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Materials and Energy: Volume 16
Handbook of Porous Materials: Synthesis, Properties, Modeling and Key Applications
World Scientific: January 2021, Edited By: Vitaly Gitis 
https://doi.org/10.1142/11909-vol1  

With energy and sustainability being key topics for the future of humanity, academia and industry alike have been focused on 
pushing the envelope with research to find solutions for our most pressing problems. The search for cleaner, more energy-efficient, 
and cheaper has been intimately connected with the development and discovery of new materials. Leonard Feldman, distinguished 
professor, and vice president of physical science partnerships at Rutgers University, founded the book series Materials and Energy, 
which has focused on materials-based solutions to energy problems through a series of case studies that exhibit the advancements 
being made in energy-related materials research. After 15 successful volumes, the newest volume of Materials and Energy has been 
published. This volume is titled, “The Handbook of Porous Materials.” With four distinctive volumes, porous materials are discussed 
from every angle by both academic and industry professionals. Below is a brief overview and summary of what you can expect from 
this new volume in Materials and Energy. 

Volume 1: Introduction, Synthesis and Manufacturing of Porous Materials

The first volume offers an introduction to porous materials. The first few chapters provide a broad outline of what porous materials 
are, their importance and what impact they can have in both academia and industry. There are three in-depth chapters that are 
covered by three different professionals that work in porous materials. 

The first chapter covers the basics of porous materials, including terminology, history of porous materials, common characteristics, 
future applications and more. This is followed in chapter two with a deep dive into the synthesis of hierarchically structured porous 
materials, providing readers with an overview of how this can be applied at lab and industrial scale. 

Chapter three offers an industry perspective of porous materials, including porous material manufacturing and real-life problems and 
solutions. Several in-depth case studies are also provided which exhibit equipment, algorithms and other tools needed for real world 
application. 

Volume 2: Characterization and Simulation of Porous Materials

The second volume provides readers more information on how to characterize and identify porous materials by covering the 
characterization and simulation of porous materials in four chapters. The first analyzes porous materials using methods like sorption, 
density measurements and mercury porosimetry. Details include several different adsorption setups, different measurement 
techniques and shares some insightful case studies.

The second chapter explores the characterization of porous materials under practical conditions. It introduces readers to methods 
like time-domain NMR, X-ray scattering, and tomography. Chapter three discusses porous carbons and the latest developments in 
that space, including their historical context and their current market opportunities. Rounding out this volume is a comprehensive 
overview of molecular simulations of adsorption and different diffusion processes in porous materials. Herein the authors discuss 
simulation theory and provide numerous case studies to outline their points to readers. 

Volume 3: Separations Using Porous Materials

Volume 3 provides readers with real-world insight into the technical aspects of applying the information presented in the previous 
two volumes. This volume focuses on porous materials in industrial separation applications like osmotic distillation, membrane 
separation, and adsorption separation. There are three chapters in this volume. 

The first chapter covers adsorption separation processes, specifically focusing on industrial applications using various adsorbents, 
including a detailed overview of industrial applications. The next chapter covers porous ceramics and their importance, with an 
overview of ceramic membranes and their applications in the food and beverage industries. 

The final chapter in this volume covers membrane and osmotic distillation processes, providing readers with an understanding 
of cost-effective separations of porous materials in a variety of industries. This chapter is valuable because it illustrates real-life 
applications of separations, like desalination and water production, concentration of acids and wastewater treatment examples. 
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COMMERCIAL NEWS

Axens Selected for Numaligarh 
Refinery Expansion Project in 
India... 

Numaligarh Refinery Limited (NRL), 
a subsidiary of Bharat Petroleum 
Corporation Limited (BPCL) has selected 
Axens to supply advanced technologies in 
gasoline block for its Numaligarh Refinery 
Expansion Project (NREP). NRL is now 
planning to expand the refinery capacity 
from 3 MTPA to 9 MTPA by implementing 
in parallel a new refinery of 6 MTPA crude 
capacity with downstream grassroots 
facilities at the same location of the 
existing refinery in Golaghat, Assam. 
Axens has provided key technologies to 
the Indian Refineries for the production 
of clean fuels, especially to remove sulfur 
from gasoline pool to meet Bharat Stage 
VI (BS VI) specifications. Source: Axens, 
2/16/2021. 

Oil Refineries Shut as Texas 
Energy Industry Reels from 
Deep Freeze... 

A deep freeze across Texas took a toll 
on the energy industry in the largest 
U.S. crude-producing state, shutting oil 
refineries and forcing restrictions from 
natural gas pipeline operators. Texas 
produces roughly 4.6 MMbpd of oil and 
is home to some of the nation’s largest 
refineries, spread throughout the Gulf 
Coast. Motiva Enterprises said it was 
shutting down its Port Arthur, Texas 
complex, which includes its 607,000-bpd 
refinery, the largest in the United States. 
Exxon also began shutting its 369,024-bpd 
Beaumont, Texas refinery, while its Baton 
Rouge facility in Louisiana experienced 
operational issues. Citgo Petroleum 
Corp. said some units at its 167,500-bpd 
Corpus Christi, Texas refinery were being 
shut. The cold snap also forced Lyondell 
Basell’s 263,776-bpd Houston refinery to 
operate at minimum production and shut 
most units at Marathon’s 585,000-bpd 
Galveston Bay plant. Oil pipeline operator 
Enbridge said a 585,000-bpd crude oil 
pipeline that runs from its terminal near 
Pontiac, Illinois, outside of Chicago, to the 
largest U.S. oil storage hub in Cushing, 
Oklahoma, was halted because of power 
outages. Source: Hydrocarbon Processing, 
2/16/2021.

Agreement between Maire Tecnimont Group and Essential 
Energy USA Corp for a New Renewable Diesel Biorefinery...

Maire Tecnimont S.p.A., through its subsidiary NextChem and Essential Energy USA 
Corp. have executed a Front-End Engineering Design (FEED) contract as well as a 
Memorandum of Understanding (MoU) for the construction of a new biorefinery in 
South America for the production of renewable diesel. The biorefinery will transform 
natural oil, waste vegetable oils and tallow into Hydrogenated Vegetable Oils (HVO) also 
known in the market as renewable diesel. Furthermore, the renewable diesel allows a 
carbon intensity reduction, for greenhouse gas emissions, above 80% compared with 
petroleum-based diesel. Subject to the client’s Final Investment Decision (FID), the 
biorefinery will produce 200,000 tpy (tons per year) of High-Quality Renewable Diesel 
from advanced bio-feedstocks not in competition with food. NextChem will be the 
exclusive EPC contractor. The project is expected to be operational in 2023. Source: 
NextChem, 2/15/2021.

EIA Forecasts the U.S. will Import More Petroleum Than It 
Exports in 2021 and 2022...

Throughout much of its history, the United States has imported more petroleum (which 
includes crude oil, refined petroleum products, and other liquids) than it has exported. 
That status changed in 2020. The U.S. Energy Information Administration’s (EIA) 
February 2021 Short-Term Energy Outlook (STEO) estimates that 2020 marked the first 
year that the United States exported more petroleum than it imported on an annual 
basis. However, 
largely because 
of declines in 
domestic crude 
oil production and 
corresponding 
increases in 
crude oil imports, 
EIA expects the 
United States to 
return to being 
a net petroleum 
importer on an 
annual basis in both 2021 and 2022. EIA expects that increasing crude oil imports will 
drive the growth in net petroleum imports in 2021 and 2022 and more than offset 
changes in refined product net trade. EIA forecasts that net imports of crude oil will 
increase from its 2020 average of 2.7 million barrels per day (b/d) to 3.7 million b/d in 
2021 and 4.4 million b/d in 2022. Source: U.S. Energy Information Administration (EIA), 
2/17/2021.

Flint Hills Resources and Encina Announce Term Sheet to 
Develop a Facility to Produce Renewable Chemicals and 
Renewable Fuels from Waste Plastic...

Encina Development Group (Encina) announced the signing of a non-binding term 
sheet with Flint Hills Resources to produce renewable chemicals and renewable fuels 
from waste plastic. The term sheet contemplates that the parties may enter into a 
definitive agreement that includes building a waste plastic to renewable chemicals 
and renewable fuels plant in Corpus Christi, TX. Flint Hills Resources will market the 
renewable aromatic products produced at the Encina Corpus Christi facility as well as 
work with its affiliates to market renewable aromatic products from other Encina U.S.-
based plants. In addition, the refineries produce various commodity chemicals that are 
important building blocks for a variety of products used in daily life. Source: Business 
Wire, 2/16/2021.

Source: U.S. Energy Information Administration, Short-Term Energy Outlook (STEO), February 2021
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India’s Gas Imports to Soar...

