatments. The spatial confinement of
the ZnS can restrain the growth and aggregation
of MoS; and ensure the stability of few-layer or
even single-layer MoS; in the assemblages. More
importantly, the presence of ZnS can prevent re-
actants from approaching the edge sulfur vacan-

- - ‘,‘J: of
®  MoS, . ZnS
- - o

Solvothermal process

L _..‘-’}. \.‘ .

Dt ¥
o on g Zn? 2 e
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AP .

(NH,);MoS, Calcination
ZIF-8 h-ZnMoS,

cies of MoS,. With more exposed in-plane sulfur
vacancies and less edge sulfur vacancies, the h-
MoS,/ZnS exhibits 67.3% methanol selectively,
9.0% COz conversion, and a high methanol space-
time yield of up to 0.93 gmeon ‘gmos2! -1 at 260 °
C, 5 MPa, and 15000 mL ‘gcat ! h-1. The catalytic
activity was stable for at least 120 h. By removing
the ZnS phase from h-MoS;/ZnS and thus delib-
erately creating more edge sulfur vacancies, it
was further confirmed that edge sulfur vacancies
are active catalytic sites for excessive hydrogena-
tion of CO; to methane. Furthermore, the reaction
mechanism of our catalyst was also investigated
by a high-pressure in situ DRIFTS study. Thus,
this MOF-templated strategy for assembling and
confining quasi-single-layer MoS, provides in-
sights into the development of highly efficient
transition-metal dichalcogenide catalysts for
COz hydrogenation with excellent stability.

Acid washing

h-MoS,/ZnS h-MoS,
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C4T IRP 2: Enhanced oxygen evolution over dual corner-shared cobalt tetrahedra

Yubo Chen, Joon Kyo Seo, Yuanmiao Sun, Thomas A. Wynn, Marco Olguin, Minghao Zhang, Jingxian
Wang, Shibo Xi, Yonghua Du, Kaidi Yuan, Wei Chen, Adrian C. Fisher, Maoyu Wang, Zhenxing
Feng, Jose Gracia, Li Huang, Shixuan Du, Hong-Jun Gao, Ying Shirley Meng and Zhichuan J. Xu, Nature

Communications
DOI: 10.1038/s41467-022-33000-w

Abstract: Developing efficient catalysts is of para-
mount importance to oxygen evolution, a slug-
gish anodic reaction that provides essential elec-
trons and protons for various electrochemical
processes, such as hydrogen generation. Here, we
report that the oxygen evolution reaction (OER)
can be efficiently catalyzed by cobalt tetrahedra,
which are stabilized over the surface of a Swe-
denborgite-type YBCo04O; material. We reveal
that the surface of YBaCos4O; possesses strong
resilience towards structural amorphization dur-
ing OER, which originates from its distinctive
structural evolution toward electrochemical oxi-
dation. The bulk of YBaCo04O7 composes of corner

-sharing only CoOj tetrahedra, which can flexibly
alter their positions to accommodate the insertion
of interstitial oxygen ions and mediate the stress
during the electrochemical oxidation. The density
functional theory calculations demonstrate that
the OER is efficiently catalyzed by a binuclear
active site of dual corner-shared cobalt tetrahe-
dra, which have a coordination number switch-
ing between 3 and 4 during the reaction. We ex-
pect that the reported active structural motif of
dual corner-shared cobalt tetrahedra in this study
could enable further development of compounds
for catalyzing the OER.

CAT IRP 2: The effect of the hydroxyl group position on the electrochemical reactivity and product

selectivity of butanediol electro-oxidation

Shengnan Sun, Chencheng Dai, Libo Sun, Zhi Wei Seh, Yuanmiao Sun, Adrian Fisher, Xin Wang,

and Zhichuan J. Xu, Dalton Transaction
DOI: 10.1039/D2DT02450K

Abstract: This article presents a study on the ef-
fect of the hydroxyl group position on the electro-
oxidation of butanediols, including 1,2-
butanediol, 2,3-butanediol, 1,3-butanediol, and
1,4-butanediol. The effect of the hydroxyl group
position in butanediols on their electro-oxidation
reactivities is investigated by cyclic voltammetry,
linear sweep voltammetry, chronopotentiometry
and chronoamperometry in 1.0 M KOH. The re-
sults show that the closer the two hydroxyl
groups are, the higher the reactivity, and the low-
er the anodic potential butanediol has. Moreover,
the oxidation products from chronoamperometry
are analyzed by means of HPLC and NMR. Some
such as 3-

value-added products,

hydroxypropionic  acid/3-hydroxypropionate,
are produced. The DFT calculation indicates that

the oxidation of vicinal diols responds to the con-

version from a hydroxyl group to a carboxylate
group, followed by C-C bond cleavage, where
the carbon charge decreases. These results pro-
vide an insight into reactant selection for the elec-
trochemical synthesis of value-added chemicals.

. OH
J
& OH
OH o OH
OH ¢
hydroxyl group position
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C4T IRP 3: Understanding the particulate formation process in the engine fuelled with diesel/Jet A-1

blends

Qiren Zhu, Yichen Zong, Wenbin Yu, Wenbin Yu, Wenming Yang, and Markus Kraft, Fuel

DOI: 10.1016/j.fuel.2021.122675

Abstract: Jet fuel has been recognized as a poten-
tial alternative for traditional diesel engines be-
cause of its ability to reduce particulate matter
(PM) emissions while retaining engine power
output. In this study, the particulate formation
process has been studied in detail using diesel/
Jet A-1 blends with evenly staggered ratios. The
number concentration of the accumulation mode
particle decreases exponentially when additional
Jet A-1 is introduced to the blends under 30%
engine load, as more fuel and particle precursors
are oxidized. Additionally, the comparison of PM
emissions with pilot-main and single main two
injection strategies is conducted to better under-
stand the particle formation process. The phe-
nomenon of ‘particle saturation” of nucleation
mode particles is observed using the pilot-main

Combustion Analysis and Next- N
cycle Control System

injection strategy. With these supporting find-
ings, we strengthen the point that the pilot-
injection strategy has the potential weaken the
oxidation process during the combustion process.
Furthermore, this research quantifies the impact
of Jet A-1 on combustion and gas emission char-
acteristics by extracting the change rate from the
data. In general, Jet A-1 tends to delay the igni-
tion and shorten the combustion duration. The
results also reveal that the rise in NOx emissions
is due to a higher proportion of premixed com-
bustion, while the increase in HC emissions is
attributed to a longer ignition delay and shorter

combustion time.

= = =— = =» | Pressure Sensor
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C4T IRP 4: Measurements and modelling of the three-dimensional near-field dispersion of particu-

late matter emitted from passenger ships in a port environment

Molly J. Haugen, Savvas Gkantonas, Ingrid El Helou, Rohit Pathania, Epaminondas Mastorakos, and

Adam M.Boies, Atmospheric Environment
DOI: 10.1016/j.atmosenv.2022.119384

Abstract: The maritime sector poses significant
challenges in controlling the emission of harmful
pollutants, such as particulate matter, and reduc-
ing their impact on coastal areas and the atmos-
pheric environment. Efforts to regulate the sector
necessitate new knowledge and methods to char-
acterise the evolution and physicochemical trans-
formation of maritime particle emissions dispers-
ing in port areas. An experimental campaign at
the Port of Rafina, Greece, was conducted with
this in mind. In this paper, we report on the first
multi-characteristic particle measurements, in-
cluding particle number (PN), lung deposited
surface area (LDSA), and black carbon (BC), per-
formed at both land and sea using a novel instru-
ment set-up mounted on an unmanned aerial
vehicle (UAV). Land-based measurements
showed that LDSA averages, which are influ-
enced by particle number and size, increase up to
20 times above background levels as an emission
plume progresses downwind, whereas BC con-
centrations, which are dominated by mass, are
~12 times higher than the background concentra-
tion. Ground and UAV-based particle compari-
sons showed that PN and LDSA measurements

Vertical
Height (m)

UAV Particle Number

exhibit greater differences than BC relative to the
plume's location. Ground-based sensors had
~50% lower LDSA and PN concentrations,
whereas BC was about equal. The experimental
observations are further substantiated by cou-
pling a Gaussian plume dispersion model and a
new computationally attractive approach, known
as the Incompletely Stirred Reactor Network
(ISRN) method, to predict the three-dimensional
evolution of particle characteristics considering
the effects of dilution, segregation, and physico-
chemical transformations, such as coagulation.
Based on simplifying assumptions for the particle
size distribution sources within the port area, the
ISRN estimates suggest that the discrepancy be-
tween various metrics can be partly explained by
coagulation, responsible for a non-linear increase
in particle size, depending on the local level of
dilution and mixing intensity, leading up to a
~25% decrease in PN and LDSA compared to BC.
Combined, measurements and modelling high-
light the effect of the sampling location and the
importance of monitoring more than one particle
metric to characterise particle evolution.

ISRN Estimated PN
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C4T IRP JPS: Automated Rational Design of Metal-Organic Polyhedra
Aleksandar Kondinski, Angiras Menon, Daniel Nurkowski, Feroz Farazi, Sebastian Mosbach, Jethro
Akroyd, and Markus Kraft, Journal of American Chemical Society

DOI: 10.1021/jacs.2c03402

Abstract: Metal-organic polyhedra (MOPs) are
hybrid organic-inorganic nanomolecules, whose
rational design depends on harmonious consider-
ation of chemical complementarity and spatial
compatibility between two or more types of
chemical building units (CBUs). In this work, we
apply knowledge engineering technology to au-
tomate the derivation of MOP formulations based
on existing knowledge. For this purpose we have
(i) curated relevant MOP and CBU data; (ii) de-
veloped an assembly model concept that embeds

OntoMOPs

-

w

G

MOPs Construction Agent

rules in the MOP construction; (iii) developed an
OntoMOPs ontology that defines MOPs and their
key properties; (iv) input agents that populate
The World Avatar (TWA) knowledge graph; and
(v) input agents that, using information from
TWA, derive a list of new constructible MOPs.
Our result provides rapid and automated instan-
tiation of MOPs in TWA and unveils the immedi-
ate chemical space of known MOPs, thus shed-
ding light on new MOP targets for future investi-
gations.

C4T IRP JPS: Blockchain Technology in the Chemical Industry
Xiaochi Zhou and Markus Kraft, Annual Review of Chemical and Biomolecular Engineering

DOI: 10.1146 / annurev-chembioeng-092120-022935

Abstract: This article presents a review of the ap-
plication of blockchain and blockchain-based
smart contracts in the chemical and related indus-
tries. We introduce the basic concepts of block-
chain and smart contracts and explain how some
of their features are enabled. We review several
typical or novel applications of blockchain and
smart contract technologies and their enabling
concepts and underlying technologies. We classi-
fy the selected literature into five categories and
discuss their motivations and technical designs.
We recognize that the trend of decentralization

creates a need to use blockchain and smart con-
tracts to implement trust and distributed control
mechanisms. We also speculate on future applica-
tions of blockchain and smart contracts. We be-
lieve that, in the future, blockchains with differ-
ent consensus mechanisms will be studied and
applied to achieve more efficient and practical
decentralized systems. Also, blockchain-based
smart contracts will be more widely applied to
enhance autonomous distributed controls in de-
centralized systems.
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C4T IRP JPS: Universal Digital Twin: Integration of national-scale energy systems and climate data
Thomas Savage, Jethro Akroyd, Sebastian Mosbach, Nenad Krdzavac, Michael Hillman, and Markus

Kraft, Data-Centric Engineering
DOI: 10.1017/ dce.2022.22

Abstract: This article applies a knowledge graph-
based approach to unify multiple heterogeneous
domains inherent in climate and energy supply
research. Existing approaches that rely on be-
spoke models with spreadsheet-type inputs are
noninterpretable, static and make it difficult to
combine existing domain specific models. The
difficulties inherent to this approach become in-
creasingly prevalent as energy supply models
gain complexity while society pursues a net-zero
future. In this work, we develop new ontologies
to extend the World Avatar knowledge graph to
represent gas grids, gas consumption statistics,
and climate data. Using a combination of the new
and existing ontologies we construct a Universal
Digital Twin that integrates data describing the
systems of interest and specifies respective links

between domains. We represent the UK gas
transmission system, and HadUK-Grid climate
data set as linked data for the first time, formally
associating the data with the statistical output
areas used to report governmental administrative
data throughout the UK. We demonstrate how
computational agents contained within the World
Avatar can operate on the knowledge graph, in-
corporating live feeds of data such as instantane-
ous gas flow rates, as well as parsing information
into interpretable forms such as interactive visu-
alizations. Through this approach, we enable a
dynamic, interpretable, modular, and cross-
domain representation of the UK that enables
domain specific experts to contribute toward a
national-scale digital twin.

