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Foreword 3 

I am very pleased to present the 7th Biannual Research Report of the Cambridge Centre for Carbon 
Reduction and Technology (C4T), the first programme managed by the Cambridge Centre for Ad-
vanced Research and Education in Singapore (CARES).  

PIs in residence 

Since April both Prof MACIEJOWSKI (IRP4) and Dr. FISHER (IRP2) have successfully completed their 
six month stays in Singapore. This has deepened the existing Cambridge-Singapore collaborations 
further and given excellent opportunities for the Cambridge PIs to interact with the Singapore-based 
researchers on a day-to-day basis. Prof Alexei LAPKIN has now started his six month stay at CARES. 
We are delighted that he has also had the opportunity to serve as an Adjunct Professor at NUS 
where he gives lectures to undergraduates on advanced reaction engineering. This new course co-
vers many aspects of the work going on in C4T and hopefully will encourage more excellent young 
researchers to join the field in the future. 

Intra CREATE 

In the last report I mentioned that CARES had submitted a number of proposals to the Intra CREATE 
grant calls. I am now very pleased to announce that CARES was successful in securing funding for a 
large Intra CREATE project. The work will be carried out together with University of California, 
Berkeley; BEARS, NTU and NUS. The title of the successful proposal is: ”A table top chemical factory 
for the reduction of CO2 to value added chemicals”. The work will contribute to filling the gap be-
tween the fundamental research which is currently going on in CARES and BEARS and commercially 
successful technology. The project’s lead principal investigators are Professor Alexei LAPKIN 
(Cambridge; CARES) and Joel AGER (University of California, Berkeley; BEARS). The grant is of the 
order of SGD 5M and will last 36 months. We are excited that we have this unique opportunity to 
work together. The CARES-hosted project was one of only four selected from over 70 applications. 
In addition to this large Intra CREATE grant we are proposing various work streams for the second 
round of the Intra CREATE seed funding. This funding instrument is directed to members of the pro-
gramme who are at the early stages of their academic career. CARES will submit on topics including 
air quality sensing in Singapore (CARES/BEARS) and smart grid energy storage (CARES/NTU). 

Highlights 

We mentioned in our last Biannual Report that CARES had received the Inaugural BCA Green Mark 
for Laboratories Platinum Award. On the 13th June Prof Markus Kraft was presented with the BCA 
certificate at the annual BCA Awards ceremony. This annual meeting is the social highlight of the 
Building and Construction Authority and is attended by several hundred people, so was a great op-
portunity to advertise our programme.  

I am also delighted to report that C4T researchers have received a number of awards and accolades 
for excellence in recent months.  These include Prof ZENG Hua Chun (PI, NUS, IRP1) who received 
the Outstanding Researcher Award from AICHE Singapore and Prof Martin PUMERA (Co-I, NTU, 
IRP2) and Prof LEE Jim Yang (PI, NUS, IRP2) who were both named “Highly Cited Researcher 2017” 
by the publishers of Web of Science. Dr Jithin John VARGESE (RF, NTU, IRP1) received the Exxon Mo-
bil Poster Award at the SE Asia Catalysis Conference 2017 for work on the contribution of nickel and 
oxygen vacancies in altering surface reactivity of NiO for C-H activation. A team including members 
of IRP4 (Dr. Joymala Moirangthem (RF, NUS, IRP4), Prof. S.K. Panda (PI, NUS IRP4), and Prof. Gehan 
Amaratunga (PI, Cam IRP4) won a best paper award with their JPS-inspired paper “Electrical Grids of 
the future: GIS-integrated Power-flow as an Online Service”. Prof XU Rong (Co-PI, NTU, IRP3), Prof 
John Robertson (Co-I, Cam, IRP3/4), Shuyang Wu (PhD student, NTU, IRP3) and a team including 
myself produced an article (“Investigating the Role of Tunable Nitrogen Vacancies in Graphitic Car-
bon Nitride Nanosheets for Efficient Visible-Light-Driven H2 Evolution and CO2 Reduction”), which 
was ACS Editor's Choice. Each day ACS Editors' Choice features an article selected from across all 
ACS journals by ACS editors for its potential broad public interest.  

Prof. Markus Kraft, 

CARES Director. 

October 2017 
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 A special highlight of the past six months for me personally was Prince Andrew, the Duke of York’s 
visit to the British High Commission in Singapore on 13th June. In a private display for Prince Andrew 
we demonstrated J-Park Simulator, our C4T signature project, which was also part of the ‘Science is 
Great' event hosted at the British High Commission in celebration of the Commonwealth Science 
Conference which was held in Singapore this year.  

Conferences 
As in every reporting period our programme members presented the fruit of their work at various 
conferences. I will mention only a small selection. The Department of Chemical Engineering and 
Biotechnology (CEB) Research Conference, 26 - 27 June 2017 in Cambridge was organised by Prof 
Alexei Lapkin (PI, IRP1, Cam). Many Cambridge CARES students from Singapore attended this confer-
ence which strengthened the collaboration between CARES and CEB. We also took part in the sec-
ond Commonwealth Science Conference (CSC) which was organized by the Royal Society and Na-
tional Research Foundation, Singapore from 13th to 16th June 2017 in Singapore. This was a unique 
conference where the top researchers and policy makers from nations around the world came to-
gether and discussed the key events like Paris Climate agreement, Britain leaving the EU (Brexit), the 
role of India and China in the global economy and their effects on the future of mankind. Eight 
members of C4T attended the 9th International Conference on Applied Energy (ICAE 2017) which 
was held in Cardiff from 21 August to 24 August this year.  The theme of ICAE 2017 was “Energizing 
the future” and all C4T presentations received excellent feedback.  

Visitors 
Although we had no senior academic visitors during this period we were fortunate to have a num-
ber of young talents working with us. Laura PASCAZIO visited from Prof Andrea D’ANNA’s group at 
the University of Naples and HOU Dingyu from Prof YOU Xiaoqing’s research group from Tsinghua 
University in Beijing. Both are working with members of IRP3 on fundamentals of carbon nanoparti-
cle formation in flames. YU Haiyan from Beijing University of Chemical Technology and Harshiyot 
SINGH from NUS are both working on topics in IRP2. Anira PERERA and Yehia AMAR both students 
at Cambridge, and John ATHERTON from the University of Queensland in Australia were working on 
IRP1 and IRP4 topics, respectively.  

Features 

In this edition of research report you will find two pieces that explain the potential impact of our 

research, which I highly recommend to you. Dr Quang Thang TRINH (Research Fellow, IRP1, NTU), 

explains how in-silico design of efficient catalysts for the conversion of methane can lead to higher 

value chemicals and ZHANG Chuan (PhD Student, IRP3, NTU) investigates the importance of waste 

heat exploitation in future energy systems as an efficient way to cut down the overall CO2  emis-

sions. A feature that focuses more on fundamental science by ZHANG Shengliang (PhD Student, 

NUS, IRP2) answers the question: what are electronic smart windows? I would like to thank all au-

thors for putting in this additional effort to communicate their exciting research to our readers.  

In closing, I hope I have been able in this brief overview to encourage you to examine the contents 
of this report more closely. Please get in touch if you have questions or find some common ground 
for collaboration.  

 

 

 

 

 

Prof. Markus Kraft, CARES Director  
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1.1 Structure and Organisation 

The Cambridge Centre for Advanced Research and Education  in Singapore (CARES) is a wholly-
owned subsidiary of the University of Cambridge. CARES is funded by the National Research Founda-
tion, as part of CREATE (Campus for Research Excellence and Technological Enterprise) and hosts a 
number of research collaborations between the University of Cambridge, Nanyang Technological 
University, the National University of Singapore and industrial partners. 

CARES is guided strategically by a Governing Board comprised of senior representatives from the 
three partner universities (the University of Cambridge, Nanyang Technological University and the 
National University of Singapore), from the National Research Foundation and from industry. Scien-
tific oversight is provided by a global Scientific Advisory Board. 

The first programme administered by CARES is the Cambridge Centre for Carbon Reduction in 
Chemical 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 and electrical network on 
Jurong Island in Singapore. It brings together researchers from Chemical Engineering, Biotechnolo-
gy, 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 CO2 capture, and technologies and strategies for waste heat 
utilisation are also underlying drivers in the research. The reduction of the carbon footprint from a 
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wider systems perspective through integration of chemical process related loads within the electri-
cal power network is also addressed. 

C4T addresses the complex problem of carbon abatement in chemical technologies by focusing on 
four fundamental aspects. These four 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 interactions among the IRPs.   

 

 IRP 1: Multi-Scale Studies of Catalytic and Adsorption Technologies (MUSCAT) 

 IRP 2: Electrochemical Multi-scale Science, Engineering and Technology (EMSET) 

 IRP 3: Carbon Abatement in the Petroleum Refining Industry: A Control and Optimisation 
Research Network (CAPRICORN) 

 IRP 4: Integrated Chemicals and Electrical Systems Operation (ICESO)  
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2.1 IRP1: ‘A Multi-objective Optimization Including Results of Life Cycle Assess-

ment in Developing Bio-renewables-Based Processes’ 

Daniel Helmdach, Dr Polina Yaseneva, Dr Parminder K. Heer, Artur M. Schweidtmann, Prof Alexei A. 

Lapkin 

DOI: 10.1002/cssc.201700927  

Abstract: 

A decision support tool has been developed that uses global multiobjective optimization based on 1) 

the environmental impacts, evaluated within the framework of full life cycle assessment; and 2) 

process costs, evaluated by using rigorous process models. This approach is particularly useful in 

developing biorenewable-based energy solutions and chemicals manufacturing, for which multiple 

criteria must be evaluated and optimization-based decision-making processes are particularly 

attractive. The framework is demonstrated by using a case study of the conversion of terpenes de-

rived from biowaste feedstocks into reactive intermediates. A two-step chemical conversion/

separation sequence was implemented as a rigorous process model and combined with a life cycle 

model. A life cycle inventory for crude sulfate turpentine was developed, as well as a conceptual 

process of its separation into pure terpene feedstocks. The performed single- and multiobjective 

optimizations demonstrate the functionality of the optimization-based process development and 

illustrate the approach. The most significant advance is the ability to perform multiobjective global 

optimization, resulting in identification of a region of Pareto-optimal solutions. 

 

‘Smart Nanocatalysts with Streamline Shapes’ 

Zhan Guo Wu, Zeng Hua Chun 

DOI: 10.1021/acscentsci.7b00216 

Abstract: 

Particulate catalysts with streamline shapes have important impacts on fluid-related reactions, and 

they need to be 

properly charac-

terized. Howev-

er, utilization of 

streamline-

shaped catalysts 

for heterogene-

ous catalysis has 

remained an 

unexplored area due to the lack of easy-to-use techniques to produce such shaped catalysts, espe-

cially at the small length scale of the submicron to micron regime. Herein, we report our recent de-

velopment of a class of prototype nanocatalysts with streamline shapes. In this research, the kinetic 

control is adapted to obtain streamline-shaped supports, followed by functionalizing such supports 
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with catalytically active metal nanoclusters (e.g., Au, Pd, Pt, and Ag or their combinations) in a step-

wise manner. Advantages related to the streamline morphology of catalysts have been demonstrat-

ed with a number of solid–solution systems such as alcohol oxidation, olefin hydrogenation, and 

Suzuki–Miyaura coupling. We believe these findings will promote new research on the design and 

synthesis of functional materials with additional fluid-advanced features. 

 

2.2 IRP2: ‘Improving the Electrochemical Oxygen Reduction Activity of Manga-

nese Oxide Nanosheets with Sulfurization-Induced Nanopores’ 

Tianran Zhang, Xiaoming Ge, Zhao Zhang, Nguk Neng Tham, Zhaolin Liu, Adrian Fisher and Jim Yang 

Lee 

DOI: 10.1002/cctc.201701192R1 

Abstract: Low cost and high activity electrocatalysts for oxygen reduction 

reaction (ORR) are necessary for the development of fuel cells and metal-

air batteries. Manganese oxide would be a good candidate for its low cost, 

abundant supply and environmental benignity; if not for its relatively low 

activity compared with the noble metals. To improve the ORR activity of 

manganese oxide, we developed a sulfurization process to create pores in 

two-dimensional (2D) manganese oxide nanosheets. The nanoporous MnO2 

nanosheets (np-MnO2-ns) prepared as such contain 7 nm pores in the 

nanosheets; and its half-wave potential (0.73V) are 40 mV more positive 

than pore-free MnO2 nanosheets (MnO2-ns, 0.69V). The higher ORR activity 

of np-MnO2-ns may be attributed to the combination of a large surface 

area; and the presence of high ORR activity Mn3+/4+ sites. The np-MnO2-ns 

also show enhanced OER activity and delivered a good performance in rechargeable Zn-air batteries.  

 
‘Recent Methods for the Synthesis of Noble-Metal-Free Hydrogen-Evolution Elec-
trocatalysts: From Nanoscale to Sub-nanoscale’ 
 
Jiong Wang, Hua Zhang, Xin Wang 

DOI: 10.1002/smtd.201700118  

Abstract:  

Electrochemical splitting of water 

into hydrogen is a promising ap-

proach for energy conversion and 

storage. The development of effi-

cient and low-cost electrocata-

lysts is crucial for realizing the 

wide application of this technology. Here, recent advances in the synthesis of various electrocata-

lytic structures toward the hydrogen-evolution reaction (HER) are summarized, centering on several 
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important examples of nonprecious-metal nanostructures, molecular clusters, and single-atomic/

molecular catalysts. The central strategy to achieve high electrocatalytic activity is discussed, name-

ly, maximizing the utilization efficiency of all active sites through downsizing and merging the gap 

between homogeneous and heterogeneous catalysis. To close, the current challenges and future 

opportunities are discussed. 

 

2.3 IRP3: ‘Investigating the Role of Tunable Nitrogen Vacancies in Graphitic Car-
bon Nitride Nanosheets for Efficient Visible-Light-Driven H2 Evolution and CO2  

Reduction’ 
 
Wenguang, Tu, You, Xu, Jiajia, Wang, Bowei, Zhang, Tianhua, Zhou, Shengming, Yin, Shuyang, Wu, 

Chnmei, Li, Yizhong, Huang, Yong, Zhou, Zhigang, Zou, John, Robertson, Markus, Kraft, Rong, Xu 

Doi:10.1021/

acssuschemeng.7b01477  

Abstract: 

Vacancy engineering, that is, 

self-doping of vacancy in semi-

conductors, has become a 

commonly used strategy to 

tune the photocatalytic perfor-

mances. However, there still 

lacks fundamental under-

standing of the role of the va-

cancies in semiconductor ma-

terials. Herein, the g-C3N4 nanosheets with tunable nitrogen vacancies are prepared as the photo-

catalysts for H2 evolution and CO2 reduction to CO. On the basis of both experimental investigation 

and DFT calculations, nitrogen vacancies in g-C3N4 induce the formation of midgap states under the 

conduction band edge. The position of midgap states becomes deeper with the increasing of nitro-

gen vacancies. The g-C3N4 nanosheets with the optimized density of nitrogen vacancies display 

about 18 times and 4 times enhancement for H2 evolution and of CO2 reduction to CO, respectively, 

as compared to the bulk g-C3N4. This is attributed to the synergistic effects of several factors includ-

ing (1) nitrogen vacancies cause the excitation of electrons to midgap states below the conduction 

band edge, which results in extension of the visible light absorption to photons of longer wave-

lengths (up to 598 nm); (2) the suitable midgap states could trap photogenerated electrons to mini-

mize the recombination loss of photogenerated electron–hole pairs; and (3) nitrogen vacancies lead 

to uniformly anchored small Pt nanoparticles (1–2 nm) on g-C3N4, and facilitate the electron trans-

fer to Pt. However, the overintroduction of nitrogen vacancies generates deeper midgap states as 

the recombination centers, which results in deterioration of photocatalytic activities. Our work is 

expected to provide new insights for fabrication of nanomaterials with suitable vacancies for solar 

fuel generation. 
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IRP3: ‘Design of Computer Experiments: A Review’ 
 
Sushant Garud, Iftekhar A. Karimi, and Markus Kraft 
 
https://doi.org/10.1016/j.compchemeng.2017.05.010 
 
Highlights: 

 Modern DoE techniques are comprehensively reviewed. 

 A detailed classification and chronological evolution of the modern DoE research is present-

ed. 

 Our numerical and visual analyses revealed the excellent high dimensional performance of 

SOB3. 

 Rapidly growing class of adaptive DoE is critically discussed. 

 Several potential opportunities for future research in modern DoE are discussed. 

 

Abstract: 

 

In this article, we present a detailed overview of the literature on the design of computer experi-

ments. We classify the existing literature broadly into two categories, viz. static and adaptive design 

of experiments (DoE). We begin with the abundant literature available on static DoE, its chronologi-

cal evolution, and its pros and cons. Our discussion naturally points to the challenges that are faced 

by the static techniques. The adaptive DoE techniques employ intelligent and iterative strategies to 

address these challenges 

by combining system 

knowledge with space-

filling for sample place-

ment. We critically ana-

lyze the adaptive DoE lit-

erature based on the key 

features of placement 

strategies. Our numerical 

and visual analyses of the 

static DoE techniques re-

veal the excellent perfor-

mance of Sobol sampling 

(SOB3) for higher dimensions; and that of Hammersley (HAM) and Halton (HAL) sampling for lower 

dimensions. Finally, we provide several potential opportunities for the future modern DoE research. 
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2.4 IRP4: ‘Optimal power flow solutions incorporating stochastic wind and solar 

power’ 
 
Partha, Biswas, Ponnuthurai, Suganthan, Gehan, Amaratunga 
 
 
DOI: 10.1016/j.enconman.2017.06.071  

Highlights: 
 

 Optimal power flow problem incorporates wind generators and solar photovoltaic. 

 Uncertain wind and solar power are appropriately modelled. 

 Generation cost is optimized with optimal scheduling of all sources. 

 Emission cost is also included in objective function. 

 Adaptive differential evolution with proper constraint handling method is applied. 

 

Abstract: 

Generations from several sources in an electrical network are to be optimally scheduled for eco-

nomical and efficient operation of the network. Optimal power flow problem is formulated with all 

relevant system parameters including generator outputs and solved subsequently to obtain the op-

timal settings. The network may consist of conventional fossil fuel generators as well as renewable 

sources like wind power generators and solar photovoltaic. Classical optimal power flow itself is a 

highly non-linear complex problem with non-linear constraints. Incorporating intermittent nature of 

solar and wind energy escalates the complexity of the problem. This paper proposes an approach to 

solve optimal power flow combin-

ing stochastic wind and solar 

power with conventional thermal 

power generators in the system. 

Weibull and lognormal probabil-

ity distribution functions are used 

for forecasting wind and solar 

photovoltaic power output re-

spectively. The objective function 

considers reserve cost for overes-

timation and penalty cost for un-

derestimation of intermittent 

renewable sources. Besides, 

emission factor is also included in 

objectives of selected case studies. Success history based adaptation technique of differential evolu-

tion algorithm is adopted for the optimization problem. To handle various constraints in the prob-

lem, superiority of feasible solutions constraint handling technique is integrated with success history 

based adaptive differential evolution algorithm. The algorithm thus combined and constructed gives 

optimum results satisfying all network constraints. 
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2.5 Focus on Impact 

In the third of a CARES C4T series of short articles focusing on the potential real world impact of the 

programme’s research, Dr. Quang Thang TRINH (Research Fellow, IRP1, NTU), explores the applica-

tion of computational catalysis in guiding the design of more efficient catalyst for methane conver-

sion to chemicals and ZHANG Chuan (PhD Student, IRP3, NTU) investigates the importance of 

waste heat exploitation in future energy systems. 

Focus on Impact: Computational design efficient catalyst for non-
oxidative coupling of methane 

Methane is the main component of many commercially exploitable resources such as natural gas, 

shale gas and gas hydrates. It has huge potential to become an important feedstock for the synthe-

sis of fuel and value added chemicals. Despite its tremendous potential, methane still remains huge-

ly underutilized. Majority of methane (> 90%) is used to supply heat and electricity via burning, pro-

ducing lots of CO2. Current utilization of methane via the conversion to syngas and subsequently to 

hydrocarbons via Fischer-Tropsch synthesis requires high temperature and pressure conditions and 

are therefore energy and capital intensive. Direct conversion of methane to chemicals (via non-

oxidative coupling, partial oxidation, oxidative coupling) could be more economical and has been 

studied for decades; however it remains to be a commercial success and the lack of active and selec-

tive catalysts is one of the key reasons for it. 

Active transition metals (Ru, Pt, Ir, Rh) can activate the very stable C-H  bonds in methane; howev-

er, they are expensive and also lead to the thermodynamically more favourable and undesired deep 

dehydrogenation of methane to carbon which also deactivates the catalyst. Therefore, there is a 

strong incentive to find cheaper and more abundant catalysts. Controlling C-H activations is believed 

to be the most crucial aspect in the design of an effective catalyst for the utilization of methane. To 

promote the synthesis of C2 hydrocarbons from methane, the strategy is to activate the first and 

second C-H bonds, while suppressing further dehydrogenation to preserve the precursors of the 

coupling reaction. Several recent success stories have been reported on Science and Nature jour-

nals, substantiating this strategy. However, experimental monitoring and tuning those elementary 

steps on heterogeneous catalyst is very challenging.  

First principles calculations provide powerful tools to study and design heterogeneous catalysts, 

especially for complicated, multi-step reactions. The typical scale to study catalytic reactions is the 

molecular scale, which is difficult to access experimentally. First principles based molecular model-

ling on the other hand is best placed to investigate molecular level effects and can greatly help to 

guide and validate the chemical intuition on the molecular scale. Our recent works on the design of 

Oxygen reduction reaction catalyst, the investigation on the solvent effect during the conversion of 

fructose to 5-hydroxymethyl-furfural, the understanding of the adsorption and reaction of aldoses 

sugars on transition metals surface or the insights into the selective oxidation of glucose to gluconic 

acid on CuO catalyst… illustrate how first principles based modelling is able to shed light into the 

mechanism and guide the design of heterogeneous catalysts with improved activity, selectivity and 

stability. In CARES, we are applying computational simulations in guiding the design of more effi-

cient catalyst for methane non-oxidative coupling reaction. Recently, we have succeed in employing 

density functional theory calculations to evaluate the structure and activity of the novel boron 
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doped Cu catalyst (called B-Cu) in methane activation and conversion follow the above-mentioned 

strategy. Our comprehensive study has been able to (i) elucidate the most stable microstructure of 

the catalyst, (ii) investigate the activity and selectivity of the catalyst and (iii) explain the role of bo-

ron in altering the activity and selectivity. Our calculations suggest that, unlike the conventional Cu 

catalyst, methane would not undergo complete dehydrogenation to produce carbon on the B-Cu 

catalyst and that high selectivity towards the formation of ethylene is expected. Our claims about 

the high selectivity of ethylene on the proposed novel catalyst are also substantiated by the fact 

that kinetic barriers and reaction free energies computed for the novel B-Cu catalyst proposed in 

this work are very similar to those computed for the state of the art iron based and palladium based 

catalysts, which have experimentally demonstrated high selectivity towards ethylene. This example 

illustrates the ability of computational catalysis in providing a framework to guide either the design 

of catalysts or reaction conditions to help advance our command over this fiendishly difficult prob-

lem. It is also applicable to design catalyst for other processes to reduce the CO2 footprint, e.g water 

splitting, CO2 methanation and biomass conversion. 
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Focus on Impact: The importance of waste heat exploitation in future 

energy systems 

Most of the time, when people talk about energy, they take it for granted that energy is electricity, 

which obviously is not true. Although electrification is becoming the fashion for primary energy utili-

zation, whereas direct conversion of primary energy, particularly fossil fuel, into heat still plays an 

important role in current energy system. Indeed, International Energy Agency reports that 50% of 

final energy consumption globally is used in the production of heat. For such heat-oriented utiliza-

tion, Waste Heat Recovery (WHR) is always an interesting issue. Waste heat refers to the energy 

that is generated without being put to practical use and WHR is the process of capturing heat dis-

carded by existing process and convert the heat into a productive end-use. In practice waste heat 

are generated by kilns, furnaces, ovens, turbines, engines, and other equipment. It is estimated that 

from the total industrial energy consumption, approximately 20–50% of energy consumption is be-

ing discharged as waste heat. Given such huge potential, waste heat as an important energy source, 

should be valorised in existing and future energy systems.  

Recovering waste heat can be achieved via numerous methods, the most common technologies are 

Waste Heat to Power (WHP) and waste heat to thermal energy. Waste heat to thermal energy use 

(district heating, combustion air preheater etc.) would always be the most economical and efficient 

way of using waste heat, where possible. However, most waste heat cannot be used for thermal use 

due to no localized heating or cooling requirements at the waste heat site; hence the use of WHP 

technologies to either use the electricity onsite or distributing it through the grid becomes a more 

popular solution. WHP technologies have two mechanism: power generation via mechanical work 

or via direct electricity conversion. Common technologies for power generation via mechanical work 

include steam Rankine cycle, organic Rankine cycle and turbo compounding; whereas direct electric-

ity conversion includes thermoelectric generation, piezoelectric generation and thermionic genera-

tion. The selection of WHR technologies will depend on key factors such as the temperature, phase, 

and chemical composition of the exhaust stream, as well as the nature of the desired end-use for 

recovered heat. 

Another important issue when talking about WHR is the quantification of waste heat potential. To 

give some figures, the industrial waste heat from USA, China, Germany, and UK are 13 billion GJ/

year, 7.6 billion GJ/year, 313 million GJ/year, and 386 million GJ/year respectively. Out of such 

amount of waste heat, it is estimated that around 5000MW and 4000MW electricity can be harvest-

ed in the case of US and China respectively.  Moreover, the Levelized Cost of Electricity (LCOE) of 

WHP technologies are usually much lower than conventional and renewable power generation.  

To summarize, improving energy efficiency by focusing on waste heat exploitation is definitely one 

pressing issues to tackle. We believe that through synergistic cooperation of energy researchers, we 

are going to find solutions in sufficient time to make full use of our waste heat in the future energy 

landscape. 
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2.6 Focus on Fundamental Science: What are electronic smart win-
dows? 