India’s dependence on imports of oil and 
LNG is set to grow in the coming years, 
according to the IEA’s India Energy Outlook 
2021. In projected scenarios based on 
factors including government policy, GDP 
and population growth expectations, the 
IEA mapped out a future in which India’s 
growing energy needs and goal of reducing 
emissions results in significant increases 
in imports of hydrocarbons—particularly 
gas. Indian oil demand was around 5mn 
b/d in 2019, but in the IEA’s Stated Policies 
Scenario (Steps)—an outlook based 
upon current government policy and the 
assumption that Covid-19 will be largely 
brought under control this year—that rises 
to 7.1mn b/d in 2030 and 8.7mn b/d in 
2040, propelled in large part by expected 
growth in the automotive sector. Source: 
Petroleum Economist, 2/9/2021.

Toyo and Velocys Execute 
Collaboration Agreement...

Velocys has signed an agreement with 
Toyo Engineering Corporation to start the 
development of their commercial projects 
to produce Sustainable Aviation Fuel 
(SAF) and other renewable fuels in Japan. 
As part of this new collaboration the 
parties have engaged in the preliminary 
engineering evaluation in a joint effort to 
deliver a commercial scale biomass-to-
jet fuel project in Japan. In addition, the 
collaboration will extend to include the 
supply of the Velocys FT technology in 
other SAF, e-Fuels and biomass-to-liquids 
projects in the Japanese market. Source: 
Biofuels International, 2/8/2021.

Clariant Signs Partnership with 
ETH Zurich University...

Clariant has signed a cooperation 
agreement with ETH Zurich to support 
research in catalysis and sustainable 
chemistry with a significant financial 
contribution over an initial period of ten 
years. The goal of the partnership is, firstly, 
to advance the understanding of catalyst 
properties – from nano- to macroscale – 
and their performance. Secondly, together 
with the ETH Foundation, Clariant will 
sponsor and collaborate in fundamental 
chemical research projects, promoting 
talented ETH scientists and students. 
Source: Clariant, 2/4/2021.

Honeywell Selected by SIDPEC to Support Expansion of its 
Flagship Petrochemical Complex...

Honeywell Process Solutions (HPS) announced that Sidi Kerir Petrochemicals Company 
(SIDPEC) has selected Honeywell technology to upgrade the production capabilities 
of its flagship petrochemical complex in Alexandria, which produces ethylene and 
polyethylene for the Egyptian market. Honeywell has migrated SIDPEC’s legacy 
Honeywell TotalPlant™ Solution (TPS) production system with the latest version of its 
Experion® Process Knowledge System solution at SIDPEC’s complex. The upgrade is part 
of an expansion of the facility to incorporate propylene and polypropylene production 
and increase the supply of petrochemical products to domestic and international 
customers. The process automation improvements will support collective production at 
the site once the expansion is completed. Source: Honeywell, 2/9/2021.

Jizzakh Petroleum Secures Technology License Agreements for 
Uzbekistan MTO Project...

Jizzakh Petroleum announced significant progress in construction of a new gas chemical 
complex in Uzbekistan, based on methanol-to-olefins (MTO) technology. Jizzakh 
Petroleum is a major investor in the project located in the Bukhara region of Uzbekistan, 
which will use domestic feedstock to enable monetisation of natural gas, via the 
production of export-oriented and high value-added products in demand within the 
country. Based on in-depth studies and assessments conducted with partner, Wood, six 
technology licence agreements have been signed in January – early February 2021 with 
leading international companies: Chemtex, Scientific Design, Versalis, Haldor Topsoe, 
Grace and Sinopec. Source: Hydrocarbon Engineering, 2/8/2021.

Veolia Expands Plastics-Recycling Capabilities in the U.K. ...

Veolia (Paris) has expanded its plastic recycling capabilities in the U.K., with three sites 
(in London, Essex and the Midlands) dedicated to the recycling of 100 different grades 
of plastic. These will be from consumer, commercial and industrial sources, increasing 
the scale of recycling by 8,000 tons per year. The service will include the full process of 
the collection of materials from homes or businesses, recycling of the materials, then 
turning them into pellets for the production of new plastic products. Some examples 
of the plastics that will now be able to be recycled at the facilities are: high-density 
polyethylene (HDPE), polypropylene (PP) and polycarbonate (PC). Source: Chemical 
Engineering, 2/8/2021.

China Pursues Domestic Production for New Materials in Push 
Toward a Circular Economy...

China is turning toward domestic production for new materials in the chemical sector. 
The country has determined that if it is to achieve its goals going forward – developing 
its economy and society while also solving societal issues – then new materials and fine 
chemicals will be a must. And this has led the country to target a 75% self-sufficiency 
rate for new materials by 2025. The China Petroleum and Chemical Industry Foundation 
(CPCIF) has put forward a set of goals through which to develop the country’s petroleum 
and chemical industry over the course of the government’s 14th Five-Year Plan, which 
will run over 2021–2025. Under the 13th Five-Year Plan, which was active through to 
the end of last year, the focus was on adjusting industrial structure – though at the same 
time, the country also managed to shift toward developing and producing high-added-
value products, as well as improve the global presence of its petroleum and chemical 
industry to some extent. This all comes against the backdrop of various trends in China, 
including the rise of new industries as well as digitalization, urbanization and the 
modernization of rural communities. Source: Japan Chemical Daily, 2/5/2021.
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COMMERCIAL NEWS

Volume 4: Porous Materials for Energy Conversion and Storage

The final volume of this series looks at the future and challenges ahead for porous materials in regard to energy conversion 
and storage. Herein, the engineering aspect of porous materials are discussed, including applying porous materials in fuel cells, 
batteries, supercapacitors, electrolyzers, and more. There are four chapters in this final volume. 

The first chapter explores the role of porosity in high-power devices. Furthermore, experts on energy in supercapacitors give 
their foresight on how porous materials can be used for energy conversion and storage. The second chapter has industry 
experts sharing their knowledge on electrocatalytic materials, describing the role of porosity in fuel cells and electrolyzers. This 
is followed by a discussion of batteries and the effect that porosity has on them, as well as current and future research trends 
involving batteries and porous materials. 

The final chapter discusses the role of porosity in sub-surface energy, including sub-surface migration of gas, underground 
sequestration of CO2, and geothermal reservoirs. The volume concludes with a review of theoretical applications of porous 
materials in energy conservation and storage in addition to practical applications for current environments and the future. 

Conclusion

The four in-depth volumes in this new edition of Materials and Energy are a great resource for students, professors, and industry 
professionals. The insight from both academia and industry leaders make it one of the best resources available today. It’s simple 
and easy to read, yet it provides a comprehensive and technical view into porous materials. 

About the Reviewer

Dhoof Mohamed is a freelance writer based in Minnesota, who focuses on topics in technology and science. 
Mohamed attended the University of Minnesota where he majored in Health Sciences. 

INEOS Styrolution and 
Polystyvert Establish Joint 
Development Agreement 
Aimed at Advancing a Circular 
Economy for Polystyrene...

INEOS Styrolution and Polystyvert are 
collaborating to convert post-consumer 
polystyrene plastic into a new, high quality, 
polystyrene (PS) raw material resin. 
Polystyvert uses a patented dissolution 
technology to process polystyrene waste 
into high quality recycled polystyrene. 
The technology can eliminate a wide 
range of hard-to-remove contaminants 
such as pigments and brominated flame-
retardants. Recycled polystyrene pellets 
can then be used to manufacture various 
categories of polystyrene products, 
including food-grade applications. INEOS 
Styrolution has strong sustainability goals 
to improve and increase the recovery of 
post-consumer polystyrene waste. This 
joint development agreement reinforces 
their commitment to explore continued 
research into advanced recycling 
technologies. Source: INEOS Styrolution, 
2/2/2021.

International Private Equity Consortium to Buy DuPont Clean 
Technologies...

An international private equity consortium consisting of BroadPeak Global LP, Asia 
Green Fund (AGF) and The Saudi Arabian Industrial Investments Company (collectively, 
the Group) announced that they have signed a definitive agreement whereby the Group 
will purchase the Clean Technologies business of DuPont de Nemours, Inc. (DuPont) 
for $510 million in cash. As part of the transaction, Tensile Capital Management LP is 
providing preferred equity financing. The transaction is expected to close in the second 
quarter of 2021 subject to customary closing conditions and regulatory approvals. The 
Group and DuPont are working together to execute a seamless transition plan that will 
serve Clean Technologies and its global customer base both reliably and safely. Source: 
PR Newswire, 2/1/2021.

Eastman Chemical to Build World-Scale Molecular-Recycling 
Facility...

Eastman Chemical Co.’s Board Chair and CEO Mark Costa and Tennessee Governor 
Bill Lee announced the company’s plans to build one of the world’s largest plastic-to-
plastic molecular recycling facilities at its site in Kingsport, Tennessee (US). Through 
methanolysis, this world-scale facility will convert polyester waste that often ends 
up in landfills and waterways into durable products, creating an optimized circular 
economy. This facility, which is expected to be mechanically complete by year-end 2022, 
will contribute to the company achieving its ambitious sustainability commitments 
for addressing the plastic waste crisis, which includes recycling more than 500 million 
pounds of plastic waste annually by 2030 via molecular recycling technologies. The 
company has committed to recycling more than 250 million pounds of plastic waste 
annually by 2025. Source: Chemical Engineering, 2/1/2021.