C4T IRP 2 and IRP 3: Cobalt Quaterpyridine Complexes for Highly Efficient Heterogeneous

CO; Reduction in Aqueous Media

Libo Sun, Vikas Reddu, Shibo Xi, Chencheng Dai, Yuan Sheng, Tan Su, Adrian Fisher, and Xin Wang,

Advanced Enerqy Materials
DOI: 10.1002/ aenm.202202108

Abstract: Ligands play a critical role in the elec-
trocatalytic CO, reduction reaction (CO:2RR)
based on heterogeneous molecular catalysts. Pre-
vious research on heterogeneous molecular elec-
trocatalysis has mainly dealt with N4 ligands
with pyrrole as subunits (porphyrin, phthalocya-
nine, etc.), while ligands constructed from pyri-
dine subunits remain uncommon. The examples
for comparing active configurations are few and
far between. Herein, the development of new N4
cobalt complexes based on pyridine subunits is
explored. After anchoring onto carbon nanotubes,
they can exhibit CO2RR activity at a low overpo-
tential of 140 mV, and high activity from -0.30 to -
0.60 V versus reference hydrogen electrode with a
selectivity of above 98%. Excellent performance at
large current densities can also be observed in a

flow cell. In situ attenuated total reflectance-
Fourier transform infrared spectroscopy proves
that such electrocatalysts exhibit CO production
at lower overpotential and moderate CO adsorp-
tion ability over a wide potential range. From
density functional theory calculations, it is shown
that a pyridine-based cobalt complex on a carbon
substrate can reduce the Gibbs free energy for
reactions further than its counterpart pyrrole-
based ones. Further analysis proves that the semi-
metal behavior of optimized d-orbitals may facili-
tate charge transfer and increase the activity. This
provides a new insight for understanding catalyt-
ically active moieties in heterogeneous molecular
catalysts with ligands constructed from pyridine
subunits.
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C4T IRP 1 and IRP 3: Elucidating Reaction Pathways of the CO; Electroreduction via Tailorable Tor-

tuosities and Oxidation States of Cu Nanostructures

Guanyu Liu, Peace Adesina, Noushin Nasiri, Haojing Wang, Yuan Sheng, Shuyang Wu, Markus Kraft,

Alexei Lapkin, Joel Ager, and Rong Xu, Advanced Functional Materials

DOI: 10.1002/ adfm.202204993

Abstract: Copper-based 3D fractal nanostructures
are integrated on the electrodes using a scalable
and ink-free flame aerosol synthesis technique for
electrochemical CO» reduction. The effects of tor-
tuosity and oxidation state of copper are respec-
tively investigated by isolating each effect from
the others. By balancing the intermediate confine-
ment and local availability of CO,, CuO-derived
Cu with optimal tortuosity exhibits a Faradaic
efficiency of 65% toward Cz+ products at an ap-
plied potential of -1.04 V versus reversible hy-
drogen electrode. A subsequent study of the ef-
fects of the oxidation state, which is free from the

influence of tortuosity, reveals that Cu?*-derived

Cu demonstrates suppressed hydrogen evolution
reaction and a higher C+/CHyj ratio than metallic
Cu. The preference for the formation of both etha-
nol and n-propanol versus ethylene, is found to
follow the trend from metallic Cu > Cu?*-derived
Cu > Cur*-derived Cu toward alcohols” formation.
These findings elucidate the underlying causes
for the effects of tortuosity of porous Cu elec-
trodes on selectivity and provide insights into the
specific effects of the initial oxidation state on
various reaction pathways during electrochemi-
cal COz reduction.
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C4T IRP 3 and IRP JPS: Modelling a detailed kinetic mechanism for electrocatalytic reduction of CO>
Simon Rihm, Jethro Akroyd, and Markus Kraft, Proceedings of the Combustion Institute

DOI: 10.1016/j.proci.2022.07.096

Abstract: For the first time a fully-elementary re-

versible kinetic model for electrocatalytic
COz reduction towards a multitude of different
products has been established and verified with
experimental data. The detailed reaction mecha-
nism was generated by compiling hypothesized
reaction paths and intermediates from many dif-
ferent sources. Thereby a focus was put on distin-
guishing different embodiments of similar ele-
mentary steps: For proton-coupled electron trans-
fer three hydrogenation mechanisms were con-
sidered and for intermediates with unclear mo-
lecular structure separate paths were modelled.
The micro-kinetic model was fed with tabulated
energy parameters and results of DFT calcula-
tions to simulate CO; reduction on a Cu(100) sur-
face for constant applied potentials. The operat-
ing conditions were chosen according to pub-

lished experimental results in order to compare

Faradaic Efficiencies. With these, the model pa-
rameters were successfully calibrated across a
wide potential range while keeping all values
within a tight interval of theoretical bounds de-
rived from ab initio calculations and other theo-
retical considerations. The calibrated model was
found to be in good qualitative agreement with
the measurement data and also captures trends of
surface coverages reported for in-situ measure-
ments. Most interestingly, it finds the widely ac-
cepted hypothesis of dimerization via *CO inter-
mediates to be inaccurate. Instead, coupling reac-
tions of *CHO and *CH2 intermediates are ob-
served. The shifting of dimerization routes with
varying applied potential especially towards eth-
ylene is supported by other experimental studies.
Furthermore, this work establishes a methodolo-
gy of creating and calibrating complex electro-
chemical micro-kinetic models.
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CLIC: Asymmetric generalizability of multimodal brain-behavior associations across age-groups
Junhong Yu and Nastassja Lopes Fischer, Human Brain Mapping

DOI: 10.1002/hbm.26035

Abstract: Machine learning methods have in-
creasingly been used to map out brain-behavior
associations (BBA), and to predict out-of-scanner
behavior of unseen subjects. Given the brain
changes that occur in the context of aging, the
accuracy of these predictions is likely to depend
on how similar the training and testing data sets
are in terms of age. To this end, we examined
how well BBAs derived from an age-group gen-
eralize to other age-groups. We partitioned the
CAM-CAN data set (N = 550) into the young,
middle, and old age-groups, then used the young
and old age-groups to construct prediction mod-
els for 11 behavioral outcomes using multimodal
neuroimaging features (i.e., structural and resting
-state functional connectivity, and gray matter
volume/cortical thickness). These models were
then applied to all three age-groups to predict
their behavioral scores. When the young-derived
models were used, a graded pattern of age-

0.12-
0.09-

0.06 -

density

0.03 -

0.00-",
20 40

generalization was generally observed across
most behavioral outcomes— predictions are the
most accurate in the young subjects in the testing
data set, followed by the middle and then old-
aged subjects. Conversely, when the old-derived
models were used, the disparity in the predictive
accuracy across age-groups was mostly negligi-
ble. These findings hold across different imaging
modalities. These results suggest the asymmetric
age-generalization of BBAs—old-derived BBAs
generalized well to all age-groups, however
young-derived BBAs generalized poorly beyond
their own age-group.
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RP 1 is focused on chemical technologies that allow rapid decarbonisation of

I

innovative solutions to direct utilisation of carbon dioxide as a feedstock, as well as to

chemical industry and the chemical supply chain. Our target is to deliver

significantly increase the efficiency in conversion of methane to bulk intermediates.
We are also exploring the options for the emerging circular economy, by developing
new transformations of molecules available in different bio-waste resources into high-
value functional molecules. Potential impact on carbon emissions reduction is
evaluated by life cycle assessment tools.

IRP 1 Principal Investigators:

=

Assoc Professor YAN Ning
National University of Singapore

Professor Alexei LAPKIN
University of Cambridge

Asst Professor Paul LIU Wen
Nanyang Technological University
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In this reporting period the focus of work with-
in IRP1 shifted towards design of catalytic
materials and processes for carbon reduction
chemistry. Our joint team between CAM, NTU
and CARES is collaborating with colleagues in
Canada and India on a project to unlock the po-
tential of inverse computational design of catalyt-
ic materials and the teams in NTU, NUS and
CARES are working on new chemical reactions
and new catalytic material. This will be the foun-
dation for the final phase of the project.

Professor Alexei Lapkin, PI
University of Cambridge

OVERVIEW
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Update on work package 1.1
Design of nano-structured catalysts

Dr Quan ZHANG (Research Fellow, NUS) has
been focusing on developing highly efficient cata-
lysts for conversion of renewable resources. Re-
cently, he has synthesised many kinds of alloy
catalysts including bimetallic NiCo alloy nano-
particles (NPs) and Ru-based high entropy alloy
NPs. The structures of the alloy nanoparticles
were characterised by TEM, XRD, EDX and XPS.
The results confirmed the success of synthesising
these alloy nanoparticles. Furthermore, he has
loaded the synthesised alloy catalysts on various
different supports such as, carbon black, CeO,,
and MgO-CeO.. The catalytic performance of the
alloy NPs will be investigated in several im-
portant reactions.

26 / degree

Figure 1.1: XRD pattern of the NiCo alloy NPs loaded on MgO-CeO,.

Dr Quan ZHANG
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Update on work package 1.2

PROGRAMME UPDATES | IRP 1

Novel reactions and functional molecules

Guided by Prof Alexei LAPKIN (PI, CAM), Dr
Zhen GUO (Senior Research Fellow, CARES)
focused on developing a tool for chemical route
searching. Tasks that have been conducted in-
clude:

1. Development of Application Programming
Interfaces (APIs).

2. Testing, building and deployment of the tool as
an application (currently for a single user).

3. Database Restructure. Reaction data and mo-
lecular data were refined and stored in a more
structured database. The revamp improves the
speed and usability of the algorithm.

4. Started the development of a reaction condition
recommendation system (RCRS) for gathering
relevant reaction conditions given a target reac-
tion as a request.

5. Started extraction of reaction templates. The
quality of reaction templates is determined by
several factors such as data quality, extraction
algorithm, standardisations and denotations. At
this stage, ongoing work includes improvement
of data quality and development of template ex-
traction algorithms.

In addition, a paper based on the work in collabo-
ration with Assoc Prof Ning YAN’s (PI, NUS)
group has been submitted.

Dr Guo will continue to improve the tool for
searching of chemical routes, mainly targeting
safety, scalability and reliability. Development of
methods for extraction of reaction templates will
be another main task as this technique is identi-
fied as an important component based on feed-
back from IRP members and industrial partners.