 
Smart windows can dynamically control the transmittance of solar irradiation into buildings by 

switching reversibly between a transparent state and a blocking state. They have emerged as a via-

ble technology to reduce building energy consumption for heating, ventilation, and air conditioning 

(HVAC), while providing glare reduction, unobstructed views, and natural daylighting.1 Currently, As 

much as 30 to 40% of the primary energy supply in the world are spent in buildings for HVAC and 

lighting. A large fraction of this energy is wasted simply because most building fenestration technol-

ogies are either not energy efficient or not adaptable to dynamic climates. Smart windows can tune 

the transmittance of sunlight to provide variable solar heating and daylight according to the chang-

ing weather and personal preferences; as one of the elements of energy-efficient buildings. Previous 

simulation studies have shown that smart windows can reduce a building’s energy needs by up to 

40% relative to static windows.2 In addition, there is a large market potential for smart windows 

because millions of square feet of windows are installed annually in the world. 

Smart windows may be classified into three main categories based on their underlying operating 

principles: electrochromic, photochromic and thermochromic windows. Electrochromic windows 

change transmittance upon an externally applied voltage, while photochromic and thermochromic 

windows respond to environmental stimuli by altering their transmittance with the change of light 

intensity and temperature, respectively. Among them, electrochromic windows are the most versa-

tile because they provide dynamic modulations over a broad spectral range, and can be user con-

trolled to meet personal preferences. By comparison photochromic and thermochromic windows 

cannot be user controlled since their response are entirely dependent on the environment.  

Electrochromism refers to the special functionality of materials whose optical properties can be 

reversibly and persistently changed by the application of a small electric field. Generally, electro-

chromic smart windows have a multilayer structure consisting of an active electrochromic electrode 

layer, a counter electrode layer, an electrolyte layer separating the two electrodes, and two trans-

parent conducting layers serving as the electrical leads and supporting substrates. The electro-

chromic materials are the most critical component in the electrochromic windows. Many inorganic 

and organic materials are electrochromically active, such as transition metal oxides (WO3, MoO3, 

V2O5, TiO2, Nb2O5), Prussian blue, viologens, conducting polymers, just to name a few.3 Among 

them, tungsten oxide (WO3) has been investigated the most extensively. It is identified as one of the 

most promising inorganic electrochromic materials based on its high optical modulation, fast switch-

ing time, and high reversibility and coloration efficiency. WO3 is a periodic structure consisting of 

edge- and corner-sharing WO6 octahedral; with open tunnels of interstitial sites which facilitate ion-

ic  motion and intercalation. When WO3 is cathodically charged, the intercalated cations (H+, Li+, 

Na+) are charge compensated by the injected electrons, reducing the tungsten cations from W6+ to 

W5+. Concurrently, the material changes from a clear, transparent state to a dark blue color. Alt-

hough the coloration mechanism is not fully understood, it is widely accepted that the optical ab-

sorption is attributed to the intervalance charge transfer from W5+ to W6+ sites for amorphous WO3, 

and intraband transitions in the case of crystalline WO3. 
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An ideal smart window which is universally applicable across building types and climate zones, 

should be able to independently control the transmittance of visible sunlight and solar heat into a 

building. These two parameters directly affect a building’s energy use and influence occupant com-

fort. For this reason, independent control of the visible and near-infrared (NIR) regions of the solar 

spectrum is a key target for next-generation advanced electrochromic devices, and would contrib-

ute to optimize the energy efficiency across a building’s heating, cooling, and artificial lighting sys-

tems. Unfortunately, most of the current electrochromic smart windows cannot selectively control 

the visible light and NIR. In most of the instances both spectral responses are simultaneously 

blocked. In 2013, the Millrion group4 reported a breakthrough in spectrally-selective electrochromic 

smart windows, where a ITO-NbOx composite was used to  dynamically and selectively control the 

visible light and NIR response. At a low cathodic voltage, the localized surface plasmon resonance 

(LSPR) of the ITO phase is modulated for the NIR response. When the composite is charged further, 

the NbOx phase is reduced to yield  a polaronic electrochromic response that modulates visible light 

transmittance. The dual-band electrochromic smart windows are still in an early stage of develop-

ment, and are beset with the following issues: (1) complexity of composite preparation; (2) low opti-

cal modulations in visible light (400-780nm) and NIR (780-1300nm); (3) a slow switching kinetics.  

Our project on “Tunable Plasmonic Semiconductor Nanocrystals for Spectrally-Selective Electro-

chromic Smart Windows” is an attempt at the resolution of these issues.  We aim to nano-engineer 

selected semiconductor nanocrystals (e.g. tungsten oxide, tungsten bronze and doped titanium di-

oxide) by simple methodologies, and apply them for dual-band electrochromic smart windows to 

improve their native electrochromic performance. We target the use of single-component materials 

(instead of composites) for the dynamic and selective modulation of NIR and visible light, by com-

bining LSPR-based NIR electrochromism and polaron-based visible electrochromism in one material.  

 

1. Granqvist, C. G. Electrochromics for smart windows: Oxide-based thin films and devices. Thin 

Solid Films 2014, 564, 1-38. 

2. Wang, Y.; Runnerstrom, E. L.; Milliron, D. J. Switchable Materials for Smart Windows. In An-

nual Review of Chemical and Biomolecular Engineering, Vol 7, Prausnitz, J. M., Ed. 2016; Vol. 7, pp 

283-304. 

3. Runnerstrom, E. L.; Llordés, A.; Lounis, S. D.; Milliron, D. J. Nanostructured electrochromic 

smart windows: traditional materials and NIR-selective plasmonic nanocrystals. Chem. Commun. 

2014, 50, 10555-10572. 

4. Llordés, A.; Garcia, G.; Gazquez, J.; Milliron, D. J. Tunable near-infrared and visible-light trans-

mittance in nanocrystal-in-glass composites. Nature 2013, 500, 323. 
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3.1  IRP1 — MUSCAT 

Multi-Scale Studies of Catalytic and Adsorption Technologies 

 

 

3.2  IRP2 — EMSET 

Electrochemical Multi-scale Science, Engineering and Technology 

 

 

3.3  IRP3 — CAPRICORN 

Carbon Abatement in the Petroleum Refining Industry: A Control and Optimisation Research Net-

work 

 

 

3.4  IRP4 — ICESO 

Integrated Chemicals and Electrical Systems Operation 
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MUSCAT seeks to extend existing expertise in reaction engineering, multi-scale imaging and model-

ling to reduce the carbon footprint and energy demand of existing chemical processes by making 

catalytic and separation processes more efficient as well as by introducing enhanced CO2 capture 

strategies into existing processes. The aim is to tackle a range of problems relevant to industry in 

Singapore and to investigate solutions with the potential to have short- and long-term deliverables 

that improve the economic and environmental performance of both existing and new processes 

MUSCAT is led by PIs: 

Prof Alexei LAPKIN (Cambridge)  

Prof Yanhui YANG (NTU) 

Prof Hua Chun ZENG (NUS) 
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3.1.1 IRP1 Research Overview 

IRP1 project is working on de-carbonysation of chemical industry through substitution of feedstocks 
and better energy efficiency of the chemical processes. The project is based on the hypothesis of 
better control of selectivity of catalytic reactions by nano-structuring of heterogeneous catalysts, 
and translation of the novel catalysts into energy-efficient advanced processes.  

The work-packages currently in progress:  

 

 Chemical looping with advanced oxide carriers  

 CO2  methanation and biomass conversion  

 New materials and MOFs  

 Multi-scale modelling  

 Fundamentals of adsorption and PSA  

 

Over the reporting period between May - October 2017 IRP1 reported innovated streamlined shape 

catalytic nanoparticles, developed in the group of Prof. Hua Chun Zeng (NUS), which offer many new 

opportunities for developing novel catalytic processes. The group has also reported the methodolo-

gy for structuring of metal nanoparticle-based catalysts, resulting in multi-functional catalysts, pro-

tecting nanoparticles from sintering as well as providing the required reactant’s residence time near 

the catalytic sites. Among other achievements within IRP1 over this period the group in Cambridge 

has published the methodology for multi-objective optimisation of processes, targeting the econom-

ic and environmental optimum sweet-spot for complex processes. The IPR1 group has reported 

good progress in the integrated project on bio-waste conversion: in this project the experimental 

programme is guided by results of theoretical predictions of catalysts behaviour at DFT level of the-

ory; the project is entering a new phase when detailed data on interaction of catalysts with solvents 

will be obtained with the help of magnetic resonance imaging, done in Cambridge in the group of 

Prof. Gladden. During this period IRP1 held its research seminar day where all researchers have pre-

sented their updates and plans for future work. This was an exciting day of scientific exchange and 

discussion, which IRP1 will repeat early in 2018. 

Prof. Alexei Lapkin, 

University of Cambridge 

PI, IRP1  

October  2017 
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3.1.2 Update on work packages 
 
WP 1.1: Chemical looping with advanced oxide carriers  
 
CAO Li Wei’s (RA, NTU, IRP1) work focused on developing a more sustainable society and to reduce 

carbon dioxide emission therefore the glycerol hydrogenolysis reaction has been investigated in 

detail. Since glycerol is one of the most important building blocks in the biorefinery feedstock and 

1,3-propandiol is a high value-added chemical, the development of an efficient conversion process 

of glycerol into 1,3-propanediol will make the biodiesel process more profitable. The reaction was 

conducted under different reaction condition as well as through catalyst with different synthesis 

method.  By collaborating with Dr Jithin VARGHESE (RF, NTU, IRP1), a mechanism study of the reac-

tion was been done based on density functional theory.  

 
Jijiang HUANG (PhD Student, NTU, IRP3) reported that Ni-Fe redox catalysts were developed via a co

-precipitation method for the application of chemical looping steam reforming of CH4. High CH4 con-

version and selectivity to syngas were achieved with binary Ni-Fe catalysts compared with the single 

Ni- or Fe-based counterparts. It was found that carbon deposition from catalytic CH4 decomposition 

on the catalysts during the reduction stage played an important role in the conversion of CH4. The 

effects of reaction temperature and O2 oxidation on the performance were investigated, finding that 

the production of syngas increased with higher temperature for the binary Ni-Fe redox catalysts and 

the selectivity to syngas can be further improved in the absence of O2 oxidation. In addition, co-

feeding reforming of CH4 and steam was performed to compare the performance with looping re-

forming. It was found that Ni-rich catalysts were reactive and suitable for hydrogen production from 

co-feeding reforming, while looping reforming was more selective for syngas than co-feeding re-

forming due to the reduced CO2 production. This project highlighted the binary Ni-Fe redox catalysts 

for selective syngas production from chemical looping steam reforming of CH4 coupled with catalytic 

decomposition. 

Dr Jithin John VARGHESE (RF, NTU, IRP1) 

reported on his research work on C-H 

bond activation mechanisms and ener-

getics on vacancy defects and dopant 

containing nickel oxide (NiO) and a 

benchmarking study of the Hubbard U 

parameter to be used for simulating sur-

face phenomena on metal oxides like 

copper oxide (CuO) and nickel oxide 

(NiO). 

C-H activation on NiO surfaces: 

The increase in surface reactivity and 

surface reducibility due to presence of 

surface Ni vacancies and low valent do-
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pants like Li due to increase in the intrinsic activity of the surface lattice oxygen near the vacancy 

and dopant are presented and explained. The lower activation barriers for C-H dissociation and the 

changes in the C-H dissociation mechanism as a function of the chemisorption strength of hydrogen 

on the NiO surfaces, a descriptor for reactivity of the surfaces, is presented. Doping with low valent 

metals like Li is proposed as a tool to alter the surface reactivity and reducibility, the extent of which 

can be ascertained using the hydrogen chemisorption energy. 

Benchmarking of Hubbard U parameter for CuO and NiO: Contributed to the combined theoretical 

and experimental investigation on the appropriate Hubbard U parameter to be used for simulating 

surface reactions on copper oxide (CuO). It was shown that the commonly used U-value of 7 eV 

(fitted against CuO bulk properties) overestimates the adsorption enthalpies by 20-40 kJ mol-1. The 

U-value between 4.5-5.5 eV correctly predicts the adsorption of H2 on CuO.  

A similar investigation of the parameter for Nickel oxide is under progress.  

WP 1.2: CO2 methanation and biomass conversion  

Production of terpene-based intermediates from industrial waste feedstocks: integrated environ-

mental assessment and process modelling study 

Dr Polina YASENEVA (RF, CAM, IRP1) reported that as a continuation of exploration of potential 

feedstocks for terpene-based intermediates, two more routes are to be explored: conversion of 

wood chips to β-pinene and crude sulphated turpentine (CST) to β-pinene.  The issue with the pro-

duction of materials from readily available bio-feedstocks such as wood chips and wood pulp is how 

to decide upon the optimal process route. A systematic methodology analysing the sustainability of 

different processes by performing a life-cycle assessment will be able to quantify impacts to help 

pick the best route.  

A process exists whereby paracetamol is produced from transformation of terpenes via intermedi-

ates. The purpose of this project is to build a process model and life-cycle assessment for the extrac-

tion and separation of different terpenes from wood chips produced by the Norske Skog paper mill.  

The principal desired product is β-pinene.  A hot water extraction process is used, and the resulting 

wood extract composition has been provided by Monash University, Australia. A series of decanters 

and distillation columns has been developed on Aspen Plus.  

The wood extract is separated into various terpenes; d-limonene, α-pinene and β-pinene.  .  A Life 

Cycle Assessment (LCA) model is developed on Umberto. The section developed considers the raw 

material production of wood up the purification of terpenes.  

Dr Jithin John VARGHESE (RF, NTU, IRP1) carried out an investigation of the aqueous phase catalytic 

hydrogenolysis of glycerol to 1,3-Propane diol (1,3-PDO) using supported Ir/ ReOx catalyst system.  

Glycerol hydrogenolysis to 1,3-Propane diol: Mechanisms for conversion of glycerol to 1,3-PDO 

and 1,2-PDO have been investigated on clean and ReOx modified Ir(111) surfaces. The preferential 

attachment of glycerol on the ReOx clusters through its primary hydroxyl groups, the ability of ReOx 

to facilitate selective C-O cleavage of glycerol (secondary OH), the supply of active hydrogen by the 

Ir(111) surface, together contributing to the observed higher yield of 1,3-PDO has been demonstrat-

ed. Experimental and computational investigations to understand the solvent effect on the conver-
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sion and product selectivity are under progress. 

Schematic representation of the elementary steps in the transformation of glycerol to 1,3-Propane diol on Re3O6 

modified Ir(111) catalyst with energetics of each step.  

Dr Jithin John VARGHESE (RF, NTU, IRP1) Provided quantitative inputs on the CO2 elimination/ reduction poten-

tial of research projects undertaken by IRP1 in Phase 1 and the CO2 reduction potential of the research projects 

proposed by IRP1 in Phase 2 of the C4T program. Provided inputs on the inter-IRP synergies and specific exam-

ples of potential collaboration of IRP1 with all the other IRPs during Phase 2 of C4T program. 

Dr Yong YAN (RF, NTU, IRP1) reported on his research outcomes. Noble metal based catalyst is more 

favored for CO2 metahantion due to the impeccable stability if compared to the Ni-based catalysts 

with a comparable activity but much lower cost, which is sensitive to metal sintering and coke depo-

sition. Nonetheless, a question on the stability of noble metal catalyst has been raised recently. Dr 

Yong YAN (RF, NTU, IRP1) and research colleagues observed the disintegration of Ru particles sup-

ported on Al2O3 as a result of the formation of new Ru-O-Al interface, which was in contrary to the 

well-established sintering of metal particles that also resulted in deactivation. Unlike the metal sin-

tering which caused the loss of active sites, the disintegration of metal particles led to a drastic 

change in particle structures as more under-coordinated sites were exposed, which favored the se-

lective formation of CO other than CH4 for CO2 hydrogenation at atmospheric pressure. The disinte-

gration of Ru particles was much pronounced on Ru/Al2O3 with 1-2 metal loadings, over which a 

higher concentration of Ru monolayers has been identified, if compared to the exclusive formation 

of 3D particles over Ru/Al2O3 at higher loadings. 

Dr YANG Shiliang (RF, NTU, IRP1) reported on his work. The knowledge of the granular segregation 

phenomenon induced by size or density differences in the ubiquitous polydisperse systems is im-

portant for the chemical industry, hence numerous studies have focused on this for the simple yet 

practical rotating drum. However, in view of the distinctly different characteristics of the two re-

gions (namely, active and passive) for a drum operated in the rolling regime, an understanding of 

the segregation dynamics in each region is warranted, but remains a gap to date. Accordingly, Dr. 

Shiliang YANG (RF, NTU, IRP1) has numerically studied the segregation dynamics of the solid phase 

in a three-dimensional rotating drum consisting of a binary-size mixture via the Discrete Element 

Method (DEM). The results demonstrate that the total kinetic energy, the angle of repose, the time-

averaged streamwise (i.e., parallel to the bed surface) velocity and the position of the active-passive 

interface are global parameters, which are not influenced by size-segregation and thereby provides 

a critical basis for comparing different systems of various polydispersities.  

In addition, the quick onset of the rapid radial segregation leads to sharp initial changes of the varia-
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bles associated with the two particle types, after which the slow axial segregation leads to a gradual 

change of these variables over time. Furthermore, size-segregation leads to the redistribution of the 

particle number of the two particle types in the active and passive regions. Relative to the monodis-

perse system, the collision forces exerted on the small and large particles are slightly higher and 

lower, respectively. The results here provide important insights on the dynamics associated with the 

inevitable segregation phenomenon, which contributes to better operation and predictive capability 

of the rotating drum. 

Dr YANG Shiliang (RF, NTU, IRP1) highlighted that segregation dynamics of granular mixture was 

studied via DEM, global parameters independent of size-segregation were also identified, size-

segregation redistributes the solid loading in the active and passive regions and slow axial segrega-

tion leads to a gradual change of related variables over time. 

Chunmiao JIA (PhD Student, NTU, IRP1) reported on the fluidization modelling for CO2 methanation 

over NiMgW catalyst was conducted. We did the experiments on the fixed bed to get the kinetics 

data, and obtained the relations for the reaction rate and partial pressure of feed gas through the 

nonlinear regression method. Using the two-phase model and the kinetics data, the fluidization 

modelling gave the concentration of each component in both phases along the fluidized bed. 

Dr. Quang Thang TRINH (RF, NTU, IRP1) under the supervision of Prof. Samir H. MUSHRIF (Co-PI, 

NTU, IRP3) performed Density Functional Theory (DFT) calculations to investigate the mechanistic 

insight of glycerol activation on CuO nanoleaves morphology and the synergistic role of Hydrogen 

peroxide in assisting the selective oxidation of glycerol to dicarboxylic acids. Glycerol utilization has 

been considered a major bottleneck in the sustainable production of bio-diesel as a fuel. Hence, the 

upgrading and chemical transformation of glycerol to value added chemicals is mandatory not only 

because it results in a positive economic relief, but also because it serves as a means to mitigate the 

waste, leading to sustainability.  

A number of homogeneous and heterogeneous catalysts have been investigated to convert glycerol 

to value-added chemicals. Glyceric acids, lactic acid, propanediols, dihydroxyacetone, acrolein, 

among others are classical examples of potential chemicals to be obtained via glycerol upgrading. 

However, the conversion of glycerol to dicarboxylic acids, particularly oxalic (OXA) and tartronic 

acids (TAR), has been less thoroughly investigated despite their numerous applications. Beside their 

promising utilization in the synthesis of renewable polymers, these two dicarboxylic acids are also 

employed for the extraction of rare earths from monazite, celluloid production, leather manufactur-

ing and for the synthesis of pharmaceutical intermediates. In our study, the synthesis of copper (II) 

oxide (CuO) with leaf-like morphology has been achieved under low frequency ultrasound irradia-

tion (19.95 kHz) within less than 30 min, without the use of any template or surfactant. The ad-

vantages of the reported synthesis route are: (i) No calcination or post catalyst treatment required. 

(ii) Fast, green and scalable method (iii) lesser synthesis time (< 30 min). The catalyst morphology 

was ascertained by SEM and TEM analysis, and further characterized by XPS, XRD and BET. As-

synthesized CuO nanoleaves were used in the conversion of glycerol with the presence of H2O2 and 

the yields of oxalic acid and tartronic acid of 56 % and 22 %, respectively were obtained. Density 

Functional Theory (DFT) calculations were employed to gain insights into the mechanism of glycerol 

oxidation on the CuO surface. Glycerol is initially activated via the deprotonation of the terminal 
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Hydroxyl, and subsequently undergoes C-H activa-

tion to form glyceraldehyde. These steps are facili-

tated by the unsaturated surface lattice O3 site on 

CuO surface with barriers of 43 and 59 kJ/mol, 

respectively. The oxidation of glyceraldehyde to 

glyceric acid requires the activation of the formyl C

-H bond with barrier of 74 kJ/mol and the incorpo-

ration of the lattice oxygen into glyceric acid, simi-

larly to our reported mechanism of glucose to glu-

conic acid on CuO.  

Due to the symmetric structure of glycerol, both 

terminal CH2OH groups could be oxidized to form 

Tartronic acid, as observed in experimental re-

sults. C-C cleavages were also studied and the re-

sults revealed that after glyceric acid is formed, 

the C-C dissociation can occur with activation bar-

rier of 58 kJ/mol, resulting in the precursors for 

Oxalic acid and C1 species. However, H atoms pro-

duced from O-H and C-H activations are strongly 

bound on surface lattice O3 sites, hence block 

those active sites on CuO. Secondly, Oxygen vacan-

cy generated during the reaction, would result in 

the reducing CuO to Cu. DFT calculation revealed 

that H2O2 could refill the oxygen vacancies generated during the reaction, resulting into the excel-

lent stability of the catalyst. More interestingly, the surface adsorbed Hydroxyl originating from 

H2O2 can remove H atoms on lattice O3 site (forming water) and regenerate active sites to increase 

glycerol conversion. Most importantly, the presence of surface OH opens an alternate reaction 

pathway with lower activation barriers that does not require the incorporation of lattice Oxygen 

into the product. The participation of surface OH (from H2O2) into the reaction results in excellent 

glycerol conversion and high catalyst stability. The paper based on those results has been submitted 

and the abstract of this work has been accepted for oral presentation at the coming 2017 AIChE 

Annual meeting. 

 

WP 1.3: New materials and MOFs  

Flow synthesis and characterization of hydrotalcites materials 

Dr Polina YASENEVA (RF, CAM, IRP1) reported that more fundamental characterisation of hy-

drotalcites materials aged at different temperatures has been done: TGA, in situ Raman and TEM. 

The results of these characterisations revealed that temperature of treatment greatly influences the 

morphology and thermal stability of samples under study. These parameters are also greatly affect-

ed by the chemical composition of HTs. Thus in general thermal stability of HTs diminishes signifi-

cantly with the increase of treatment temperature and correlates with particle sizes and porous 
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structure of the samples under study. As thermal decomposition profile shows how hydrotalcite 

structure decompose to mixed oxides and consequently to spinel phase it gives us an understanding 

on the best calcination temperature in order to obtain best basic properties of HT-derived oxides. 

This work is being finalised for publication and will be submitted by the end of this year. 

Nicholas Antonio JOSE (PhD Student, CAM, IRP1) reported on his PhD project which focuses on the 

development of technologies to improve the design and synthesis of catalysts and adsorbents.  

The role of hydrodynamic shear in the coprecipitation of layered double hydroxides (LDH) in a high 

shear microreactor was studied extensively. Shear forces can be used to tailor the aspect ratio and 

crystallite size of LDH nanostructures. In situ studies of reactor fluid dynamics using high speed con-

focal microscopy revealed that mixing dynamics were controlled by turbulent flow at the mi-

croscale. Liquid TEM studies revealed that LDH particles grow in a nonclassical mechanism called 

oriented attachment, which can be accelerated by flow. These studies provide much needed in-

sights into how exactly LDH forms during coprecipitation, and will aid the precise and scalable syn-

thesis of nanocatalysts. Future studies involve partnering with others in CARES who utilize LDH-

based materials to evaluate the performance enhancement these materials may have. Different 

material systems, such as metal-organic frameworks, will also be explored. 

Prof Hua Chun ZENG’s (PI, NUS, IRP1) research group reported on their research activities. 

Dr Ping LI (RF, NUS, IRP1) reported on supported Pt-based alloy nanocatalysts for CO2 hydrogena-

tion. Carbon dioxide (CO2) is one of the major components of greenhouse gases. To reduce its emis-

sion and at the same time to utilize it, the chemical transformation of CO2 to fuels is particularly 

attractive. On the other hand, layered double hydroxides (LDH) are a class of economical anionic 

clay compounds, consisting of positively charged brucite-like host layers, and exchangeable anions 

situated in the interlayer space to balance the positive charges of host layers. Considering their 

unique compositional and structural flexibility, LDH can serve as a class of desirable support materi-

als. In this study, by using LDH as the support/precursor, we have developed a variety of nanostruc-

tured catalysts for CO2 hydrogenation to C1 compounds.  

 Hierarchically structured MgAl-LDH spheres were firstly fabricated via a one-pot solvother-

mal method. Then the 2D confined amorphous Prussian-Blue-like cyanide bridged transition 

metal coordination polymer was generated in the gallery space of LDH through combination 

of intercalation chemistry and coordination chemistry. After thermal reduction under hydro-

gen atmosphere, MgAl-LDO supported multimetallic alloy NPs can be obtained. In this pro-

ject, we have prepared MgAl-LDO supported CoPt alloy NPs and NiPt alloy NPs for CO2 hydro-

genation. Besides, MgAl-LDO supported monometallic Pt NPs was also prepared as a control 

sample. Regarding their catalytic performance, the MgAl-LDO supported CoPt alloy NPs ex-

hibit excellent activity and outstanding CO product selectivity. 