The Catalyst Review                                   February 2021 5

PROCESS NEWS

Reduced Nickel Content 
and Improved Stability and 
Performance in Ceramic Fuel 
Cells...

A research team in Korea has developed a 
ceramic fuel cell that offers both stability 
and high performance while reducing 
the required amount of catalyst by a 
factor of 20. Dr. Ji-Won Son at the Center 
for Energy Materials Research, through 
joint research with Professor Seung Min 
Han at the Korea Advanced Institute 
of Science and Technology (KAIST), 
has developed a new technology that 
suppresses the deterioration brought on 
by the reduction-oxidation cycle, a major 
cause of ceramic fuel cell degradation, by 
significantly reducing the quantity and size 
of the nickel catalyst in the anode using 
a thin-film technology. Dr. Ji-Won Son's 
team at KIST developed a new concept for 
an anode which contains significantly less 
nickel, just 1/20 of a conventional ceramic 
fuel cell. This reduced amount of nickel 
enables the nickel particles in the anode 
to remain isolated from one another. To 
compensate for the reduced amount of 
the nickel catalyst, the nickel's surface 
area is drastically increased through the 
realization of an anode structure where 
nickel nanoparticles are evenly distributed 
throughout the ceramic matrix using a 
thin-film deposition process. The research 
results were published in Acta Materialia. 
Source: Phys.Org, 2/17/2021.

Catalyst Turns Mixed Plastic 
Waste into Natural Gas...

Plastic waste can now be efficiently 
converted into methane using a 
ruthenium-based catalyst. The patented 
technology could help mitigate the 
planet’s growing plastic waste problem 
while producing methane for use as a 
fuel or chemical feedstock in a more 
environmentally friendly way than 
fracking. Paul Dyson and colleagues at 
the Swiss Federal Institute of Technology 
in Lausanne (EPFL), have shown that 
hydrocracking with a ruthenium modified 
zeolite catalyst efficiently and selectively 
transforms polyethylene, polypropylene 
and polystyrene into methane that could 
be directly fed into natural gas networks. 

The team have since 
created an EPFL spin-off 
company called Plastogaz 
to scale up the technology. 
Study co-author Felix 
Bobbink who is now chief 
executive of Plastogaz says 
the initial idea came when 
working on indirect carbon 
dioxide methanation. The 
team observed that all 
carbon atoms in a cyclic 
carbonate were converted 
into methane, with the 
oxygens combining with 
hydrogen to produce 
water. In search of an 
efficient catalyst, the  
researchers looked to  
ruthenium for its known efficiency in hydrocracking processes. First, they made several 
catalysts by loading varying amounts of ruthenium nanoparticles on zeolite supports. 
These were then tested by hydrocracking the liquid alkane hydrocarbon, n-dodecane, 
to arrive at the best catalyst relative to cost, dubbed RuZ. Further recycling experiments 
with RuZ revealed it could efficiently convert polyethylene, polypropylene and poly-
styrene into methane in yields of 97%, 95% and 92% respectively after four hours. 
When plastics were converted together, simulating mixed plastic waste, the methane 
yield reached 99%. Source: Chemistry World, 2/12/2021.

Closed-Loop Recycling of Polyethylene-Like Materials...

In terms of a circular economy, reuse of post-consumer sorted polymers (mechanical 
recycling) is hampered by deterioration of materials performance. Chemical recycling 
via depolymerization to monomer offers an alternative that retains high-performance 
properties. The linear hydrocarbon chains of polyethylene enable crystalline packing 
and provide excellent materials properties. Their inert nature hinders chemical 
recycling, however, necessitating temperatures above 600 degrees Celsius and 
recovering ethylene with a yield of less than 10%. These results show that renewable 
polycarbonates and polyesters with a low density of in-chain functional groups as break 
points in a polyethylene chain can be recycled chemically by solvolysis with a recovery 
rate of more than 96%. At the same time, the break points do not disturb the crystalline 
polyethylene structure, and the desirable materials properties (like those of high-
density polyethylene) are fully retained upon recycling. In this approach, initial polymers 
result from polycondensation of long-chain building blocks, derived by state-of-the-art 
catalytic schemes from common plant oil feedstocks, or microalgae oils. This allows 
closed-loop recycling of polyethylene-like materials. Source: Nature, 2/17/2021.

New Synthetic Route for Biofuel Production...

A German-Chinese research team has found a new synthetic route to produce biofuel 
from biomass. The chemists converted the substance 5-hydroxymethylfurfural (HMF) 
produced from biomass into 2,5-dimethylfuran (DMF), which could be suitable as a 
biofuel. Compared to previous methods, they achieved a higher yield and selectivity 
under milder reaction conditions. The team led by Dr. Baoxiang Peng and Professor 
Martin Muhler from the Laboratory of Industrial Chemistry at Ruhr-Universität Bochum 
(RUB) and the group led by Professor Christof Hättig from the RUB Chair for Theoretical 
Chemistry described the method together with colleagues from Changzhou, China, in 
the journal Angewandte Chemie. Source: Ruhr-Universität Bochum (RUB), 2/8/2021.

Proposed reaction mechanism for the catalytic breakdown of plastic waste into 
methane by a ruthenium catalyst. Source: © 2021 Wei-Tse Lee et al.
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By Michelle K. Lynch, PhD

The Russian Federation (Russia) is the largest country in the world with a land mass of 17.1 million square kilometres (km2). Russia 
has a population of just under 143 million people and its population density, at just 8.5 people/km2 is around four times lower than 
the USA and 13 times lower than the European Union (EU) (FAO, 2016). Russia has vast oil and gas reserves, and it is one of the 
largest gas exporters to Europe. The country’s president, Vladimir Putin, is one of the longest serving heads of state in the world, 
now well into his fourth presidency after over 20 years in power. The Russian economy has flourished during this time with its gross 
domestic product (GDP) increasing from $259.7 billion USD in 2000 to $ 1.7 trillion USD in 2019 (World Bank, 2020). The Covid-19 
pandemic resulted in a GDP contraction of 3.1% in Russia in 2020 and this is expected to be reversed with equivalent positive growth 
in 2021 (Fitch, 2021). Russia has been successful in producing an effective adenovirus vaccine against Covid-19 (Sputnik-V) and, as 
recently published in The Lancet, it has been found to have over 90% efficacy against the virus (Logunov, 2021). As of January 11, 
2021, Russia claimed to have vaccinated over 1.5 million of its population and it is now looking to fulfil orders for 100’s of millions of 
doses to over 50 countries including South America, India and Europe. This bodes well for the sustained recovery in Russia’s economy 
and to the quality of scientific developments in the production of novel pharmaceuticals. 

In terms of industrial output, Russia is  
most commonly thought of as a producer  
of fossil fuels and precious metals. As can  
be seen from Table 1, it has a significant  
market share of all these commodities.  
Russia is, however, a relatively small  
producer of key battery materials and  
rare earth oxides (REO). In the case of  
REO, increasingly important for supply  
of permanent magnets for electric  
vehicles, wind turbines and other  
strategic application, Russia has the  
fourth largest reserves in the world,  
behind China, Brazil, and Vietnam.  
Therefore, there is considerable upside 
potential on the amount of REO it could  
supply (Cotting, 2019).

Even though energy is a major part of Russia’s GDP, as a low-cost fossil fuels producer and with a reasonably diversified set of 
industries contributing, it can absorb oil and gas prices and demand shocks. This in part accounts for its fast bounce back from the 
effects of the pandemic in 2020. The percentage of Russian GDP allocated to “high tech and knowledge-based industries” makes up 
over one-fifth of the total and it has significant contributions from agriculture, construction and other non-fossil fuel industries. 
The chemicals industry in Russia is valued at around $52 billion USD in 2018, equivalent to 3.0% of GDP. It is made up of 3,500 
companies as well as 100 scientific and design organisations (SDO) employing over 650,000 employees (CEFIC, 2020). The industry 
draws upon the large oil and gas supply. Around 80% of the chemicals produced are ammonia, nitric acid, fertilizers, sulphuric acid, 
plastics and synthetic salts. Methanol capacity is also on the increase with at least four mega-methanol projects under construction 
(Netherlands Embassy, Russia 2018). 

Russia has been working towards the 17 United Nations Sustainable Development Goals (SDGs) and as such has sought to increase 
the access to clean and affordable energy, clean water, clean air, better housing and less crowded living conditions, conservation 
on land and in waterways, improved aquaculture and higher human life expectancy (FSS, 2020). Catalysis is essential for all these 
improvements and its role will continue to grow in importance in the Russian Federation. 