Mr Aniket CHITRE'S (PhD student, CAM) main
research interests lie in applying machine learn-
ing (ML) methods to accelerating the develop-
ment of liquid formulations, and in the future,
towards more sustainable products. The key re-
quirement of such a methodology is a good for-
mulations dataset. Mr Chitre and Prof Alexei
LAPKIN (PI, CAM) are working in collaboration
with BASF using industrial formulations ingredi-
ents to develop just such a dataset. The work is
being conducted via an exchange in Prof Kedar
HIPPALGAONKAR'S (Non-C4T PI, NTU) Al for
Accelerated Materials lab at the Institute of Mate-
rials Research and Engineering (IMRE), A*STAR.
Here, Mr Chitre has been developing a modular
and semi-automated workflow to prepare and
characterise the liquid formulations. Notable
challenges have arisen from working with vis-
cous liquids and ingredients with a complex be-
haviour. Highlights from the past six months in-
clude several ongoing works with the Opentrons
automated pipetting robot, retrofitted with a
mass balance, and the pictured platform for pH
adjustment. In collaboration with Dr Jayce
CHENG (A*STAR) at IMRE, Mr Chitre has de-
veloped a state-of-the-art pH robot for automat-
ed, ML-driven pH adjustment of viscous formu-
lations. This is a key step in the overall workflow,
which will soon be ready for ‘production-quality’
data to be generated.
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Figure 1.2: Custom-built pH platform for automated, ML-driven adjustment of viscous formulations

Mr Aniket CHITRE

Mr Adarsh ARUN (PhD student, CAM) com-
menced his PhD in January 2021 and focuses on
identifying sustainable routes from biowaste to
chemicals using networks and knowledge graphs
(KGs). Over the past several months, he has been
investigating and developing an ontology/
schema to represent the required data, integrat-
ing a variety of existing ontologies from a variety
of domains (location, agronomy, reactions, pro-
cesses). He has also begun populating a prelimi-
nary KG based on the results of a case study on
biowaste sources in Singapore, Malaysia and In-
donesia which he undertook in his first year.

Concurrently, he has also continued his work on
enriching reaction networks by data mining large
chemical databases such as Reaxys to predict im-
purities and byproducts in chemical reactions. He
has a preprint of the work pending publication as
well as peer review.
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Novel reactors and process technology

Mr Qianwenhao FAN (PhD student, NTU) is
writing up his thesis “Development of Advanced
Fe-Based Oxygen carriers for Chemical Looping

Applications” and is expected to submit in late
2022.

Mr Syed SAQLINE (PhD student, NTU) is writ-
ing up his thesis “Chemical Looping Combustion
of Syngas using Low Cost Oxygen Carriers” and
is expected to submit in early 2023.

Dr Hui Ling TAN’s (Research Fellow, NTU)
main research interest lies in the development of
(photo)catalysts and technologies for renewable
energy generation and pollutant abatement. In
the project of identifying the adsorption struc-
tures of formic acid on TiB, and TiBz-supported
Pd catalysts, she has shown that formate is the
only species that formed on the catalysts” surfaces
from formic acid dissociation via in-situ Diffuse
Reflectance Infrared Fourier Transform Spectros-
copy (DRIFTS) technique. This was verified by
adsorption of deuterated DCOOH on the cata-
lysts followed by D-H scrambling experiment.

® Ni
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.
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C02 \\l&“ /
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Ms Xianyue WU (CARES Visitor, NTU) has
been actively working on the development of a
two-step CO» capture and methanation process
using Ni-supported-on-alkaline earth metal car-
bonate dual-function materials, demonstrated in
Figure 1.3. She has conducted a series of charac-
terisation work to investigate the composition
change of Ni/CaCO; DFMs after long-term CO»
capture and methanation cycles. The Ni disper-
sion was increased after hydrogenation and a
clear drop in CaCOs; component and emergence
of CaO was detected by XRD, TEM as well as in
situ DRIFT (Figure 1.4). The Ni metal nanoparti-
cles were mostly surrounded by CaO after hydro-
genation, whereas the CaCO; further away from
the Ni particles did not decompose. Ms Wu pro-
poses a model for Ni/CaCOs during this scheme
of CO; hydrogenation and carbonation process
with a formate reaction pathway (Figure 1.5). She
will continue to study the detailed mechanism of
COz hydrogenation on Ni-supported-on-alkaline
earth metal carbonate DFMs and investigate the
effects of basicity of the support carbonates.

[ Hydrogenation

a®

Figure 1.3: Scheme of In-situ CO; Capture and Catalytic Methanation Using Ni/alkaline Earth Carbonate Dual

Function Materials.

Ms Xianyue WU
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Figure 1.5: Reaction mechanisms of two-step CO; carbonation-hydrogenation at 400 °C on (a) Ni/CaCOs and
(b) Ni/MgCO:s.

Ms Xianyue WU

Asst Prof Tej CHOKSI's (Co-PI, NTU) group is
funded by an Emerging Opportunities Fund
grant. The objective of this grant is to design sup-
ported metal catalysts that enable CO» conversion
using first principles methods. In the last six
months, his group has made progress with two of
the project aims: (1) predicting catalytic stability,
and (2) understanding the selectivity trends
among CO» reduction catalysts. The group has
developed a generalised model that can estimate
the stability and determine the shape of gold na-
noparticles dispersed on 2D and 3D carbide/
nitride supports. This model uses fundamental
physico-chemical properties of the gold-carbide/
nitride system as inputs, and is thus applicable
across a wide-range of materials. Using thermo-

dynamic constraints, Asst Prof Choksi's group
has also created a selectivity map of CO, reduc-
tion to CO, Hy, (syn-gas) and HCOOH. This selec-
tivity map uses molecular descriptors like the
adsorption energies of CO* and OH* as inputs.
The models for stability and selectivity, when
taken together, will enable the high-throughput
screening of gold/support heterostructures that
are not only thermodynamically stable, but selec-
tively transform CO. into either syn-gas or
HCOOH, a potential hydrogen carrier.

The group is also collaborating with an experi-
mentalist, Prof Lydia WONG (Non-C4T PI, NTU)
on designing sulphur-doped Cu.Sby catalysts that
convert CO; into either syn-gas or HCOOH.
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Figure 1.6: (left). Gold nanoparticle supported on vanadium carbide terminated by oxygen atoms. (right). A parity
plot comparing model-predicted adhesion energies with those estimated using density functional theory. The adhe-

sion energies reflect the stability of gold on the support. Furthermore, these adhesion energies also yield the mor-

phology of the supported gold nanoparticle.

Asst Prof Tef CHOKSI

Dr Mikhail KOVALEV (Technical Develop-
ment Manager, AMPLE) was previously work-
ing under IRP 1 before moving to the AMPLE
project (see page 136). He was working on elec-
trochemical CO; reduction (ECO2R) and focusing
on a newly observed effect of the enrichment of
the 13C isotope. Carbon-13 isotope has a few
unique properties that allows its use in many
modern applications, mainly as a labelling agent
in organic chemistry as it is observable in NMR
due to its nuclei’s half-spin. Current methods of
13C enrichment are very expensive and lengthy,
for example, a cryogenic distillation of CO
(carbon monoxide) can take a few weeks to reach
a concentration of 20% of 13CO and a few months
to reach 99% of 13CO. Seeking a new approach for
the enrichment of *C may open doors to more
affordable isotope sources that will boost its use.

Discovering that ECO;R discriminates 13CO,
opens the opportunity to cheaper sources of the
heavier carbon isotope. On Figure 1.7 the pro-
posed scheme allows the use of continuous flow
of COz to enrich carbon-13 in a faster and cheaper
method than currently known techniques. By
placing electroreduction cells and separation
units in a consecutive chain, it is possible to
achieve high degrees of 13CO, enrichment with
the enrichment ratio of 0.4% in each step.
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Figure 1.7: Schematic continuous flow 13CO; enrichment process where flow-cells can be placed consequently to

reach high content of 13C after the chain.
Dr Mikhail KOVALEV

Mr Alvin Ming Hao LIM (in-kind PhD student,
NUS) and Prof Hua Chun ZENG (Co-PI, NUS)
have recently functionalised the as-synthesised
zinc-silicate (ZnSiO) nanoflowers (ca. 600 to 800
nm in diameter) with Cu and Zn for CO; hydro-
genation for methanol production. Through sim-
ple incipient wetness impregnation, Cu and Zn-
based nanoparticles were well-dispersed on the

petals of these zinc-silicate nanoflowers with the
diameter of these metallic nanoparticles kept at
around 5 nm (Figure 1.8). The Zn to Cu ratio
could be varied between 0.1 to 0.3 with the Cu
loading maintained at around 9 wt% to investi-
gate optimal metal ratio through experimental
testing for this catalytic reaction. The preliminary
results indicate a high specific activity when the

Figure 1.8 (a-c) TEM image, (d-i) HRTEM images and elemental mappings of ZnSiO/0.1CuZn (a, d, g, j),
ZnSi0/0.2CuZn (b, e, h, k), and ZnSiO/0.3CuZn (c, f, i, 1).

Mr Alvin Ming Hao LIM
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ratio of Zn to Cu is tuned at 0.2 and performs bet-
ter when compared against an industrial catalyst
(Alfa Aesar 45776) as depicted in Figure 1.9. Du-
plicate experimental runs were performed to con-
firm performance repeatability at different tem-
perature points. This project demonstrated the
structure-activity relationship for nanocatalysts,

PROGRAMME UPDATES | IRP 1

the application potential for zinc-silicate material
to be embedded with other transition metals to
achieve small and well-dispersed metallic nano-
particles onto the petals of zinc-silicate nanoflow-
er, and its utility and functionality for other cata-
lytic applications.

[ 12ZnSi0/0.1CuZn
) ZnSi0/0.2Cuzn
I ZnSi0/0.3Cuzn

10 4

Specific Activity (mol MeOH.h™! kg.Cu™)

220 240

20 [ commercial catalyst

260 280

Temperature (°C)

Figure 1.9. Specific activity of different ZnSiO catalysts with varying Zn/Cu atomic ratios and a commercial

catalyst (Alfa-Aesar 45776).
Mr Alvin Ming Hao LIM

Dr Shenghui ZHOU (Research Fellow, NUS)
and Prof Hua Chun ZENG (Co-PI, NUS) have
proposed a novel MOF-templated strategy for the
synthetic architecture of hollow ZnS confined
quasi-single-layer MoS; nanoboxes. Firstly, they
developed a fast solvothermal treatment process
to obtain hollow ZnMoSx nanoboxes using the
ZIF-8 nanocube as a template and ammonium
tetrathiomolybdate (ATM) both as a Mo source
and as a sulfidation agent. This hollow precursor
could then be further transformed into higher
crystalline h-MoS;/ZnS after the annealing treat-
ment in an inert atmosphere. FESEM image
showed that h-MoS,/ZnS had a hollow morphol-
ogy with rougher surfaces (Figure 1.10a). The
well-defined structure with a central cavity and
20 nm thick shell was further confirmed by the
TEM technique (Figure 1.10b, c). Closer inspec-

tion (Figure 1.10d) of some randomly titled MoS»
nanosheets revealed that only 1-3 layers of MoS;
were stacked to form the walls of the nanoboxes,
noting that these nanosheets laid largely parallel
on the surfaces. Furthermore, the high-resolution
TEM (HRTEM) image (Figure 1.10e) exhibited a
typical lamellar structure with a well-resolved d-
spacing of 0.63 nm, which could be ascribed to
the lattice fringes of doo2 of MoS, (JCPDS No. 37-
1492). In the center surrounded by MoS;, one
could also see another clear lattice stripe of 0.31
nm, which was indexed to the di1; of the ZnS
(JCPDS No. 05-0566) phase, suggesting that the
Zn?*in ZIF-8 nanocubes had been successfully
sulfurised to zinc sulfide by ATM. An analysis of
HRTEM-EDX line-scanning profiles and corre-
sponding elemental mappings (Figure 1.10f-h)
confirmed the homogeneous distribution of Zn,
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Mo, S, N, and C elements in h-Mo0S,/ZnS nano-
boxes. When evaluated as catalysts in selective

hydrogenation of COzto methanol, the obtained
h-MoS,/ZnS can achieve STYwmeon up to 0.93
gMeOH gMos2™! - h-1 with a CO, conversion of 9.0%

and a methanol selectivity of 67.3% at 260°C,
5 MPa, and 15 000 mL ‘gt h-1. The good per-
formance of h-MoS;/ZnS makes it a prospective
candidate for potential industrial application in
CO:zhydrogenation.
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Figure 1.10: (a) FESEM, (b, ¢) TEM and (d, ) HRTEM images of h-MoSy/ZnS nanoboxes. (f) Scanning TEM
image, (g) corresponding EDX line scans and (h) chemical mappings of h-MoS,/ZnS nanoboxes.