 Hierarchically structured trimetallic CoMgAl-LDH spheres were firstly generated via a simple 

solvothermal route. Then through facile adsorption of Pt salt followed with hydrogen reduc-

tion, MgAl-LDO supported CoPt bimetallic NPs have been obtained. This catalytic nanocom-

posite displays decent CO2 conversion and excellent CO product selectivity in the CO2 hydro-

genation. 
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Dr Guowu ZHAN (RF, NUS, IRP1,  NUS) reported on CO2 hydrogenation to produce useful C1 chemi-

cals (such as CO, CH4 and CH3OH) plays a pivotal role in future energy conversion and storage, in 

which catalysts lie at the heart. However, our fundamental understanding of the correlation be-

tween catalyst structures and product selectivity is still limited, due to that in most cases the cata-

lyst structures in nanoscale are not well-defined. Therefore, he reported the design and synthesis of 

nanoreactors by phase transformations of sandwich-structured ZIF-67@Pt@mSiO2 nanocubes via a 

simple water soaking method, where ZIF-67 serves not only as a morphological template but also as 

a sacrificial cobalt source. The resultant porous maze-like nanoreactors are highly active in gas 

phase CO2 hydrogenation, in which the reaction pathway involves (i) dissociation of CO2 to form CO 

over Pt site via reverse water-gas shift reaction and then (ii) methanation of CO catalyzed by the 

nearby cobalt site. It was found that the overall “long retention time” for feed gases on catalysts 

significantly affected the product distribution. Thereby, the specific activity (in the form of turnover 

frequency) of the nanoreactors having prolonged diffusion paths was around six times as much as 

that of other comparative catalysts with shorter diffusion paths.  

 
Schematic illustration for the synthesis of nanoreactors and the concept of diffusion pathway. (a) Synthesis of 

M@CSN nanoreactor starting from ZIF-67 nanocubes. M represents monometallic or bimetallic nanoparticles, 

mSiO2 = mesoporous SiO2, R-NBH4 = tetrabutylammonium borohydride, CTAC = cetyltrimethylammonium chlo-

ride, TEOS = tetraethylorthosilicate. (b) A brief comparison of diffusion pathway in different catalyst structures 

mentioned in this work (from left to right: Pt@CSN, CoSi@Pt, MnSi@Pt, SiO2@Pt@mSiO2, and SiO2@Pt), show-

ing the influence of retention time of gases over catalysts. The orange colour curves represent gas passing 

routes through 1D or 3D channels. 

Bowen LI (PhD Student, NUS,  IRP1) reported on his work: Sandwich like silica supported nickel na-

noparticles with high metal dispersion and well controlled morphology have been synthesized 

through chemical reduction of nickel silicate (NiSiO) with mesoporous silica (mSiO2) coated on inner 

and outer surfaces. Formation of nickel nanoparticles was formed at the nickel silicate-silica inter-

face and well confined by the mesoporous coating layers. Utilizing nickel particle surfaces, this cata-

lyst has shown good activity and stability towards dry reforming of methane which converts two 

well-known greenhouse gases, methane and carbon dioxide, to valuable syn-gas as a product.  

Silica supported NiPt and NiPd bimetallic nanoparticles have also been synthesized with controllable 

size and noble metal composition. This types of catalysts could be employed to carbon dioxide hy-
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drogenation reaction giving methanol as a product.  

 

 

 

 

 

 

 

Runze QIN  (PhD student, NUS, IRP1) reported on his work. For heterogeneous catalysis by support-

ed metal nanostructures, great efforts have been put on enhancing catalyst performances by down-

sizing metal particles. However, aggregation of nanosized catalysts has always been a problem for 

catalyst stability and encapsulation of active nanoparticles is a possible solution for this. In this pro-

ject, through transformation of UiO-66, a zirconium based metal-organic framework (MOF), meso-

porous silica (mSiO2) capped yttrium stabilized zirconia (YSZ) (i.e., TYZ@mSiO2 in Figure below) with 

rich Lewis and Brønsted acid sites that can work in acid-catalysed reactions was synthesized. Fur-

thermore, it can serve as a stable support for active catalysts and noble metals like Pt could be load-

ed on. The as-prepared catalyst has potential application for CO2 hydrogenation. In addition, the 

resultant YSZ@mSiO2 system can serve as a general platform to catalyse different types of reactions 

with required active catalysts.  

 

Jingjing WANG (PhD student, NUS, IRP1) reported that Electrochemical splitting of water to produce 

hydrogen and oxygen is an important process for many energy storage and conversion devices. De-

veloping efficient, durable, low-cost, and earth-abundant electrocatalysts for the oxygen evolution 

reaction (OER) is of great urgency. In this project, we successfully fabricate two-dimensional ul-

trathin flakes of cobalt phosphate (CoPi) through a simple conversion from the hexagonal α-Co(OH)2 

precursor at room-temperature. The nanoscale CoPi flakes are mainly composed of HPO4
2−, which 
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Process route developed in 

the present work for the 

fabrication of nanoreactors 

with confined metal nano-

particles.  

(a) FESEM image of uni-

form UiO-66 crystals, (b) 

TEM image of a single UiO-

66 particle, (c) TEM image 

of UiO-66@mSiO2, and (d) 

TEM image of final 

YSZ@mSiO2 product. 
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have been demonstrated to serve as proton acceptor in proton coupled electron transfer (PCET) 

process of OER. Due to their ultrathin structure and the compositional merit of HPO4
2−, the CoPi 

flakes show enhanced OER catalytic activity and good process stability. Through an electrocatalytic 

mechanism study, the observed excellent performance of OER can be ascribed to enriched active 

sites and ultrafast electron/proton transport in addition to fast mass transfer.  

 

 

Jun Wen YEO (PhD student, NUS, IRP1) reported that spherically structured aluminium oxide within 

lanthanum oxide shells (Al2O3@La2O3) integrated nanocatalysts were synthesized in this research. 

While aluminium oxide is a commonly used cata-

lyst support in bulk catalysts, it is commonly re-

ported that a La2O3 supported alumina confers 

greater stability, especially in the case of Al2O3/

La2O3 supported nickel catalysts for dry reforming 

of methane (DRM) reaction. The synergy between 

Al2O3 and La2O3 as catalyst supports is investigat-

ed at the nanoscale in the form of 500 nm 

spheres. The work in the current stage involves 

tuning the relative composition within the nano-

spheres and will extend to functionalization with 

metal nanoparticles through impregnation in the 

coming months.   
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Schematic representation of 

the OER process taking 

place on the surfaces of two

-dimensional ultrathin 

flakes of cobalt phosphate. 

TEM image of 

alumina encapsu-

lated within a 

lanthanum oxide 

shell (i.e., 

Al2O3@La2O3). 
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Prof Cate DUCATI (Co-PI, CAM, IRP1) reported during the reporting period on the work on continu-

ous liquid flow TEM experiments to study the synthesis of nanoparticles for catalysis. With funding 

provided through Royce Instrument fund a Protochips TEM holder (compatible with FEI micro-

scopes) has been purchased and the first experiments in static and dynamic conditions have been 

performed. 

 

WP 1.4: Multi-scale modelling  
 

Dr. Liangqi ZHANG (RF, NTU, IRP1),  under the supervising of Prof. Jiawei CHEW (Co-PI, NTU, IRP1), is 

dedicated to the mathematical description of the fluid dynamics with the coupling of the chemical 

reactions. It is noted that the reactive flow system is governed by the concentration convection-

diffusion equation with prescribed boundary conditions. In particular, if surface reaction, such as the 

absorption-desorption processes, is considered, linear or nonlinear Robin boundary conditions are 

encountered. Recently, an alternative second-order boundary scheme is proposed under the frame-

work of the convection-diffusion lattice Boltzmann (LB) Method for both straight and curved geome-

tries. With the proposed scheme, boundary implementations are developed for the Dirichlet, Neu-

mann and linear Robin conditions in a consistent way. The advantages of the present boundary im-

plementations over the existing boundary schemes are: (i) no information from neighboring fluid 

nodes is required; (ii) the three kinds of conditions are realized in a consistent way. Theoretical deri-

vations as well as the numerical validations demonstrate that the present boundary implementa-

tions are second-order accurate. The extension of the proposed boundary scheme for nonlinear 

Robin condition, representing nonlinear surface reactions, is in progress. 

 

WP 1.5: Fundamentals of adsorption and PSA  
 

Dr Mark PURDUE (RF, NUS, IRP1) reported that the CARES pilot plant commissioning work has pro-

gressed to complete mechanical construction, electrical communication and rig safety provisions 

with safety certification provided. Following successful pressure, vacuum and flow path testing of 

the rig, humidification of feed gas was achieved using: (i) A Nafion membrane with trace heating 

and chilled deionized water circulating on the tube side (ii) A fast response relative humidity sensor 

on the feed line that was verified in parallel to an independent humidity sensor using a closed N2 

bubbler. Gas mass flows for He, N2, CO2 were validated using mass flow controllers and measured 

using a low pressure drop Coriolis mass flow sensor. An independent flow measurement technique 

was integrated using a measured Argon flow ratio using a mass flow controller and a Hiden QGA 

mass spectrometer. An enhancement of Rockwool insulation was provided for in-situ regeneration 

testing using He, N2 or compressed air gas purging at high temperature. 

All process functionality was incorporated into Labview software to allow adsorption process opera-

tion with both dry and wet flue gas, including Dynamic Column Breakthrough (DCB) in any selected 

column and Vacuum Swing Adsorption (VSA) processes. The VSA process employs a 4 step with light 

product pressurization (LPP) to compare with simulation work. Both fixed-step (using a time coun-

ter) and variable-step (using pressure feedback control) were incorporated into Labview with a pro-
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cedure developed to ensure step synchronization during cyclic operation. Programming of propor-

tional solenoid valves was achieved to guide the valve opening for maintenance of a high supply 

column pressure during the LPP step. Cyclic data logging procedures were tested for all equipment 

items for pressure, temperature, gas mass flow, gas composition and vacuum pump power con-

sumption. Logging of step time data based upon solenoid valve opening/closing is next required for 

retrieval of appropriate step power consumption data. A complete CARES pilot plant technical de-

scription is also being developed with: (i) Equipment item photos and specifications (ii) Screenshots 

of data acquisition software for automatic control (iii) Technical process schematics of gas flow sce-

narios during DCB, VSA and regeneration (iv) A description of required mechanical operations. This 

reference manual shall facilitate documentation of standard operating procedures and experimental 

and rig risk assessments. 

In an effort to gain physical insight into wet flue gas adsorption on Zeolite-13X (Z13X), molecular 

simulation data was explored to study adsorption site-exclusion effects using CO2 and H2O density 

plots and radial distribution functions across the full range of relative humidity at 298K and 1atm. 

The next work activity shall be to record data during DCB, VSA and regeneration demonstration tri-

als, submission of laboratory documentation and incorporate a multicomponent adsorption iso-

therm model for wet flue gas adsorption on Z13X into process simulation studies. Experimental ad-

sorption process validation shall be tested thereafter. 

Prerna GOYAL (PhD Student, NUS, IRP1)  reported that non-isothermal, non-isobaric adsorption pro-

cess simulations were performed using MATLAB programming. DCB and a 4 step VSA cycle with and 

without Light Product Pressurization were simulated to separate dry flue gas containing 15% CO2 

and balance N2 using Z13X adsorbent. Verification of all process stages was achieved successfully 

using component mass balance calculations. Multi-objective optimization of VSA processes was 

used to generate purity-recovery and energy-productivity Paretos. Preliminary work towards a Per-

mit-To-Operate for the CARES pilot plant was performed: (i) Gas supply and automated flow control 

using Labview (ii) Gas composition analysis using a Hiden QGA Mass Spectrometer (iii) Loading of 

process columns with adsorbent. The next work activity involves an extension of process simulations 

to wet flue gas using single and dual column adsorption processes and the performance of DCB ex-

periments using the CARES pilot plant. 
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Other Activities and Achievements 

 

 Dr Jithin John VARGHESE (RF, NTU, IRP1) Won the Exxon Mobil Poster Award (Consolation 
Prize) for the poster titled ‘The contribution of nickel and oxygen vacancies and of low valent 
dopants in altering surface reactivity of NiO for C-H activation’ at the South-East Asia Cataly-
sis Conference 2017, Singapore, May 22-23, 2017 . 

 

 Professor Hua Chun ZENG (PI, NUS, IRP1) received Outstanding Researcher Award from 
AICHE (Singapore) in July 2017. 

 

 Dr Quang Thang TRINH (RF, NTU, IRP1) was invited to give a talk with the title "Novel Copper 
Oxide Nanoleaf Catalyst for the Hydrogen Peroxide Assisted Oxidation of Glycerol to Dicar-
boxylic Acids: A Combined Theoretical and Experimental" at the South East Asia Catalysis 
Conference (SACC) held on 22 - 23 May, 2017 in Singapore.  
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3.1.3 Scientific output of IRP1 

The following are some examples of the CREATE-acknowledgement papers and other outputs gen-
erated by IRP1 during the reporting period. A full list of publications may be found in Appendix A. 

 
Phase interactions in Mg-Ni-Al-O oxygen carriers for chemical looping applica-

tions 

 

Jijiang Huang and Wen Liu 

https://doi.org/10.1016/j.cej.2017.05.176 

Highlights: 

 Ni-Mg-Al-O oxygen carriers with equilibrium phase composition were synthesised by from 

layered double hydroxides precursors. 

 The synthesised oxygen carriers showed excellent performance over 100 redox cycles. 

 The phase compositions of the oxygen carriers underwent significant changes over the redox 

cycles. 

 The phase segregation of the NiO-MgO solid solution lead to improved reactivity of the Ni2+ 

during reduction. 

 

Abstract: 

Chemical looping combustion offers 

a solution to achieve carbon capture 

with minimal energy penalty and 

significantly reduced NOx formation. 

The design and synthesis of oxygen 

carriers play an important role in the 

advancement of chemical looping 

combustion. In this investigation, Mg

-Ni-Al-O oxygen carriers were syn-

thesised using layered double hy-

droxides (LDH) as precursors, which 

facilitate molecular level dispersion 

of cations in the resulting oxide com-

posites. The behaviour of the synthe-

sised oxygen carriers over 100 chem-

ical looping cycles was studied. The results confirmed the presence of two solid solutions systems: 

MgO-NiO and MgAl2O4-NiAl2O4, the compositions of which changed over cycles and determined 

the performance of the oxygen carriers.  
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NiO conversion versus 

cycle number for oxygen 

carrier Ni2MgAl-OC over 

100 cycles at 800 °C. 

After 70 redox cycles, 

the sample was calcined 

in N2 at 800 °C for 8 h 

before starting the 71st 

cycle 

https://doi.org/10.1016/j.cej.2017.05.176
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Insights into the C-H Bond Activation on NiO Surfaces: The Role of Nickel and Oxy-

gen Vacancies of Low Valent Dopants on the Reactivity and Energetics 

Jithin John Varghese, Samir H. Mushrif 

DOI: 10.1021/acs.jpcc.7b05226 

Abstract: 

For the development of nickel oxide (NiO) as an oxidation catalyst, a fundamental understanding of 

the role of surface morphology and of nickel and oxygen vacancy defects is essential, since they gov-

ern the reactivity of the surface. Using density functional theory (DFT) calculations, we investigated 

the reactivity of two different crystal facets of NiO and reveal the contribution of the coordinatively 

unsaturated Ni–O pairs, nickel and oxygen vacancies, and low valent dopant Li in determining and 

altering the reactivity of the surfaces. The most stable surface, NiO(100), is relatively inactive for 

methane C–H activation with an activation barrier of 136.6 kJ mol–1. However, the relatively less 

stable NiO(110) surface is extremely active and can dissociate methane with an activation barrier of 

57.1 kJ mol–1. The coordinative unsaturation and comparatively low binding strength of the four-

coordinated surface lattice oxygen on the NiO(110) surface leads to strong chemisorption of the 

dissociated H, facilitating extremely low activation barriers for methane dissociation. The presence 

of a Ni vacancy on the inactive NiO(100) surface brings down the activation barrier for methane dis-

sociation to 90 kJ mol–1. This is a result of weakening of the binding strength of the oxygen, allow-

ing strong chemisorption of the dissociated H. In this work, we predict that an equivalent increase in 

the surface reactivity can be achieved by doping the inactive NiO(100) surface with low valent met-

als like Li, which also weakens the binding strength of surface oxygen. The hydrogen chemisorption 

energy on the oxygen site is identified as a descriptor for estimating the reactivity of surfaces. 

 

Silica nanowires encapsulated Ru nanoparticles as stable nanocatalysts for selec-

tive hydrogenation of CO2 to CO 

Dou Jian, Sheng Yuan, Choong Catherine, Chen Luwei, Zeng Hua Chun 

https://doi.org/10.1016/j.apcatb.2017.07.083 

Highlights: 

 Ru@mSiO2 has been designed by encapsulating Ru nanoparticles with size of 1–3 nm inside 

mesoporous channels of silica nanowires. 

 Pretreatment of Ru@mSiO2 catalyst in nitrogen or air leads to generation of 1–3 nm 

Ru@mSiO2 and 5–20 nm Ru@mSiO2 catalyst, respectively. 

 Up to 100% selectivity of CO is achieved on 1–3nm Ru@mSiO2 catalyst, while 95.4% selectivi-

ty of CH4 is achieved on 5–20nm Ru@mSiO2 catalyst. 

 DRIFTS study identifies different reaction intermediates formed: CO-Run+ on 1–3nm 

Ru@mSiO2 and formate on 5–20nm Ru@mSiO2. 

 Stable production of CO with high selectivity has been demonstrated during extended reac-

tion of 50 h. 
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Abstract: 

Hydrogenation of carbon dioxide (CO2) to produce useful chemicals has been identified as a promis-

ing strategy for mitigation of greenhouse gas emission. Ruthenium (Ru) based catalysts have been 

reported to be the most active catalysts for the hydrogenation of CO2 to methane (CH4) which un-

fortunately is also a greenhouse gas and is difficult to activate. Controlling the hydrogenation selec-

tivity to produce carbon monoxide (CO), a direct precursor for enormous important chemicals, thus 

becomes desirable. However, achieving high CO selectivity with supported Ru catalysts has re-

mained a challenging task. In this work, we report the synthesis of highly selective and stable 

Ru@mSiO2 nanocatalysts via encapsulation of 1–3 nm 

Ru nanoparticles within mesoporous silica nanowires 

for hydrogenation of CO2 to CO. Calcination of the cata-

lyst in nitrogen prevented sintering of the encapsulated 

Ru nanoparticles, making high CO selectivity of up to 

100% possible, while larger (5–20 nm) Ru particles re-

sulting from calcination in air favored formation of CH4. 

DRIFTS study of 1–3 nm Ru@mSiO2 and 5–20 nm 

Ru@mSiO2 catalysts after adsorption of reaction mix-

ture of H2 and CO2 reveals that different reaction inter-

mediates form on catalyst surface: CO-Run+ on 1–3 nm 

Ru@mSiO2 and formate species on 5–20 nm 

Ru@mSiO2, which are responsible for the distinctively different selectivity observed on 1–3 nm 

Ru@mSiO2 and 5–20 nm Ru@mSiO2 catalysts. Plausible reaction pathways have been proposed for 

selective hydrogenation of CO2 on the two types of catalysts, respectively. In addition, high CO se-

lectivity of 1–3 nm Ru@mSiO2 catalyst has been demonstrated to be stable. 

 

Synthesis, Self-Assembly, Transformation, and Functionalization of Nanoscale Ar-

tificial Allophane Spherules for Catalytic Applications  

Zhou Yao and Zeng Hua Chun 

DOI: 10.1021/acs.chemmater.7b01956  

Abstract:  

Mesoporous materials with large surface area and chemical inertness are of great importance, and 

currently prevailing synthetic approaches involve usages of micelles as pore-directing agents to cre-

ate such mesopores. In this work, allophanes, which are hollow aluminosilicate spherules of 3.5–5.5 

nm in size, have been synthesized and assembled simultaneously for the first time in a controlled 

manner to generate mesoporous spherical allophane assemblages (MSAAs) with diameters of 445 ± 

40 nm, specific surface area as high as 1032 m2/g, pore volume 1.104 mL/g at P/P0 = 0.975, and 

average mesopore size at 3.4 nm. Furthermore, the thus-prepared MSAA could be doped with tran-

sition metal ions to create a series of isomorphous derivatives; they could also be converted to alu-

minum-based hierarchical assemblages of layered double hydroxide easily. Different from the con-

ventional channel-like mesopores, the new mesoporosity attained in MSAA is easily accessible be-
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cause their mesopores are generated from the interparticle spaces of spherical building units of 

hollow spherules. Therefore, the mesoporous MSAA provides an excellent platform for construction 

of integrated nanocatalysts. Highly dispersed noble metal nanoclusters such as Pt, Au, and Pd could 

be deposited on the surface or in the interior mesopores of the MSAA. Excellent activity and stabil-

ity of MSAA-based catalysts for Suzuki couplings and electrochemical sensing of H2O2 have been 

demonstrated using Pd/MSAA and Au/MSAA nanocomposites, respectively. 

 

Advanced Oxygen Evolution Catalysis by Bimetallic Ni-Fe Phosphide Nanoparti-

cles Encapsulated in Nitrogen, Phosphorus, and Sulfur Tri-Doped Porous Carbon 

Li Ping, Zeng Hua Chun 

DOI: 10.1039/C7CC03005C 

Abstract: 

Through molecular design of a solid precursor, we engineer a novel nanocomposite composed of 

bimetallic (Ni–Fe) phosphide nano-

particles encapsulated in a N,P,S-tri

-doped porous carbon matrix. With 

tailorable compositional and archi-

tectural features, the resultant 

nanocomposite presents remarka-

ble performance in electrochemical 

water oxidation. 

 

 

Sandwich-like Nanocomposite of CoNiOx/Reduced Graphene Oxide for Enhanced 

Electrocatalytic Water Oxidation 

Li Ping, Zeng Hua Chun 

DOI: 10.1002/adfm.201606325 

Abstract: 

The development of cost-effective and high-performance electrocatalysts for oxygen evolution reac-

tion (OER) is essential for sustainable energy storage and conversion processes. This study reports a 

novel and facile approach to the hierarchical-structured sheet-on-sheet sandwich-like nanocompo-

site of CoNiO x /reduced graphene oxide as highly active electrocatalysts for water oxidation. Nota-

bly, the as-prepared composite can operate smoothly both in 0.1 and 1.0 m KOH alkaline media, 

displaying extremely low overpotentials, fast kinetics, and strong durability over long-term continu-

ous electrolysis. Impressively, it is found that its catalytic activity can be further promoted by anodic 

conditioning owing to the in situ generation of electrocatalytic active species (i.e., metal hydroxide/

(oxy)hydroxides) and the enriched oxygen deficiencies at the surface. The achieved ultrahigh perfor-
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mance is unmatched by most of the transition-metal/nonmetal-based catalysts reported so far, and 

even better than the state-of-the-art noble-metal catalysts, which can be attributed to its special 

well-defined physicochemical textural features including hierarchical architecture, large surface ar-

ea, porous thin nanosheets constructed from CoNiO x nanoparticles (≈5 nm in size), and the incor-

poration of charge-conducting graphene. This work provides a promising strategy to develop earth-

abundant advanced OER electrocatalysts to replace noble metals for a multitude of renewable ener-

gy technologies. 
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The Electrochemical Multi-scale Science, Engineering and Technology, or EMSET, research group 

targets the development of multi-scale electro-analytical tools for the investigation of catalytic reac-

tions and the adoption of electro-synthesis as a potential source for clean and selective routes for 

chemical production. In general the research is directed towards mapping chemical demand, usage 

and transportation, and identifying opportunities for localised chemical production. 

 

EMSET is divided into three work packages: 

WP 2.1: Multi-Scale Electrochemical Modelling and Analysis 

WP 2.2: Electrode Design and Development 

WP 2.3: Electrochemical Reactor Engineering 

 

The EMSET group is led by PIs: 

Prof Adrian FISHER (Cam) 

Prof Xin WANG (NTU) 

Prof Jim Yang LEE (NUS) 
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3.2.1 IRP2 Research Overview  
 

The Electrochemical programme focuses on the development and exploitation of novel technologies 

and/or processes which offer the potential to lead to a net reduction in CO2 emissions for chemical 

production either in the area of commodity or speciality chemicals. There are three main trusts to 

IRP2 first the development of high resolution electrochemical methods using big data approaches 

which can be be exploited to gain quantitative understanding of the physical and chemical process-

es which limit efficient electrical conversion, (ii) the investigation and discovery of advanced cata-

lysts, electrode architectures and the wiring of these complex structures to ensure optimal conver-

sion rates and (iii) the development of integrated advanced reactor systems  

In the current reporting period significant advances in the core research areas have been achieved. 

In collaboration with Prof Erik BIRGERSSON (Co-PI, NUS, IRP2) Vishvak KANNAN (PhD Student, NUS, 

IRP2) has continued their focus on modelling of advanced protocols for electrochemical control and 

analysis. In their latest activities advanced fluid and electrochemical protocols are under investiga-

tion in particular the application of  large amplitude periodic input wave functions to explore highly 

non-linear i/V characteristics have been addressed. These activities have led to further industrial 

interest from local and international partners and CARES is in the process of negotiating two indus-

trially supported PhD programmes with a provisional start date of October 2018.  

In parallel with numerical and theoretical studies, working in collaboration with Prof Xu ZHICHUAN

(Co-PI, NTU, IRP2) Dr Chencheng DAI (RF, NTU, IRP2) has recently discovered efficient strategies for 

the electrochemical production of lactic acid by oxidation of glycerol on AuPt electrode architec-

tures in alkaline environments. In this work, he has reported a method to explore the production of 

lactic acid via direct electrochemical oxidation of glycerol, yielding a high selectivity, low energy 

pathway for production of this valuable substrate. Advanced studies have been carried out to evalu-

ate the surface catalysis characteristics of the reaction and explore the highest selectivity routes. It 

has been found that a 72.9% yield was achieved using AuPt nanoparticles with 13% surface Pt. The 

glycerol conversion rate was found to be 28.9% over a 12 hour period and these promising results 

suggest an efficient, cheap and environmentally friendly method for lactic acid production.  