This article covers the structure of catalysis in Russia, the governmental, industrial, academic and philanthropic landscape and 
looks in detail at the patented innovations originating from Russian laboratories. Key advantages Russia has in the field of catalysis 
compared with other countries will be described. 

SPECIAL FEATURE

Catalysis in Russia: A Country ProfileCatalysis in Russia: A Country Profile

Source: Compiled by Enabled Future Limited; *IEA, 2020; °Based on consumption data
ǂJohnson Matthey, 2020; The Silver Institute 2020; ±NS Energy, 2021; Pistilli. 2021; SP Global, 2019; 
Cotting, 2019

Table 1. 2019 Russian supply share of fossil fuels and platinum group metals
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Russian Government Industrial Strategy

Russian Government Structure

In Russia, the government is structured into a set of federal ministries and federal services agencies. The governing figures include 
the president (Vladimir Putin), the prime minister (Mikhail Mishustin), 10 deputy prime ministers and 21 federal ministers. Each of 
the deputy prime ministers has a set of responsibilities including drafting government policies and implementing programmes aimed 
at developing specific industries. Ministries with the most relevance to catalysis are:

•	 The Ministry of Energy of the Russian Federation (Minenergo) headed by Nikolai Shulginov. This ministry covers 
production of fuels, energy, renewables and petrochemicals. 

•	 The Ministry of Industry and Trade (Minpromtorg) headed by Denis Manturov covers policy for science and 
technology for defence and national security, industry, environment, foreign and domestic trade. Focus is on 
chemicals (NB- separated from petrochemicals covered by Minenergo).

•	 The Ministry of Science and Higher Education of the Russian Federation was formed in 2018 and is headed up 
by Valery Falkov. This ministry has state control over the scientific institutions and the university-level education 
including the Russian Academy of Sciences.

•	 The Ministry of Natural Resources and Environment of the Russian Federation (Minprirody) headed by Alexander 
Kozlov, this ministry covers a wide range of issues relating to environmental monitoring and protection and 
treatment of industrial and consumer waste.

The most senior government officials involved in science and manufacturing are:

•	 Viktoria Abramchenko – deputy PM assigned to a variety of sectors including environment, biotechnology, natural 
resources, agriculture, water, land and mineral resources.

•	 Tatyana Golikova – deputy PM healthcare, pharmaceuticals, chemical and biological security, science education 

•	 Yuri Borisov – deputy PM looks after fuel and energy, electricity generation, nuclear, military and arms procurement.

Industrial Strategy

The government updated its industrial pivot strategy in 2020 and published its “Strategy for the Development of the Manufacturing 
Sector up to 2024 and until 2035” outlining the plans for development of Russia’s manufacturing industry by 2024 and then for the 
proceeding decade to 2035. The strategy is aimed at improving Russia’s self-sufficiency and according to the prime minister: “forming 
a globally competitive industrial sector with high potential” (TASS, 2020; Russian Government, 2020). The strategy includes the 
following six targets: 

1. A 50% increase in the number of innovative companies.

2. Increased spending on digitalisation to the equivalent of 5.1% of the created gross added value (GVA).

3. At least 5% growth of annual labor productivity growth at medium and large enterprises.

4. Raising industrial exports to US$205 billion a year including US$60 billion in engineering products.

5. An increase in the Russian manufacturing GDP share from 14% to 17% and annual manufacturing growth rates of 
4.5% by 2025 and 3% per year thereafter.

6. Detailed consideration is given to manufacturing sector trends, particularly in developing agriculture, aviation, 
chemicals, electronic, medical and land/ocean transportation.

A forerunner to this strategy specifically aimed at the chemical industry was the “Strategy for Development of the Russian Chemical 
and Petrochemical Complex in the Period up to 2030.” The document set out a plan for 2016-2030 to support the upgrading and 
modernisation of existing chemical/petrochemical production facilities running cleaner more efficient processes. As with the more 
recent manufacturing strategy, much emphasis was placed on increasing self-sufficiency and reducing dependence on exports. 

Hydrogen Strategy

Hydrogen production is also a key growth area for Russia and in 2020 the government published a detailed strategy for growing the 
sector between 2020 and 2024 (Morgan Lewis, 2020). The roadmap is split into eight sections as follows:
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1. Strategic Planning and Monitoring of the Hydrogen Developments

2. Steps to Incentivize and Provide State Support to Hydrogen Energy Projects

3. Industrial Build-Up

4. Implementation of Hydrogen Energy Priority Pilot Projects

5. Science and Technology Development for High-Tech Solutions

6. Improvements of the Legal Framework and the National Standardization System

7. Human Resource Development

8. International Cooperation

The roadmap was intended as a way to set out the proposed development of the hydrogen industry for all the relevant stakeholders, 
and to set out the plan for introducing the formation of working groups, regulatory frameworks and legislation, governance on 
hydrogen technology projects, state support mechanisms, and a route to commercialising hydrogen projects. 

The key organizations involved in the hydrogen roadmap are the Ministry of Energy and Ministry of Economic Development, Novatek, 
Rosatom State Corporation, Gazprom, St-Petersburg Mining University, and others. Even as the document was published, hydrogen 
capacity was being announced — the country’s largest gas producer — Novatek said that it was planning a blue hydrogen plant 
(steam methane reforming combined with carbon capture and sequestration – SMR-CCS) in the Yamal Peninsula to produce hydrogen 
for both domestic and international markets (Afanasiev, 2020). 

Gazprom in Russia has voiced its intention to supply Japan’s needs with green hydrogen. The company has a number of technologies 
which lower the carbon footprint of hydrogen production. Gazprom is reporting on three methods — its methane adiabatic 
conversion (MAC), a pyrolysis method, and water electrolysis. The MAC process produces a methane-hydrogen mixture as a fuel gas 
for compressor units and is being developed at Gazprom’s sites at Samara and Ufa. Gazprom reports that this technology gives a 5% 
fuel saving with 30% less CO2 emissions, 4.5 times less NOx and 5 times less CO. Gazprom has obtained a patent on the technology in 
Russia, Japan, South Korea, China, and the United States. The company is looking to produce standardized equipment modules and 
will first roll out the technology at internal Gazprom facilities. 

The second technology is a more ambitious innovation to create carbon-free technologies for producing hydrogen from natural gas 
using an “unbalanced low-temperature plasma” which is used to crack methane to hydrogen gas and solid carbon. The technology is 
aimed at producing both clean hydrogen fuels and chemical feedstocks. Other groups are working in similar directions — methane 
cracking research is underway at the Karlsruhe Institute of Technology (KIT) and the Institute for Advanced Sustainability Studies in 
Potsdam. Gazprom has water electrolysis technology, although it seems to be leaning towards the other two methods as cheaper 
options. Gazprom is looking to offer hydrogen supply to Japan and other regions using its range of sustainable hydrogen technologies 
(Aksyutin, 2019).

Russian Catalyst Market

Russia’s chemicals and petrochemicals industry is a US$52 bn sector and a major source of employment in the country. There 
is a building urgency to preserve, upgrade and grow the industries and to move to more high technology products. In the last 
decade, Russian petrochemicals projects were subject to delay due to bureaucracy, lack of funding, permitting roadblocks, poor 
infrastructure, siloed organisations, a lack of a cooperative framework and inexperience with project development. However, the 
Russian petrochemical industry has entered a renewed phase of growth. The government has increased its activities with the goal of 
improving national self-sufficiency and to address the risk of losing its strong energy export position as many of its overseas markets 
move towards a hydrogen economy. 

The structural issues are being addressed through the formation of chemical industry clusters. There are six main regions of Russia 
where the current chemical industry is focused (Far Eastern, East Siberia, West Siberia, Volga, Caspian and North West). Work has 
been underway to build the clusters for some time and Centres for Cluster Development (CCD) have been established since 2010 
which have been responsible for cluster initiatives. Three new chemical clusters are being developed in the Nizhny Novgorod region, 
Bashkortostan and Omsk. More high-tech clusters are also being piloted, including: a biotechnology cluster in Pishino, Moscow 
Region, a pharmaceutical, biotechnology and biomedical cluster in Obninsk, Kaluga, and the nuclear and nanotechnology cluster in 
Dubna, Moscow. 
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Catalyst Producers

Russia is regarded as rising in strategic importance for catalyst supply considering the focus on growing the chemicals and energy 
industries domestically. Russia also constitutes a strategic market for catalyst suppliers. Currently a handful of domestic suppliers 
are present including Gazprom, KNT Group, Nizhnekamsknefthekim and Rosneft. This article does not cover the surrounding Eastern 
European countries although there are large catalyst plants in the Ukraine and elsewhere – which will be covered in a subsequent 
article. 

Figure 1. Structure and key companies in the Russian catalyst industry. 