Dr Shenghui ZHOU

Mr Chao WANG (CARES Visitor, NUS) and
Prof Hua Chun ZENG (Co-PI, NUS) have been
investigating the unique properties of ZrO, and
its synergistic effect with Cu. Substantial progress
has been made in designing high performance
ZrO»r-containing catalysts for CO»-to-methanol
conversion. From the aspect of structural design-
ing, in this work, a silica-boosted ZrO> host ma-

trix with a highly thermal stable nanostructure
was synthesised from monodisperse Zr-MOFs
(metal-organic frameworks) (Figure 1.11). This
ZrOsr-based host material possesses a well-
developed porosity and significant thermal sta-
bility. It was then loaded with Cu to be used as a
catalyst candidate for CO, hydrogenation to
methanol under relatively low temperature and
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pressure. The as-prepared Cu catalyst presented
a more efficient catalytic performance in CO» hy-
drogenation to methanol comparing with other
ZrO»-containing Cu catalysts with varied archi-
tectural forms and the commercial Cu/ZnO/
AlOs catalyst under the same reaction condi-

tions. On the other hand, the copper component
was highly dispersed within the host frame-

PROGRAMME UPDATES | IRP 1

works, and owing to its robust structure, the ag-
gregation of either copper phase or the host mate-
rial was effectively prevented during the stability
test. In addition to catalytic performance, in-
depth investigations on the copper site and reac-
tion mechanism were also carried out using in
situ X-ray absorption spectroscopy and DRIFTS.

Figure 1.11: Representative HRTEM images of ZrOz-containing catalysts with different structures. Catalysts of
Cu being loaded on (a) UiO-66, (b) ligand-removed UiO-66, (c) silica-boosted UiO-66, (d) amorphous ZrO,, (e)
core-shell ZrO.@mSiO; (m denotes “mesoporous”), and (f) ZrOz-coloaded mSiO,. Scale bars in (a-c) are 50 nm

and in (d-f) are 200 nm.
Mr Chao WANG

Ms Ziyu GAO (Non-C4T PhD student, NUS) and
Prof Hua Chun Zeng (Co-PI, NUS) focused on
carbon nanotubes (CNTs) which are generally
recognised as one of the best and most easily
available one-dimensional (1D) nanostructures
having a long, tubular shape. In this project,
CNTs are used as a structural template and meso-
porous SiO» (mSiO») was coated on surfaces of
CNTs to obtain a hybrid CNTs@mSiO, with 1D
mesoporous structure. It is clear that the uniform
mSiO; shell of ca. 20 nm in thickness was formed
on the outer surface of CNTs, affirming a com-
plete coverage. ZIF-8 layer (ca. 5-7 nm) with mi-

croporous structure was then introduced on the
outer surface of mSiO, at room temperature to
obtain the hybrid CNTs@mSiO,@ZIF-8 with mi-
cro-mesoporous structure. A second ligand was
also introduced in ZIF-8 through a post-synthesis
modification method, and metal Cu was also in-
troduced in the CNTs@mSiO.@ZIF-8-A (after
modification) with the assistance of amino
groups in the framework structure. The obtained
CNTs@mSiO,@ZIF-8-A (Zn, Cu) will be subse-
quently processed and used as an efficient cata-
lyst in the CO; hydrogenation reaction to metha-
nol.
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Figure 1.12: Representative TEM images of (a) pristine CNTs, (b)) CNTs@mSiO», (c) CNTs@mSiO; (after calcin-

ing), (d) CNTs@mSiO,@ZIF-8, and (e) CNTs@mSiO,@ZIF-8-A.

Ms Ziyu GAO

Dr Nicholas JOSE (Research Fellow, CARES) has
been working on a number of different projects
over the previous six months:

Automation: Dr Jose has continued working on flab
(a coding framework for rapid automation of la-
boratory equipment), increasing the number of
case studies and working on the following func-
tionalities:

. A user-friendly interface for real-time opera-
tion of devices (flab Console)

. Network communication for remote opera-
tion of instruments with flab Console

Carbon quantum dots (CQDs): A rapid synthetic
method for CQD synthesis has been under devel-
opment, now focusing on their applications in bio-
logical settings, as potential sensors or antimicrobi-
als. Recent work has focused on characterising the
effect of pH shifts on the dots, which have shown
complex effects on their fluorescent behaviour.

Wohl Alliance: The team consisting of Dr Jose, Dr
Mikhail KOVALEV (Technical Development
Manager, AMPLE), and Prof Alexei LAPKIN (PI,
CAM) have been awarded a Wohl Clean Growth
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Alliance grant for a collaborative project with Prof
Ovadia LEV (Hebrew University of Jerusalem).
The US$25k funded project, “Improving clean wa-
ter availability for future growth with new materi-
als - Wohl Clean Growth Alliance Grants” seeks to
develop cost-effective processes for producing ma-
terials developed by HU]J, and could kickstart fur-
ther collaborative grant funding on the topic. The
collaboration between HUJ and CARES members
began as a direct result of interaction with HUJ/
SHARE within CREATE.

Simulations: Work continues on simulations of an-
nular flow microreactor hydrodynamics in collabo-
ration with PhD researcher Mr Zhai SONG
(RWTCH Aachen University). This is a continua-
tion of a previous Masters project with University
of Cambridge, in which Mr Song led the develop-
ment of a model for computational prediction of
shear rate and mixing time within the reactor. Dr
Jose expects to finish long-term simulations this
fall, with a manuscript draft by the end of the year.
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The following are the CREATE-acknowledged publications generated by IRP 1 during the reporting period,

excluding those already featured in the Scientific Highlights section on page 14.

Breaking the Stoichiometric Limit in Oxygen-Carrying Capacity of Fe-Based Oxygen Carriers for

Chemical Looping Combustion using the Mg-Fe-O Solid Solution System

Qianwenhao Fan, Chuande Huang, Shibo Xi, Yong Yan, Jijiang Huang, Syed Saqline, Longgang Tao,

Yihu Dai, Armando Borgna, Xiaodong Wang, and Wen Liu, ACS Sustainable Chemistry & Engineering

DOI: 10.1021/acssuschemeng.2c00271

Abstract: The performance of oxygen carriers
contributes significantly to the efficiency of chem-
ical looping combustion (CLC), an emerging car-
bon capture technology. Despite their low cost,
FexOs-based oxygen carriers suffer from sintering
-induced deactivation and low oxygen-carrying
capacity (OCC) during CLC operations. Here, we
report the development of a sintering-resistant
MgO-doped FexOs; oxygen carrier with an opti-
mal composition of 5MgO MgFe;O,, which ex-
hibits superior cyclic stability and an OCC of 0.45
mol O/mol Fe (2.25 mmol O/gsid), exceeding
the widely accepted OCC limit of 0.167 mol O/
mol Fe (2.08 mmol O/gsna) of unmodified com-
mercial Fe;Os. This result distinguishes this re-

port from all past studies, in which efforts to en-
hance the cyclic stability of Fe-based oxygen car-
riers would always result in dilution of the OCC.
The capacity enhancement by MgO is attributed
to the unique mixtures of Mg,Fe;,O (halite) and
Mg1-,Fez+yOs (spinel) solid solutions, which effec-
tively reduce the exergonicity for the reduction
from Fe3* to Fe?*, while preventing any irreversi-
ble structural transformations during the redox
process. This hypothesis-driven oxygen carrier
design approach provides a new avenue for tai-
loring the lattice oxygen activities of oxygen car-
riers for chemical looping applications.

Dual-phase Oxygen Carrier for Chemical Looping Combustion
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Discovering Circular Process Solutions through Automated Reaction Network Optimization

Jana Weber, Zhen Guo, and Alexei Lapkin, ACS Engineering Au

DOI: 10.1021/ acsengineeringau.2c00002

Abstract:: The transition toward a circular and
biobased chemical industry is needed to cut glob-
al CO; emissions and limit the chemical indus-
try’s overall impact on the environment. Howev-
er, the development of circular chemical reaction
systems is challenging as it requires symbiotic
sets of novel chemical reaction pathways and in-
volves unconventional processing steps. We pre-
sent a methodological pipeline for automated
reaction network optimization. The tools can
guide the development of circular processes on
the reaction pathway level. Chemical big data
combined with energetic assessment metrics and
state-of-the-art decision-making has the potential

7

4

to efficiently identify the most promising reaction
systems. We mine large-scale chemical reaction
data from Reaxys database and automate the
screening of pathways based on chemical rules.
We then approximate thermodynamic properties
for exergy calculations of the prescreened path-
ways and formulate the optimization problem as
linear programming and mixed-integer linear
programming problem. The methodological
workflow is illustrated in a case study on the con-
version of P-pinene to citral. Our results show
that the tools are well suited to model circular
process interactions within different environment
scenarios.

Circular chemistry is envisioned to replace current
linear supply chains; however, it is difficult to plan

due to many system-level interactions.

We build and optimise chemical reaction networks to
understand the system-level interactions in chemical

manufacturing.

This could lead to fully automated reaction
assessment at early-stages of process planning.
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Modulating lattice oxygen activity of CasFe,Os brownmillerite for the co-production of syngas and
high purity hydrogen via chemical looping steam reforming of toluene

Tingting Xu, Xun Wang, Haibo Zhao, Bo Xiao, Dong Liu, and Wen Liu, Applied Catalysis B:

Environmental

DOI: 10.1016/j.apcatb.2022.122010

Abstract: The chemical looping steam reforming
(CLSR) of biomass tar enables the process intensi-
fication for the co-preparation of syngas and high
purity hydrogen. The practical application of
brownmillerite-structured CazFe;Os is hindered
by activity-related issues such as low fuel conver-
sion and oxygen transfer capacity. Here, the dop-
ing of heteroatoms, e.g. Ni induces structural
changes to the brownmillerite lattice, transform-
ing it from a Pnma phase to a Pcmn one, with in-
creased distortion of the FeOs octahedra. The
structural changes lead to the upwards shifts of

the O 2p band of oxygen carrier, and subsequent-
ly improved lattice oxygen activity as well as ox-
ygen transfer capacity. The formation of oxygen
vacancy is a rate determining step during CLSR,
while the Ni-doped CazFexOs reduces the energy
of oxygen vacancy formation and energy barrier
for lattice oxygen migration through the bulk.
During CLSR, Ca:Nio2sFe1 7505 lead to significant
improvement in syngas productivity, hydrogen
purity and fuel conversion.
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Carbon-catalyzed oxygen-mediated dehydrogenation of formaldehyde in alkaline solution for

efficient hydrogen production

Nan Lu, Xiaoqing Yan, Hui Ling Tan, Hisayoshi Kobayashi, Xuehan Yu, Yuezhou Li, Jiemei Zhang,
Zhengxin Peng, Jing Sui, Ziying Zhang, Wen Liu, Renhong Li, and Benxia Li, International Journal of

Hydrogen Energy
DOI: 10.1016/j.ijhydene.2022.06.134

Abstract:: We report an efficient process to dehy-
drogenate formaldehyde in alkaline solution, cat-
alyzed by carbon nanotubes (CNTs) via a unique
reaction mechanism involving molecular O>. The
superior catalytic performance of carbon nano-
tubes (CNTs) compared to the other carbon-
based catalysts is attributed to their sp2-carbon-
rich surface, hydrophilicity and abundant surface
defects, which are the most plausible active sites.

