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Abstract
Over the past 150 years, our ability to produce and transform engineered materials has been
responsible for our current high standards of living, especially in developed economies. However,
we must carefully think of the effects our addiction to creating and using materials at this fast rate
will have on the future generations. The way we currently make and use materials detrimentally
affects the planet Earth, creating many severe environmental problems. It affects the next
generations by putting in danger the future of the economy, energy, and climate. We are at the
point where something must drastically change, and it must change now. We must create more
sustainable materials alternatives using natural raw materials and inspiration from nature while
making sure not to deplete important resources, i.e. in competition with the food chain supply. We
must use less materials, eliminate the use of toxic materials and create a circular materials economy
where reuse and recycle are priorities. We must develop sustainable methods for materials recycling
and encourage design for disassembly. We must look across the whole materials life cycle from raw
resources till end of life and apply thorough life cycle assessments (LCAs) based on reliable and
relevant data to quantify sustainability. We need to seriously start thinking of where our future
materials will come from and how could we track them, given that we are confronted with resource
scarcity and geographical constrains. This is particularly important for the development of new
and sustainable energy technologies, key to our transition to net zero. Currently ‘critical materials’
are central components of sustainable energy systems because they are the best performing. A few
examples include the permanent magnets based on rare earth metals (Dy, Nd, Pr) used in wind
turbines, Li and Co in Li-ion batteries, Pt and Ir in fuel cells and electrolysers, Si in solar cells just
to mention a few. These materials are classified as ‘critical’ by the European Union and Department
of Energy. Except in sustainable energy, materials are also key components in packaging,
construction, and textile industry along with many other industrial sectors. This roadmap
authored by prominent researchers working across disciplines in the very important field of
sustainable materials is intended to highlight the outstanding issues that must be addressed and
provide an insight into the pathways towards solving them adopted by the sustainable materials
community. In compiling this roadmap, we hope to aid the development of the wider sustainable
materials research community, providing a guide for academia, industry, government, and funding
agencies in this critically important and rapidly developing research space which is key to future
sustainability.
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1. Forward

Magda Titirici
Department of Chemical Engineering, Imperial College London, United Kingdom

Taking the European Union (EU) as an example, the advanced materials sector generates more than
2.5 million direct jobs and a GDP of over 650 billion euros. The biggest challenge we are facing now is how to
sustain such a materials heavy economy without continuing to harm the planet and destroy its ecosystems.

Sustainable materials are materials that can be produced at scale without depleting non-renewable
resources and without disrupting the environment. Manufacturing and using truly sustainable materials are
key goals for our future global economy and for meeting Paris Agreement targets to transition to net zero by
2050.

Materials sustainability is a very multidisciplinary and complex research area. Such materials vary from
bio-based materials (polymers, carbons, ceramics, etc) to recycled materials that can be reprocessed or
reused without requiring additional mining and minerals depletion. Sustainable materials must be closely
connected with their applications, especially when urgent replacements for critical materials are required, for
example in the energy sector but also in constructions, packaging, and textiles. Future developments in
materials sustainability will need to eliminate resource scarcity and be part of a circular economy value chain
to solve important global challenges. Not only the scarcity of resources must be eliminated, but such
materials need to perform across their useful lifetime at a lower cost, be manufactured with minimum
energy/water/toxic elements input and be reusable/recyclable at the end of their first useful life.

We have a crucial mission to change our future technologies mix from energy to buildings,
transportation, agriculture, and industrial sector. We must ensure we decarbonise across all these sectors
while improving performance and improving economic value and reducing the environmental footprint to a
minimum. To achieve this, we need to implement affordable and performant sustainable materials across all
these sectors. Only then we will have a prosperous and climate neutral economy by 2050.