Source: Enabled Future Limited

Figure 2. Russian catalyst market SWOT analysis: perspective – Western 
catalyst suppliers. 

Source: Enabled Future Limited

Most catalyst is currently supplied by 
major international catalyst producers. 
Some have a significant presence in 
Russia – for example, BASF supplies 
autocatalyst out of its Vostock plant 
close to Moscow and Johnson Matthey 
has a large automotive catalyst plant 
at Krasnoyarsk, situated within the 
Krastsvetmet complex. Johnson 
Matthey has also licensed its nitric 
acid gauze technology to domestic 
Russian catalyst producers. Moreover, 
at Krasnoyarsk, Krastsvetmet JM has a 
large research and development site 
and is producing catalysts and carrying 
out catalyst and precious metal product 
refining and regeneration. 

The hydroprocessing catalyst market 
is currently at around 21,000 tons in 
Russia spread across 130 units. It is 
dominated by imports rather than 
domestic supply and with a predicted 
annual growth rate (AGR) of 25% from 2020-2030, there is considerable interest in investment in building new catalyst plants for this 
sector. The current map of catalyst producers is shown in Figure 1. 

The market in Russia for other oil and gas catalysts including for fluid catalytic cracking (FCC), high dispersion and isomerization, is 
also on an upward trajectory and the four main domestic suppliers mentioned above are all looking to increase their production 
capacity. New grades have been developed and these have 
been tested at pilot scale and are making their way into 
commercial operation. Rosneft reportedly estimates that 
the refining catalyst market in Russia will reach 31,000 tons 
per annum by 2030 (Kalinenko, 2020). It consumes around 
one-third of this internally. Gazprom has been building its 
FCC portfolio over a period of decades and since the mid-
1960s it has added ultrastable zeolites and bi-zeolites to 
its portfolio – the latest having a +4.5% gasoline yield. The 
company reported a $4 million USD increase in margins 
with the catalyst in their own FCC plants and it now has a 
new FCC catalyst plant in construction. Once all the catalyst 
plant expansions in Russia are complete it is claimed that the 
country will be able to supply almost all of its own refining 
catalysts. Even so many challenges technical and project 
scale up challenges remain, and the petrochemicals catalyst 
market is still woefully underserved by domestic producers.

The catalyst market landscape in Russia from the perspective 
of Western catalyst suppliers is represented in a SWOT 
analysis as shown in Figure 2. The opportunity is one of 
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collaboration – both for Russia and the partnering organisations who both stand to gain. It is not surprising that foreign entities are 
investing in Russian chemical and oil and gas majors – the recent SIBUR/Sinopec JV deal for a new polymer plant located at the Sibur 
Amur Gas Chemical Plant being a case in point. (Sibur, 2020). The future would clearly be one where once Russia has satisfied its own 
domestic demand; it would also want to export catalyst.

Russian R&D Landscape
Academic Institutes

Many of the academic institutions with research in the fields 
of chemical and biological sciences and catalysis are part of 
the Russian Academy of Sciences (RAS). The RAS is a now a 
non-profit federal state budgetary institution. It was originally 
established in 1724 by order of Emperor Peter I and then 
recreated by the Decree of the President of the Russian 
Federation of November 21, 1991 as the highest scientific 
institution in Russia.

RAS is responsible for supervising scientific research in Russia 
and its aims are to develop fundamental research aimed at 
obtaining new knowledge about nature, society and human 
beings and to contribute to the technological, economic, 
social and spiritual development of Russia. Organisations 
involved in catalysis including those falling under RAS 
governance are summarised in Table 2. 

Novosibirsk State University (NSU) — NSU, based in 
Novosibirsk, Siberia was founded in 1959. It was borne out 
of the need to study the science which enabled the many 
industrial successes that had taken place in the Siberian 
chemical industry. It has grown over a period of 70 years 
to an organisation housing 7,200 students, 2,500 academic 
staff distributed amongst 110 sections. Its location is in the 
world-renowned research hub, Akademgorodok. Nearby are 
70 research labs as well as some 50 research institutes each 
focusing on specific scientific and mathematical fields.

NSU has now gained the recognition of being a National 
Research University. Its structure is divided up into 
departments for mathematics, physics, natural sciences, 
geology and geophysics, medicine and psychology as well as 
economics, information technology and humanities. Catalysis 
activities at NSU are housed in the Faculty for Natural Sciences 
(FEN) and is the first faculty formed when NSU was established. 
FEN united all the main areas of natural sciences — mathematics, physics, chemistry, biology, and geology although these later 
grew into separate faculties. Currently, FEN employs around 200 teachers, including 12 RAS members and over 80 post-doctoral 
researchers. Both chemistry and biology students are taught within the faculty. There is strong collaboration with BIC and many of 
the staff and researchers hold positions in both organisations. Key departments and laboratories involved in catalysis at NSU are:

•	 Department of Solid-State Chemistry. Nanoparticle characterisation, methane oxidation, crystallography, deep 
learning and computer vision for catalyst characterisation. Prof Elena Vladimirovna Boldyreva, Head of the 
Department. 

o Department of Catalysis and Absorption. Houses the Energy Saving Catalytic Processes Laboratory. 
Heterogeneous catalysis, hydrotreatment and co-processing of biofuel feedstocks. Low dimensional 
hybrid material. Prof Evgeniya Nikolaevna Vlasova, Chair. 

•	 Laboratory for Synthesis and New Materials Research in Resource Efficient Catalytic and Absorption Processes. 
Aromatic oxidations, asymmetric C-H oxidations, non-heme iron(V)-oxo intermediates, ethylene polymerisation, 
Head – Prof. Konstantin Petrovich Brylyakov.

Source: Compiled by Enabled Future Limited using information from EFCATS, 2020

Table 2. Key academic organisations carrying out catalysis in Russia. 
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•	 Nanocomposite Materials CO2 absorption, Mn-Co catalysts for CO oxidation, catalyst characterisation, electrode 
materials. Head, Prof Sergey Vasilevich Tsybulya.

o Carbon Nanomaterials Laboratory. Synthesis, screening and study of physicochemical properties of new 
types of carbon nanostructures and hybrid materials including fullerene, carbon nanotubes, nanohorny, 
nanodiamonds, graphite, porous carbon. Head, Prof Aleksandr Vladimirovich Okotrub. 

Funding comes from the Russian Foundation for Basic Research (RFBR), the Russian Science Foundation (RSF) and the Ministry of 
Science and Higher Education of the Russian Federation. 

NSU has been successful in launching catalysis spin-out companies. UNICAT Ltd is a spin-off innovation company that was founded 
jointly by BIC and NSU. 

Boreskov Institute, Russia — The Boreskov Institute of Catalysis (BIC) was originally founded as part of the Siberian Branch of the 
Russian Academy of Sciences in 1958 by Georgii Konstantinovich Boreskov, a prominent scientist in the fields of chemical technology 
and catalysis. He remained its first director until 1984 when he was succeeded by the physical chemist and teacher - Kirill Il’ich 
Zamaraev. Thereafter in 1995, the current director Valentin Nikolaevich Parmon became head. 

BIC is one of the largest catalysis R&D institutes globally. It has around 1,000 staff of which over one third are researchers and 70 are 
professors. BIC celebrated its 60th birthday in 2018 and now boasts the main institute located in Novosibirsk as well as the Moscow 
office, a division in St. Petersburg and the Volograd division which houses its three pilot plant facilities. The key areas of study are 
fundamental research on catalyst preparation and catalytic reactions as well as development of new catalysts and applications mainly 
for refining and petrochemicals. There are eight key research departments within BIC:

1. Department of Physicochemical Methods for Catalyst Investigation, Head Prof. Valerii I. Bukhtiyarov
2. Department of Non-Traditional Catalytic Processes and Technologies, Head Acad Valentin N. Parmon
3. Department of Heterogeneous Catalysis, Head: Prof. Vladimir A. Sobyanin
4. Department of Exploratory and Applied Investigations, Center for Catalyst Characterization and Testing, Head: Prof. 

Bair S. Bal’zhinimaev
5. Department of Catalytic Process Engineering, Head Prof. Alexander S. Noskov
6. Department of Catalytic Processes of Fine Organic and Bioorganic Synthesis, Head Prof. Zinaida P. Pai
7. St Petersburg Division of the Boreskov Institute of Catalysis, Head: Prof Sergey S. Ivanchev
8. Volgograd Engineering Scientific Center of the Boreskov Institute of Catalysis, Director Dr Andrey P. Kovalenko

Funding at BIC consists of foundation grants, e.g., from the Russian Foundation for Basic Research, the Siberian Informational and 
Consulting Centre for R&T Cooperation (SICC), between the Russian Federation and European Union, NATO and the International 
Association for the promotion of co-operation with scientists (INTAS) from the new independent states (NIS) of the former Soviet 
Union. Other sources include technology commercialization and licensing revenue and grants from industrial partners. 