The development of the IRP2 international outreach programme has also continued within the cur-

rent reporting period. June 2017 saw the launch of an advanced electrochemical techniques master-

class in Singapore, in collaboration with the ISE Singapore section. This 2 day activity brought to-

gether local experts from industry and IRP2 to highlight advances made in the electrochemical mon-

itoring aspects from WP1 and applications in chemical analysis and catalysis. The course comprised 

keynote lectures from IRP2 PI Adrian Fisher and ‘hands on’ training in the use of state of the art 

analysis techniques. The programme, sponsored by our long-term collaborator, Methrohm, was 

attended by 24delegates, including, UK and Singapore University postdocs/Students and local con-

sultancy firms.. Preparations are underway for 3 further IRP2 outreach activities in the UK in Octo-

ber 2017, Melbourne December 2017 and Singapore March 2018.  

IRP2 industrial collaboration links continue to strengthen. IRP2 PI Adrian Fisher has recently been 

appointed co-director of Stemnovate a drug discovery company that seeks to use advanced analysis 

approaches to streamline and accelerate the identification of candidate drugs for personal medicine 

applications. The company a prospective partner to IRP2 in the phase 2 programme has recently 

been awarded a £1m innovate UK grant to develop next generation organ-on-a-chip technologies 

which employ advanced sensor strategies.  

Dr. Adrian Fisher, 

University of Cambridge 

PI, IRP2 

October 2017 
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3.2.2 Update on work packages 

WP 2.1: Numerical multi-scale electrochemical modelling and analysis 

Vishvak KANNAN (PhD Student, NUS, IRP2) reported that the Rocking disk electrode (RoDE) is a re-

cently developed, novel hydrodynamic tool used for electrochemical applications. The experimental 

setup and the construction of this tool have been discussed in the earlier reports. We set-up a 2 

dimensional axially symmetrical numerical model for the momentum and mass transport around a 

rotating disk electrode (RDE) and the RoDE, in COMSOL Multiphysics®. Vishvak KANNAN (PhD Stu-

dent, NUS, IRP2)  investigated the velocity (figure below) and concentration (figure 2 below) profiles 

around the RDE and the RoDE, for the same input angular frequency.  

 

A more uniform hydrodynamic boundary layer around the RoDE was obtained when compared to 

the RDE, as observed in the above figure.  The maximum velocity transferred to the electrolyte for 

the same input angular frequency is of an order of magnitude bigger for the RoDE was also ob-

served. 

 

The above figure shows the concentration profile around the surface of the RDE and the RoDE. This 

illustrates the diffusion layer and its thickness near the electrode surface. The thickness of the diffu-

sion layer for the RDE is 200 (μ m) whereas it is 100 (μ m) for the RoDE, for the same input angular 

frequency. A thinner diffusion layer for the RoDE wsa achieved, which means we have smaller cur-

rents due to capacitive effects, whence more accurate limiting current measurements. The uniform 

hydrodynamic layer protects the diffusion layer, which increases the stability of the polarization 

curve. Mass transport limitations reduce as the thickness of the diffusion layer decreases. This 
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means that the reaction will move towards electron transfer limitation rather than by diffusion limi-

tations, as the thickness of the diffusion layer reduces.   

From the measured concentrations around the electrode surface, Vishvak KANNAN (PhD Student, 

NUS, IRP2)  calculated and analysed the current at the electrode surface. A higher limiting current as 

shown in the figure below at the surface of the RoDE was achieved and a periodic behaviour for the 

current at the surface of the RoDE corresponding to the motion of the electrode was noticed. 

 

Dr Libo SUN (RF, NTU, IRP2) reported on the highly selective production of ethylene with mesopo-

rous silica-templated copper  In this work, the 

mesoporous silica, like classical SBA-15, was 

employed as template to fabricate copper cata-

lyst. The copper catalyst was introduced to the 

mesopore by dissolving copper salt in well dis-

persed SBA-15 slurry and the following heat 

treatment under reducing atmosphere. After 

removal of the silica skeleton, copper catalyst 

obtained can be used for electrochemical CO2 

reduction. The reducing products were well 

analysed with on-line gas chromatography (GC) 

and high performance liquid chromatography 

(HPLC) quantitively. The highest selectivity of 

ethylene could reach around 42%, using such 

catalysts at an applied potential of -1.05 V vs. 

reversible hydrogen electrode (RHE), with also 

higher selectivity when compared to other hy-

drocarbon materials. This technique provides an opportunity for the efficient and highly selective 

production of C2 hydrocarbons with a relatively easily and facile catalyst preparation method. Such 

method can also be available to other mesoporous silica materials. 
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WP 2.2: Electrode Development and Testing 

 

Prof Richard WEBSTER (Co-PI) reported that a detailed study of the polycyclic aromatic hydrocar-

bon (PAH) composition of particles ≤ 10 micron in size that exist in the atmosphere in Singapore 

has been conducted. These particles are produced by local industries as well as through trans-

boundary burning activities such as the annual biomass burning in Indonesia. The particles are 

thought to be particularly toxic to human health, therefore, it is important to understand their 

composition in as much detail as possible.  

Dr Bahareh KHERZI (RF, NTU, IRP2) studied the electrochemical reduction of CO2 using Cu based 

catalysts and catalysts decorated with Cu in collaboration with Prof Zdenek Sofer from UCT, Pra-

gue. The target producs are CH4, C2H4, formic acid and alcohols. In this stage the materials have 

been synthesized, characterized and the catalytic performance (activity, faradic efficiency and 

current density) in CO2 saturated aqueous solution investigated. The product of CO2 conversion 

will be detected with GC, HPLC and NMR.  

In addition, in collaboration with Dr Kamal ELOUARZAKI (RF, NTU, IRP2), Dr Bahareh KHERZI (RF, 

NTU, IRP2) reported that a literature survey in Electrochemical CO2 Reduction through molecular 

catalyst, new trends, benchmark and challenges has been planned. 

Guo Xiong THAM (PhD Student, NTU, IRP2) reported that experimental work has been dedicated 

to use an optimum ratio of vitamin compounds that were to be drop casted onto the glassy car-

bon macroelectrodes in order to attain a desirable current peak height ratios close to unity. In 

order to achieve results whose pH measurements behave accurately and realistically as per any 

commercial pH meter, my research is focusing on the optimizing the electrochemical behaviour 

of the vitamin compounds which are drop casted onto a chemically modified screen printed car-

bon electrode (SPCE). Currently, various chemically modified methods are explored which include 

the use of carbon nanotubes as well. Suitable characterization techniques such as scanning elec-

tron microscopy are employed to characterize the morphology of the electrode surfaces of vari-

ous chemically modified screen printed carbon electrodes. 

Nur Farhanah Bte ROSLI (PhD Student, NTU, IRP2) reported on her project on the cytotoxicity 

studies of Pt dichalcogenides, a class of nanomaterials which has been reported to have promis-

ing electrocatalytic properties in hydrogen evolution reaction (HER). The toxicity of Pt dichalco-

genides was compared with the toxicity of Pt on carbon (Pt-C), the best performing electrocata-

lyst for HER.  This study is important as toxic implications of new materials which can potentially 

be used in large scale for clean energy applications, such as HER, requires deeper understanding 

so as to ensure potential health hazards are avoided. 

Dr ZHANG Wenyu (RF, NTU, IRP2) reported that silicene is becoming increasingly popular due to 

its unique properties. However, the synthesis of silicene remains challenging and limits its wide 

applications. In this work, a top-down lithiation and delithiation process is developed to prepare 

few layer silicene nanosheets. Ball milled silicon nanopowders are employed as the starting ma-
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terials, followed by lithiation in Li-ion coin cells and delithiation in isopropyl alcohol. This process 

renders two dimensional (2D) silicene products with 30-100 nm in length and ~2.4 nm in thick-

ness. The electrochemical characterization analysis suggests that the sample product shows high 

performance for rechargeable Li-O2 batteries with 73% energy efficiency and high stability. The 

top-down synthesis strategy proposed in this work not only provides a new solution to the chal-

lenging preparation issue of silicene but also proves to be applicable to produce 2D materials 

from non-layered starting structures. 

Dr ELOUARZAKI Kamal (RF, IRP2, NTU) reported on the new promising field of exploiting natural 

systems for designing bio-electronic setups. Enzymes, which allow energy conversion and elec-

tron transfer in many biological processes are good candidates for such biomaterials. During this 

period, original and efficient advanced approach based on the association of two key functions, in 

which one function contributed to enzymes orientation and the second one to enzymatic elec-

tron transfer can be designed via chemical covalent linking between two functional sites. Electro-

chemical tests demonstrate an efficient electron transfer mechanism within the engineered com-

pound and between the oriented biocatalysts and the conductive electrode. This strategy was 

successfully applied to the construction of a fuel cell with enhanced performance. This new ap-

proach will enable the engineering of a large variety of redox mediators, of tunable compositions 

and structures according to needs. For example, the proposed structure can easily be replaced 

with other redox mediators to tune the potential to mediate other enzyme reactions or to be 

applied to the CO2 fuel cell or biosensors. The structure modulation and the method flexibility 

might open up enormous possibilities for the development of CO2 bioelectronics. 

Naziah Binte MOHAMAD LATIFF (PhD student, IRP2, NTU) studied the toxicity aspects of various 

layered materials that have shown potential in energy applications such as the electrochemical 

conversion of water to hydrogen and other useful products. She is currently studying layered 

metal phosphorus chalcogenide materials with a general formula MPXY where M is a transition 

metal element, X is a chalcogen (i.e. S or Se) and Y is either 3 or 4. In addition, Naziah Binte MO-

HAMAD LATIFF, is also investigating the cytotoxicity of different allotropes of phosphorus (i.e. 

black, red, violet). These studies are necessary to be informed of the possible health hazards 

posed by such materials in view of their possible commercialization in the future. 
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WP 2.3 Electrochemical Reactor Engineering: Cogeneration and Electrosynthesis 

 

Dr ELOUARZAKI Kamal (RF, IRP2, NTU) reported that an unprecedented simple, scalable and es-

pecially facile strategy has been 

developed for fabricating non-

enzymatic and precious-metal 

free fuel cell using buckupaper 

based molecular catalysts. The 

buckupapers show individually 

enhanced electrocatalytic prop-

erties towards glucose oxida-

tion reaction and oxygen reduc-

tion reaction with a high stabil-

ity. The as-designed fuel cell 

using the anodic and cathodic 

molecular catalyst buckupaper 

electrodes significantly outperformed the metallic and enzymatic fuel cell in the output power 

density. This innovative approach might boost further studies to explore buckupaper-based mo-

lecular catalysts for the CO2 reduction. 

Dr WANG Jiong demonstrated 

that Co2+ ions were heterogen-

ized by various heteroatom-

doped graphene-based solid ma-

trices and served as the center of 

OER active sites. The heteroa-

toms (S, N, and O atoms) of gra-

phene directly functioned as the 

binding sites to anchor Co2+ ions. 

A C−S=O configuration was 

demonstrated to substantially 

increase the turnover frequencies (TOFs) of Co sites, resulting in a TOF greater than that of an 

IrO2 catalyst. Unlike conventional Co3O4, where dual Co sites are regarded as the active sites, the 

OER was found to be catalyzed by single Co ions with terminal oxo ligands formed after a sequen-

tial conversion of Co2+ → Co3+ → Co4+ coupled with HO− (H+) transfer. We proposed that a side-on 

hydroperoxo ligand on the Co4+ active sites enabled formation of dioxygen.  

Dr Tianran ZHANG (RF, NUS, IRP2) reported his work on nanoporous manganese oxide 

nanosheets (np-MnO2-ns) as an ORR electrocatalyst. Manganese oxides have drawn significant 

interest as a low-cost ORR catalyst. However, their activities are inferior to the platinum-metal 

catalysts because of their poor electronic conductivity and the low intrinsic activity of the MnO6 
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units. One possible solution to elevate the activity of manganese oxides is to design structures 

with a high surface area and a large number of active centers. Porous two-dimensional (2D) man-

ganese oxides would provide such a structure, however, it is still a great challenge to prepare 

such structure since manganese oxides are easily transformed and there was no known layered 

precursor to decompose from. To solve this issue, Dr. Zhang has developed a sulfurization meth-

od to produce np-MnO2-ns. The as-prepared np-MnO2-ns with pore size of 7 nm displayed excel-

lent ORR activities, superior to those of the pristine MnO2 nanosheets (MnO2-ns). The half-wave 

potential of np-MnO2-ns was 0.73 V and only ~90 mV negative to that of commercial Pt/C. Be-

sides, the np-MnO2-ns also showed considerable OER activity, making them a good bifunctional 

oxygen electrocatalyst for rechargeable Zn-air batteries. The discharge performance of Zn-air 

batteries with the np-MnO2-ns catalyst was similar to that of batteries using a commercial Pt/C 

catalyst with an even lower charge voltage than the Pt/C cell. The full cell could run for more than 

60 h of continuous operation. 

WANG Yian (PhD Student, NTU, IRP2) reported that a twisted reverse cyclic voltammetric behav-

iour is first observed in a fully molecular based catalytic oxidation mechanism (shown in the fig-

ure below), which has previously been observed for catalysis by immobilised redox enzymes. In 

order to investigate the kinetic characteristics and potential applications of this fully molecular 

electrocatalytic system, we thus propose a procedure for the simulation of twisted reverse cyclic 

voltammetric responses of molecular catalysis-based glucose fuel cell at higher pH value. Fore-

cast of the voltammetric responses of the deactivation and reactivation given by the theory and 

simulation procedures, can estimate the kinetic parameters and derivate the dynamic character-

istics in the reactions. This information will help to optimise the current experiments and further 

to design new devices. Linear diffusion associated with planar electrodes is assumed as the sim-

plest case used in the simulation. The electrochemical reactions at the electrode strictly follows 

the empirical Butler-Volmer (BV) kinetical law, which is regarded as the most widely used model 

in electrochemistry for a long-time period.  All numerical simulations are performed with the ba-
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sis of a software (MATLAB MathWorks) to illustrate the actual data. 

Dr Chencheng DAI (RF, NTU, IRP2) reported on the production of lactic acid by the electro-

oxidation of glycerol. In this work, lactic acid was prepared by the one-pot electrochemical oxida-

tion of glycerol catalyzed by AuPt nanoparticles in alkaline solution at room temperature and 

pressure. AuPt nanoparticles with different surface compositions were prepared by heat treat-

ment, and characterized by cyclic voltammetry, transmission electron microscopy (TEM), X-ray 

powder diffraction (XRD), and inductively coupled plasma mass spectrometry (ICP-MS), etc.. The 

performance of the AuPt catalysts were optimized by tuning parameters, including AuPt surface 

composition, applied potential, electrolyte pH and glycerol concentration. The oxidation products 

were analyzed by nuclear magnetic resonance (NMR) and high performance liquid chromatog-

raphy (HPLC) qualitatively and quantitively. The highest selectivity reaches 73%, using an Au rich 

surface at an applied potential of 0.45 V vs. reversible hydrogen electrode (RHE). This technique 

provides an opportunity for the efficient, energy-saving, environmental-friendly and commercial 

production of lactic acid. In addition, metal nanoparticles embedded with metal organic frame-

work (MOF) or mesoporous carbon also have been investigated for glycerol electro-oxidation. 

This work is related to WP 2.2 electrode design and development and WP 2.3 electrochemical 

reactor engineering. 

Dr Chencheng DAI (RF, NTU, IRP2) reported on an a multisite strategy for enhancing the hydrogen 

evolution reaction on nano-Pd surface in alkaline media. The hydrogen evolution reaction (HER) 

on a noble metal surface in alkaline media is more sluggish than that in acidic media due to the 

limited proton supply. To promote the reaction, it is necessary to transform the alkaline HER 

mechanism via a multisite catalyst, which has additional water dissociation sites to improve the 

proton supply to an optimal level. Here, this study reports a top-down strategy to create a multi-

site HER catalyst on a nano-Pd surface and how to fur-

ther fine-tune the areal ratio of the water dissociation 

component to the noble metal surface in core/shell-

structured nanoparticles (NPs). Starting with Pd/Fe3O4 

core/shell NPs, electrochemical cycling is used to tune 

the coverage of iron (oxy)hydroxide on a Pd surface. The 

alkaline HER activity of the core/sell Pd/FeOx(OH)2−2x NPs 

exhibits a volcano-shaped correlation with the surface 

Fe species coverage. This indicates an optimum cover-

age level where the rates of both the water dissociation 

step and the hydrogen formation step are balanced to 

achieve the highest efficiency. This multisite strategy 

assigns multiple reaction steps to different catalytic 

sites, and should also be extendable to other core/shell 

NPs to optimize their HER activity in alkaline media. This 

work is related to WP 2.2 electrode design and develop-

ment.  
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In addition, Dr Chencheng DAI (RF, NTU, IRP2) , 

reported on cations in Octahedral Sites: A De-

scriptor for Oxygen Electrocatalysis on Transition-

Metal Spinels. Exploring efficient and low-cost 

electrocatalysts for the oxygen-reduction reaction 

(ORR) and oxygen-evolution reaction (OER) is 

critical for developing renewable energy technol-

ogies such as fuel cells, metal–air batteries, and 

water electrolyzers. A rational design of a catalyst 

can be guided by identifying descriptors that de-

termine its activity. Here, a descriptor study on 

the ORR/OER of spinel oxides is presented. 

With a series of MnCo2O4, the Mn in octahe-

dral sites is identified as an active site. This 

finding is then applied to successfully explain 

the ORR/OER activities of other transition-

metal spinels, including MnxCo3−xO4 (x = 2, 

2.5, 3), LixMn2O4 (x = 0.7, 1), XCo2O4 (X = Co, 

Ni, Zn), and XFe2O4 (X = Mn, Co, Ni). A general 

principle is concluded that the eg occupancy 

of the active cation in the octahedral site is 

the activity descriptor for the ORR/OER of 

spinels, consolidating the role of electron 

orbital filling in metal oxide catalysis. This 

work is related to WP 2.2 electrode design 

and development.  
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Shengliang ZHANG (PhD Student, NUS, IRP2) reported on his project “Tunable Plasmonic Semi-

conductor Nanocrystals for Spectrally-Selective Electrochromic Smart Windows”. For the re-

porting period he synthesized tungsten oxide nanowires which exhibit strong absorption in the 

entire NIR range (780-2500nm). They are expected to deliver the desired electrochromic perfor-

mance when applied as smart windows. More importantly, the visible light and IR spectral re-

sponse can be dynamically and independently tuned by an externally applied potential. In the 4V-

2.6V range, Li+ would adsorb on the WO3 surface, tuning the NIR response based on LSPR absorp-

tion to operate in the cool mode. In the 2.6V-2V range, Li+ would intercalate into the WO3 matrix, 

tuning the visible light based on intraband transition to operate in the dark mode. In the cool 

mode (2.6V), the WO3 film could block ~ 93.8% of NIR radiation (780-2200nm) while maintaining 

a high (60%) transmittance of the visible light (400-780nm). In the dark mode (2V), the film blocks 

83.1% of visible light and almost all of the NIR (99.7%). The tungsten oxide nanowires also exhibit 

a high optical modulation of greater than 90% at 633, 800, 1200 and 1600nm, and a high durabil-

ity of more than 1000 cycles. The excellent electrochromic performance of WO3 is attributed to 

its nanowire structure which tunes the material NIR response dynamically based on LSPR absorp-

tion under an applied potential; without sacrificing the visible light response. In addition, the nan-

owire structure can also facilitate intercalation of Li+ to achieve a high optical modulation.  

Dr CAO Sheng (RF, NUS, IRP2) reported on his study on doped titanium dioxide (TiO2) for use in 

smart windows. TiO2 is an abundant nontoxic material with interesting physical and chemical 

properties and high thermal and chemical stability. It is one of the most widely used compounds 

in UV sunscreens, water splitting, and sensors. Incorporating dopants ions into TiO2 nanoparticles 

can be a versatile means to tailor the electronic properties of TiO2 and its localized surface plas-

mon resonance (LSPR) in the near infrared region (NIR). The doped TiO2 nanoparticles can also be 

used electrochemically  
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activated to form dual-band electrochromic (EC) devices that which can dynamically and selectively 

modulate the NIR and visible light based on the LSPR and the intervalence change transfer mecha-

nisms respectively. Dr CAO Sheng (RF, NUS, IRP2) has developed a generic one-pot strategy for the 

synthesis of doped TiO2 nanocrystal inks with strong LSPR properties. In addition, he has also suc-

cessfully fabricated a dual 

band EC device based on the 

doped TiO2 nanocrystal inks. 

The preliminary EC device can 

provide three model respons-

es: (1) bright model 

(transparent to the entire 

solar spectrum); (2) cool mod-

el (visible light transparent 

and NIR blocking); (3) dark 

model (both visible light and 

NIR blocking). His ongoing 

work will focus on the fabrica-

tion of transparent flexible EC 

devices and the characterization of their optical performance. 

Dr CAO Sheng (RF, NUS, IRP2)  reported that he and research members successfully fabricated a 

dual band EC device based on the doped TiO2 nanoparticles. As shown in Figure 1, the EC device 

provides two complementary spectroelectrochemical responses, which can be independently con-

trolled through an externally applied potential: A large variation of the optical transmittance in the 

near-infrared region (by the intensification of localized surface plasmon scattering) was achieved in 

the 4-1.8V voltage window, attaining values greater than 68% in the 780 to 2200 nm spectral range. 

Visible light absorption could also be tuned by further lowering of the potential (from 1.8 to 1.5V), 

where the Li+ intercalation into the TiO2 anatase lattice almost blocked the entire visible light region 

(97.3%). 

Other Activities and Achievements 

 Nur Farhanah Bte ROSLI (PhD Student, NTU, IRP2) and Naziah Binte MOHAMAD LATIFF (PhD 
student, IRP2, NTU) attended an annual research conference of the Department of Chemical 
Engineering and Biotechnology (CEB), University of Cambridge which was held on 26 to 27 
June 2017. We both presented posters of our recent projects titled “Cytotoxicity of exfoliated 
layered Vanadium dichalcogenides” and “In vitro cytotoxicity of exfoliated Thiobarbituric 
Acid-modified Molybdenum Disulphide”.  

 Prof Martin PUMERA (Co-PI, NTU., IRP2) and Prof Jim Yang LEE (PI, NUS, IRP2) were named 
“Highly Cited Researcher 2017” by Clarivate Analytics (owner of Web of Science). Selection 
for this award is based solely on the excellence in research and published works. 

 With the prof. Donald Martin’s team at CNRS-University of Grenoble Alpes. A first important 
outcome was the submission of a Singapore-France joint grant between the French PI 
(Donald Martin, UJF), Singaporean PI (LEE Jong-Min, NTU), Cambridge PI (Adrian FISHER, Uni-
versity of Cambridge), and CARES PI ( Kamal ELOUARZAKI, CARES) which was selected for the 
final evaluation. 
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 With the Dr. Abdelkader Zebda’s team at INSERM-University of Grenoble Alpes. A second 
important outcome was the submission of a Singapore-France Merlion grant between the 
French PI (Abdelkader Zebda, UJF), Singaporean PI (LEE Jong-Min, NTU), and CARES PI ( Kamal 
ELOUARZAKI, , CARES).  

 With the Assoc. Prof. Yong Ken Tye School of Electrical and Electronic Engineering (NTU) and 
Prof. LI Yin Institute of Microbiology, Chinese Academy of Sciences (IMCAS). A third im-
portant outcome was the submission of a Singapore-Chinese joint grant between the Chinese 
PI (Prof. LI Yin, Chinese Academy of Sciences), Singaporean PI (Prof. Yong Ken Tye, NTU), and 
CARES PI ( Adrian FISHER, CARES) which was selected for the final review.  
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3.2.3 Scientific output of IRP2 

The following are some examples of the CREATE-acknowledgement papers and other outputs gen-
erated by IRP2 during the reporting period. A full list of publications during the period may be found 
in Appendix A. 

 
Regional transport, source apportionment and health impact of PM10 bound  
polycyclic aromatic hydrocarbons in Singapore's atmosphere 
 
Dejan Urbančok, Anthony J.R. Payne, Richard D. Webster   
 
https://doi.org/10.1016/j.envpol.2017.07.086 
 

Highlights: 

 

 PM10 adsorbed PAHs were quantified during high haze (AQI>100) and normal days (AQI<100). 

 PAH concentrations doubled during high haze periods with maximum (total) of 6 ng m−3. 

 No notable seasonal variation of PAHs except for higher values during high haze events. 

 Health risk assessment indicated PAHs were slightly above allowed threshold during haze. 

 Incremental life-time cancer risk was calculated to be low during high and low haze 
 
Abstract: 

A study of 16 United States Environmental Protection Agency (USEPA) priority listed PAHs associat-

ed with particulate matter ≤ 10 μm (PM10) was conducted in Singapore during the period 29th May 

2015 to 28th May 2016. The sampling period coincided with an extensive, regional smoke haze epi-

sode (5th September to 25th October) that occurred as a result of forest and peat fires in neighbor-

ing Indonesia. Throughout this study, 54 atmospheric PM10 samples were collected in 24 h periods 

using a high volume sam-

pler (HVS) and quarts fiber 

filters (QFF) as the collec-

tion medium. Hysplit soft-

ware for computing 3-D 

backward air mass trajecto-

ries, diagnostic ratio analy-

sis and ring number distri-

bution calculations were 

used to examine the 

sources of PAHs in the at-

mosphere in Singapore. 

Under normal conditions 

the total PAH concentrations were in a range from 0.68 ng m−3 to 3.07 ng m−3, while for the high 

haze period the results showed approximately double the concentrations with a maximum value of 

5.97 ng m−3. Diagnostic ratio (DR) and principal component analysis (PCA) were conducted and indi-

cated the contribution of the traffic as a dominant pyrogenic source of PAHs during normal periods, 

while results from the haze dataset showed relatively strong influence of smoke from peat and for-

est fires in Indonesia. Environmental and health risk from PAHs were assessed for both regular and 

hazy days. 
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CO2 reduction: the quest for electrocatalytic materials 

Bahareh Khezri, Adrian C. Fisher, Martin Pumera 

Rising levels of carbon dioxide (CO2) are of significant concern in modern society, as they lead to 

global warming and consequential environmental and societal changes. It is of importance to devel-

op industries with a zero or negative CO2 footprint. Electrochemistry, where one of the reagents is 

electrons, is an environmentally clean technology that is capable of addressing the conversion of 

CO2 to value-added products. The key factor in the process is the use of catalytic electrode materials 

that lead to the desired reaction and product. Significant progress in this field has been achieved in 

the past two years. This review discusses the progress in the development of electrocatalysts for 

CO2 reduction achieved during this time period. 