The key goal of this ‘sustainable materials roadmap’ is to present different ongoing research, progress,
and remaining challenges in sustainable materials. This roadmap will start with a section defining a material
criticality. We will then focus on the potential of biomass, especially the biomass not in competition with the
food supply (i.e. biowaste) and its potential as a sustainable, widely abundant source for creating the next
generation of materials to feed our ever more demanding society requiring advanced materials across
different sectors of the economy. Hence, we will have a section elaborating on how best to extract valuable
biomass components from the raw parent biomass in a reproducible and sustainable fashion. Using pure
biomass components is key to ensure materials reproducibility given biomass variety from species to species
and even within the same species from crop to crop. We will then discuss biomass derived materials based on
biomass components cellulose and lignin as well as the potential of wood for the future of nanoscience and
materials engineering. Before diving into different specific classes of materials we will also discuss the
importance of borrowing inspiration from nature to impart biomass-derived materials with crucial
properties such as maximised transport and diffusion, self-healing, ability to expand and contract upon
function without damage to only mention a few. We will then dive into specific classes of materials from
carbons to metal–organic frameworks (MOFs), polymers, nanocomposites, quantum dots (QDs) and
present recent progress and challenges on preparing these from sustainable bio-based precursors. After
discussing various classes of sustainable materials, the roadmap will focus on important emerging
technologies of key importance to reaching the Paris Agreement goals by applications across different sectors
such as renewable energy generation (wind and solar), storage and conversion in sustainable batteries and
fuel cells, H2 storage, as well as creating a circular carbon economy for CO2 capture and conversion into
useful fuels and chemicals and electrochemical ammonia production. Other crucial sectors of our economy
such as portable electronics industry, construction materials packaging and textiles and fashion will also be
addressed with focus on materials sustainability. The roadmap ends with discussing important issues about
materials circular economy and best practice in recycling. Finally, the very important aspect of quantifying
sustainability across all the stages of a material life from the raw material is made from to manufacturing,
transport, use phase and end of life is discussed.

We hope to have provided some concrete examples of how materials sustainability can be improved with
focus on bio sourcing and bioinspiration by providing specific examples of sustainable materials and
emerging challenges, their applications in key emerging technologies along with important aspects of
materials circularity, recycling and life cycle assessment (LCA).

This collective review provides an overview of the current state of the art, research direction and future
perspectives of sustainable materials.
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Materials criticality

2. Assessing rawmaterials criticality

Sterling G Baird and Taylor D Sparks
Materials Science & Engineering Department, University of Utah, Salt Lake City, UT, 84112, United States of
America

Status
Raw materials criticality can significantly impact global markets [1]. For example, the historical cobalt crisis
of 1977–1979 consisted of a violent rebellion in Zaire (0.009% global GDP at the time) that led to a price
spike by 380% [1]. In 2011, China implemented export quotas and taxes on rare earth materials, increasing
the price of permanent magnet Dy and Nd materials up by approximately 800% and 2050%, respectively,
which took several years to resolve via a World Trade Organization trade dispute [2]. Both cobalt and
rare-earth materials, along with many other elements, are foundational for renewable or low-carbon
technology, and the dependence of low-carbon technologies (e.g. solar, wind, batteries) on critical materials
affects the energy security of nations [3]. There is a growing shift towards alternative, sustainable renewable
energy [2], battery [2, 4], thermoelectric [5], piezoelectric, ferroelectric, and drilling/cutting/grinding (e.g.
automotive, oil, and gas) [6] technologies. Clearly, energy materials are heavily impacted; however, all
materials and related applications will be affected by materials criticality. Therefore, for all materials, it is
important to consider raw materials criticality questions such as:

• Is a particular element abundant or scarce? (Elemental scarcity).
• Is it sourced primarily from a single region? (Market concentration).
• Do the region(s) suffer frompolitical instability or frequent, disruptive, natural disasters? (Supply disruption
risk).

• Howmuch can secondary sources relieve the above constraints? (Substitutes [7], recycling [2], see figure 1).
• How do the above factors depend on the short-, medium-, and long-term? (Temporal [7, 8]).

Specifically, raw material criticality is a function of geographic, geological, environmental, political,
temporal, and economic factors and is difficult to quantify (figure 1). Advancing understanding of the
impact of raw materials criticality on industries for businesses, education, and governments [7] and
increasing global data/analysis accessibility will enable:

• More efficient use of natural, monetary, and temporal resources;
• Avoidance of future supply-chain disruptions;
• Acceleration of materials discovery for game-changing technologies.