Over 50 catalysts and technologies developed at BIC have been implemented industrially including CDM fluidized bed paraffin 
dehydrogenation catalysts, diesel and vacuum gasoil hydrotreatment catalysts, catalytic heating units (CHU), catalytic air heaters for 
greenhouses, other environmental catalysts for stationary applications, hydrogen generation catalysts and fine chemical synthesis 
catalysts. 

Patent Analysis

A search for patents filed in Russia in the last five years was carried out using the commercial Patbase patent searching database. 
Patents with high relevance were targeted with specific search terms in the title and combined with a search of title/abstract limited 
by specific international patent classification codes (IPC). A total of 1,231 patent families were identified using this method. Each 
family has on average four publications (4,755 in total) – this is an indication of the degree to which assignees have filed patents with 
the intention of obtaining a monopoly on the invention outside of Russia (i.e., through three other patent authorities). 270 families 
have been filed through the World Intellectual Property Office (WIPO) which means that there may be more jurisdictions added to 
those families over the preceding 18 months. So far, 1,563 of the applications (42%) made have been granted and this is a good level 
of success considering also that many of the applications are still being examined. 

To show the degree to which overseas assignees are interested in expanding their activities in Russia, the presence of Western 
assignees in the search set has been highlighted. The most prolific Western assignees are catalyst producers with a strong presence 
in petrochemicals, oil and gas and automotive markets. It is also interesting to note that in the citation analysis – both the patents 
citing older publications (backward citations) and those being cited (forward citations) are made up of a similar group of companies. 
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The Russian landscape is much more diverse with hundreds of separate 
domestic assignees appearing. The top Russian assignees reflect the major 
catalyst producers and the main catalysis research institutes, as outlined 
elsewhere in this article. 

Summary and Conclusions

Russia has a very rich and evolving scientific landscape. It has been 
responsible for many prestigious scientific development and these are 
not limited to the basic chemicals sector – Russia’s high-tech, biomedical 
and healthcare segments contribute a significant and growing part of the 
country’s GDP. Russia has formidable catalyst expertise within its academic 
institutions and is home to the catalyst centre of excellence (CCOE) – 
the Boreskov Institute of Catalysis (BIC) which in conjunction with the 
Novosibirsk State University (NSU) publish a large share of the country’s 
catalysis research. 

Russia has heretofore relied on foreign catalyst producers to meet most 
of its domestic demand, in particular for oil and gas applications. The 
current catalyst producers in Russia are looking now to expand their 
capacity and portfolios and in future, they will be able to satisfy an ever-
greater percentage of domestic demand. However, they do not have all 
the skills they need to do this and a model of collaboration with Western 
and other overseas catalyst developers and producers has much to offer 
domestic companies. There are a large number of opportunities in Russia 
for overseas catalyst companies; however, making an investment in Russia 
has its challenges and the potential for political and economic instability, 

Table 3. Russian catalyst patent statistics & foreign assignee 
landscape. 

Source: Enabled Future Limited (PatBase data)

human resources, availability of capital during a time when the world is facing the problems of the continuing Covid-19 pandemic, 
and the debt burden which has built up as a result in the last 12 months are all obstacles which need to be overcome. Despite these 
challenges, the weight of the opportunity in Russia across several different existing catalyst sectors and the burgeoning hydrogen 
economy make Russia a very attractive prospect for future investment. 
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STUDY UNDERWAY!

“Power-To-X: Techno-economic, Commercial and Strategic Developments for Production  
of Energy Carrier Chemicals, Petrochemicals and Sustainable Fuels”

In its most recently launched multi-client study, The Catalyst Group Resources (TCGR) will address the latest commercial and technological progress related to 
the use of Power-To-X (PtX) technology in the production of energy carrier chemicals (gaseous and liquid), petrochemicals and sustainable fuels. Much of this is 
encapsulated by the production of green hydrogen from water electrolysis and its downstream value chains.  Whether you are a producer or consumer of hydrogen, 
syngas, methanol, natural gas, ammonia or Fischer-Tropsch hydrocarbons, or have access to excess renewable power, you will want to use this in-depth analysis 
to inform you of the latest in the state-of-the-art technologies as well as guide you for further investment opportunities. The study will provide an understanding of 
the market drivers, challenges and opportunities for PtX, a detailed technology review of the green hydrogen value chain (e.g., H2, SNG, methanol, ammonia, etc.), 
techno-economic case studies of the world’s current flagship PtX projects and the resulting competitive and strategic implications.

Source: Frontier Economics, 2018; “INTERNATIONAL ASPECTS OF A POWER-TO-X ROADMAP: A report prepared for the World Energy  
Council, Germany”; p. 15.

Critical to the potential success of PtX is water-splitting. A 
delineation of the strengths and weaknesses of the various 
approaches will provide an indication of the role to be played 
via technology and techno-economic advancements with 
implications in: 1) Water Electrolysis; 2) Green Hydrogen; Blue 
Hydrogen; 3) Power-to-Gas; 4) Syngas; CO; and 5) Power-to-
Liquids. With an outlook covering the next 10 years (2020-2030), 
TCGR will consider commercial and technological developments 
that will provide expert information for current business operation 
and future business planning. By focusing on emerging 
technologies, TCGR will detail how changes occurring now and 
expected in the future via the Power-to-X approach will impact the 
chemical energy carriers, green petrochemicals and sustainable 
fuels markets of tomorrow. This report will look at the way in which 
hydrogen and its downstream value chain are being disrupted 
by the increased deployment of Power-to-X and will elaborate on 
strategies being adopted in a wide range of current pilot and large 
demonstration projects. 

This study is a “by the industry, for the industry” assessment and 
a “must have” for future success in Power-to-X (PtX) globally! This 
proposed study is scheduled for completion in May/June 2021.

Additional information, including the complete study proposal, the preliminary Table of 
Contents and the Order Form, is available at: http://www.catalystgrp.com/multiclient_studies/
power-to-x-techno-economic-commercial-and-strategic-developments-for-production-of-
energy-carrier-chemicals-petrochemicals-and-sustainable-fuels/ or by contacting John J. 
Murphy at +1.215.628.4447 or John.J.Murphy@catalystgrp.com 

The Catalyst Group Resources (TCGR), a member of The Catalyst Group, is dedicated to monitoring and analyzing technical and commercial developments in catalysis as they apply to 
the global refining, petrochemical, fine/specialty chemical, pharmaceutical, polymer/elastomer and environmental industries.
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Complex Solid Solution Electrocatalyst Discovery by Computational Prediction and High-
Throughput Experimentation...

Complex solid solutions (CSS) comprising five or more principal elements hold the promise of bringing about a paradigm change 
in the field of electrocatalysis due to the availability of millions of different active sites with unique arrangements of multiple 
elements directly neighboring a binding site. CSS electrocatalysts have been shown to be “game-changing” materials for a wide 
range of electrochemical reactions such as hydrogen and oxygen evolution reactions, CO, CO2, and O2 reduction reactions, as well as 
methanol oxidation and ammonia synthesis and decomposition. Unfortunately, the large number of possibilities associated with the 
combinations and composition of constituent elements makes it almost impossible to predict optimal electrocatalysts for specific 
reactions. Herein, the authors describe a closed-loop, data-driven, high-throughput experimental approach involving the oxidation-
reduction reaction (ORR) that iteratively combines (i) ab-initio simulations and modeling, (ii) combinatorial synthesis of materials 
libraries (MLs), and (iii) high-throughput characterization (Figure 1). 

EXPERIMENTAL

Figure 1. Schematic representation of the iterative materials discovery loop. 
a) Predicted and experimentally obtained ORR activity on ML1 using SDC 
measurements: the initial model does not match the experimental result. The x  
and y-axis denote the dimension of the ML. b) The data-driven discovery 
cycle combining prediction, combinatorial synthesis and high-throughput 
characterisation.

Figure 2. Comparisons between models I, II and III. a) 
Schematic representation of how the CSS surface is 
populated in the models. Red atoms represent oxygen, 
white atoms represent hydrogen, and the other colors 
represent the CSS surface. b-d) Histograms showing 
the binding energy distribution patterns of *OH (green), 
*O (blue), and combined (grey) on the simulated 
10,000 atom surface. Volcano curves illustrate the 
optimum binding energy. e-g) Example polarization 
curves for Ag4Ir16Pd30Pt14Ru36 plotted as a function of 
potential. Red lines indicate the potential 820 mV vs. 
RHE. h-j) Activity maps plotted using models I, II, and 
III, respectively. Current is calculated at 820 mV vs. 
RHE. Compositions are taken from ML1. The black box 
indicates selected compositions in (e-g).