 

Cations in Octahedral Sites: A Descriptor for Oxygen Electrocatalysis on Transition

-Metal Spinels 

Chao Wei, Zhenxing Feng, Günther G. Scherer, James Barber, Yang Shao-Horn, Zhichuan J. Xu 

DOI: 10.1002/adma.201606800 

Highlights: 

 The eg occupancy of the active cation in octahedral sites is identified as the descriptor that 
governs the activity of the oxygen-reduction reaction and the oxygen-evolution reaction on 
transition-metal spinel oxides; 

 With a series of MnCo2O4, the Mn in octahedral sites is identified as an active site; 

 This finding is then applied to successfully explain the ORR/OER activities of other transition-
metal spinels, including MnxCo3−xO4 (x = 2, 2.5, 3), LixMn2O4 (x = 0.7, 1), XCo2O4 (X = Co, 
Ni, Zn), and XFe2O4 (X = Mn, Co, Ni). 

Abstract: 

Exploring efficient and low-cost electrocatalysts for the oxygen-reduction reaction (ORR) and oxygen

-evolution reaction (OER) is critical for developing renewable energy technologies such as fuel cells, 

metal–air batteries, and water electrolyzers. A rational design of a catalyst can be guided by identi-

fying descriptors that determine its activity. Here, a descriptor study on the ORR/OER of spinel ox-

ides is presented. With a series of MnCo2O4, the Mn in octahedral sites is identified as an active site. 

This finding is then applied to successfully explain the ORR/OER activities of other transition-metal 

spinels, including MnxCo3−xO4 (x = 2, 2.5, 3), LixMn2O4 (x = 0.7, 1), XCo2O4 (X = Co, Ni, Zn), and XFe2O4 
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(X = Mn, Co, Ni). A general prin-

ciple is concluded that the eg 

occupancy of the active cation 

in the octahedral site is the ac-

tivity descriptor for the ORR/

OER of spinels, consolidating the 

role of electron orbital filling in 

metal oxide  

 

 

A Multisite Strategy for Enhancing the Hydrogen Evolution Reaction on a Nano-Pd 

Surface in Alkaline Media 

Hanbin Liao, Chao Wei, Jingxian Wang, Adrian Fisher, Thirumany Sritharan, Zhenxing Feng, Zhichuan 

J. Xu 

DOI 10.1002/aenm.201701129 

Highlights: 

 Enhanced hydrogen evolution reaction (HER) on noble metal (nano-Pd) surface in alkaline 
media to overcome the lack of proton supply in alkaline media; 

 To promote the reaction, a multisite catalyst, which has additional water dissociation sites to 
improve the proton supply to an optimal level, has been synthesized using a top-down strat-
egy; 

 Starting with Pd/Fe3O4 core/shell NPs, electrochemical cycling is used to tune the coverage of 
iron (oxy)hydroxide on a Pd surface; 

 The alkaline HER activity of the core/sell Pd/FeOx(OH)2−2x NPs exhibits a volcano-shaped cor-
relation with the surface Fe species coverage. 

Abstract: 

The hydrogen evolution reaction (HER) on a noble metal surface in alkaline media is more sluggish 

than that in acidic media due to the limited 

proton supply. To promote the reaction, it is 

necessary to transform the alkaline HER mecha-

nism via a multisite catalyst, which has addi-

tional water dissociation sites to improve the 

proton supply to an optimal level. Here, this 

study reports a top-down strategy to create a 

multisite HER catalyst on a nano-Pd surface and 

how to further fine-tune the areal ratio of the 

water dissociation component to the noble 

metal surface in core/shell-structured nanopar-

ticles (NPs). Starting with Pd/Fe3O4 core/shell 

NPs, electrochemical cycling is used to tune the 

coverage of iron (oxy)hydroxide on a Pd sur-

face. The alkaline HER activity of the core/sell 

Pd/FeOx(OH)2−2x NPs exhibits a volcano-shaped 
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correlation with the surface Fe species coverage. This indicates an optimum coverage level where 

the rates of both the water dissociation step and the hydrogen formation step are balanced to 

achieve the highest efficiency. This multisite strategy assigns multiple reaction steps to different 

catalytic sites, and should also be extendable to other core/shell NPs to optimize their HER activity 

in alkaline media. 

 

Microwave irradiated N- and B,Cl-doped graphene: Oxidation method has strong 

influence on capacitive behaviour 

Naziah Mohamad Latiff, Carmen C. Mayorga-Martinez, Lu Wang, ZdeněkSofer, Adrian C Fisher, Mar-

tin Pumera 

https://doi.org/10.1016/j.apmt.2017.07.006 

Highlights: 

 Graphene oxides were doped, exfoliated, and reduced via microwave irradiation. 

 Microwave irradiation under BCl3 and NH3 atmospheres gave B,Cl- and N-doped graphene 

 Graphite oxidation methods (Staudenmaier, Hummers, Hoffman) influences doping levels. 

 Capacitance result correlates well with the amount of doping achieved. 

 Doped graphene prepared via Hummers and Hoffman routes performed better. 

 

Abstract: 

Graphene and its derivatives show prom-

ising potential in future capacitor systems 

due to their excellent conductivity and 

large surface area. Here, we study the 

effect of different graphite oxidation 

methods (i.e., Staudenmaier, Hummers, 

and Hoffman methods) on the capacitive 

behavior of heteroatom-doped graphene. 

After graphite oxidation, the graphene 

materials were simultaneously doped, exfoliated, and reduced using microwave irradiation in BCl3 

and NH3 atmospheres to produce B,Cl- and N-doped graphene. Our findings show that the graphite 

oxidation method employed plays a strong influence on their doping levels, which in turn affects 

their capacitive behavior. The capacitance result correlates well with the amount of doping 

achieved. The heteroatom-doped graphene prepared here via Hummers and Hoffman oxidation 

routes prove superior compared to the Staudenmaier method. 
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Carbon Abatement in the Petroleum Refining Industry: A Control and Optimisation Research Net-

work, or, CAPRICORN, aims at answering the question of how to minimise CO2 emissions while opti-

mally running a modern industrial park including complex refinery operations to produce down-

stream fuel blends. The research uniquely combines and advances the state-of-the-art in low carbon 

research encompassing fields of surrogate fuel modelling, fuel blending using nonlinear correlations, 

fuel-engine mapping for emissions regulation compliance, inorganic and organic nanoparticle flame 

synthesis. Uncertainty propagation, Bayesian parameter estimation, dynamic optimisation of refin-

ery operations and associated energy loads, and model predictive control are methods used to de-

velop sustainable low-carbon refinery operations. 

 

CAPRICORN is split into five interacting work packages: 

WP 3.1: Industrial network model of Jurong Island – Process Flow Sheets: energy and material 

WP 3.2: Link of refinery products with engine operations – surrogate fuels: model and experiments 

WP 3.3: Nanoparticle/film flame synthesis – kinetics and application  

WP 3.4: Modelling and optimisation of unit operations 

WP 3.5: Automated model development and experimental design/decision support 

  

The CAPRICORN group is led by PIs: 

Prof Markus KRAFT (Cam) 

Prof Raymond Wai Man LAU (NTU) 

Prof Iftekhar KARIMI (NUS) 
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3.3.1 IRP3 Research Overview  

 
In this reporting period, we have managed to further extend the capabilities of the J-Park Simulator 

(JPS) – our virtual simulation platform to exploit synergies within Jurong Island eco-industrial park. 

In particular, we have been able to quantify CO2-emissions on Jurong Island as well as potential con-

tributions the JPS can make towards reducing them. This process also demonstrated the value an 

ontological approach can add to intelligent decision-making. In a similar vein, we have added a fea-

ture which allows users to make simple queries formulated in natural language. Both these exam-

ples reflect that we are beginning to take advantage of the fact that we use ontologies as underlying 

structures to represent data and knowledge formalised through models, thus making use of the 

unique possibilities offered by this which would not be available if we had employed conventional 

database concepts. In addition, we have continued to expand our collection of applications which 

involve acquisition of measurement data, such as urban particulate matter concentrations (see fig-

ure below), and Building Management System (BMS) data. This data is represented in ontological 

form within the JPS, thereby ensuring real-world information is being fed in useful form into the JPS 

in real time. 

With our state-of-the-art laboratory facilities in Singapore as well as Cambridge now up and run-

ning, progress has continued apace with our ability to flame-synthesise and characterise various 

nanomaterials. This includes the measurement and characterisation of soot in a number of flame 

configurations, as well as a variety of inorganic nanostructured materials with promising catalytic 

properties for applications such as hydrogen-generation. 

We have furthermore continued to complement our experimental activities by accompanying mod-

elling work. Our population balance models describing nanoparticle formation in flames, which are 

the most detailed models available, have now begun to reach a level of detail where we can include 

properties that are critical to the functionality of the particles, such as the crystal phase in titania. 

 

 

Prof. Markus Kraft, 

University of Cambridge 

PI, IRP3 

October 2017 
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Particulate matter (PM) 

spectrum recorded at 

CREATE Tower on 17th 

August 2017.  Increased 

levels of nanoparticle 

concentrations are ob-

served during a rain 

episode (Dr ZONG Yi-

chen, RF, NUS, IRP3).  
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3.3.2 Update on work packages 

WP3.1 Industrial network model of Jurong Island – Process Flow Sheets: energy 

and material 

ZHANG Chuan’s (PhD student, NTU, IRP3) research interests include energy system environmental 

assessment, urban energy system design and optimisation, sustainable heating and cooling, fossil 

fuel power plant decarbonisation, demand side response, and waste heat recovery. He has been 

mainly working on the CO2-emission accounting functionality of the J-Park Simulator (JPS), and the 

design and optimisation of energy and material networks on Jurong Island. He has submitted a pa-

per on the knowledge management within an Eco-Industrial Park (EIP) for efficient energy utilisa-

tion, in which an intelligent energy management system for EIPs based on an explicit domain ontol-

ogy is proposed. By applying the JPS to solve a waste heat utilisation problem, it is shown that an 

ontology-based approach can facilitate intelligent decision-making, increase knowledge interopera-

bility within an EIP, and can allow self-optimisation without human intervention within the Internet 

of Things (IoT). 

Related to this, LIM Mei Qi (Project Officer, NTU, IRP3) has been working on developing simulation 

models and ontologies for the J-Park Simulator. Her main research interest is in process modelling. 

She has produced quantitative estimates of CO2-emissions from Jurong Island using the Carnegie 

Mellon (US 2002 Producer Price) Model and information available in the public domain. She then 

used this, as well as literature data, to quantify the CO2-reduction potential of the J-Park Simulator. 

ZHOU Li’s (RF, NUS, IRP3) main research interest lies in the study of chemical process modelling and 

optimisation. Recently, she has been focusing on developing an ontology for Eco-Industrial Parks 

and J-Park Simulator (JPS) development. She has documented the eco-industrial park ontology, the 

underlying principles and the development steps 

in the JPS manual, for the guidance of future 

ontology development. She has submitted a 

paper on an ontology framework for infor-

mation modelling and management, which pre-

sents a skeletal ontology for eco-industrial 

parks. A decentralised information management 

system is constructed for Jurong Island by apply-

ing the developed ontology. Jointly with 

Harshjyot SINGH and ZHOU Xiaochi, she has 

started building functionality which, based on 

the created ontological knowledge base, allows 

carrying out natural language information que-

ries in the J-Park Simulator. At present, the JPS 

can answer simple questions such as “Which 

chemical plants produce benzene? 

Leonardus Kevin ADITYA’s (Project Officer, NTU, 

IRP3) research interests include energy topics, 

especially environmentally friendly renewable energy and how to reduce CO2-emissions produced 

by non-renewable fossil fuel energy. His current focus is on ontology and J-Park Simulator develop-

ment. For the domain of electricity networks, the ontology was extended so that it can be used for 
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Overview of the J-Park 

Simulator (Leonardus Kevin 

ADITYA, Project Officer, 

NTU, IRP3).  
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the electrical network on Semakau Island. It contains individual Web Ontology Language (OWL) files 

for every network component available, which are photovoltaic cells, batteries, diesel generators, 

load points, marine generators, transmission lines, and wind turbine. In addition, other parts of Se-

makau such as buildings are also represented in the individual OWL files, which can be seen con-

nected to the Semakau Island nodes in the graphical visualisation. The relationship between the 

photovoltaics knowledge base and the real-time source data of solar irradiation is made to dynami-

cally simulate the model in J-Park Simulator using PowerWorld – a commercial piece of software 

used in IRP4 to simulate power grids. In addition, the ontology has been extended to incorporate a 

Building Management System (BMS), specifically related to the CARES laboratory. Samples for every 

type of sensor knowledge base files were created to be the files which store the real-time data ob-

tained from the sensors attached to equipment in the CARES lab. Ontology and knowledge base files 

were also created for the HVAC system of the CARES lab, which is connected to the process control 

system for the fume hood and other lab equipment. A poster giving a general overview of the J-Park 

Simulator was presented during the British High Commission event ‘Science is Great’ on 13 June 

2017. 

 

 

 

 

 

 

 

 

 

 

Khamila Nurul KHAQQI’s (PhD student, NTU, IRP3) research is focussed on blockchain applications 

with relevance to the chemical process industry. She has continued her investigation into blockchain

-enabled emission trading and how the addition of a reputation system to the application and its 

utilisation to distribute trading benefits can provide added incentive for the participants to invest 

more in research and adoption of clean technology (see Fig. 3.3). Several of the research findings 

have been presented at international conferences, and a journal paper on incorporating a seller/

buyer reputation system into a blockchain platform for emission trading has been submitted to Ap-

plied Energy. The next step is to connect the blockchain application to the J-Park Simulator so that 

the application is seamlessly integrated into the virtual eco-industrial park simulation platform. This 

connection is accomplished through a task ontology currently being developed. The task ontology 

will act as the logic and decision maker to execute trades in blockchain environment in an automat-

ed fashion. 

 

 

 

Biannual Research Report (May 2017—October 2017) 

The concept of a 

blockchain-enabled 

emission trading 

scheme (Khamila 

Nurul KHAQQI, PhD 

student, NTU, IRP3).  
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WP3.2: Link of refinery products with engine operations – surrogate fuels: model 
and experiments 

In order to complement the study of soot emission from fuels, Dr Maria BOTERO (RF, NUS, IRP3) has 

worked on the characterisation of soot particles from ‘the Yale flame’ – a reference co-flow diffu-

sion flame defined in the combustion community, with nitrogen-diluted ethylene as fuel. She is par-

ticularly interested in the morphology and nanostructure evolution along the flame and between 

the centreline and wings. A thermophoretic sampling technique has been used to obtain soot sam-

ples in the flame, and transmission electron microscopy to image the particles. She further devel-

oped a fringe analysis algorithm that allows the study of the soot nanostructure with respect to the 

particle radius, with the aim to understand the carbonisation and oxidation processes that happen 

inside the flame. The experimental conditions were selected to allow the direct comparison with 

flame simulations performed by Dr Edward YAPP (Project officer, NTU, IRP3). They are comparing 

the experimental and simulation results to further improve the soot models and to gain insight of 

the chemical and physical phenomena involved in the formation of soot, the growth of the primary 

particles and aggregates and their oxidation. Simultaneously with Dr Jochen DREYER (RF, UCAM, 

IRP3), they built a system that allows the evaporation of liquid fuels into these ethylene flames. This 

evaporation system will enable a more controlled, systematic and fundamental study of soot for-

mation from liquid fuels, such as commercial automotive and marine fuels and additives. 

Drs TAN Yong Ren and Maria BOTERO (both RF, NUS, IRP3) have been working on the characterisa-

tion of the pollutant suppression ability of a promising oxygenated additive, poly oxy-methylene 

dimethyl ether (PODE), using the ASTM D1322 smoke point lamp (Fig. 3.4). Of particular interest is 

the chain length effect of the PODE series in soot suppression ability. Measuring the smoke point of 

the PODE series as well as other oxygenat-

ed additives has been completed to inves-

tigate the chain length effect and make a 

comparison of how PODE fare as com-

pared to other selected oxygenated addi-

tives. Further characterisation of the PODE 

series such as through particle size distri-

bution, Laser-Induced Incandescence (LII), 

and Laser-Induced Fluorescence (LIF) 

measurements will also be conducted so as 

to shed light on the sooting mechanism 

and species in the PODE flames. An in-

crease in chain length in the PODE series, 

and thus an increase in oxygen content, 

does not improve the soot reduction ability 

possibly because the additional oxygen 

molecules do not produce radical species 

that could assist in soot reduction. Oxygen 

content is not the sole consideration in 

defining the sooting propensity, but de-

composition pathways and molecular structure need to be taken into account in predicting sooting 

propensity of oxygenated hydrocarbons. 
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Soot suppression abil-

ity of the Poly Oxy 

methylene Dimethyl 

Ethers (PODE) series 

(Drs TAN Yong Ren and 

Maria BOTERO, both 

RF, NUS, IRP3).  
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Drs ZONG Yichen and Maria BOTERO (both RF, NUS, IRP3) have jointly been working on measuring 

particle size distributions of PM2.5 and PM1.0 in Singapore, and apportioning possible sources. A 

particulate matter (PM) measurement station has been built at the terrace of the CREATE Tower, 

directly facing the busy AYE toll road. PM size distribution, temperature and humidity are automati-

cally recorded at a frequency of 1Hz. A measurement campaign has been conducted, collecting 

about 180 hours of PM emission data and basic weather information. Current results reveal the im-

pact of both traffic and weather condition on PM concentration and distribution (see Fig. 3.1). PM 

induced by traffic reaches a peak at about 8-9am in the morning and 7-8pm in the evening. The 

weather condition has been found to also play an important role in the nucleation and growth of 

ambient PM, and an interesting example is the precipitation. Large amounts of small particles (< 50 

nm) are observed during and after each precipitation event. Currently, the second phase of the 

measurement campaign is ongoing, which aims to understand the nucleation and growth of PM 

induced by the typical tropical environment in Singapore. Secondly, Drs Zong and Botero have start-

ed preparing a campaign to measure PM size distributions from ships (harbour) and chemical indus-

try emissions. This project, in conjunction with the J-Park Simulator, will lead to important infor-

mation on the impact of marine engine and chemical technology emissions on the air quality in Sin-

gapore. 

Furthermore, Drs ZONG and BOTERO have been constructing our brand-new laser lab at CARES for 

optical diagnostics of nanoparticles in combustion.  The laser lab is aimed to study flame-made na-

noparticles – soot and metal oxides – via state-of-the-art laser techniques. After several months of 

market survey and negotiation, we have finally ordered the LaVision FlameMaster system with 

Quantel pump and dye laser. The system can be used for LIF, LII, extinction/absorption and online 

temperature measurements. Once the laser system arrives in October we aim to conduct in situ 

investigations of the evolution of soot, from PAH reactions to particle nucleation. 

The flame rig recently developed by Dr Jochen DREYER (RF, UCAM, IRP3) was moved to the new 

facilities of the Department of Chemical Engineering and Biotechnology (CEB), University of Cam-

bridge, and the experimental work on soot formation during hydrocarbon combustion has started 

(Fig. 3.5a). Ongoing work aims at elucidating the influence of the fuel structure on the soot nuclea-

tion and growth mechanism. For instance, Maximilian POLI, a visiting Master student from the Tech-

nical University of Munich, has been using n-heptane/toluene mixtures for the vapour-fed diffusion 

flame and takes soot samples from within the flame at different stages of soot formation (Fig. 3.5b). 

This approach enables us to monitor the complete evolution of soot formation, starting from prima-

ry particle nucleation, particle growth, aggregation and agglomeration, to oxidation (Fig. 3.6). Com-

paring the soot number density, particle size distribution, and their time/temperature history to the 

utilised fuel gives insight into the combustion chemistry and soot generation mechanisms. The ex-

perimental results are compared to numerical simulations to improve state-of-the-art models of 

flames and soot formation and in the future facilitate predictions about the sooting tendency of 

different fuels and combustion systems. 

In another project, jointly with Angiras MENON (PhD student, UCAM, IRP3), IRP3 researchers have 

developed new techniques to characterise flame properties and physiochemical features of soot. 

Here, state-of-the-art Density Functional Theory (DFT) methods were applied to predicting the elec-

tronic structure of polycyclic aromatic hydrocarbons (PAHs), the main constituent of soot. The simu-

lations were compared to experimental UV-Vis absorption and photoluminescence measurements 

of commercial PAHs. The work is expected to be submitted for publication this year and future ex-
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periments will include more complex PAH mixtures and soot. 

In 

parallel to the ongoing experimental work, a new premixed stagnation flame is currently being im-

plemented into the flame rig to extend the flexibility and versatility of the current setup. The stag-

nation surface hereby represents a well-defined boundary condition for comparison with numerical 

simulations while pre-mixing of the fuel and oxidiser allows us to compare the experimental data to 

1-D combustion models. The 

addition of another burner for 

synthesising metal oxides in 

flames is scheduled for the end 

of the year. 

WU Shaohua (PhD student, 

NUS, IRP3) is studying funda-

mentals of soot formation in 

combustion, with the primary 

goal being to develop a mathe-

matical model to describe the 

soot formation and oxidation 

processes accurately. He is us-

ing population balance equations to describe the soot particle dynamics and the method of mo-

ments to solve these equations. The developed model is adopted in simulations of combustion in 

diesel engines as well as flames (both premixed and opposed-flow diffusion flames). Most recently, 

he has been working on the implementation of a moment projection method (MPM) to simulate the 

combustion process inside diesel engines. A new scaling method has been developed to treat the 

soot moments in the code so that higher computational efficiency can be achieved. The model has 

been tested in simulations of constant volume reactors, homogeneous charge compression ignition 
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(a) Recently completed 

flame rig for soot and 

inorganic nanoparticle 

research inside a fume 

cupboard in the new 

CEB laboratory facili-

ties. (b) A quartz sam-

pling tube inside a 

vapour-fed diffusion 

flame. Samples are 

taken from within the 

flame at different stag-

es of soot formation 

and the particle size 

and number density is 

measured (Dr Jochen 

DREYER, UCAM, IRP3).  

Particle size distributions 

of soot taken at different 

heights above the burner 

along the centreline of a 

co-flow diffusion flame 

fed with a 20% toluene/n-

heptane mixture (Dr Joch-

en DREYER, UCAM, IRP3).  
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engines, and direct injection diesel engines. For the diesel engine simulations, 18 test cases covering 

a wide range of engine operating conditions were considered to validate the applicability of the 

model. The model is able to complete all these simulations at a small computational cost. Further-

more, this model has been used to simulate a ‘Great Wall’ diesel engine and compared with experi-

mental data. One paper based on this has accepted for the 9th International Conference of Applied 

Energy (ICAE). Besides engine simulations, flames have also been investigated. An in-house flame 

code has been successfully coupled with the MPM-based soot model. In order to overcome conver-

gence difficulties related to the flame code, a post-processing method to solve the soot model sepa-

rately has been developed and the results have been used as the initial condition for soot moments 

in the flame code. Results suggest that this post-processing method can significantly help achieve 

convergence for the flame code. Work is in progress to integrate the flame code with the post-

processing code. 

Jacob MARTIN (PhD student, UCAM, IRP3) is currently studying the formation of soot using molecu-

lar dynamics and quantum chemistry to look at gas-soot interactions and self-assembly processes 

within carbon materials. He is continuing to explore the impact of curved structures on the for-

mation of soot. A poster was presented at the Carbon 2017 conference detailing the importance of 

using atom-centred dipoles to describe the flexoelectric dipole moment in these molecules. The 

impact of curved fragments on why some materials such as soot, charcoal or carbon fibres do not 

convert into graphite at high temperature is a topic of interest due to our recent work on under-

standing the degree of carbonisation in soot particles. On this topic, jointly with visiting student 

Laura PASCAZIO, we are currently simulating the hardness of different crosslinked materials using 

reactive molecular dynamics with the goal of correlating various crosslinked structures with the 

hardness of soot determined using nanoindentation studies. We have recently published a paper on 

the carbonisation of fullerene soot in the journal Carbon. Fullerene soot contains closed curved frag-

ments (fullerenes) – similar structures have been found in Euro-VI soot. We found that coalescence 

of carbon cages led to the formation of giant fullerenes which can be produced up to C300. This has 

important implications for the reactivity of soot as it is carbonised during combustion. Coalescence 

of small curved fragments into larger fragments decreases their reactivity. 

 WP 3.3: Nanoparticle/film flame synthesise—kinetics and application 

SHENG Yuan’s (PhD student, NTU, IRP3) research has been focused on Co3O4 and FexCo3–xO4 nano-

particles and films synthesised in premixed stagnation flames. Built on the basis of earlier work on 

the optimisation of the burner set-up, the synthesis and electrochemical (oxygen evolution reaction, 

OER) performance of the Co/Fe oxides were studied in detail using a lean C2H4/O2/Ar flame. By accu-

rately controlling the temperature of an in-house precursor vaporiser, tuning of the average size of 

Co3O4 and FexCo3–xO4 nanoparticles between 3.5-5.5 nm was achieved. The particles can now be 

prepared with good reproducibility at production rates of up to 1 mg/min. When supported on Ni 

foam electrodes, the nanoparticle catalysts showed stable OER overpotentials of 295 mV at 10 mA/

cm2 and Tafel slopes of 39 mV/dec at the best, comparable to the performance of state-of-the-art 

(Fe-doped) Co3O4 catalysts synthesised by wet chemical methods. It was discovered that the envi-

ronment inside the flame promoted formation of surface defect sites on the nanoparticles, which 

contributed to their high activity. Moreover, morphological control of nanostructured thin-films of 

the same materials were also carried out successfully on graphite substrates. Granular and colum-

nar films can now be selectively prepared, with an intermediate film morphology found to be most 

beneficial to OER performance. To prepare for further studies on performance enhancement of the 
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Co/Fe oxide catalysts and on synthesis of other mixed transition metal oxide nanoparticles such as 

Cu2O/ZnO and NiCo2O4, a two-stage precursor vaporiser with separate temperature control was 

designed and assembled. It will allow free tuning of chemical composition of binary metal oxides. 