Adsorption

Peroxide species originating from the activation
of adsorbed molecular oxygen on the CNTs is
found to be a key to C-H activation, leading to
efficient hydrogen production. The cost-effective
carbon-based dehydrogenation catalysts offer
new opportunities to the development of novel
liquid organic hydrogen carrier technologies.

Proton-Coupled
Electron Transfer
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Surface reconstruction, modification and functionalization of natural diatomites for miniaturization

of shaped heterogeneous catalysts

Bowen Li, Tian Wang, Qiujian Le, Runze Qin, Yuxin Zhang, and Hua Chun Zeng, Nano Materials Science

DOI: 10.1016/j.nanoms.2022.05.001

Abstract: Since the discovery of mesoporous sili-
ca in 1990s, there have been numerous mesopo-
rous silica-based nanomaterials developed for
catalytic applications, aiming at enhanced catalyt-
ic activity and stability. Recently, there have also
been considerable interests in endowing them
with hierarchical porosities to overcome the dif-
fusional limitation for those with long unimodal
channels. Present processes of making mesopo-
rous silica largely rely on chemical sources which
are relatively expensive and impose environmen-
tal concerns on their processes. In this regard, it is
desirable to develop hierarchical silica supports
from natural minerals. Herein, we present a se-
ries of work on surface reconstruction, modifica-
tion, and functionalization to produce diatomite-
based catalysts with original morphology and
macro-meso-micro porosities and to test their

suitability as catalyst supports for both liquid-
and gas-phase reactions. Two wet-chemical
routes were developed to introduce mesoporosity
to both amorphous and crystalline diatomites.
Importantly, we have used computational model-
ing to affirm that the diatomite morphology can
improve catalytic performance based on fluid
dynamics simulations. Thus, one could obtain
this type of catalysts from numerous natural dia-
toms that have inherently intricate morphologies
and shapes in micrometer scale. In principle, such
catalytic nanocomposites acting as miniaturized
could be
in microfluidic reactors for process intensifica-

industrial  catalysts employed

tion.
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Boosting Electrocatalytic Hydrogen Evolution with Anodic Oxidative Upgrading of Formaldehyde

over Trimetallic Carbides

Xiangbowen Du, Tong Wei, Mingwu Tan, Hisayoshi Kobayashi, Zhengxin Peng, Hongliang Zhu, Zhi-
kang Jin, Junjie Song, Wen Liu, and Renhong Li, ACS Sustainable Chemistry & Engineering

DOI: 10.1021/ acssuschemeng.2c01229

Abstract: Coupling the electrochemical oxidative
upgrading of organic molecules with hydrogen
evolution reaction could enable the energy-
efficient production of H> from renewable elec-
tricity with simultaneous chemical production.
This work shows that a trimetallic carbide
(CosFesWsC), derived from one-pot synthesis,
could act as a robust electrocatalyst for formalde-
hyde upgrading reaction (FUR) to produce for-
mate at a high faradaic efficiency (>98%), without
any production of CO; or O,. Compared to OER,
the input voltages of CosFe;WsC-catalyzed FUR
are 150 and 120 mV lower to achieve current den-
sities of 10 and 50 mA cm-2, respectively, thereby
facilitating a significant boost in the energy effi-

ciency of electrochemical H> production from
water. Density functional theory calculations re-
veal that the trimetallic carbide system modulates
the d band of the transition-metal active sites to
achieve optimal adsorption toward the selective
oxidation of formaldehyde, while suppressing
the further formation of COs.. CosFesWsC was
also found to be highly stable under considerably
high-throughput electrochemical conditions in an
alkaline electrolyte. This work offers a new strate-
gy of synergizing water electrolysis with the oxi-
dative upgrading of organic molecules to simul-
taneously boost the cost competitiveness of green
hydrogen production and the electrochemical
upgrading of organic feedstocks.
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Highly Efficient and Robust Nickel-Iron Bifunctional Catalyst Coupling Selective Methanol Oxida-
tion and Freshwater/Seawater Hydrogen Evolution via CO-Free pathway

Xiangbowen Du, Mingwu Tan, Tong Wei, Hisayoshi Kobayashi, Junjie Song, Zhengxin Peng, Hongliang
Zhu, Zhikang Jin, Renhong Li, and Wen Liu, Chemical Engineering Journal

DOI: 10.1016/j.cej.2022.139404

Abstract: The production of green hydrogen by
water electrolysis is often kinetically limited by
the sluggish oxygen evolution reaction (OER) at
the anode. Here, we prepared a bifunctional nick-
el foam supported NiFe;Os spinel -catalyst
(i.e. NiFe;O4/NF) that is capable of facilitating the
coupling of hydrogen evolution reaction (HER)
with
(SMOR) in seawater to produce formate via a CO
-free pathway. At a cell potential of 2.0 V, the
NiFe;O4/NF | | NiFe2Os/NF  catalyzed HER-
SMOR system produces remarkably high current
density (>800 mA cm?) with high Faradaic effi-
ciencies (FE) at both electrodes (> 96% for HER
and >95% for SMOR to formate). The NiFexOs/

selective methanol oxidation reaction

Ni foam
NiFe,0/NF

NiFe-precursor
NiFe,0/NF

NF | | NiFe;Os/NF HER-SMOR system also ex-
hibits excellent stability over 48 h of continuous
operation. With H» being the only gaseous prod-
uct, the HER-SMOR electrolysis system could
operate in the absence of a membrane. Further-
more, the NiFe;Os/NF | | NiFe;O4/NF electrodes
are sufficiently robust for continuously catalyzing
HER-SMOR in seawater electrolysis, showing no
sign of deactivation or chlorine oxidation reac-
tions over 6 h of continuous operation at a high
current density of 700 mA c¢cm2. Mechanistic in-
vestigation and DFT calculations reveal that
SMOR proceeds via a CO-free pathway, with Ni
and Fe as the active sites for methanol and OH
activation, respectively.
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Other activities and achievements

Asst Prof Paul LIU (PI, NTU) presented a talk
(virtual) titled “CO, Hydrogenation to Methanol
on Tungsten-Doped Cu/CeO;” at the CO, Acti-
vation Workshop hosted by UK Catalysis Hub.

Prof Manish CHHOWALLA (Co-PI, CAM) was
elected as a Fellow of the Royal Academy of En-
gineering.

Asst Prof Tej CHOKSI's (Co-PI, NTU) group

gave in-person presentations at the conferences

listed below:

. 27th North American Catalysis Society
Meeting in New York from 22 - 27 May
2022, presenting “Designing Stable, Active,

Gold-

Heterostructures for CO; Reduction to C;

and Selective Low-Dimensional

Products” and “Uncertainty Quantification
of Stability Metrics of Nanoparticle Cata-
lysts from First Principles”.

. 9th Singapore Catalysis Society Forum on
26 May 2022, presenting “Generalized
Principles for Designing Bifunctional Sup-
ported Metal Nanoparticles”.

. 264th American Chemical Society National
Meeting in Chicago from 21 - 25 August
2022, presenting “Generalized Design Prin-
ciples for Determining the Stability and
Reactivity of Supported Gold Catalysts”

o 2nd International Conference on Materials
for Humanity in Singapore from 19 - 21
September 2022, presenting “Designing

Stable, Active, and Selective Low-
Dimensional Gold-Heterostructures for
CO,; Reduction to C; Products” and

“Uncertainty Quantification of Stability
Metrics of Nanoparticle Catalysts from
First Principles”.

Dr Mingwu TAN (Research Fellow, NTU) won
2nd prize for the poster presentation titled
“Hydrogen spillover assisted by oxygenate mole-
cules over nonreducible oxides” at the 9th Singa-
pore Catalysis Society Forum on 26 May 2022.

Mr Adarsh ARUN (PhD student, CAM) won the
Early Career Research Talks prize sponsored by
Digital Discovery (Royal Society of Chemistry)
for presenting his work “Reaction impurity pre-
diction using a data mining approach” at the
5th Machine Learning and Al in Bio(Chemical)
Engineering Conference hosted by the University
of Cambridge.

Mr Aniket CHITRE (PhD student, CAM) won
Best Oral Presentation Award for the talk
“Surfactants Featurisation and Machine Learning
Driven Exploration of Personal Care Formula-
tions” at the 2nd International Conference on Ma-
terials for Humanity in Singapore from 19 - 21
September 2022. He also attended the ML/AI in
Formulations and Formulating Colloids confer-
ence days hosted by the Society of Chemical In-
dustry (SCI) in London, 25 - 26 April 2022.

Mr Chitre’s PhD is also funded by BASF Shang-
hai and his work is in close collaboration with
BASF’s Formulations, Molecular Modelling &
Digitalization of R&D groups. He is working
with formulations ingredients which BASF has
agreed to publish an open-source dataset with,
including the molecular structures. While the pH
project could lead to a technical invention, he
may only disclose limited details for now. He is
also on exchange at IMRE, A*STAR under Prof
Kedar HIPPALGAONKAR’'S (Non-C4T PI, NTU)

group.
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In IRP 2, low carbon electrosynthetic processes and technologies are developed
which target local, on-scale and on-demand conversion of electricity to commodity
or specialty chemicals. As the contribution of renewables to the total electricity
generation capacity continues to grow, novel technological opportunities arise for
direct chemical conversion of the newly available low carbon electrons. This project
addresses core challenges to the implementation of low carbon, on-demand driven

advanced manufacturing of chemical targets via electrosynthesis.

IRP 2 Principal Investigators:

Professor Adrian FISHER Professor WANG Xin Asst Prof ZHANG Sui
University of Cambridge Nanyang Technological University National University of Singapore
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Research in the IRP2 team targets new low
carbon manufacturing routes using electro-
synthesis for applications in the production of
future fuels, clean water treatment methods and
next generation agrochemicals. In this reporting
period work has delivered a new integrated mod-
el approach to synthesiser development, next
generation tools for inline frequency-time analy-
sis for industrial chemical manufacture and novel
membrane structures, electrode architectures and
catalytic approaches for electrosynthetic path-
ways.

Dr Chencheng Dai and Dr Libo Sun’s research in
IRP2 focused on electrode architectures and syn-
thesis reactors. In this reporting period they have
been exploring potential electrochemical energy
vectors such as alcohols for future fuel applica-
tions. In one study the effect of the hydroxyl
group position on the electro-oxidation of bu-
tanediols, has been explored for selectivity and
yield optimisation. The effect of the hydroxyl
group position in butanediols on their electro-
oxidation reactivities was investigated by ad-
vanced voltammetry techniques. Further work
targets a rational method to manipulate the spin
state and optimise the catalytic ability of materi-
als. Work has focused on the molecular complex
nickel phthalocyanine and activity for CO> reduc-
tion. In depth analysis on the investigation into
the role of spin state of active centres in the elec-
trocatalytic process is reported.