Their studies focused 
on the system Ag-
Ir-Pd-Pt-Ru, with 
the constituents 
chosen based on 
the likelihood of 
forming a stable and 
active CSS as well 
as a composition 
predicted with initial 
modeling studies. 
Three models were 
then developed with 
distinct binding and 
site interactions, as 
illustrated in Figure 
2. All models were 
derived from ‘brute 
force methods’ 
since, for every 
composition, a small section of the surface was simulated (100 x 100 atoms, 3 layers) 
with Ag, Ir, Pd, Pt, and Ru randomly populating the face-centered cubic (fcc) lattice. 
The authors then used simulation, machine learning, data-guided combinatorial 
synthesis, and high-throughput characterization methodology to identify CSS 
compositions with high electrocatalytic activity. Although models for predicting 
ORR activity based on simple descriptors did not contain enough information to 
make predictions on a CSS surface, they did find a model incorporating the simplest 
adsorbate-adsorbate interactions to replicate experimental activity trends remarkably 
well. Comparing data from over 1000 ORR activity measurements and machine 
learning guided predictions demonstrates an efficient methodology for high-
throughput closed-loop materials design in the flourishing field of electrocatalysis on 
CSS surfaces. Source: Batchelor TAA, Löffler T, Bin X, et al. (2020). Angew. Chem. Int. 
Ed. 10.1002/anie.202014374.

Pd-Modified ZnO−Au Enabling Alkoxy Intermediates Formation and Dehydrogenation for 
Photocatalytic Conversion of Methane to Ethylene...

A photocatalytic process, requiring only solar energy as the energy input, is seen as an appealing approach for achieving CH4 
conversion under mild conditions. However, this approach has limited product selectivity because of ethane’s dominance rather than 
ethylene—the critical building block for producing value-added chemicals. Herein, the authors report that a Pd-modified ZnO−Au 
hybrid can efficiently catalyze the CH4 conversion toward C2H4 production under mild conditions (room temperature, 1 atm pressure, 
and incident light). 
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In the ZnO−AuPd hybrid, Au 
nanorods were chosen as the 
plasmonic metal nanostructures 
to provide the local electric field 
to promote the generation of 
active Zn+−O− pairs on ZnO. At 
the same time, Pd was selected 
as the modifier to modulate the 
hybrid catalyst’s dehydrogenation 
capability for potentially controlling 
the CH4 conversion pathway 
and C2H4 selectivity. The Pd 
modification was achieved by 
depositing pre-synthesized AuPdx 
core−shell nanorods on the MPA-
modified ZnO support (Figure 1a). 
This protocol allows for precise 
control of the Pd content by tuning 
the amount of Pd precursor via 
inductively coupled plasma mass 
spectrometry, ICP-MS. Structural 

Figure 1. (a) Schematic illustration of the MPA-assisted 
synthetic process. (b) TEM image of AuPd2.7%. (c,d) TEM (c) and 
HRTEM (d) images of ZnO–AuPd2.7% hybrid catalyst. (e) STEM 
image of ZnO–AuPd2.7% and the corresponding EDS elemental 
mapping of Zn (blue), Au (yellow), and Pd (cyan).

Figure 2. Mechanism of photocatalytic CH4 conversion. 
 (a) In situ DRIFTS spectra for photocatalytic conversion  
of CH4 over ZnO− AuPd2.7%. (b) In situ EPR signals of  
ZnO−AuPd2.7% collected under different environments.  
(c) Schematic illustration for photocatalytic conversion of 
CH4 to C2H4 through surface alkoxy intermediates in the  
case of ZnO−AuPd hybrid catalysts. Bond angle and bond 
length are not represented in the schematic.

characterization studies using TEM and STEM are shown in Figures 1b-e.

Experiments to assess the efficacy of the Pd-modified ZnO−Au hybrids for photocatalytic CH4 conversion were carried out in the 
gas−solid phase under xenon arc lamp irradiation. Pure ZnO was found to be is sluggish for CH4 conversion. After metal loading, the 
ZnO−Pd exhibits low CH4 conversion activity. Simultaneously, the ZnO−Au hybrid displays a C2+ compound production of 42 μmol 
g−1 with a minor selectivity for C2H4 (ca. 3.8%) after 4 h of light irradiation. Upon introducing Pd into Au’s lattice, the photocatalytic 
performance, especially C2H4 selectivity, is dramatically boosted. 

During the reaction, due to the presence of Pd, methane molecules are first dissociated into methoxy intermediates on ZnO’s surface. 
These methoxy intermediates are further dehydrogenated and coupled with methyl radicals into ethoxy intermediates, which 
are subsequently converted into ethylene through dehydrogenation (Figure 2). As a result, the optimized ZnO−AuPd hybrid with 
atomically dispersed Pd sites in the Au lattice achieves a methane conversion of 536.0 μmol g−1 with a C2+ compound selectivity of 
96.0% (39.7% C2H4  and 54.9% C2H6 in total produced C2+ compounds) after 8 h of light irradiation. Source: Jiang W, Low J, Mao K, et 
al. (2020). J. Am. Chem. Soc. https://dx.doi.org/10.1021/jacs.0c10369

Recent Advances in Heterogeneous Catalysis for Ammonia Synthesis...

Demand for ammonia, driven by increasing global population and energy costs, has motivated continued research to develop more 
efficient catalyst technologies. Although Fe-based and Ru/C catalysts have proven effective in improving the Haber-Bosh process’s 
performance, there is still a need to further improve catalysts under mild conditions, particularly at low temperature and pressure. 
Recently, advanced formulated Ru-based catalysts making use of hydrides and electrides as supports have been found to enhance 
Ru’s electron density and inhibit H2 poisoning at pressure may pose a solution. Herein, the authors present a comprehensive review 
covering newly developed heterogeneous catalysts for NH3 synthesis. Formulations based on electrides, hydrides, nitrides, oxides, 
intermetallic/alloys, and other supported catalysts are discussed, followed by a summary and outlook dealing with developing a 
more effective catalyst for NH3 synthesis.

Advanced materials such as electrides, hydrides, nitrides, oxides, and oxy-hydrides-nitrides possess unique properties of reversible 
storage of electrons, which, in turn, can enrich electron density on Ru catalyst and cleave the N-N triple bond with low activation 
energy (<60 kJ/mol) (Figure 1). A mechanistic understanding of these materials leads to the understanding that the N-H bond’s 
formation rather than activation of the N-N bond triple bond is the rate-determining step (RDS) (Figure 2).

Most of the new catalysts studied performed better than classical benchmark Cs–Ru/MgO and Ru/AC catalysts in NH3 synthesis. 
Different synthesis and reaction conditions such as pressure, temperature, Ru loading, and presence/absence of active Ru in catalyst 
creates difficulty in comparing each catalyst’s proficiency. But after careful analysis, at low temperature (300–350°C) and 0.1 MPa 
pressure, calcium-based supported Ru catalysts such as CaH2, Ca2N:e—electrides, Ca (NH2)2, Ba/Ru/LaCeO3 are promising. 
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In the case of non-Ru based catalysts, the conventional mass-based 
aspect, the 3d metals-hydride (Co-BaH2) catalysts, are much more 
active than Co3Mo3N LaCoSi. Supported Fe-LiH and Co-BaH2 are even 
superior to most of the Ru-based catalysts. After discovering highly 
efficient electrides, hydrides, nitrides, perovskites, and oxides-based 
Ru catalysts, it clear that Cs-Ru/MgO can no longer be considered the 
benchmark catalyst. 

With respect to large scale commercialization, each of these catalysts 
has its pros and cons regarding catalyst cost, stability, operating 
conditions, and potential profit. However, insights into the new 
material and its mechanisms will eventually lead to finding a realistic 
catalyst for NH3 synthesis. Source: Marakatti VS and Gaigneaux EM. 
(2020). ChemCatChem, 12: 5838–5857.

SPECIAL FEATUREEXPERIMENTAL

Figure 1. a) Crystal structure of [Ca24Al28O64]
4+(e−)4. The framework of 

stoichiometric C12A7 is composed of 12 cages. Two out of 12 cages 
are occupied by O2− ions, Cages are occupied by electrons in place 
of O2− ions. b) Comparison of the energy levels for a F+ center in CaO, 
CCB in C12A7:e− and the Fermi level (Ef) in Ru. Reaction mechanism 
c) Through a Langmuir-Hinshelwood mechanism to form NH3 in 
which N2 dissociation is the RDS which occurs in Ru/C12A7:e− at 
low temperature of 300 °C . d) Ru/C12A7:e− the rate-limiting step 
is formation of N−Hn species. NH3 is formed through the Langmuir-
Hinshelwood mechanism (route 1) and the direct reaction of N  
adatoms with H radicals (nascent hydrogen) derived from cage H− 
anions (route 2).

Platinum Dissolution in Realistic Fuel Cell Catalyst Layers...