As preliminary research for laser diagnostics of flame-made nanoparticles, Dr ZONG Yichen (RF, 

NUS, IRP3) has theoretically investigated the laser-nanoparticle interaction and the laser-induced 

emissions are simulated in the model. For both soot and metal oxide particles (like TiO2 in flame 

synthesis), the laser-nanoparticle interaction can be divided into three stages, namely the absorp-

tion of photons, the excitation of atoms, electrons, and ions, and the heating and evaporation of 

surface material. In the calculation, the particle volume fraction is proportional to the signal intensi-

ty and the size information can be inferred from the incandescence decay with the proper heat 

transfer model of nanoparticles.  

WU Shuyang (PhD student, NTU, IRP3) has been focussing on flame-synthesised metal oxides for the 

application in photocatalytic hydrogen-generation and CO2-reduction. The goal and significance of 

this work is to seek a sustainable way to produce green energy to substitute traditional fossil fuels 

and thus further address the global energy challenge, and mitigate greenhouse effects.  This recent 

work can be divided into two parts. The first part is to complete previous characterisation work of 

flame-made TiO2 for photocatalytic H2-generation in the UV-Vis light region. The catalytic perfor-

mance is superior to most of the results reported in the literature. The highest hydrogen-generation 

rate we have achieved so far is 21.9 mmol/g/h.  The second part is concerned with using flame-

made blue TiO2 for H2-generation in the visible light region. The precursor for synthesising TiO2 is 

different from the first part of the work. We have shown that using TiCl4 as precursor and control-

ling the reaction time within 15 min can produce Ti3+-doped blue TiO2. The Ti3+ and oxygen vacancies 

in the catalyst have a significant impact on the final application and it can improve the utilisation of 

the visible light for photocatalytic reaction. We have combined C3N4 and Ti3+-doped TiO2 to form a 

composite for the application of H2 generation under visible light. According to zeta-potential data, 

TiO2 has negative charges and C3N4 has positive charges. They can combine with each other to form 

heterojunctions by electrostatic attraction. The highest H2-generation rate achieved is 2.1 mmol/g/

h. The composite has a better performance than TiO2 on its own (0.16 mmol/g/h) or C3N4 on its own 

(0.36 mmol/g/h). 

Energy shortage and environmental deterioration have been increasingly urgent and severe over 

the past decades. The limited non-renewable fossil fuels can hardly meet the growing energy de-

mand. Thus, the exploitation of new green energy resources has become a global concern in recent 

years. Sunlight and water are abundant natural resources, which can be utilised to produce renewa-

ble energy in the form of hydrogen through water splitting. Thus, our work has been focused on this 

promising area. Our flame-made TiO2 has many advantages over the traditional TiO2 which is made 

by wet chemistry. The small particle size (10-15nm), the large specific surface area (150 m2/g), the 

simple procedure and mass production can improve the hydrogen-generation rate significantly com-

pared to other catalysts. Besides, the excellent durability and environmental-friendly property can 

make our TiO2 nanoparticles a promising substitute for toxic heavy metal catalysts like CdS, CdO, 

and MoP.  

The first part of our work shows that our flame-made TiO2 can produce H2 at a very high rate under 

UV-Vis light using very small amounts of Pt as co-catalyst. Although the catalytic performance in the 

UV-Vis region is excellent, the UV radiation in the solar light is limited and the activity may reduce 

significantly when using solar light. Thus, in the second part of work, we seek a new way to utilise 
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visible light for H2-generation and other energy applications. We changed our precursor to TiCl4 and 

produce the Ti3+ doped blue TiO2. The Ti3+ and generated oxygen vacancies can promote efficient 

charge separations and enhance the utilization of photo induced electron to reduce H+ to H2. The 

goal of this work is to determine 

if there is a synergetic effect 

when combining blue TiO2 and g

-C3N4 for H2 generation under 

visible light. As we know, TiO2 is 

a good, stable, environmentally 

friendly catalyst for photocata-

lytic reaction, but the limited 

absorption of visible light inhib-

its its application. Graphite-like 

carbon nitride (g-C3N4) has been 

reported to be a non-toxic, sta-

ble and facile metal-free visible 

light photocatalyst. The band-

gap of g-C3N4 is about 2.7 eV, 

indicating a strong absorption in the visible light region. g-C3N4 has displayed excellent properties in 

photodegradation of organic 

contaminant and H2 evolu-

tion. However, the key issue 

with the high recombination 

of photoinduced electron-

hole pairs is still limited the 

photocatalytic applications of 

g-C3N4. To resolve this prob-

lem, coupling g-C3N4 with 

other semiconductors has 

attracted much attention, 
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UV spectra of TiO2 

(ER=2.3) loaded with 

0.1% and 1% Pt. When 

observing the colour of 

the samples after reac-

tion, we can find the 

colour of 0.1% Pt loaded 

is almost white and 1% 

Pt loaded is deep grey. 

The deep colour is due to 

more Pt deposited on 

the catalyst. Deep colour 

will block the light TiO2 

could absorb and utilise. 

Thus, it may have a neg-

ative effect on the pho-

tocatalytic reaction. 

From the UV spectrum, 

we can also see 1% Pt 

has a large absorption 

compared to 0.1% Pt 

(WU Shuyang, PhD stu-

dent, NTU, IRP3).  
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Photocatalytic H2-

generation with 

different Pt loads. The 

photocatalytic perfor-

mance is almost the 

same for 0.1% and 

1% Pt, but it in-

creased substantially 

compared to no Pt 

added (WU Shuyang, 

PhD student, NTU, 

IRP3).  

HRTEM image of TiO2 

with heterojunctions. 

The selected areas 

indicate heterojunc-

tions with rutile (110) 

facets (boxes) and 

anatase (001) facets 

(ellipses). (WU 

Shuyang, PhD student, 

NTU).  
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which inhibits the recombination of photoinduced electron-hole pairs and thus improves catalytic 

performance.  

Astrid BOJE’s (PhD student, UCAM, IRP3) interests are in applying stochastic population balance 

methods and models to industrial process design and optimisation. Her research project is focussed 

on modelling industrial titania synthesis. She is currently developing a reactor network model for 

this which includes a detailed description of the particle population. This has been developed in 

close collaboration with our industrial co-sponsors Huntsman (previously Huntsman Pigments and 

Additives, now Huntsman Venator), and a paper has just been published. Most recently, an energy 

balance has been incorporated into the coupled gas-phase chemistry and particle model. This intro-

duced additional numerical challenges, which are currently being addressed e.g. through weighted 

schemes to address high numerical rates, and the use of multithreading to improve efficiency. 

Casper LINDBERG’s (PhD student, UCAM, IRP3) research is focused on investigating the flame syn-

thesis of titanium dioxide nanoparticles using detailed population balance models, and in particular 

on developing a particle model that captures detailed morphological information and the crystal 

phase of particles. Such a model can be used to study the relationship between the reactor condi-

tions under which nanoparticles form and their performance in the post-synthesis milling process. 

He is developing a detailed population balance model for titanium dioxide and improving the way in 

which particles are represented and evolve under surface growth and sintering processes. This al-

lows tracking morphological properties such as the particle free surface area, neck size, and primary 

diameter. The detailed morphological data can be used to relate reaction conditions during particle 

synthesis to the milling properties of the particles. The model is currently being used to investigate 

TiO2 synthesis from titanium tetraisopropoxide (TTIP) in a stagnation flame. Several simulated quan-

tities can be directly compared with experiment, such as the numbers and size distributions of pri-

mary particles. A key next step will be to extend the model to the crystal phase of titanium dioxide 

particles. 

Manoel MANUPUTTY’s (PhD student, UCAM, IRP3) research project aims to investigate the for-

mation and dynamics of TiO2 (titania) na-

noparticles in flames using both computa-

tional modelling and experimental tools, 

and more broadly nanoparticle formation 

and characterisation. Recent progress was 

achieved in developing and benchmarking 

experimental methods for nanoparticle 

sampling and measurements including 

with differential mobility spectrometer 

(DMS) and TEM sampling. The measured 

particle sizes and distributions were ob-

tained for different experimental condi-

tions which are then used to construct a 

model to describe the particle formation 

from gas phase precursor. The modelling 

effort builds upon previous successes 

where a one-dimensional stagnation flow model with a simple moment-based particle model was 

developed. The output from the moment-based model is then fed into a detailed particle code 
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A high resolution 

TEM image of 

flame-synthesised 

TiO2 particles with 

single-crystalline 

spherical primaries 

of 5-10 nm in di-

ameter. The insets 

are a zoomed-in 

area showing 

lattice fringes (top) 

and a selected area 

electron diffraction 

pattern (SAED, 

bottom) (Manoel 

MANUPUTTY, PhD 

student, UCAM, 

IRP3).  
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through post-processing to resolve for particle properties which are directly comparable to experi-

mental results. More recently, there has been growing interest to further understand phase trans-

formations of titania nanoparticles in flames due to 

their importance in different catalytic applications. 

The current focus is an experimental investigation of 

these phase transformations, accompanied by model 

development. 

 

 

 

 

 

 

 

WP 3.4: Modelling and optimisation of 

unit operations 

Aravind DEVANAND (PhD student, NUS, IRP3) 

has been working on the creation of knowledge 

bases for power plants located all over the world. As a first step, he created an ontology for power 

plants which is capable of holding all the targeted information. It is also compatible with, and ex-

tends, the Eco-Industrial Park ontology developed by the J-Park Simulator group. Based on the pow-

er plant ontology, he developed code to take information for specific power plants from the Global 

Energy Observatory database and converted it into a set of knowledge bases built for the power 

plants. This knowledge base will be utilised for many other applications like optimisation, modelling, 

etc. 

VO Chi Hung‘s (PhD Student, NUS, IRP3) research focuses on the construction of a metabolic model 

for the methanogen M. maripaludis S2, an organism capable of capturing CO2 and producing useful 

chemical products such as methane. A refined setup of the experiment has been achieved, which 

required tackling successfully several challenging aspects of the setup. This included ensuring an 

anaerobic environment for the growth of the organism, and guaranteeing safe operation since flam-

mable gases are involved. The setup of the experiment was finalised after consulting with several 

other professors and visiting a few other microbiology laboratories. Feedstock purchases and risk 

assessments have been completed and first experiments will be conducted once the risk assess-

ments have been approved. Knowledge gained from investigating the metabolic reactions of this 

organism will allow genetic modification to enhance its CO2 capture. The long-term goal is to 

demonstrate the feasibility of a bioreactor which can convert CO2 into useful fuel or other organic 

products. 

Pulkit CHHABRA (PhD student, NTU, IRP3) has continued his work on developing a generalized ki-

netic model for transesterification and saponification – key reactions involved in the process of bio-
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Powder X-ray diffraction 

(PXRD) spectra of TiO2 

particles collected from 

laminar flame experiments 

stabilised on a rotating 

plate with varying precur-

sor loading. The spectra 

show the presence of a 

mixture of mainly rutile 

and TiO2-II phases as a 

function of the precursor 

loading. Anatase is ob-

served only at a very high 

loading (Manoel 

MANUPUTTY, PhD stu-

dent, UCAM, IRP3).  

A schematic showing the 

experimental setup of a 

laminar flame stabilised 

on a stagnation plate with 

a built-in sampling line. 

The particles are sampled 

through an orifice, 

quenched with a nitrogen 

dilution flow, and deposit-

ed on a TEM grid for 

quantitative analysis 

(Manoel MANUPUTTY, 

PhD student, UCAM, 

IRP3).  
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diesel production. The model can account for any biodiesel feedstock composed of a specific set of 

fatty acids. The work involves the following three aspects: 1) modelling the reaction kinetics of bio-

diesel production, 2) optimising reactor operating parameters affecting the biodiesel production 

process, and 3) building an ontological framework for modelling and optimisation of biodiesel pro-

duction process. He has recently completed a paper about the first part – the reaction kinetics for 

biodiesel production, which is due to be presented at the AIChE Annual Meeting 2017 in Minneap-

olis, Minnesota. In addition, a Bayesian estimation technique for estimation of the most sensitive 

parameters and their associated uncertainties has been applied. The next steps are reactor optimi-

sation and the development of an ontology for the kinetic model to be incorporated into the J-Park 

Simulator. 

 

WP 3.5: Automated model development and experimental design/decision sup-

port 

Sushant GARUD’s (PhD student, NUS) research focuses on the design and analysis of computer ex-

periments for the parameterisation of complex systems. This involves (a) modelling and simulating 

complex chemical processes using custom-made process simulators, (b) studying various sampling 

techniques for designing computer experiments and developing adaptive intelligent sampling tech-

niques for surrogate approximation, (c) analysing computer simulations with the help of parameteri-

sation, and (d) studying the parameterisation on different levels in complex systems. Our review 

paper on the design of computer experiments published previously has received a positive response 

from the research community. He furthermore contributed to the development of the J-Park Simu-

lator (JPS). He mainly worked on developing an agent related to a Building Management System 

(BMS) for the JPS. This agent uses data from the BMS to quantify the energy usage and chilled water 

requirement of the MAU in the CARES lab and visualises it on the JPS website. He currently investi-

gates a guidance and evaluation scheme for selecting surrogate models (GENESIIS). 

 

Other Activities and Achievements 

 

 Prof. XU Rong (Co-PI, NTU, IRP3) gave an invited Keynote Speech at the 8th International 

Conference on Hydrogen Production in Brisbane, Australia, 29-31 July 2017. In addition, her 

paper, Tu et al., “Investigating the Role of Tuneable Nitrogen Vacancies in Graphitic Carbon 

Nitride Nanosheets for Efficient Visible-Light-Driven H2 evolution and CO2 reduction” (DOI: 

10.1021/acssuschemeng.7b01477) was selected as cover page for ACS Sus. Chem. Eng. and 

ACS Editors’ Choice Article. 

 Several IRP3 staff have been involved in presenting the J-Park Simulator to a number of 

stakeholders, including the Singapore Energy Market Authority, the National Research Foun-

dation, the British High Commission, and the Prime Minister’s Office Strategy Group. 

 Dr Maria BOTERO (RF, NUS, IRP3), Manoel MANUPUTTY (PhD student, UCAM, IRP3), and Su-

shant GARUD (PhD student, NUS, IRP3) were selected as delegates and presented research 

posters at the Commonwealth Science Conference held in Singapore on 13-16 June 2017. 

 Manoel MANUPUTTY (PhD student, UCAM, IRP3) gave an invited oral presentation on flame 
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synthesis of TiO2 nanoparticles at the CEB Research Conference, 26-27 June 2017, at Univer-

sity of Cambridge. Manoel MANUPUTTY, Dr ZONG Yichen (RF, NUS, IRP3), and Astrid BOJE 

(PhD student, UCAM, IRP3) also presented posters at the same event. 

 Astrid BOJE and Manoel MANUPUTTY (both PhD students, UCAM, IRP3) presented posters at 

the Cambridge Particle Meeting on 23 June 2017 in Cambridge. 

 Dr ZHOU Li (RF, NUS, IRP3), Janusz SIKORSKI (PhD student, UCAM, IRP3), WU Shaohua (PhD 

student, NUS, IRP3), ZHANG Chuan (PhD student, NTU, IRP3), and Khamila Nurul KHAQQI 

(PhD student, NTU, IRP3) each presented a paper at the 9th International Conference on Ap-

plied Energy in Cardiff, UK, 21-24 August 2017. 

 Dr ZHOU Li (RF, NUS, IRP3), Leonardus Kevin ADITYA (Project Officer, NTU, IRP3), ZHANG 

Chuan (PhD student, NTU, IRP3), and WU Shaohua (PhD student, NUS, IRP3) each spent sev-

eral weeks as visiting researchers at Cambridge University. 

 Jacob MARTIN (PhD student, UCAM, IRP3) presented a poster on the dipole moment in 

curved aromatic molecules at the Carbon 2017 conference in Melbourne, Australia entitled 

“Impact of fullerene-like structures in carbon materials: Describing the electrostatics of 

curved polycyclic aromatic hydrocarbons”. 
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3.3.3 Scientific output of IRP3  

The following are some examples of the CREATE-acknowledgement papers and other outputs gen-
erated by IRP3 during the reporting period. A full list of publications during the period may be found 
in Appendix A. 

Compartmental residence time estimation in batch granulators using a colouri-

metric image analysis algorithm and Discrete Element Modelling 

McGuire, Andrew, Lee, Kok Foong, Dosta, Maksym, Mosbach, Sebastian, Rosenboom, Jan-Georg, 

Heinrich, Stefan, Kraft, Markus 

doi.org/10.1016/j.apt.2017.06.005 

Highlights:  

 An experimental method/colourimetric algorithm for the estimation of coloured particle vol-

ume fractions in regions of a batch granulator is presented.  

 The algorithm is coupled with a mixing model to obtain residence times within key regions of 

system.  

 The performance of the combined algorithm/model is assessed using three distinct granular 

test cases. 

 

Abstract: 

In this paper we present an 

experimental technique and 

a novel colourimetric image 

analysis algorithm to eco-

nomically evaluate particle 

residence times within re-

gions of batch granulators 

for use in compartmental 

population balance models. 

Residence times are extract-

ed using a simple mixing 

model in conjunction with 

colourimetric data. The 

technique is applied to the 

mixing of wet coloured 

granules (binary and ternary systems) in a laboratory scale mixer. The resulting particle concentra-

tion evolutions were in qualitative agreement with those from the mixing model. It was seen that 

the algorithm was most stable in the case of the binary colour experiments. Lastly, simulations using 

the Discrete Element Method (DEM) were also performed to further validate the assumptions made 

in the analysis of the experimental results. Particle concentrations from the simulations showed the 

same trends as the experiment and highlighted the importance of particle size distributions on the 

DEM residence times.  
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Giant fullerene formation through thermal treatment of fullerene soot 

Martin, Jacob , McIntosh, Grant, Arul, Rakesh, Oosterbeek, Reece, Kraft, Markus, Soehnel, Tilo 

doi.org/10.1016/j.carbon.2017.09.045 

Abstract: 

Coalescence of fullerenes into giant fullerenes (Cn n > 100) has been observed in the gas phase and 

inside carbon nanotubes. In this work, we demonstrate the formation of giant fullerenes by heating 

fullerene soot. Extracting the majority of the magic number fullerenes (C60 and C70) allowed the un-

derlying distribution of fullerenes in the solid state to be measured. Upon heating at 800–1000 °C 

for 30–60 min under vacuum the mass distribution of fullerenes was found to shift toward larger 

masses. High resolution electron microscopy was used to compare formation of giant fullerenes by 

thermal heating and electron beam irradiation, showing the former produced more isolated giant 

fullerene fragments >1 nm in size. The driving force for coalescence and growth by thermal heating 

was suggested to be vertex strain at pentagonal sites, providing a route towards the synthesis of 

fullerenes up to C300.  

Theoretical study of the Ti-Cl bond cleavage reaction in TiCl4 

Nurkowski, Daniel, Jasper, Ahren, Akroyd, Jethro,  Kraft, Markus 

doi.org/10.1515/zpch-2016-0866  

Highlights:  

 A detailed theoretical study of the rate of the TiCl3 + Cl reaction is presented.  

 Variable-reaction coordinate transition-state theory is combined with the master equation to 

estimate the rate coefficients at various pressures and temperatures.  

 Multireference CASPT2(6e,4o)/cc-pVDZ level of theory is employed to dynamically build the 

reactive surface.  

 Collisional energy transfer parameters for TiCl4-Ar system are estimated using a "one-

dimensional minimisation" and classical trajectories methods. 

 

Abstract: 

In this work the kinetics of the TiCl4 <=> TiCl3 + Cl reaction is studied theoretically. A variable-
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reaction coordinate transition-state theory 

(VRC-TST) is used to calculate the high-

pressure limit rate coefficients. The interac-

tion energy surface for the VRC-TST step is 

sampled directly at the CASPT2(6e,4o)/cc-

pVDZ level of theory including an approxi-

mate treatment of the spin-orbit coupling. 

The pressure-dependence of the reaction in 

an argon bath gas is explored using the mas-

ter equation in conjunction with the opti-

mised VRC-TST transition-state number of states. The collisional energy transfer parameters for the 

TiCl4-Ar system are estimated via a "one-dimensional minimisation" method and classical trajecto-

ries. The Ti-Cl bond dissociation energy is computed using a complete basis set extrapolation tech-

nique with cc-pVQZ and cc-pV5Z basis sets. Good quantitative agreement between the estimated 

rate constants and available literature data is observed. However, the fall-off behaviour of the mod-

el results is not seen in the current experimental data. Sensitivity analysis shows that the fall-off 

effect is insensitive to the choice of model parameters and methods. More experimental work and 

development of higher-level theoretical methods are needed to further investigate this discrepancy. 

Phosphonate-Based Metal–Organic Framework Derived Co–P–C Hybrid as an Effi-

cient Electrocatalyst for Oxygen Evolution Reaction 

Tianhua Zhou,  Yonghua Du, Danping Wang, Shengming Yin, Wenguang Tu, Zhong Chen, Armando 

Borgna, and Rong Xu 

DOI: 10.1021/acscatal.7b00937 

Abstract: 

Cobalt phosphate is considered to be one of the most active catalysts for the oxygen evolution reac-

tion (OER) in neutral or near-neutral pH media, but only a few transition-metal phosphates are in-

vestigated in alkaline media, probably due to their poor intrinsic electrical conductivity and/or ten-

dency to aggregate. Herein, in situ-

formed cobalt phosphate decorated 

with N-doped graphitic carbon was 

prepared using phosphonate-based 

metal–organic frameworks (MOFs) as 

the precursor. It can serve as a highly 

active OER catalyst in alkaline media, 

affording a current density of 10 mA 

cm–2 at a small overpotential of 215 

mV on the Ni foam. A combination of 

X-ray absorption spectroscopy and 

high-resolution XPS elucidates the 

origin of the high activity. Our obser-

vations unveil that cobalt diphosphate 

having the distorted metal coordina-

tion geometry with long Co–O and Co–Co distances is mainly responsible for the high OER activity. 
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These results not only demonstrate the potential of a low-cost OER catalyst derived from phospho-

nate-based MOF but also open a promising avenue into the exploration of highly active and stable 

catalysts toward replacing noble metals as oxygen evolution electrocatalysts. 

Combustion modeling in RCCI engines with a hybrid characteristic time combus-

tion and closed reactor model 

Dezhi, Zhou, Wenming, Yang, Jing, Li, Kun Lin, Tay, Markus, Kraft 

Doi: 10.1016/j.apenergy.2017.08.137  

Highlights: 

 A hybrid model based on the classical CTC model and CHEMKIN model was proposed  

 The proposed hybrid model is able to model RCCI combustion with detailed chemistry  

 The hybrid model is robust and efficient for RCCI combustion simulations 

Abstract: 

This study proposed a hybrid model consisting of a characteristic time combustion (CTC) model and 

a closed reactor model for the combustion modelling with detailed chemistry in RCCI engines. In the 

light of the basic idea of the CTC model of achieving chemical equilibrium in high temperature, this 

hybrid model uses the CTC model to solve the species conversion and heat release in the diffusion 

flame. Except for the diffusion flame, the auto-ignition in RCCI combustion is computed by a closed 

reactor model with the CHEMKIN library by assuming that the computational cells are closed reac-

tors. The border of the transition between the CTC model and closed reactor model is determined 

by two criteria, a critical temperature and a critical Damköhler number. On the formulation of this 

hybrid model, emphasis is placed on coupling detailed chemistry into this hybrid model. A CEQ solv-

er for species equilibrium calculations at certain temperature, pressure was embedded with CTC for 

detailed chemistry calculation. Then this combustion model was integrated with the CFD framework 

KIVA4 and the chemical library CHEMKIN-II and validated in a RCCI engine. The predicted in-cylinder 

pressure and heat release rate (HRR) show a good consistency with the data from the experiment 

and better accuracy than that computed from the sole closed reactor model. More importantly, it is 

observed that this model could save computational time compared with closed reactor model due 

to less stiff ordinary differential equations (ODEs) computation. A sensitivity analysis of the critical 

temperature and critical Damköhler number was conducted to demonstrate the effect of these two 

parameters in the current model.
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Developing breakage models relating morphological data to the milling behaviour 

of flame synthesised titania particles 

Lindberg, Casper, Akroyd, Jethro, Kraft, Markus 

Doi:10.1016/j.ces.2017.03.016 

Highlights: 

 A hot wall titania reactor is simulated using a detailed population balance model.  

 Breakage models are developed utilising morphological data from the particle model. 

 Models are used to relate reactor conditions to the milling behaviour of particles. 

Abstract: 

A detailed population balance model is used to relate the reactor conditions of flame synthesised 

titanium dioxide particles to their milling behaviour. Breakage models are developed that utilise 

morphological data captured by a detailed particle model to relate the structure of aggregate parti-

cles to their size-reduction behaviour in the post-synthesis milling process. Simulations of a labora-

tory-scale hot wall reactor are consistent with experimental data and milling curves predicted by the 

breakage models exhibit features consistent with experimental observations. The selected breakage 

model considers the overall fractal structure of the aggregate particles as well as the neck size be-

tween neighbouring primary particles. Application of the model to particles produced under differ-

ent reactor residence times and temperatures demonstrates that the model can be used to relate 

reactor conditions to the milling performance of titanium dioxide particles. 

Impact of Various Factors on the Performance and Emissions of Diesel Engine 

Fueled by Kerosene and Its Blend with Diesel 

Wenming, Yang, Kun Lin, Tay, Kah Wai, Kong 

Highlights:  

 A compact but robust skeletal chemical reaction mechanism for the combined combustion of 

diesel and kerosene is developed in this work  

  An extensive numerical investigation on the combustion and emission formation of a diesel 

engine fueled by kerosene and its blend with diesel has been presented  

 The impact of major factors such as the fuel blend ratio, fuel injection timing, fuel injection 
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duration and fuel injection angle on the performance of the engine was examined. 