Asst Prof Sui Zhang's research in IRP2 focused
on engineering membranes for electrochemical
device applications. In particular research has
focused on the development of self cleaning and

OVERVIEW

disinfecting structures by the incorporation of
electrocatalytic materials within the electrode
membranes. These catalytic structures can be
electrically activated driving redox chemistry
within the solution to induce chemical cleaning.
In this reporting period, work has targeted preci-
sion molecular sieving in harsh organic solvents.
These pioneering studies offer unprecedented
opportunities for widening the application of or-
ganic solvent nanofiltration (OSN). Her work has
introduced  tris(4-carbazoyl-9-ylphenyl)amine
(TCTA) as the monomer to form robust conjugat-
ed microporous polymer (CMP) membranes via
electrochemical polymerisation.

Ms Freyja Bjork Dagbjartsdéttir has extended her
research in the field of reactor engineering, in
collaboration with one of our industrial partners
(Syngenta), to develop new methods for analysis
and assessment of the sensitivity of electrochemi-
cal parameters for electrolysis reactions. The com-
plexity of parameters, ranging from geometric
design to operating conditions, raises considera-
ble challenges for optimising the performance of
an electrochemical system. During this reporting
period, a mathematical model has been built us-
ing a finite element method. Monte Carlo Simula-
tions have been performed with 14 stochastic pa-
rameters as input. Different types of sensitivity
analysis were then conducted by varying an indi-
vidual parameter (One-Factor-at-a-time Method)
to investigate the influence of each key input pa-
rameters in electrolysis systems. Rankings in
terms of cell performance are given, based on
different sensitivity analysis methods. Rankings
are produced by One-Factor-at-a-time Method.
Operating temperature, the charge transfer coeffi-

Biannual Research Report (April —September 2022) 48



cient for the Oxygen Reduction Reaction and po-
rosity of the catalyst layer are the top 3 parame-
ters in both methods. The Scatter Plots method
indicates that operating temperature and the
charge transfer coefficient for Oxygen Reduction
Reaction are two of the key influential parame-
ters.

Alongside sensitivity analysis new analytical
tools have been developed to allow frequency-
time domain characteristics of electrolysers to be
monitored in realtime. Three approaches have
been developed using different transformation
methods (Hilbert-Huang (HHT), (continuous)
wavelet (CWT) and synchrosqueezing transforms
(SST)). Each approach has been computationally
and comparatively investigated.

IRP 2 Singapore-based start-up company Datum
ElectroniX, which was launched by Dr Kamal
Elouarzaki and Prof Adrian Fisher, has also pro-
gressed with a range of new industrial collabora-
tions underway.

Prof Adrian Fisher, PI
University of Cambridge
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Update on work package 2.1
Advanced electrode architectures

Dr Chencheng DAI (Research Fellow, NTU)
studied the effect of the hydroxyl group position
on the electro-oxidation of butanediols, including
1,2-butanediol, 2,3-butanediol, 1,3-butanediol,
and 1,4-butanediol. The effect of the hydroxyl
group position in butanediols on their electro-
oxidation reactivities is investigated by cyclic
voltammetry, linear sweep voltammetry,
chronopotentiometry and chronoamperometry in
1.0 M KOH. The results show that the closer the
two hydroxyl groups are, the higher the reactivi-
ty and the lower the anodic potential butanediol
has.
chronoamperometry are analysed by means of
HPLC and NMR. Some value-added products,
acid/3-
hydroxypropionate, are produced. The DFT cal-

Moreover, the oxidation products from

such as 3-hydroxypropionic
culations indicate that the oxidation of vicinal
diols responds to the conversion from a hydroxyl
group to a carboxylate group, followed by C-C
bond cleavage, where the carbon charge decreas-
es. These results provide an insight into reactant
selection for the electrochemical synthesis of val-
ue-added chemicals.

OH

& OH

H
OH HO S

OH ¢

hydroxyl group position

Dr Dai has also been working on the electrochem-
ical production of ammonia from nitrate reduc-
tion reaction (NOs3RR) as a green and decentral-
ised supplement to the traditional Haber-Bosch
process. He has obtained a maximal ammonia
faradaic efficiency (FE) of ~ 93% at -0.35 V com-
pared to a reversible hydrogen electrode with an
ammonia yield rate (YR) of ~ 5.9 mg h?! mge.rl.
The 5N isotope labelling experiment suggests
that the ammonia is generated from nitrate ions
but not other resources. The catalyst also shows
excellent stability as the ammonia FE and YR in
20 consecutive electrolysis cycles under the opti-
mal ammonia selectivity reaction condition re-
main stable.

Figure 2.1: In the electro-oxidation of butanediols, closer hydroxyl groups lead to higher electrochemical
reactivities. Vicinal hydroxyl groups facilitate the formation of a carboxylate group, and the following C-C bond

cleavage.

Dr Chencheng DAI
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Ms Yangiu LU (Non-C4T PhD student, NUS) fo-
cuses on how engineering membranes for precise
molecular sieving in harsh organic solvents offer
unprecedented opportunities for widening the
application of organic solvent nanofiltration
(OSN). In her work with Asst Prof Sui ZHANG
(PI, NUS), she introduced tris(4-carbazoyl-9-
ylphenyl)amine (TCTA) as the monomer to form
robust conjugated microporous polymer (CMP)
membranes via electrochemical polymerisation
for OSN in a challenging environment. The meth-
od enables the use of rigid CMP membranes in
harsh dimethylformamide (DMF) with tempera-
tures up to 100°C. The resulting membranes show
size-dependent selectivity towards charged dyes
and pharmaceutical molecules. Moreover, the

b 8 Cycles

PROGRAMME UPDATES | IRP 2

membranes present excellent stability in DMF
solution containing a high base content of tri-
ethylamine at different temperatures due to their
rigid crosslinked chemical structure. The optimal
membrane can reach 94.4 + 2.2% rejection of Al-
lura Red AC (496.42 g mol-1) at a dimethylforma-
mide (DMF) permeance of 33.1 £ 1.2 L m-2 h-1
bar-1 at 100 °C. To the best of our knowledge, this
is the first report to experimentally recognise the
unique advantages of CMPs in high-temperature
OSN applications.
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Figure 2.2: (a) An illustration of the three-electrode electrochemical cell used for TCTA polymerisation on the
CNT/PP film. (b) Multicycle cyclic voltammetry profiles of TCTA with the scanning potential from 0.2 to 1.5 V
vs. Ag/Ag+, at a scan rate of 50 mV s-1. (c) A schematic representation of the electrochemical polymerisation of

TCTA-EP films and their elementary pore structures.

Ms Yangiu LU
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Figure 2.3: (a) Rejection and permeance of TCTA-EP films with different CV cycle number. The feed solution was
50 ppm Allura Red AC (MW = 496.42 ¢ mol'?) in DMF. (b) The organic solvent permeance of TCTA-EP-8
membrane against the inverse of viscosity. (c) Rejection of the TCTA-EP-8 film towards different dyes and
pharmaceutical molecules in DMF. (d) Cumulative pore size distribution curves and (e) probability density
function curves of the TCTA-EP-8 membrane. (f) UV absorption spectra of the feed, permeate and retentate after
50 ml permeate was collected from the 100 ml feed with TCTA-EP-8 membrane. The feed solution was 50 ppm
Allura Red AC (MW = 496.42 g mol®) in DMF.

Ms Yangiu LU
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Update on work package 2.2
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Co-generation and electrolytic synthesis reactor engineering

Dr Libo SUN (Research Fellow, NTU) reports
that spin state of metal species plays a key role in
affecting the activity of electrocatalytic reactions.
However, developing a rational method to ma-
nipulate the spin state and optimise the catalytic
ability of materials still remains a great challenge.
While the molecular complex nickel phthalocya-
nine shows poor advantages, single-atom cata-
lysts with nickel element could exhibit excellent
activity towards CO; reduction. This prompts the
investigation into the role of spin state of active
centres in the electrocatalytic process. Molecular
complexes may allow the spin state of the chelat-
ed metal species to be regulated by surrounding
functional groups. Herein, several nickel phthalo-

cyanine derivatives with regulated spin state of
nickel centres were fabricated. Among them, the
high-spin-state nickel phthalocyanine
(NiDMAPc) exhibits the best activity than the
others. Neat 100% selectivity towards CO pro-
duction over a wide potential range could be ob-
tained for NiDMAPc with higher current density
of nearly 5 times than NiPc at -0.85 V compared
to RHE in traditional H-type cell tests. Further-
more, the flow cell setup measurements of NiD-
MAPC exhibit remarkable stability and selectivi-
ty (>99%) for more than 40 hours. This research
may disclose the key role of spin state in electro-
catalytic reactions and help deepen our under-
standing of its mechanisms.
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Figure 2.4: The long-term stability test of NIDMAPC under -100 mA cm2 in a flow cell setup.

Dr Libo SUN
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Update on work package 2.3

Micro-variable pressure and temperature electrosynthesis plant

Ms Freyja Bjork DAGBJARTSDOTTIR’s (PhD
student, CAM) research interests lie in investigat-
ing novel electrochemical systems where a com-
plex relationship exists between chemistry and
mass transport. The aim is to make mathematical
descriptions of electrochemical systems that can
be used to investigate, design, and monitor these
systems.

0,, H,0

[ solid Electrolyte

Ms Dagbjartsdéttir has been building a model
describing this system by first building a base
case and conducting a sensitivity analysis on this
base case, abiding by the following principles: (1)
moderate manufacturing and running costs (2)
convenience and robustness, (3) accessibility to
control and monitor the performance, (4) simplic-
ity and versatility, (5) feasibility for future up-
dates. The following steps were used in the de-
sign approach:

. Build a mathematical model of direct elec-
trosynthesis of a hydrogen peroxide device

. Discover influential parameters by per-
forming Monte Carlo Simulations

o Quantify the effects of input parameters on
output
. Rank the parameters using Sensitivity

Analysis and therefore optimise the device

. Porous Electrodes

[ lon Exchange Membranes

One system of interest is the direct electrochemi-
cal synthesis of hydrogen peroxide, H.O». It has
been demonstrated in experiments that it is possi-
ble to create up to 20% w/w hydrogen peroxide
in water solution using direct electrolysis and the
aim is to build a device that can produce enough
hydrogen peroxide at low cost on site for users by
just using electricity, water and oxygen.

0,,H,0

H,0, H,0,
—_——

0,,H,0

Figure 2.5: A schematic of
chemical and current flow in
the H>O; electrolyser

Ms Freyja Bjork
DAGBJARTSDOTTIR

in terms of cell performance, conversion
efficiency, product concentration, etc.

The indicators or the outputs of interest for the
system are cell performance, conversion efficien-
cy and concentration of H>O».

Monte Carlo Simulation (MCS) were introduced
for capturing the deviations that would occur in
real systems and providing optimal design on
this basis. A MCS of the parameter set was devel-
oped to generate random samplings as inputs to
predict or quantify numerical outcomes. Table 1
shows the system characterisation for the H>O»
reactor system.