Although proton exchange membrane fuel cells (PEMFC) with Pt-group metal (PGM) catalysts have achieved commercialization, their 
cost and durability remain the two main obstacles to broad implementation. Extensive research on Pt/C electrode stability has shown 
that Pt dissolution and carbon corrosion are the primary causes of degradation, leading to a decrease in the electrochemically active 
surface area (ECSA), which, in turn, results in lower electrode activity and power losses in the PEMFC. Herein, the authors explore 
the use of gas diffusion electrode (GDE) half-cells as a suitable tool to bridge the gap between fundamental electrochemical catalyst 
evaluation and applied fuel cell research. By coupling a GDE half-cell to an ICP-MS (Figure 1), they observed time-resolved and direct 
measurements of Pt dissolution in realistic catalyst layers and through Nafion membranes.

Figure 2. Mechanistic proposal and validation of the two-active-center catalysis  
in TM-LiH catalysts.

Figure 1. Scheme of the novel gas diffusion electrode (GDE) half-cell setup 
coupled to inductively coupled plasma mass spectrometry (ICP-MS) used in
the current work to detect catalyst dissolution.

Figure 2: Comparison of Pt dissolution in GDE (this work) 
and model system (scanning flow cell, SFC, data extracted 
from [6c, 11]). The difference in Pt dissolution can be 
explained by the varying mass transport in model systems 
(RDE, SFC) with flooded catalyst layer (top) and realistic 
catalyst layers (GDE, MEA, bottom).

The experimental 
results provided 
the following 
insights: (i) specific 
Pt dissolution 
is increasing 
significantly with 
decreasing Pt 
loading; (ii) in 
comparison to 
experiments on 
aqueous model 
systems with flow 
cells, the measured 
dissolution in GDE 
experiments is 
considerably lower; 
and (iii) by adding 
a membrane onto the catalyst layer, Pt dissolution is reduced even further. These 
phenomena are attributed to the varying mass transport conditions of dissolved 
Pt species, influencing re-deposition, and equilibrium potential. 
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Specifically, the addition of a Nafion membrane on top of the catalyst layer resulted in a three-fold reduction of Pt. This phenomenon 
can be explained by impeded mass transport of dissolved Pt species away from the catalytic centers. Such activity results in 
decreased net dissolution due to re-deposition, and a shift in equilibrium potential reveals the importance of Pt mass transport on 
Pt dissolution. However, to gain deeper insights into Pt species’ mass transport in Nafion, SFC experiments using different membrane 
thicknesses have been conducted. In combination with numerical calculations, the diffusion coefficient of dissolved Pt ions in fully 
hydrated Nafion membranes could be determined to 4 x 10-11 m2 s-1, which is more than one order of magnitude lower than the 
diffusion of Pt species in an aqueous electrolyte. This difference between Pt mass transport in aqueous media of fully flooded model 
catalyst layer and ionomer in realistic catalyst layers explains the distinct degradation rates in experiments conducted in aqueous 
flow cells and real devices (Figure 2). In general, it can be concluded that GDE half-cell experiments offer unique opportunities to 
study catalyst layers and their degradation by coupling them directly to analytical methods. Source: Ehelebe K, Knöppel J, Bierling M, 
et al. (2020). Angew. Chem. Int. Ed. 10.1002/anie.202014711.

Study Reveals Platinum's Role in Clean Fuel Conversion...

A water gas shift reaction catalyst made of platinum atoms (red and 
blue) on a cerium oxide (CeOx) surface, the periphery of the nanoparticle 
(shiny dark red), get activated to take part in the reaction. These 
activated platinum atoms transfer oxygen from OH groups to carbon 
monoxide (CO), transforming it to CO2, leaving the H to combine with 
atomic hydrogen to form H2. 

Scientists at the U.S. Department of Energy’s Brookhaven 
National Laboratory, Stony Brook University (SBU), and other 
collaborating institutions have uncovered dynamic, atomic-
level details of how an important platinum-based catalyst 
works in the water gas shift (WGS) reaction. This reaction 
transforms carbon monoxide (CO) and water (H2O) into 
carbon dioxide (CO2) and hydrogen gas (H2)—an important 
step in producing and purifying hydrogen for multiple 
applications, including use as a clean fuel in fuel-cell vehicles, 
and in the production of hydrocarbons. 

The new study, published in Nature Communications, 
identifies the atoms involved in the catalyst’s active site, 
resolving earlier conflicting reports about how the catalyst 
operates. The experiments provide definitive evidence that 
only certain platinum atoms play an important role in the 
chemical conversion. “The catalyst is made of platinum 
nanoparticles (clumps of platinum atoms) sitting on a cerium 
oxide (ceria) surface. Some of those platinum atoms are on 
the surface of the nanoparticle, some are in the core; some 
are at the interface with ceria, and some of those are at 
the perimeter—the outside edges—of that interface,” said lead author Yuanyuan Li, a research scientist at SBU’s Materials Science 
and Chemical Engineering Department who has a guest appointment in Brookhaven Lab’s Chemistry Division and works under the 
guidance of Brookhaven/SBU joint appointee Anatoly Frenkel. 

Now that the scientists know which platinum atoms play an active role in the catalyst, they may be able to design catalysts that 
contain only those active platinum atoms. The structural features and details of how the dynamic changes are connected to 
reactivity will help the scientists understand the working mechanism of this particular catalyst and potentially design ones with 
better activity at lower cost. The same techniques can also be applied to studies of other catalysts. Source: Brookhaven National 
Laboratory (BNL), 2/10/2021.
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Ken received his BS in chemical engineering from the University of Delaware in 2014, where he had also served as 
a summer intern for Compact Membrane Systems Inc (CMS). Upon graduation, he joined the firm as a Research 
Engineer and was subsequently promoted to the role of New Product Development Manager in 2019. In this 
capacity, Ken initially had the opportunity to work with and develop novel fluoropolymer membrane technologies 
for robust chemical separations. From there, he took the lead on the scale-up of the olefin paraffin technology to 
help CMS bring this new technology to market. He can be reached at kloprete@compactmembrane.com.
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The Catalyst Review asked Ken to discuss the challenges associated with the design of an olefin-
paraffin membrane.
The idea of separating an olefin from paraffin without the need for a distillation tower has long been a holy grail of 
membrane scientists. Due to the similar sizes of the molecules, a scalable size-exclusion membrane, whether it is 
polymeric or inorganic, is nearly impossible to design due to either its low performance or the formation of defects. The 
quickest path to a commercialized olefin/paraffin separation membrane is one utilizing the π-orbital interaction between 
the double bond in the olefin and a metal ion, specifically silver. This preferred interaction can be incorporated into 
polymeric membranes to create a facilitated transport membrane (FTM). FTM’s have excellent permeation and olefin 
selectivity properties. The downside is that they require water to function correctly, or else the silver-olefin interaction 
does not work.

Although the concept of olefin-silver facilitated transport has been around for some time, the challenge comes in creating 
a scalable, cost-effective, and easy to install system. Scale-up of new membrane technology begins with coating. Thousands 
of square feet need to be produced with low variability in thickness to ensure consistent film. Experimental design is 
typically employed to help determine the critical parameters in the coating process, such as polymer concentration, 
substrate properties, viscosity, solvent choice, coating speed, humidity, drying rate, and many other factors. The use of 
silver adds an additional challenge due to its light instability. However, the use of fluoropolymers significantly stabilizes 
the silver making the coating production feasible. A roll-to-roll coater is typically used for coating. Rollers keep a 40” 
wide substrate under tension to a coater where the membrane solution is deposited onto the substrate at a specific wet 
thickness. The sheet moved to a long over where the solvent is evaporated, leaving behind a thin film. The final dried 
membrane is then rolled up to be used in the next stage, where it will become a usable product.

The second hurdle in scaling a facilitated transport membrane is the module design. Membranes need to be configured 
as either a hollow fiber bundle or a spiral wound element. Since ultrafiltration membrane flat sheets are used for coating, 
a spiral wound element is the first choice for scale-up which agrees with the fact that other gas separation membranes 
in the oil and gas industries are typically spiral wound. Spiral membranes represent an innovative method to fold and 
roll membranes with spacers to create flow channels for the feed flow as well as the permeate flow. FTMs are very thin 
coatings, less than 1 micron, and the rolling nature of a spiral roll can lead to defects. Special consideration is needed for 
the shear stress effects from the spacers on the membrane. The choice of spacers to separate the layers of the membrane 
is also essential to ensure the desired fluid dynamics of gas flow are achieved. Ultrafiltration flat sheet membranes are 
used for coating, so a spiral wound element is the first choice for scale-up. When designing a spiral wound, pressure 
drop needs to be minimized. The thickness and angle of the biplaner feed spacer needs to be optimized to the flow and 
media being delivered to the spiral. As the gas permeates the membrane, a different fabric-like spacer is used to direct 
the permeate out to the central tube. Computational fluid dynamics helps understand where issues can occur and find 
the correct material for the module. Once the spiral wound membrane is made, it is placed into a bank of large housings 
to create an efficiently packed and modular unit operation.