For a detailed report of materials criticality provided by the US Department of Energy (DoE), see [7].

Current and future challenges
Raw materials criticality needs to be assessed quantitatively in addition to qualitative measures so that data
can be incorporated into algorithms to identify existing, high-risk materials as well as sustainable, alternative
candidates. We present this in three distinct, data-driven components:

(a) Identification and selection of meaningful features/metrics;
(b) Data curation and sanitation;
(c) Data analysis, interpretation, and visualisation.

Identification and selection of meaningful features/metrics
As a highlight of the ambiguity involved with defining ‘raw materials criticality’, Schellens and Gisladottir [9]
gave a list of 23 distinct definitions across various review articles and gave a suggestion for a holistic
definition. Alonso et al [1] identified 14 raw materials criticality features/metrics from 12 articles and sorted
these into two categories: (a) institutional inefficiencies that cause resource unavailability and (b) physical
constraints on amount and quality of resources. When a resource lacks certain institutional efficiencies, such
as geographical supply and demand diversity or established recycling practices, the market is more susceptible
to unpredictable events such as political change and natural disasters. Physical constraints were further sorted
into static Malthusian (total amount and current rate of consumption), dynamic Malthusian (total amount
and expected rates of consumption), and Ricardian (material quantity and quality) features, demonstrating
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Figure 1. A flow analysis for materials criticality considerations demonstrates the dependence of materials criticality on and
interdependence of many diverse factors, labelled as rates and displayed as gauges. Materials flow from resource base to resources
and reserves, moving through manufacturing, recycling, consumption and in-use phases with circulatory connections
in-between. Reprinted with permission from [1]. Copyright (2007) American Chemical Society.

the diversity of features that can exist. They also showed a material flow analysis (figure 1) which highlighted
dependence on and interdependence of many, diverse factors. Some features may exhibit higher importance
based on the application (as determined by feature selection algorithms), yet feature selection approaches
may benefit from considering ease of obtaining and availability [10] of data in addition to importance.

Data curation and sanitation
Data may be subject to large uncertainty [1, 10], gaps [5], or systemic bias, any of which can depend on both
material and temporal factors. For example, some materials (e.g. Li, Ni, Ga) are studied much more
frequently than others (e.g. Cs, Tl, and Th) [8] and some material data has higher uncertainty (e.g.
Herfindahl–Hirschman index (HHI) of Ga, Hf, Os) [5] or is missing data for certain years [5].

Data analysis, interpretation, and visualisation
Once data has been obtained and curated, screening can take the form of thresholds [1] and multi-objective
optimisation for an application of interest [4–6]. Analysis and interpretation can be accomplished via
machine learning algorithms or visual analysis of high-information density charts and tables. Algorithms or
analyses which cater to input uncertainty or handle cases of sparse or missing data may be particularly useful.

Advances in science and technology to meet challenges
Hayes and McCullough [8] introduced a ‘percent criticality’ metric which they defined as the number of
times an element was identified as critical vs the number of times an element was considered based on 32
comprehensive raw materials criticality studies. They analysed geographical, by-product recovery, and
temporal trends using per cent criticality and found that rare earth elements, platinum-group metals, In, W,
Ge, Co, Nb, Ta, Ga, Sb, Bi, Tl, and Mg are commonly considered critical.

The DoE’s 2011 materials criticality document [7] identified Dy, Tb, Eu, Nd, and Y as near-term high
criticality energy materials. They assigned qualitative measures of a material’s importance to clean energy
and supply risk (rankings between 1 and 4) and visualised these in gridded, criticality matrices for short- and
medium-term forecasts.

Successful examples of identifying new, promising materials have been demonstrated in the search of
new, sustainable thermoelectric [5], battery [4], and superhard [6] materials using data compiled from the
CRC Handbook of Chemistry and Physics and United States Geological Survey commodity statistics for
elemental scarcity and the HHI, respectively (figure 2).