Numerical characterisation of the polarisation
curve and HxO: concentration are shown in
Figure 2.6 as the applied cell voltage is changed
from 0.4 V to -0.6 V, the total current density be-
comes larger which means the rate of this electro-
chemical reaction is increasing.
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| Parameter | Symbol (X;) | Mean Value (g;) | Unit | RSD (o;/p;) |
Geometry
Channel length L 2 o 107% m 5%
Channel width w 5 X 107> m 5%
Operating conditions
Temperature T 298 K 5%
Inlet Hy flow rate Qu, 50 scem 5%
Inlet O flow rate Qo, 50 scem 5%
Material Properties
Porosity of the gas €qdl 0.8 - 5%
diffusion layer [23]
Porosity of the catalyst €l 0.6 - 5%
layer [51]
Electrical conductivity of Ogdl 250 Sm™! 5%
the gas diffusion layer [34]
Electrical conductivity of O 90 Sm™! 5%
the catalyst layer [15]
Electrical conductivity of Ose 0.27 Sm! 5%
the solid electrolyte [33]
Electrochemistry
Charge transfer coefficient o, 0.47 - 5%
for HOR [29]
Charge transfer coefficient o, 0.61 - 5%
for ORR [54]
Exchange current density z{fzf 1.03 A m? 5%
for H, [25] &
Exchange current density i 3 e 107 Am™ 5%
for O, [38]

Table 1: Stochastic parameters used in simulation with means and deviations.

Ms Freyja Bjérk DAGBJARTSDOTTIR
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outlet boundary layer on the deionised water
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Figure 2.6: Polarisation curve of direct
H,O; electrosynthesis cell with same pa-
rameters as the mean values in Table 1.

oo  Ms Freyja Bjork
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flow rate is shown in Figure 2.7.

With the data generated by MCS, the one factor at
a time method was conducted by examining the

0

0.1

03 04 DAGBJARTSDOTTIR

effect of all the input parameters individually in
terms of cell performance. Each stochastic param-
eter has a sample size of 200, subject to the One-
sample Kolmogorov-Smirnov test. And after that,
every parameter is ranked based on its coeffi-
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cients of variation. To be concise, a ranking of the
first 8 parameters is given in decreasing order as
shown in Figure 2.8.

Despite the significant role the operating temper-
ature plays in cell performance, it is advised not
to optimise the device by adjusting the operating
temperature for the sake of stability. Therefore,
optimisation by changing the charge transfer co-

efficient for ORR is recommended as far as this
setting is concerned.

Ms Dagbjartsdéttir has also been collaborating
with a MPhil student Mr Leopold KLOYER (Non-
C4T student, CAM) in the IRP2 research thrust on
advanced analytical tools for inline electrochemi-
cal control and real time monitoring.
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Figure 2.7: Dependence outlet H,O; con-
centration on the deionised water flow rate

at Ecel] = -0.5V.

Ms Freyja Bjérk DAGBJARTSDOTTIR

Figure 2.8: Coefficients of variation of the
cell performance under different input pa-
rameters at Ecell = -0.5 V, ranked in de-

creasing order. Top 8 parameters are T
(temperature), ao (charge transfer coeffi-

cient for ORR), &1 (porosity of the catalyst),
W (channel width), an; (charge transfer
coefficient for HOR), i®f (exchange current
density for Hy and O3), and o¢|
(conductivity of the catalyst layer).

Ms Freyja Bjérk DAGBJARTSDOTTIR

They have extended this topic to explore ad-
vanced tools which allow a time-frequency re-
sponse to be analysed, in comparison to the fre-
quency only domain output achieved through the
Fourier Transform AC Voltammetry approach.
Three approaches were addressed using different
transformation methods which remain unexploit-
ed in the field of electrolysis: (Hilbert-Huang
(HHT), (continuous) wavelet (CWT), and syn-

Biannual Research Report (April —September 2022)

chrosqueezing transforms (SST)). The approaches
were investigated for the analysis of electrochem-
ical data to identify oscillatory subcomponents,
which most accurately represent possible under-
lying physical processes occurring in electro-
chemical synthesis cells. We anticipate these new
tools will allow development of an advanced
computer models and analysis of physical/
chemical processes occurring during electrolysis.
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Figure 2.9: Current density profile, Hilbert spectrum, CWT and SST for the large amplitude perturbation in an
electrochemical cell (top) and decaying electrochemical signal in a synthesis cell (bottom).

Ms Freyja Bjork DAGBJARTSDOTTIR
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Scientific output

The following are the CREATE-acknowledged publications generated by IRP 2 during the reporting period,
excluding those already featured in the Scientific Highlights section on page 14.

Electropolymerized thin films with a microporous architecture enabling molecular sieving in harsh

organic solvents under high temperature

Yangiu Lu, Wei Liu, Kaiyu Wang, and Sui Zhang, Journal of Materials Chemistry A

DOI: 10.1039/D2TA02178A

Abstract: Engineering membranes for precise mo-
lecular sieving in harsh organic solvents offer
unprecedented opportunities for widening the
application of organic solvent nanofiltration
(OSN). Here, we introduce tris(4-carbazoyl-9-
ylphenyl)amine (TCTA) as the monomer to form
robust conjugated microporous polymer (CMP)
membranes via electrochemical polymerization
for OSN in a challenging environment. The meth-
od enables the use of rigid CMP membranes in
harsh dimethylformamide (DMF) with tempera-
ture up to 100 °C. The resulting membranes show
size-dependent selectivity towards charged dyes

&

Ag/Ag

Electropolymerization

and pharmaceutical molecules. Moreover, the
membranes present excellent stability in DMF
solution containing a high base content of tri-
ethylamine at different temperatures due to their
rigid crosslinked chemical structure. The optimal
membrane can reach 94.4 + 2.2% rejection of Al-
lura Red AC (496.42 g mol?) at a dimethylforma-
mide (DMF) permeance of 331 + 12 L
m?2 hl bar? at 100 °C. To the best of our
knowledge, this is the first report to experimen-
tally recognize the unique advantages of CMPs in
high-temperature OSN applications.

Solvent Flow

=
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The 2022 solar fuels road map

PROGRAMME UPDATES | IRP 2

Gideon Segev, Jakob Kibsgaard, Christopher Hahn, Zhichuan ] Xu, Wen-Hui (Sophia) Cheng, Todd G
Deutsch, Chengxiang Xiang, et al, Journal of Physics D: Applied Physics

DOI: 10.1088/1361-6463 / ac6{97

Abstract: Renewable fuel generation is essential
for a low carbon footprint economy. Thus, over
the last five decades, a significant effort has been
dedicated towards increasing the performance of
solar fuels generating devices. Specifically, the
solar to hydrogen efficiency of photoelectrochem-
ical cells has progressed steadily towards its fun-
damental limit, and the faradaic efficiency to-
wards valuable products in CO; reduction sys-
tems has increased dramatically. However, there
are still numerous scientific and engineering chal-
lenges that must be overcame in order to turn
solar fuels into a viable technology. At the elec-
trode and device level, the conversion efficiency,
stability and products selectivity must be in-
creased significantly. Meanwhile, these perfor-

Electrochemistry in Magnetic Fields

mance metrics must be maintained when scaling
up devices and systems while maintaining an
acceptable cost and carbon footprint. This
roadmap surveys different aspects of this endeav-
or: system benchmarking, device scaling, various
approaches for photoelectrodes design, materials
discovery, and catalysis. Each of the sections in
the roadmap focuses on a single topic, discussing
the state of the art, the key challenges and ad-
vancements required to meet them. The roadmap
can be used as a guide for researchers and fund-
ing agencies highlighting the most pressing needs
of the field.

Songzhu Luo, Kamal Elouarzaki, and Zhichuan J. Xu , Angewandte Chemie International Edition

DOI: 10.1002/ anie.202203564

Abstract: Developing new strategies to advance
the fundamental understanding of electrochemis-
try is crucial to mitigating multiple contemporary
technological challenges. In this regard, magneto-
electrochemistry offers many strategic ad-
vantages in controlling and understanding elec-
trochemical reactions that might be tricky to reg-
ulate in conventional electrochemical fields.
However, the topic is highly interdisciplinary,
combining concepts from electrochemistry, hy-
drodynamics, and magnetism with experimental
outcomes that are sometimes unexpected. In this
Review, we survey recent advances in using a
magnetic field in different electrochemical appli-
cations organized by the effect of the generated

forces on fundamental electrochemical principles

and focus on how the magnetic field leads to the
observed results. Finally, we discuss the challeng-
es that remain to be addressed to establish robust
applications capable of meeting present needs.
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Size Effects of Electrocatalysts: More Than a Variation of Surface Area
Tianze Wu, Ming-Yong Han, and Zhichuan J. Xu, ACS Nano

DOI: 10.1021/acsnano.2c04603

Abstract: The efficiency of electrocatalytic reac-
tions has been continuously improved in recent
years due to the great effort in the development
of electrocatalysts. A popular strategy is engi-
neering the size of electrocatalysts for better elec-
trochemical performance and lower cost. Na-
nosized electrocatalysts with high specific surface
area have been widely used in state-of-the-art
electrochemical devices such as fuel cells. From
an engineering aspect, nanosizing electrocatalysts
increases the surface area of the electrode and
improves the electrode/device performance. Be-
yond an engineering scope, this perspective high-
lights the size effects of certain scientific funda-

mentals in electrocatalytic reactions. The paper
summarizes the representative examples in stud-
ying the size effects of electrocatalysts and sheds
light on the change of intrinsic properties of elec-
trocatalysts caused by the size variation. The size
effects of electrocatalysts should be investigated
in terms of both engineering and fundamental
aspects; that is, the observed activity change is
more than a result of surface area variation, and it
is interesting to investigate the link between the
intrinsic activity and the properties of the cata-

lysts.
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Other activities and achievements

Asst Prof Sui ZHANG (PI, NUS) was awarded Ms Freyja Bjork DAGBJARTSDOTTIR’s (PhD
the AIChE SLS Outstanding Young Faculty  student, CAM) PhD is jointly funded by CARES
Award and a Faculty Research Award by NUS and Syngenta.

College of Design and Engineering

Prof Zhichuan Jason XU (Co-PI, NTU) joins the
journal EES Catalysis as an Associate Editor.

The work in IRP 2 aims to develop novel electrocatalytic routes to produce cleaner synthesis of specialty chemicals
for the chemical industry.
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To formulate the fuel of the future, IRP 3 looks at new molecules that can be
produced within the techno-economic constraints of a refinery and that have the
potential to reduce pollutant emissions when added to fossil-derived fuels. This
research will help to identify the best fuels (or fuel mixtures) for low-emission energy
conversion, and to design and manufacture optimised cost-effective nanostructured
materials for catalysis.

IRP 3 Principal Investigators:

Professor Markus KRAFT Professor XU Rong Assoc Professor YANG Wenming
University of Cambridge Nanyang Technological University National University of Singapore
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In the present reporting period, we have con-
tinued and broadened our investigations into
oxygenated fuels as additives to diesel and jet
fuels and their role in mitigating the formation of
soot in internal combustion engines. We have
considered various additives including poly
(oxymethylene) dimethyl ether (PODE), ethanol
and others. For comparative studies, we ensured
the same amount of oxygen in each experiment in
order to separate the effect of mere presence of
oxygen from the effect of chemical structure of
the additive. While previously we had conducted
such studies only in laboratory flame setups, we
can now perform particle size distribution meas-
urements in the exhaust stream of a compression
ignition engine. In agreement with previous
work, we have found that ethanol is most effec-
tive in reducing particulate emissions, although
this depends on engine load.

Furthermore, we have continued our research on
the electrocatalytic reduction of CO; into useful
products such as fuels and other chemicals both
experimentally and computationally. In the lab,
we have studied the properties of a commercial
gas diffusion layer that we have previously coat-
ed with flame-synthesised copper oxide nanopar-
ticles using our own rig. We found that increas-
ing the hydrophobicity of the catalytic film ex-
tends its lifespan. At the same time, we are also
continuing to investigate the microkinetic mecha-
nism underlying electrochemical CO, reduction.
Having previously developed a detailed kinetic
model, we have now managed to experimentally
identify numerous additional minor products of

OVERVIEW

the process, which can help us to refine our de-
tailed model even further and thus deepen our
understanding.