 

Abstract: 

As a response to the single fuel concept introduced by the North Atlantic Treaty Organization 

(NATO) as well as increasing cases of adulteration of diesel fuel with kerosene, it is important for us 

to have a better understanding on the performance of diesel engine fueled by kerosene and its 

blend with diesel. An extensive numerical investigation on the combustion and emission formation 

of a diesel engine fueled by kerosene and its blend with diesel is presented in this paper. The impact 

of various factors such as the fuel blend ratio and the fuel injection angle on the performance of the 

engine was examined. The results indicated that the fuel with a higher percentage of kerosene tend 

to give higher maximum power output, lower carbon monoxide emission. It is also found that for 

each fuel, there is an optimum fuel injection angle that gives the highest maximum power output 

and relatively low emissions. 

 

 

 

 

Biannual Research Report (May 2017—October 2017) 



3.4  IRP4 — ICESO 75 

The Integrated Chemicals and Electrical Systems Operation , or ICESO (pronounced I-say-so), group 
focuses on the Jurong Island electrical sub-network to optimise coordination of energy generation 
and consumption within the electrical/chemical system. ICESO seeks to discover how a tighter inte-
gration of electrical supply network and chemical supply plant load can reduce the carbon footprint 
of the chemical industry, given the trend towards smart grids. 

 

The research programme is divided into six work packages: 

WP 4.1: Fast numerical algorithms for solving large MPC problems for networked systems 

WP 4.2: Extension of Multiplexed MPC to non-Gaussian noise, nonlinear and hybrid models 

WP 4.3: Modelling and Control of heterogeneous power generation networks with chemical process 
 loads 

WP 4.4: Modelling of chemical process load and local generator-based electrical network akin to 
 Jurong Island 

WP 4.5: Model building, integration and maintenance 

WP 4.6: Demonstration of proposed algorithms on pilot scale 

 

The ICESO group is led by PIs: 

Prof Gehan AMARATUNGA (Cam);  

Prof Jan MACIEJOWSKI (Cam);  

Prof Keck Voon LING (NTU);  

Prof Sanjib Kumar PANDA (NUS) 
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3.4.1 IRP4 Research Overview  
 

ICESO aims to exploit synergies in the generation and consumption of electrical and thermal energy, 

in the context of industrial consumers, especially in the chemical industries, in order to reduce the 

amount of energy that needs to be generated, and hence to reduce the associated carbon emis-

sions. The expertise in the ICESO team is concentrated in control systems and in electrical power 

distribution. Research Fellows have been recruited with expertise in multi-agent power system con-

trol,  artificial intelligence methods for smart grid configuration,  communication strategies for pow-

er system data acquisition and for real time control, model predictive control, in non-convex optimi-

zation, and in power network analysis. Resources available to IRP4 include two lab-scale microgrids 

(one at NTU, one at NUS), which include real and simulated renewable and traditional generators, 

and we have acquired a powerful real-time power system simulator. 

IRP4 is addressing questions related to coordination of electrical and thermal power generation, 

distribution and consumption. The possibility and impact of introducing renewable generation, in 

addition to traditional generators, are being investigated. Also heterogeneous structure of the pow-

er system, including the incorporation of microgrids as subsystems, is being studied. This is particu-

larly suitable for including the chemical plant electrical network and its loads, together with any co-

generation sources, as an extension of the distribution system. With IRP3, directly linking the electri-

cal loads (e.g. pumps, motors) to chemical process parameters in a simulation environment is being 

explored. The impact of such loads on the larger network, for example in terms of power factor and 

harmonic generation, is a key consideration in terms of modelling. At present, various problems are 

being addressed, both standard power system problems and new ones which arise as a result of 

these various possibilities. Major questions which have been identified are: (1) Is it appropriate to 

maintain the traditional time-scale hierarchy for controlling power systems, when the range of time 

constants of equipment is being reduced, and computational algorithms are getting more powerful? 

(2) One strategy which has been proposed, for coping with renewable generation, is to configure 

interface inverters such that all generators behave like traditional synchronous generators – so-

called ‘virtual power plants’; is this really the best way to proceed? (It seems unlikely.) A range of 

problems is being considered, from automatic voltage control to optimal despatch problems, with 

both centralized and decentralized control structures being investigated. 

The research vision is to work towards a new architecture of control, estimation, and optimization 

for a `smart future grid' that facilitates the optimal dynamic operation of power systems at intervals 

of a few minutes. This dynamic operation contrasts with the usual `quasi-static' operational regime 

of the currently operated power systems that look for an update at every half an hour or a longer 

time interval.  

Prof. Gehan Amaratunga 
and  Prof. Jan Maciejowski, 

University of Cambridge 

PIs, IRP4 
 

October 2017 
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3.4.2 Update on work packages 

WP 4.1: Fast numerical algorithms for solving large MPC problems for networked 
systems 
  

Prof Jan Maciejowski (PI, CAM, IRP4) reported that a journal paper has been written, with Dr Antho-

ny Tran and Prof. Keck Voon Ling, setting out the theory of the Generalised Dissipativity Constraint. 

It will be submitted for publication once a good example has been finalised. 

DANG V. Thuy (PhD Student, NTU, IRP4) reported that he submitted a journal paper about control 

algorithm for networked/embedded systems measurement dropouts and time-varying computing 

power. The paper is currently under review. In the middle weeks of July-2017, DANG V. Thuy (PhD 

Student, NTU, IRP4) presented a paper at the 20th World Congress of the International Federation 

of Automatic Control in Toulouse, France and attended the TEMPO Workshop on embedded optimi-

sation in Bratislava, Slovakia. The collaboration project with A. Eberle, a German company, has start-

ed in the beginning of June-2016. This project is being led from the CARES side, by Prof. LING Keck 

Voon (PI, NTU, IRP4) and Prof.  Jan MACIEJOWSKI (PI, CAM, IRP4). DANG V. Thuy (PhD Student, NTU, 

IRP4) reported that the company has sent their hardware device to Singapore, and that he is work-

ing on implementing Model Predictive Control on the device using his optimisation algorithm. The 

first application is automatic voltage regulation. Once the implementation and simulation in CARES 

Singapore have been completed, DANG V. Thuy (PhD Student, NTU, IRP4) will visit the company to 

test the algorithm with a real power system.  

 

WP 4.2: Extension of Multiplexed MPC to non-Gaussian noise, nonlinear and hy-
brid models 

 

There has been no work on this WP in this period.  

 

WP 4.3: Modelling and Control of heterogeneous power generation networks 
with chemical process loads 

 

Ashok KRISHNAN (PhD student, IRP4, NTU) has been working on multi-energy scheduling of genera-

tors as a part of an energy management system (EMS) suitable for large industrial parks like Jurong 

Island. The complexities in this problem arise from the significant coupling which exists between 

various system components. Most industries require electricity, steam and cooling for their process-

es. Combined cycle power plants generate most of the electricity on Jurong Island. They can also be 

used to service the demand for thermal energy and cooling when operated in combined heat and 

power (CHP) or combined cooling heat and power mode (CCHP). Modern power generation net-

works are also heterogeneous in nature comprising renewable energy sources (RESs), battery ener-

gy storage systems (BESSs) and conventional fossil-fuel based generators.  

Ashok KRISHNAN (PhD student, IRP4, NTU) has also been working on developing a comprehensive 

modelling framework to accommodate these diverse system elements. The model has provisions for 
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incorporating load management strategies which account for unique load characteristics in different 

industries. The model integrates the supply of heat and electricity through detailed models of CHP 

plants and boilers. The model is developed using the mixed logical dynamical (MLD) framework with 

scheduling problems solved using a model predictive control scheme. Ashok KRISHNAN (PhD stu-

dent, IRP4, NTU) is currently working on integrating the optimal power flow (OPF) problem in the 

EMS. The OPF problem is used to minimize power losses in the network and to verify the feasibility 

of results obtained from the scheduling module in the EMS. Power sharing between neighbouring 

industrial parks is also examined through the formulation of a multi-microgrid EMS problem. 

Xuebing CHEN (PhD Student, NTU, IRP4) and Dr Yuaho SUN (SRF, NTU, IRP4), under supervision of 

Associated Prof RUSLI  (Co-I, NTU, IRP4) and Prof Gehan AMARANTUNGA, (PI, CAM, IRP4) reported 

on the development of a data management system for µPMU project to achieve data acquisition 

and centralization for grid networks. The system is essential to implementation of real-time data 

processing and data analysis. The data acquisition software is developed based on an open source 

software OPEN PDC. It is capable of receiving multiple µPMU data in real-time. 

The data analysis software has been developed to efficiently convert the coded data in real time 

stream from machine to readable database files. The files are then stored in the local database. An 

interface between the database and Matlab is set up for µPMU data analysis.  

In addition, Xuebing CHEN (PhD Student, NTU, IRP4) and Dr Yuaho SUN (SRF, NTU, IRP4) designed 

the software to link up the µPMU sensors to our server on a cloud. It provides an easy access 

platform/ interface to allow follow up layers to process the data to evaluate and forecast based on 

the received properties from the present condition. 

Dr Joymala MOIRANGTHEM (RF, NUS, IRP4) reported on her studies that popular tools used for elec-

trical simulations have been found to be disassociated with the economic computations and the 

CO2e estimations required for attaining the objectives of C4T. A toolbox/block-set is hence being 

developed that automatically computes the electrical parameters as well as the associated econom-

ic and CO2e information, with due consideration to the heterogeneous fuel-type used in different 

generation units. Even though this task’s planning and execution are very challenging, an initial ver-
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sion has been tested with electrical parameters alone and a sample display is shown in the Figure 

above. 

 

Prof Jan MACIEJOWSKI (PI, CAM, IRP4) reported that work has continued on the development of a 

decentralized control scheme for Automatic Generation Control of a multi-area power generation 

and distribution system, using model predictive control enhanced by the General Dissipativity Con-

straint. This work has been mainly done by Dr Anthony TRAN (RF, NTU, IRP4). 

A novel scheme has been demonstrated for controlling a multi-generator power network using non-

linear model predictive control with global optimization based on Bernstein polynomials. A paper 

entitled Optimal nonlinear model predictive control based on Bernstein polynomial approach  has 

been accepted for the IEEE Conference on Decision and Control to be held in Melbourne, Australia, 

in December 2017.  This work has been led by Dr Bhagyesh PATIL (RF, NTU, IRP4). 

Partha Pratim BISWAS (PhD student, NTU, IRP4) reported that state-of-the-art variants of differen-

tial evolution algorithms for single objective optimization and evolutionary algorithms for multi-

objective optimization have been applied to various problems in power system. Advanced con-

straint handling (CH) techniques of evolutionary algorithms have been integrated with variants of 

DE to handle operational and security constraints in power system. A proper CH method has been 

found to be more effective in optimizing constrained, non-linear power system problems. Optimal 

power flow problem has been formulated with stochastic wind and solar power, active and reactive 

power losses have been minimized in radial distribution network, complex problems on windfarm 

layouts have been solved using evolutionary algorithms. All these results and findings have been 

published in reputed journals. 

In addition, Partha Pratim BISWAS (PhD student, NTU, IRP4) reported that future work on problems 

such as economic-environmental dispatch will be formulated and solved incorporating renewable 

sources. CH techniques will be integrated with multi-objective evolutionary algorithms (MOEA) and 

will be tested on constrained power system problems with multiple objectives. Problems such as 

unit commitment, phasor measuring unit placement  will also be investigated. 

CHEN TengPeng (PhD student, IRP4, NTU) reported on his PhD thesis, ``Robust and distributed state 

estimation for power systems” examined and accepted by the school of EEE. Power system state 

estimation (PSSE) plays an important role in power system operation.  In this thesis, an analytical 

equation is derived using the Influence Function (IF), a tool from robust statistics, to calculate ap-

proximately the variances of the estimates of these robust estimators such as Quadratic-Constant 
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(QC), Quadratic-Linear (QL), Square-Root (SR), Multiple-Segment (MS) and Schweppe-Huber Gener-

alized-M (SHGM). This variance formula has many advantages: (i) It can be used to express the vari-

ance of state estimate as a function of measurement variances thus enabling the selection of sen-

sors for specified estimator precision; (ii) It can be used to design an optimal estimator; (iii) Alt-

hough numerical methods can also be used to find variance, the derived equation as a mathematical 

function is more insightful and requires less computational effort. In addition, this thesis proposes a 

robust estimator based on the maximum likelihood criterion, and a noise model with t-distribution 

probability density function (pdf). The thick tail property of t-distribution down weighs outliers so 

that the proposed estimator is robust to outliers. Instead of solving the optimization problem nu-

merically, the IF is employed to give an approximate solution to reduce computational load.   More-

over, a robust estimator based on the moving horizon estimation (MHE) technique is proposed for 

PSSE in this thesis. This robust estimator is called re-weighted MHE.  The proposed estimator reduc-

es its sensitivity to the outliers by updating their error co-variances in real time and then uses these 

re-weighted error co-variances for robust PSSE.  Compared with other robust state estimators such 

as MS and Least Absolute Value (LAV) estimator, one advantage of the proposed estimator is that it 

can directly incorporate constraints on the states to mitigate the outliers. Finally, the centralized 

estimator is not applicable when the size of power system becomes very large.  Two distributed 

versions of the  proposed robust estimator based on MHE are considered: distributed MHE (DMHE) 

and partitioned MHE (PMHE). For DMHE, each local area will obtain the states of the whole system. 

It is suitable for the advanced applications such as wide-area monitoring systems (WAMSs) that re-

quire the system-wide state to be available to all the regional transmission organizations (RTOs). For 

PMHE, each local area only 

uses its local measurements 

and the states of border bus-

es exchanged from its neigh-

bourhoods.  It solves a small-

er optimization problem to 

obtain the states of local 

states.  Therefore, the com-

munication load and compu-

tational load are reduced. 

 

Lu SUN (PhD student, NUS, 

IRP4) worked, under supervi-

sion of Prof Jan 

MACIEJOWSKI (PI, CAM, IRP4) 

on the paper “Robust State Estimation with t-Distribution Noise: Influence Function Approach’. A 

robust and efficient estimator is proposed in the paper that can be used for robust state estimation 

in general systems, including power systems. He also worked with Dr SUN Yuhao (SRF, NTU, IRP4) 

and Prof Gehan AMARATUNGA (PI, CAM, IRP4) on the paper “Robust State Estimation with PMU 

Packet Loss in Smart Grids”. The paper studies the state estimation algorithm that can handle miss-

ing packets during the real-time observation of the power network. 

Xueheng QUI (PhD Student, NTU, IRP4) reported on his project “Forecasting Algorithms with Appli-

cations in Power Systems”. Its primary objective is to reduce the probability of faults occurring with 
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the help of accurate fault prediction methods. Currently, his research field is mainly focused on 

deep learning methods and ensemble algorithms. In his study, various kinds of time series fore-

casting algorithms have been reviewed, including Artificial Neural Network (ANN), Support Vector 

Regression (SVR), Random Forest (RF), Kernel Ridge Regression (KRR), Deep Belief Network (DBN), 

Long Short Term Memory (LSTM) and ensemble methods. A decision tree ensemble method called 

least square estimation based oblique RF has been proposed for time series forecasting, which has 

been published in the journal Information Sciences recently. 

Xueheng QUI (PhD Student, NTU, IRP4) investigated a randomized version of neural network, which 

is called Random Vector Functional Link Network (RVFL), and proposed a both effective and effi-

cient learning model for short term electricity load demand forecasting by combining Discrete 

wavelet transform (DWT), EMD and RVFL with incremental learning. This work has been submitted 

to Knowledge-Based Systems.  

Moreover, he reported that several conference papers have also been published. An Empirical 

Mode Decomposition based ensemble kernel machine is proposed for electricity price forecasting, 

which has been published in International Conference on Computational Science (ICCS2017). An 

ensemble method for wind power forecasting, ramp rate forecasting and ramp classification has 

been accepted by SSCI 2017. 

WP 4.4: Modelling of chemical process load and local generator-based electrical 
network akin to Jurong Island  

 

Srinivasarao Rao KAMALA (PhD Student, NUS, IRP4) reported that variable speed drives (VSD) oper-

ations in petrochemical plants on the Jurong Island in Singapore causes power quality issues in the 

distribution system. Passive harmonic mitigation techniques, 12-pulse/24-pulse transformers are 

being used to minimize the voltage/current harmonics because of their lower cost, but these meth-

ods are less efficient. A possible potential solution for this problem is to use the active power filters 

(APFs). However, power electronic drives with motor loads which have negative impedance charac-

teristics make the system susceptible to oscillations and thus creates small signal stability problem 

in the distribution system. In the latest report, power quality improvement with the APFs and the 

preliminary results of impedance estimation of the three phase voltage source inverter (VSI) are 

given. 

The power quality improvement in the petrochemical plants obtained by using the APFs are verified 

through a down scale experimental laboratory setup of 9.0 kW motor drive system. The schematic 

of the power system architecture of the petrochemical plant for the pumping operations is shown in 

the figure below. The load is supplied from the three phase AC supply system with 415V, 50Hz 

through a 12-pulse rectifier to the motor drive system. The experiment has been conducted for the 
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following three different scenarios viz: drive system with 12-pulse rectifier, harmonic mitigation of 6

-pulse drive system with the SAF, harmonic mitigation of drive system with the AFE. 

 

 

 

 

 

 

The three phase source voltage and current waveforms, THD content in source current and the sup-

ply apparent values of the conventional 12-pulse drive system with 9.0 kW load applied to the mo-

tor-generator set are shown in the figure below  (a) and (b). The THD value in the source current is 

17.35% in the conventional system and the % THD is not within the limits of IEEE guide lines. 

The three phase supply waveforms, %THD content in source current and the supply power values 

are showed in the Fig. below (a) and (b) with the Shunt Active Power Filter (SAF) connected to 6-

pulse drive system. The THD in the source current has been reduced from 17.35% to 4.96%, im-

proved by 28% by removing bulky 12-pulse transformer and by installing SAF. 

The three phase supply waveforms, %THD content in source current and the supply power values 

are showed in the figure. below (a) and (b) with the Active Frontend Converter (AFE) connected to 

the drive system. The THD in the source current has been reduced from 17.35% to 8.64%, improved 

by 51% by removing 12-pulse transformer and by installing the AFE. 
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Small-signal stability is a great concern for distributed power systems with a large number of regu-

lated power converters. These power converters exhibit a negative incremental input resistance 

characteristics within the output voltage regulation bandwidth. Impedance estimation is an im-

portant task to address the small signal stability of the three phase distribution system. 
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                                                                                                                           (b) 

Fig. (a) Output impedances in dq- domain of PWM-VSI with RL load (b) input dq-Impedances of 

RL-load 

Synchronous frame (dq-frame) impedances of the three phase VSI with RL load using multi-tone 

shunt injection algorithm estimated in MATLAB/Simulink platform is depicted in the above Fig. The 

small signal stability of the multi machine power system of the petrochemical plant is being carried 

out using General Nyquist-stability Criteria (GNC).  

Dr Joymala MOIRANGTHEM (RF, NUS, IRP4) reported the necessity for an analytical tools which is 

capable of predicting voltage collapse in complex networks by identifying voltage-weak points and 

areas susceptible to voltage instability. Once the critical points are identified, application of FACTS 

devices to improve the voltage stability margin, to handle the scenario of sudden change in the load 

and sudden power variability solar-based generations, becomes possible.  A bus participation factor 

is defined to rank the system buses based on the voltage-weak points. This could help to determine 

the placement of any compensators to improve the voltage profile of a network. 

In addition, Dr Joymala MOIRANGTHEM (RF, NUS, IRP4) reported that a + holomorphic embedded 

power flow (HEPF) method has been extended to study the power flow behaviour of a meshed net-

work at the distribution side, which is typified as having high resistance/reactance values and low 

voltages. The emergence of many distributed generations would mean that the grid has the poten-

tial to become less radial and more meshed, thus being sustainable locally.  The paradigm change in 

this manner would require faster and error-free solutions of the power-flow problem that facilitate 

practical decision-making, especially for a computer loaded with online algorithms whose opera-

tions are contingent on the power-flow solution. A meshed micro-gird is modelled as shown in in 

the figure on the next page, and the fast non-iterative power-flow technique (HEPF) is applied to the 

modelled network to validate the algorithm’s effectiveness for high R/X network.  
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Dr Bhagyesh Vijay (RF, NTU, IRP4) reported on the development of a new hybrid global optimization 

framework for nonlinear optimal power flow problems as well as on the development of the decen-

tralized nonlinear MPC scheme for the multimachine power system. In addition he is studying the 

Development of a scalable sequential linear programming approach for nonlinear optimal power 

flow problem. 

Dr Rèmy RIGO-MARIANI (RF, IRP4, NTU) reported on the progress 

of the modelling of the Jurong Island Power System and the im-

plementation of an environmental unit commitment problem. 

The objective is to minimize the CO2 emissions while feeding the 

loads and fulfilling operating constraints. In addition, he and fel-

low research colleagues investigated the opportunity of energy 

storage as well as photovoltaic generation and estimated their 

impact on the grid emission factor improvements (in term of kg 

of CO2 per MWh generated). The objective is to establish a case 

study that will be further used to investigate optimal methods for 

grid planning with distributed generation as well as load control. 

The obtained results show a good consistency with the values 

advised by the Energy Market Authority in Singapore with a grid 

emissions factor of 411 kg/MWh while considering only natural 

gas for power generation. The main contributions so far are: 

 The models for combined cycle power plants and estimation of CO2 emissions depending on 

the operating point. 

 A detailed, parametrised model for the electrical grid including rules of connexion of heavy 

consumers and updated information for the generation on site (collaboration with Dr Eddy 

FOO Yi Singh, Co-PI, IRP3 & IRP4, NTU). 

 A mixed integer linear formulation for the environmental power dispatch problem as well as 

a tightened version that allows reducing the computational time. 
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 The fulfilment of AC power flow constraints along the scheduling horizon (i.e. one day) with 

the Jump and Shift method. 

A paper describing this work has been accepted for the ACEPT conference (Singapore, October 

2017), and another paper has been accepted for the CREATE special issue of Energy Technology.  

Dr Prakash Kumar RAY (RF, NTU, IRP4, has been working on detection, identification and mitigation 

of power quality issues in microgrids and petrochemical plants. Identification of islanding and power 

quality disturbances plays an important role in improving the performance, stability and reliability of 

power systems. Hence, fast detection and subsequent classification of disturbances is essential for 

providing protection to the power system and connected equipment. Signal processing techniques 

such as wavelet transform (WT), independent component analysis (ICA), S-transform and their mod-

ified transforms are applied for detecting disturbances. Subsequently, techniques like support vec-

tor machines, extreme learning machines, decision tree, deep learning etc. are applied for correct 

classification of the disturbance type to devise suitable mitigation and protection techniques for 

improvements in system performance. These studies are carried out initially on a microgrid and 

then extended to larger power systems and petrochemical plants such as the biodiesel plant. These 

systems are tested under different steady-state and transient operating conditions. The steady-state 

and transient behaviours of the plant apart from power quality (PQ) issues are studied in case of 

changes in the chemical process inputs in the petrochemical plant. Different types of disturbances 

are studied in MATLAB as well as OPAL-RT using software tools such as Hypersim and eMEGASim. 

The study aims to correlate changes in load observed in the power system to changes in actual 

chemical processes happening within the petrochemical plant, thereby building bridges between 

chemical plant processes and electrical power system to improve the overall system performance 

and efficiency. Mr Karmakar Gourab, an MSc student at School of EEE, NTU, has signed up disserta-

tion project, ISM-DISS-01414, Transient and Power Quality Analysis in Petrochemical Plants. He will 

be working closely with Dr Prakash Kumar RAY (RF,  NTU, IRP4) who serves as a co-supervisor of the 

MSc project. 

 

WP 4.5: Model building, integration and maintenance  

 

Prof Jan Maciejowski (PI, CAM, IRP4) reported that an investigation into the mathematical charac-

terisation of inverse response in dynamical systems, namely an initial response in the opposite di-

rection to the final response. Such responses make systems difficult to control. While this investiga-

tion is primarily a foundational contribution to system theory, inverse responses occur in real sys-

tems. In the context of electrical power systems they are commonly associated with drum boilers 

used for raising steam for turbine-driven generators, and with some wind-turbine configurations. 

This work was presented at the annual workshop of the European Network on System Identification, 

Lyon, France, September 2017. 
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WP 4.6: Demonstration of proposed algorithms on pilot scale 

 

Dr FOO Yi Shyh Eddy (Co-PI, NTU, IRP3 & IRP4) has been working with Mr Ashok KRISHNAN (PhD 

student, NTU, IRP4) and researchers in IRP3 to examine the coupling between the chemical process 

and electrical power system models that will enable combined analysis of both domains. The bio-

diesel plant is chosen as an exemplar petrochemical plant for developing this relationship. The 

chemical process model and electrical power system model were developed in Aspen Plus and OPAL

-RT’s Hypersim respectively.  Currently, the impact of changes in chemical process inputs on the 

electrical power system stability are being studied. Additionally, Dr FOO Yi Shyh Eddy (Co-PI, IRP3 & 

IRP4, NTU) is collaborating with Dr Prakash Kumar RAY (RF, NTU, IRP4) on studying the impact of 

changes in chemical process inputs on power quality in the biodiesel plant model. Dr FOO Yi Shyh 

Eddy (Co-PI, IRP3 & IRP4, NTU) has also been working with Ashok KRISHNAN (PhD student, IRP4, 

NTU) on load management strategies for industrial microgrids. In this, the deployment of loads in 

industrial units can be optimally scheduled based on the electricity price. Furthermore, Dr FOO has 

also been working to finalize the purchase of power amplifiers for the OPAL-RT system at NTU. The 

tendering process is under evaluation and an order will be placed with the winning vendor shortly. 

The purchase of power amplifiers will boost the PHIL (Power Hardware-in-the-Loop) capabilities of 

the OPAL-RT system at NTU. It allows real power to be exchanged between the OPAL-RT and physi-

cal real world equipment. This enhanced capability will allow the OPAL-RT to be linked with the mi-

crogrid testbed at the Clean Energy Research Lab in NTU. The microgrid can thus be ‘virtually’ ex-

panded to a larger network. Dr Foo also completed the purchase of the eFPGASIM, an advanced 

software module on the OPAL-RT. The eFPGASIM enhances the OPAL-RT’s capabilities in performing 

fast simulations, especially for power electronic circuits. 
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Other Activities and Achievements 

 Dr Anthony TRAN (SRF, NTU, IRP4) has been awarded ‘Honorary Visiting Fellow’ status by the 

University of Technology, Sydney (UTS), Australia. 