Professor Markus Kraft, PI
University of Cambridge
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Update on work package 3.1

Refinery, fuel and engine of the future — experimental
Properties of surrogate fuels, marine engine after-treatment

Mr Yong Ren TAN (PhD student, CAM) is cur-
rently investigating the impact of blending oxy-
genated fuels with Jet Al in a compression igni-
tion engine. Four oxygenated fuels were studied,
namely dimethyl carbonate (DMC), ethanol
(EtOH), polyoxymethylene dimethyl ether 1
(PODE1) and polyoxymethylene dimethyl ether 4
(PODE4). The oxygenated fuels were blended to
make up fuel blends with 5% oxygen content to
study the molecular effect of different oxygenat-
ed fuels in affecting soot formation. Figure 3.1
shows the particle size distributions (PSDs) for
the fuel blends at three engine loads (30%, 45%
and 60%). There is a strong reduction of the larg-
er particles at above 10 nm (accumulation and
coarse modes) for EtOH, especially at the low
engine load of 30%. The reduction diminishes
with the increase in the engine load up to 60%,
i.e., the PSDs for all the oxygenated fuel blends
are similar to the case for Jet Al. The rest of the
oxygenated fuels have an almost negligible effect
on the PSDs at all fuel engine loads. Another no-
table observation is an increase in smaller parti-
cles (below 10 nm, nucleation mode) for the
EtOH and PODE]1 fuel blend at an engine load of

30%. This suggests that the molecular structure of
EtOH may have the strongest effect on the PSDs
when compared to the rest of the oxygenated
fuels at a low engine load.

Dr Yichen ZONG (Research Fellow, NUS) has
been leading experimental research on future
fuels for low emission energy utilisation. The re-
search activities are conducted under the collabo-
ration of NUS and Cambridge researchers. The
major experiments have been successfully fin-
ished in the last few months, covering a wide
range of additives (DMM, DMC, PODE3, PODE4,
Ethanol) and their impact on diesel and jet fuel in
engine combustion. A research paper from previ-
ous experiments has been published in Fuel
which systematically investigates the particulate
emissions from diesel /butanol blend combustion.
Another summary paper on the comparison of all
additives is in preparation. Moreover, Dr Zong is
also working on engine simulations with CMCL
engineers (an R&D company) and air quality
monitoring with the collaboration of the C4T JPS
team.
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Figure 3.1: Particle size distributions measured using a DMS500 at the exhaust of the engine with different fuel
blends. The data in each panel are grouped by the engine load at (a) 30%, (b) 45%, and (c) 60%.

Mr Yong Ren TAN

Biannual Research Report (April —September 2022) 64



Update on work package 3.2
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Refinery, fuel and engine of the future — modelling
Chemical mechanisms, PAH chemistry, after-treatment

Dr Laura PASCAZIO’s
CARES) main research interest lies in the study

(Research Fellow,

of combustion-generated carbonaceous nanopar-
ticle (also known as soot) formation using com-
putational methods. Understanding the soot in-
ception mechanism remains one of the most de-
bated topics in the combustion scientific commu-
nity.

Recently, she submitted a paper on the develop-
ment of a knowledge-graph based framework for
the automated parameterisation of reactive force
fields derived from relaxed potential energy sur-
face (PES) scans. Jointly with Dr Angiras MEN-
ON (PDRA, CAM) and CMCL, an ontological
representation for Potential Energy Surface scans,
OntoPESScan, has been developed that allows for
the semantic enrichment of quantum chemical

calculations within The World Avatar project

InChI

The World Avatar

OntoCompChem

SMILES
AH{298K)

(theworldavatar.com). Following this, she devel-
oped a software agent able to perform PES scans
results retrieval and reactive force field calibra-
tion tasks. She presented a poster on this project
at the 39t International Symposium on Combus-
tion (see “Other activities and achievements” in
this chapter section for more details).

Currently, Dr Pascazio is working with Dr Ali
NASERI (Non-C4T Research Fellow, CAM) and
CMCL on extending The World Avatar capabili-
ties in the chemistry domain. The goal is to re-
trieve data from other chemistry databases such
as PubChem or Open Reaction Database and
store the data in The World Avatar so that this
data can be queried and used by software agents
for reaction prediction, chemical synthesis plan-
ning and experimental design.

Figure 3.2: OntoPESScan ontology, linked
to OntoSpecies and OntoCompChem, is
developed in The World Avatar framework
to extend the chemistry domain.

Dr Laura PASCAZIO
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Update on work package 3.3

Better, cheaper, cleaner nanostructures — experimental
Flame synthesis of thin films of mixed metal oxide nanoparticles

Dr Yuan SHENG'’s (Senior Research Fellow,
NTU) recent work has been mainly on the dura-
bility of flame synthesised CuOx nanoparticulate
films during the electrochemical CO, reduction
reaction (eCO2RR). Fixation of the film on the gas
diffusion layer (GDL) with a suitable amount of
binder and the hydrophobic properties of the
GDL were found critical to the durability. Deco-
rating commercial GDL with a highly hydropho-
bic conductive coating extended the lifespan of
the films by increasing their resistance to flood-
ing. Trace amount of Oz in the feed gas, on the
other hand, accelerated flooding of the electrode.
To study the role of hydrophilicity further, Dr
Sheng has developed PTFE-modified formula-
tions of catalyst inks based on commercial CuO
nanoparticles so that the catalytic film itself can
be rendered hydrophobic. The resulting films

showed high selectivity toward ethylene at
0.5A/cm? for at least 2 h, better than the unmodi-
fied films (Figure 3.3). Dr Sheng co-authored a
paper with Dr Guanyu LIU (past-C4T Research
Fellow, NTU) about the effect of pore tortuosity
and oxidation states of flame-synthesised Cu/
CuO nanoparticulate films on the selectivity of
eCO2RR products. In addition, Dr Sheng studied
the degradation behaviour of NiFe hydroxide
films as the oxygen evolution catalyst during sus-
tained alkaline electrolysis in industrial condi-
tions. Migration of Fe species from anode to cath-
ode was found to play an important role.
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Figure 3.3: The eCO2RR performance of a PIFE-modified CuO nanoparticulate film on commercial GDL. Total

current density: 0.5 A/cm2. Electrolyte: 3.5 M KOH.

Dr Yuan SHENG
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Update on work package 3.4
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Better, cheaper, cleaner nanostructures — modelling
Gas- and surface-phase kinetics, molecular modelling and reactor

optimisation

Mr Simon RIHM (PhD student, CARES) suc-
cessfully built a reversible and fully-elementary
micro-kinetic model in the previous report. He
continues his research in advancing the under-
standing of reduction
(eCO2R) - specifically the reaction mechanism.
Together with Dr Mikhail KOVALEV
(Technical Development Manager, AMPLE), Mr

Rihm has been working on the characterisation of

electrocatalytic CO»

minor products of an eCO:R flow reactor via gas-
(GC-MS).
The mass-spectrometry method used is based on

chromatography mass-spectrometry

proton-transfer reactions (PTRs) and can reveal
previously unknown products of very small con-
centrations which are separated via the GC col-
umn. The analysis of the data generated is chal-
lenging because it is spread out over multiple
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dimensions (time, mass, applied potential, tem-
perature) and greatly varying concentrations be-
tween species lead to complex effects through the
PTR mechanism. For this reason, an automated
process of species identification and analysis was
developed and deployed, by which many addi-
tional species were identified that seem to consti-
tute minor eCO2R products which have not been
reported before. This is important for the mecha-
nism investigation as well as designing around
potential catalyst poisoning.

GC-MS detector

Figure 3.4: lllustration of the flow cell with gas-diffusion layer (GDL) and a copper catalyst (Cu) converting car-
bon dioxide to a variety of products that can be detected and analysed within a GC-MS setup.

Myr Simon RIHM
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Scientific output

The following are the CREATE-acknowledged publications generated by IRP 3 during the reporting period,
excluding those already featured in the Scientific Highlights section on page 14.

Evaluating the effect of n-butanol additive on particulate matter emission in diesel engine
Qiren Zhu, Yichen Zong, Yong Ren Tan, Jieyao Lyu, Wenbin Yu, Wenming Yang, and Markus Kraft,

Fuel
DOI: 10.1016/j.fuel.2022.126003

Abstract: In this study, we perform experiments
on a common-rail diesel engine to investigate the
effect of diesel/n-butanol blends on particulate
matter (PM) emission under pilot-main injection
strategy. Three different blends (diesel, D80B20,
D50B50) are compared under two distinct loads
(~30 %, ~60 %) and two injection pressures
(40 MPa, 60 MPa). Under identical load and injec-
tion pressure, the engine fueled with D80B20 has
the longest ignition delay and the shortest com-
bustion duration, resulting in the highest HC
emissions. The results indicate that the addition
of n-butanol can improve the mixing process of
fuel and oxidizer and result in a lower mean
chamber temperature. The addition of n-butanol
can also reduce NOy emission (up to 25 %) be-
cause the lower mean chamber temperature

Engine control system

Combustion Analysis and Next-
cycle Control System

i

caused by the lower heating value of n-butanol
tends to reduce NOx emission although there is
extra oxygen content in n-butanol. Moreover, the
addition of n-butanol can reduce PM emission
(up to 69 %) and the engine with D50B50 under
low load has the lowest PM emission. We further
sample the soot particles from the engine emis-
sion. The result of the Raman spectroscopy inves-
tigation of soot samples reveals that n-butanol
can increase the oxidative reactivity of the parti-
cles and the shorter combustion duration of en-
gine can increase the level of disorder of the par-
ticles. The result of FTIR spectra shows that the
aromatic C=C functional group has the highest
signal intensity when the engine is fueled with
D80B20 and is diffusion combustion dominated.
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Other activities and achievements

Several IRP 3 researchers attended the 39t Inter-
national Symposium on Combustion from 24 - 29
July 2022 in Vancouver.

) Prof Markus Kraft (PI, CAM) co-chaired a
session on “Soot, Nanomaterials & Large
Molecules”

. Dr Laura PASCAZIO (Research Fellow,
CARES) presented a poster titled
“Reactive force field for localized -
radicals”.

o Mr Yong Ren TAN (PhD student, CAM)
presented posters titled “Injection of
charge from non-thermal plasma into a
soot forming laminar coflow diffusion
flame” and “Influence of the types of oxy-
genated fuels on the characteristics of soot
emitted from a CI engine”.

o Mr Simon RIHM (PhD student, CARES)
delivered an oral presentation titled
“Modelling a detailed kinetic mechanism
for electrocatalytic reduction of COy”.

Prof Markus KRAFT (PI, CAM) was invited to
give a series of lectures on the formation of soot
as part of the annual Tsinghua-Princeton-CI Sum-
mer School on Combustion. The programme at-
tracts over 400 attendees each year and is one of
the most reputable summer schools in the field of
combustion.

Dr Yichen ZONG (Research Fellow, NUS) is
starting a new collaboration with Prof Tat Loon
CHNG (NUS Mechanical Engineering). This col-
laboration aims to study the NOx reduction and
soot formation in flame under non-equilibrium
plasma.

Dr Laura PASCAZIO (Research Fellow, CARES)
delivered an oral presentation titled “Review of
soot and carbon black formation: role of aromatic
n-diradicals” at Carbon 2022 in London held
from 3 - 8 July 2022.
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Better, Cleaner Heat Usage is a new IRP 4 for Phase 2, replacing the former
energy/electricity focus in Phase 1. This work is f