 Prof Jan MACIEJOWSKI (PI, CAM, IRP4) completed his “long stay” in Singapore during the 

reporting period. 

 Prof. Jan MACIEJOWSKI  gave a lecture promoting Engineering as a career to secondary-

school children attending a “STEP” camp at NUS in May 2017. 

 Dr FOO Yi Shyh Eddy (Co-PI, NTU, IRP3 & IRP4) presented a paper titled ‘Hybrid Model Predic-

tive Control Framework for the Thermal Unit Commitment Problem including Start-up and 

Shutdown Power Trajectories’ at the 2017 IFAC World Congress held between 9-14 July, 2017 

in Toulouse, France. Dr Foo gratefully acknowledges CARES funding for covering his travel 

expenses for this conference. The other authors of this paper are Ashok Krishnan and Bha-

gyesh V. Patil. 

 Ashok KRISHNAN (PhD Student, NTU, IRP4) co-authored a paper titled ‘A Control Architecture 

for Optimal Power Sharing between Interconnected Microgrids’,17PESGM1290, which was 

presented at the 2017 IEEE PES General Meeting held between 16-20 July, 2017 at Chicago, 

IL, USA. The other authors of this paper are L. P. M. I. Sampath, Kalpesh Chaudhari, H. B. Gooi 

and Abhisek Ukil. The paper was selected as one of the Best Conference Papers by the IEEE 

PES Technical Review Committee. 

 The paper, “Hierarchical EMS for Aggregated BESSs in Energy and Performance-based Regu-

lation Markets”, Co-authored by Dr Tian Zhang, Dr Shuaixun Chen, Professors Hoay Beng 

Gooi and Jan Maciejowski and was accepted earlier by IEEE Transactions on Power Systems, 

was presented by Professor Gooi at the 2017 IEEE PES General Meeting held between 16-20 

July, 2017 at Chicago, IL, USA. A related energy storage paper, “Sizing of Energy Storage for 

Microgrids”, published in IEEE Transactions on Smart Grid, and presented by Professor Gooi 

in the IEEE PES GM2012 has been placed in the top 1% of its academic field as of March/April 

2017 based on data from Essential Science Indicators and a highly cited threshold for the 

field and publication year. This can be viewed using the citation report of Web of Science. 

 Dr FOO Yi Shyh Eddy (Co-PI, NTU, IRP3 & IRP4) delivered a lecture on Power Hardware-in-the

-Loop as part of the short course titled ‘Improving Reliability and Economic Performance of 

Microgrids’. The short course was held on 27 July 2017 at NTU’s Clean Energy Research Lab. 

The short course was jointly organized by the School of Electrical and Electronic Engineering, 

NTU and IEEE Singapore Section.  About 30 people participated in the short course. 
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3.4.3 Scientific output of IRP4 

The following are some examples of the CREATE-acknowledgement papers and other outputs gen-
erated by IRP4 during the reporting period. A full list of publications during the period may be found 
in Appendix A. 

Short-term Electricity Price Forecasting with Empirical Mode Decomposition 

based Ensemble Kernel Machines 

 
Xueheng, Qui, P.N., Suganthan, Gehan A.J, Amaratunga 
 
https://doi.org/10.1016/j.procs.2017.05.055 
 

Abstract: 

Short-term electricity price forecasting is a critical issue for the operation of both electricity markets 

and power systems. An ensemble method composed of Empirical Mode Decomposition (EMD), Ker-

nel Ridge Regression (KRR) and Support Vector Regression (SVR) is presented in this paper. For this 

purpose, the electricity price signal was first decomposed into several intrinsic mode functions 

(IMFs) by EMD, followed by a KRR which was used to model each extracted IMF and predict the 

tendencies. Finally, the prediction results of all IMFs were combined by an SVR to obtain an aggre-

gated output for electricity price. The electricity price datasets from Australian Energy Market Oper-

ator (AEMO) are used to test the effectiveness of the proposed EMD-KRR-SVR approach. Simulation 

results demonstrated attractiveness of the proposed method based on both accuracy and efficiency. 

 

Oblique Random Forest Ensemble via Least Square Estimation for Time Series 

Forecasting 

 
Xueheng, Qui, Le Zhang, Ponnuthurai Nagaratnam, Suganthan Gehan A.J. Amaratunga 
 
https://doi.org/10.1016/j.ins.2017.08.060 
 

Abstract: 

Recent studies in Machine Learning indicates that the classifiers most likely to be the bests are the 

random forests. As an ensemble classifier, random forest combines multiple decision trees to signifi-

cant decrease the overall variances. Conventional random forest employs orthogonal decision tree 

which selects one “optimal” feature to split the data instances within a non-leaf node according to 

impurity criteria such as Gini impurity, information gain and so on. However, orthogonal decision 

tree may fail to capture the geometrical structure of the data samples. Motivated by this, we make 

the first attempt to study the oblique random forest in the context of time series forecasting. In 

each node of the decision tree, instead of the single “optimal” feature based orthogonal classifica-

tion algorithms used by standard random forest, a least square classifier is employed to perform 

partition. The proposed method is advantageous with respect to both efficiency and accuracy. We 

empirically evaluate the proposed method on eight generic time series datasets and five electricity 

load demand time series datasets from the Australian Energy Market Operator and compare with 

several other benchmark methods. 
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Minimizing Harmonic Distortion in Power System with Optimal Design of Hybrid 

Active Power Filter using differential evolution 

 
Partha, Biswas, Ponnuthurai, Suganthan, Gehan, Amaratunga 
 
Doi: 10.1016/j.asoc.2017.08.031  
 

Abstract: 

Hybrid active power filter (HAPF) is an advanced form of harmonic filter combining advantages of 

both active and passive filters. In HAPF, selection of active filter gain, passive inductive and capaci-

tive reactances, while satisfying system constraints on individual and overall voltage and current 

harmonic distortion levels, is the main challenge. To optimize HAPF parameters, this paper proposes 

an approach based on differential evolution (DE) algorithm called L-SHADE. SHADE is the success 

history based parameter adaptation technique of DE optimization process for a constrained, multi-

modal non-linear objective function. L-SHADE improves the performance of SHADE with linearly 

reducing the population size in successive generations. The study herein considers two frequently 

used topologies of HAPF for parameter estimation. A single objective function consisting of both 

total voltage harmonic distortion (VTHD) and total current harmonic distortion (ITHD) is formulated 

and finally harmonic pollution (HP) is minimized in a system comprising of both non-linear source 

and non-linear loads. Several case studies of a selected industrial plant are performed. The output 

results of L-SHADE algorithm are compared with a similar past study and also with other well-known 

evolutionary algorithms. 

 

Decomposition based multi-objective evolutionary algorithm for windfarm layout 

optimization 
 
Partha, Biswas, Ponnuthurai, Suganthan, Gehan, Amaratunga 
 
doi: 10.1016/j.renene.2017.08.041  
 

Abstract: 

An efficient windfarm layout to harness maximum power out of the wind is highly desirable from 

technical and commercial perspectives. A bit of flexibility on layout gives leeway to the designer of 
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windfarm in planning facilities for erection, installation and future maintenance. This paper propos-

es an approach where several options of optimized usable windfarm layouts can be obtained in a 

single run of decomposition based multi-objective evolutionary algorithm (MOEA/D). A set of Pareto 

optimal vectors is obtained with objective as maximum output power at minimum wake loss i.e. at 

maximum efficiency. Maximization of both output power and windfarm efficiency are set as two 

objectives for optimization. The objectives thus formulated ensure that in any single Pareto optimal 

solution the number of turbines used are placed at most optimum locations in the windfarm to ex-

tract maximum power available in the wind. Case studies with actual manufacturer data for wind 

turbines of same as well as different hub heights and with realistic wind data are performed under 

the scope of this research study. 

 

Variance Analysis of Robust State Estimation in Power Systems using Influence 

Function 
 
Weng Khuen, Ho, Tengpeng, Chen, Keck Voon, Ling, Lu, Sun  
 
http://www.sciencedirect.com/science/article/pii/S0142061517301941 
 
Abstract: 

An analytical equation is derived using influence function approximation to calculate the variance of 

the state estimate for traditional robust state estimators such as the Quadratic-Constant, Quadratic-

Linear, Square-Root, Schweppe-Huber Generalized-M and Multiple-Segment estimator. The equa-

tion gives insights into the precision of the estimation. Using the equation, the variance of a state 

estimate can be expressed as a function of measurement noise variances enabling the selection of 

sensors for a specified estimator precision. It can also be used to search for the optimum estimator 

parameters to give the minimum sum of variances. The well-known Weighted-Least-Squares vari-

ance formula is a special case of the equation and simulations on the IEEE 14-bus system are given 

to show the usefulness of the equation. 

 
 

 

Minimizing THD of Multilevel Inverters with Optimal Values of DC Voltages and 

Switching Angles using LSHADE-EpSin algorithm 
 
Partha, Biswas, Noor, Awad, Ponnuthurai, Suganthan, Mostafa, Ali, Gehan, Amaratunga 
 
Dio: 10.1109/CEC.2017.7969298 
 

Abstract: 

Multilevel inverters are mainly used for DC to AC power conversion and these inverters can be clas-
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sified into types current source inverter (CSI) and voltage source inverter (VSI). Voltage source in-

verters are more common in power industry to convert lower levels of DC voltages into higher levels 

of AC voltages. In the process of conversion widely implemented pulse width modulated (PWM) 

switching technique of DC sources introduces harmonics in inverter output voltage. Total harmonic 

distortion (THD) is a measure of harmonic pollution in the power system and it is observed that vari-

ations in both DC voltages and switching angles of inverter affect the THD of inverter output voltage. 

Cascaded multilevel symmetric inverters ideally have DC sources all equal and constant. This paper 

considers inverters where DC sources can be unequal, a justifiable and realistic supposition. Optimal 

values of DC voltages and switching angles, which minimize THD level, are found using evolutionary 

algorithm. An advanced form of Differential Evolution (DE), called LSHADE-EpSin, is applied for the 

optimization problem. SHADE is a success history based parameter adaptation technique of DE. 

LSHADE improves the performance of SHADE with linearly reducing the population size in successive 

generations. LSHADE-EpSin introduces an additional adaptation technique for control parameters of 

the evolutionary algorithm. The algorithm has successfully been implemented for higher levels of 

inverters considered in the scope of our research study. 

 

Optimal Placement of Wind Turbines in a Windfarm using L-SHADE algorithm 
 
Partha, Biswas, Ponnuthurai, Suganthan, Gehan, Amaratunga 
 
Doi: 10.1109/CEC.2017.7969299  
 
Abstract: 

Generations from several sources in an electrical network are to be optimally scheduled for eco-

nomical and efficient operation of the network. Optimal power flow problem is formulated with all 

relevant system parameters including generator outputs and solved subsequently to obtain the op-

timal settings. The network may consist of conventional fossil fuel generators as well as renewable 

sources like wind power generators and solar photovoltaic. Classical optimal power flow itself is a 

highly non-linear complex problem with non-linear constraints. Incorporating intermittent nature of 

solar and wind energy escalates the complexity of the problem. This paper proposes an approach to 

solve optimal power flow combining stochastic wind and solar power with conventional thermal 

power generators in the system. Weibull and lognormal probability distribution functions are used 

for forecasting wind and solar photovoltaic power output respectively. The objective function con-

siders reserve cost for overestimation and penalty cost for underestimation of intermittent renewa-

ble sources. Besides, emission factor is also included in objectives of selected case studies. Success 

history based adaptation technique of differential evolution algorithm is adopted for the optimiza-

tion problem. To handle various constraints in the problem, superiority of feasible solutions con-

straint handling technique is integrated with success history based adaptive differential evolution 

algorithm. The algorithm thus combined and constructed gives optimum results satisfying all net-

work constraints. 
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A.1  Publications  

This list shows all C4T publications with CREATE acknowledgement since the beginning of the pro-

gramme. 

A1.1 Joint IRP Publications 

IRP1 and IRP3 

 Amaniampong, Prince N., Quang Thang Trinh, Kaixin Li, Samir H. Mushrif, Yu Hao, and Yanhui 
Yang. 2017. ‘Porous Structured CuO-CeO2 Nanospheres for the Direct Oxidation of Cellobiose 
and Glucose to Gluconic Acid’. Catalysis Today, January. doi:10.1016/j.cattod.2017.01.009. 

 Amaniampong, Prince N., Quang Thang Trinh, Bo Wang, Armando Borgna, Yanhui Yang, and 
Samir H. Mushrif. 2015. ‘Biomass Oxidation: Formyl C H Bond Activation by the Surface 
Lattice Oxygen of Regenerative CuO Nanoleaves’. Angewandte Chemie International Edition 
54 (31): 8928–33. doi:10.1002/anie.201503916. 

 Amaniampong, Prince Nana, Amin Yoosefi Booshehri, Xinli Jia, Yihu Dai, Bo Wang, Samir H. 
Mushrif, and Armando Borgna. 2015. ‘High-Temperature Reduction Improves the Activity of 
Rutile TiO2 Nanowires-Supported Gold-Copper Bimetallic Nanoparticles for Cellobiose to 
Gluconic Acid Conversion’. Applied Catalysis A: General 505 (September): 16–27. 
doi:10.1016/j.apcata.2015.07.027. 

 Azadi, Pooya, George Brownbridge, Immanuel Kemp, Sebastian Mosbach, John S. Dennis, and 
Markus Kraft. 2015. ‘Microkinetic Modeling of the Fischer-Tropsch Synthesis over Cobalt Cat-
alysts’. ChemCatChem 7 (1): 137–43. doi:10.1002/cctc.201402662. 

 Amaniampong, P. N., Booshehri, A. Y., Jia, X., Dai, Y., Wang, B., Mushrif, S. H., & Borgna, A. 
(2015). High-temperature reduction improves the activity of rutile TiO2 nanowires-supported 
gold-copper bimetallic nanoparticles for cellobiose to gluconic acid conversion. Applied Catal-
ysis A: General, 505, 16–27. https://doi.org/10.1016/j.apcata.2015.07.027 

 Amaniampong, P. N., Trinh, Q. T., Wang, B., Borgna, A., Yang, Y., & Mushrif, S. H. (2015). Bio-
mass Oxidation: Formyl C H Bond Activation by the Surface Lattice Oxygen of Regenerative 
CuO Nanoleaves. Angewandte Chemie International  

 

IRP1 and IRP2 

 Xie, Ming Shi, Bao Yu Xia, Yawei Li, Ya Yan, Yanhui Yang, Qiang Sun, Siew Hwa Chan, Adrian 
Fisher, and Xin Wang. 2016. ‘Amino Acid Modified Copper Electrodes for the Enhanced Selec-
tive Electroreduction of Carbon Dioxide towards Hydrocarbons’. Energy Environ. Sci. 
doi:10.1039/C5EE03694A. 

 Yan, Yibo, Jianwei Miao, Zhihong Yang, Fang-Xing Xiao, Hong Bin Yang, Bin Liu, and Yanhui 
Yang. 2015. ‘Carbon Nanotube Catalysts: Recent Advances in Synthesis, Characterization and 
Applications’. Chem. Soc. Rev. 44 (10): 3295–3346. doi:10.1039/C4CS00492B  

 
IRP1 and IRP4 

 Yang, Shiliang, Andy Cahyadi, Yuhao Sun, Jingwei Wang, and Jia Wei Chew. n.d. ‘CFD–DEM 
Investigation into the Scaling up of Spout-Fluid Beds via Two Interconnected Chambers’. 
AIChE Journal. doi:DOI:10.1002/aic.15188. 

 Yang, Shiliang, Yuhao Sun, Jingwei Wang, Andy Cahyadi, and Jia Wei Chew. n.d. ‘Influence of 
Operating Parameters and Flow Regime on Solid Dispersion Behavior in a Gas–solid Spout-
Fluid Bed’. Chemical Engineering Science 142: 112–25. doi:http://dx.doi.org/10.1016/
j.ces.2015.11.038. 
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 Yang, Shiliang, Yuhao Sun, Liangqi Zhang, Ya Zhao, and Jia Wei Chew. 2016. ‘Numerical Inves-
tigation on the Effect of Draft Plates on Spouting Stability and Gas-Solid Characteristics in a 
Spout-Fluid Bed’. Chemical Engineering Science, March. doi:10.1016/j.ces.2016.03.010. 

 Yang, S., Cahyadi, A., Sun, Y., Wang, J., & Chew, J. W. (n.d.). CFD–DEM investigation into the 
scaling up of spout-fluid beds via two interconnected chambers. AIChE Journal. https://
doi.org/DOI:10.1002/aic.15188 

 

IRP3 and IRP4 

 Chen, Tengpeng, Dexiang Zhou, Tri Tran, Catharine Kastner, K-V. Ling, K-J. Tseng, and Jan M. 
Maciejowski. 2015. ‘Distributed Moving Horizon Estimation for Power Systems’. In , 1–5. 
IEEE. doi:10.1109/PESGM.2015.7286281. 

 Li, Kaixin, Zhihong Yang, Jun Zhao, Junxi Lei, Xinli Jia, Samir H. Mushrif, and Yanhui Yang. 
2015. ‘Mechanistic and Kinetic Studies on Biodiesel Production Catalyzed by an Efficient Pyri-
dinium Based Ionic Liquid’. Green Chem. 17 (8): 4271–80. doi:10.1039/C5GC00976F. 

 Trinh, Quang Thang, Arghya Banerjee, Yanhui Yang, and Samir H. Mushrif. 2016. ‘Sub-Surface 
Boron-Doped Copper for Methane Activation and Coupling: First-Principles Investigation of 
the Structure, Activity, and Selectivity of the Catalyst’. The Journal of Physical Chemistry C 
121 (2): 1099–1112. doi:10.1021/acs.jpcc.6b09236. 

 

A.1.1 IRP1— MUSCAT 

 Amaniampong, P. N., Booshehri, A. Y., Jia, X., Dai, Y., Wang, B., Mushrif, S. H., & Borgna, A. 
(2015). High-temperature reduction improves the activity of rutile TiO2 nanowires-supported 
gold-copper bimetallic nanoparticles for cellobiose to gluconic acid conversion. Applied Catal-
ysis A: General, 505, 16–27. https://doi.org/10.1016/j.apcata.2015.07.027 

 Cahyadi, A., Anantharaman, A., Yang, S., Karri, S. B. R., Findlay, J. G., Cocco, R. A., & Chew, J. 
W. (n.d.). Review of cluster characteristics in circulating fluidized bed (CFB) risers. Chemical 
Engineering Science, (158), 70–95. 

 Chan, M. S., Liu, W., Ismail, M., Yang, Y., Scott, S., & Dennis, J. (2016). Improving hydrogen 
yields, and hydrogen: steam ratio in the chemical looping production of hydrogen using Ca 2 
Fe 2 O 5. Chemical Engineering Journal, 296, 406–411. https://doi.org/10.1016/
j.cej.2016.03.132 

 Chen, H., Dai, Y., Jia, X., Yu, H., & Yang, Y. (2016). Highly selective gas-phase oxidation of eth-
anol to ethyl acetate over bi-functional Pd/zeolite catalysts. Green Chemistry. https://
doi.org/10.1039/C5GC02593A 

 Chunmiao, J., Jiajian, G., Yihu, D., Jia, Z., & Yanhui, Y. (n.d.). The thermodynamics analysis and 
experimental validation for complicated systems in CO2 hydrogenation process. Journal of 
Energy Chemistry, 25(6), 1027–1037. https://doi.org/10.1016/j.jechem.2016.10.003 

 Dai, Y., Wang, Y., Liu, B., & Yang, Y. (2015). Metallic Nanocatalysis: An Accelerating Seamless 
Integration with Nanotechnology. Small, 11(3), 268–289. https://doi.org/10.1002/
smll.201400847 

 Dai, Y., Wu, X., Tang, Y., Yang, Y., Gong, X., & Fan, J. (2015). Selectivity switching resulting in 
the formation of benzene by surface carbonates on ceria in catalytic gas-phase oxidation of 
benzyl alcohol. Chemical Communications, 52(13), 2827–2830. https://doi.org/10.1039/
C5CC08904B 

 Daniel, H., Dr Polina, Y., Dr Parminder K., H., Artur M., S., & Prof Alexei A., L. (2017). A Multi-
objective Optimization Including Results of Life Cycle Assessment in Developing Biorenewa-
bles-Based Processes. ChemSusChem. https://doi.org/10.1002/cssc.201700927 

 Dou, J., Sheng, Y., Choong, C., Chen, L., & Zeng, H. C. (2017). Silica Nanowires Encapsulated 
Ru Nano particles as Stable Nanocatalysts for Selective Hydrogenation of CO2  to CO. Applied 
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Catalysis B: Environmental, 219, 580–591. https://doi.org/https://doi.org/10.1016 
j.apcatb.2017.07.083 

 Dunstan, M., Maugeri, S., Liu, W., Tucker, M., Taiwo, O., Gonzalez, B., … Grey, C. (2016). In 
situ studies of materials for high temperature CO2 capture and storage. Faraday Discussion. 
https://doi.org/10.1039/C6FD00047A 

 Dunstan, M. T., Jain, A., Liu, W., Ong, S. P., Liu, T., Lee, J., … Grey, C. P. (2016). Large scale 
computational screening and experimental discovery of novel materials for high temperature 
CO2 capture. Energy & Environmental Science. https://doi.org/10.1039/C5EE03253A 

 González, B., Liu, W., Sultan, D. S., & Dennis, J. S. (2016). The effect of steam on a synthetic 
Ca-based sorbent for carbon capture. Chemical Engineering Journal, 285, 378–383. https://
doi.org/10.1016/j.cej.2015.09.107 

 He, C., Wang, K., Giannis, A., Yang, Y., & Wang, J.-Y. (2015). Products evolution during hydro-
thermal conversion of dewatered sewage sludge in sub- and near-critical water: Effects of 
reaction conditions and calcium oxide additive. International Journal of Hydrogen Energy, 40
(17), 5776–5787. https://doi.org/10.1016/j.ijhydene.2015.03.006 

 He, C., Wang, K., Yang, Y., Amaniampong, P. N., & Wang, J.-Y. (2015). Effective Nitrogen Re-
moval and Recovery from Dewatered Sewage Sludge Using a Novel Integrated System of Ac-
celerated Hydrothermal Deamination and Air Stripping. Environmental Science & Technolo-
gy, 49(11), 6872–6880. https://doi.org/10.1021/acs.est.5b00652 

 He, C., Zhao, J., Yang, Y., & Wang, J.-Y. (2016). Multiscale characteristics dynamics of hydro-
char from hydrothermal conversion of sewage sludge under sub- and near-critical water. 
Bioresource Technology, 211, 486–493. https://doi.org/10.1016/j.biortech.2016.03.110 

 Ismail, M., Liu, W., Chan, M. S. C., Dunstan, M. T., & Scott, S. A. (2016). Synthesis, Application, 
and Carbonation Behavior of Ca2Fe2O5 for Chemical Looping H2 Production. Energy & Fuels, 
30(8), 6220–6232. https://doi.org/10.1021/acs.energyfuels.6b00631 

 Ismail, M., Liu, W., Dunstan, M. T., & Scott, S. A. (2016). Development and performance of 
iron based oxygen carriers containing calcium ferrites for chemical looping combustion and 
production of hydrogen. International Journal of Hydrogen Energy, 41(7), 4073–4084. 
https://doi.org/10.1016/j.ijhydene.2015.11.066 

 Jijiang, H., Wen, L., & Yanhui, Y. (2017). Phase interactions in Mg-Ni-Al-O oxygen carriers for 
chemical looping applications. Chemical Engineering Journal, 326, 470–476. https://doi.org/
https://doi.org/10.1016/j.cej.2017.05.176 

 Jithin John, V., & Samir H., M. (2017). Insights into the C-H Bond Activation on NiO Surfaces: 
The Role of Nickel and Oxygen Vacancies of Low Valent Dopants on the Reactivity and Ener-
getics. Journal of Physical Chemistry C, 2017, 121 (33), pp 17969–17981. https://doi.org/DOI: 
10.1021/acs.jpcc.7b05226 

 Li, K., Yang, Z., Zhao, J., Lei, J., Jia, X., Mushrif, S. H., & Yang, Y. (2015). Mechanistic and kinetic 
studies on biodiesel production catalyzed by an efficient pyridinium based ionic liquid. Green 
Chem., 17(8), 4271–4280. https://doi.org/10.1039/C5GC00976F 

 Li, P., & Zeng, H. C. (2016). Ultrafine Alloy Nanoparticles Converted from 2D Intercalated Co-
ordination Polymers for Catalytic Application. Advanced Functional Materials, 5658–5668. 
https://doi.org/10.1002/adfm.201601174 

 Li, P., & Zeng, H. C. (2017a). Advanced Oxygen Evolution Catalysis by Bimetallic Ni-Fe Phos-
phide Nanoparticles Encapsulated in Nitrogen, Phosphorus, and Sulfur Tri-Doped Porous Car-
bon. Chemical Communications, 53(44), 6025–6028. https://doi.org/10.1039/C7CC03005C 

 Li, P., & Zeng, H. C. (2017b). Sandwich-like Nanocomposite of CoNiOx/Reduced Graphene 
Oxide for Enhanced Electrocatalytic Water Oxidation. Advanced Functional Materials, Vol. 27 
(2017) Pp. 1606325-35., 27(13), 1606325. https://doi.org/10.1002/adfm.201606325 

 Li, P., & Zeng, H. C. (2017c). Synthetic Architecture of MgO/C Nanocomposite from Hierar-
chical-Structured Coordination Polymer towards Enhanced CO2 Capture. ACS Appl. Mater. 
Interfaces, 9. https://doi.org/10.1021/acsami.6b14960 
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 Li, P., & Zeng, H. C. (n.d.). Immobilization of Metal–Organic Framework Nanocrystals for Ad-
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