Gaultois et al [5] demonstrated that Te often correlates with high performance in thermoelectrics but has
high scarcity. Despite being rare, the HHI value (a measure of market concentration) is low (good). In other
words, the market is non-concentrated and less susceptible to local fluctuation.
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11. Sustainable conjugated polymers (CPs)

Yunping Huang1 and Christine K Luscombe1,2

1 Materials Science and Engineering Department, University of Washington, Seattle, Seattle, WA 98195,
United States of America
2 Okinawa Institute of Science and Technology Graduate University, 1919-1 Tancha, Onna, Kunigami
District, Okinawa 904-0495, Japan

Status
CPs are semiconducting materials featuring both flexibility and solution processability, breaking the dated
conception that semiconductors are inorganic and rigid [126]. Moreover, this unique property combination
has given birth to the previously unprecedented idea of flexible electronics. Simultaneously, this field pursues
efficient device manufacturing via solution processing in contrast to high vacuum and/or high temperature
processing used in inorganic semiconductors. CPs are indispensable in organic light emitting diodes [127],
enabling flexible and light-weight lighting and display technologies now available in the commercial market.
Other novel CP-powered technologies, including organic solar cells [128] and organic field transistors [129]
are currently undergoing the commercialisation process, taking lab-scale research into a viable product. To
date, the champion efficiencies of single-junction organic solar cells are around 16%; highest mobilities in
organic field transistors are up to 20 cm2 V� 1 s� 1 for p-type and approaching 10 cm2 V� 1 s� 1 for n-type CPs.

In contrast to traditional semiconductors made from silicon and rare-earth elements, CPs are made
primarily from organic elements, especially C, H, N, O, and S. Therefore, CPs can alleviate or eliminate
concerns about deforestation, loss of biodiversity and pollution related to silicon and rare-earth production
in the current semiconductor industry. The semiconducting nature of CPs is enabled by p-orbital overlap
between adjacent C, N, O or S atoms (figure 14), allowing electrons to delocalise along the polymer chain.
Electron delocalisation is further enhanced in the condensed state, due to the ability for interchain � –overlap
between polymer backbones.

To meet the requirements of different applications, monomers with different � structures (see examples
in figure 14) were incorporated into the conjugated backbone to tune the optoelectronic properties of
resulting CPs, such as absorption, emission, charge mobility, energy levels [127, 128]. This requires efficient
polymerisation methods applicable to a wide variety of conjugated monomers. Moreover, high-selectivity
methods are crucial for the synthesis of defect-free CPs, essential for champion performances. Furthermore,
the economic and environmental impacts of CPs directly influence the commercial viability of these
technologies, therefore in addition to researching recyclability and biodegradability [129], developing
low-cost and eco-friendly synthetic methodology for CP syntheses is also important in advancing this field
[130, 131].

Current and future challenges
Figure 15 illustrates the polymerisation methods commonly applied in the synthesis of CPs along with their
usage frequency over the past 15 years. Suzuki and Stille polymerisations have been the most common
techniques for CP synthesis, and so far, the majority of the record-breaking CPs are synthesised with these
methods. These high performances are enabled by few defects in the CPs: (a) after the substrates undergo
ex situ conversions into halogenated, organotin or organoboron precursors, side products can be removed
through purification before polymerisation. (b) The reactivity of C–X (X = halogen) and C–M (M = SnR3,
B(OR)2) bonds is significantly enhanced compared to the other C–H bonds on the substrates, which is
crucial for controlling the site of bond formation on each monomer. These two factors reduce branching
defects in CPs. Moreover, utilising two different functional groups is important for reducing homo-coupling
defects, preparing structures with desired alternating repeat units.

However, these pre-functionalisation procedures compromise the economic and environmental
sustainability of CPs: (a) they lengthen synthetic routes and require extra reagents and working hours,
increasing production cost; (b) explosive organolithium and toxic organotin used in the
pre-functionalisation steps are detrimental to workplace safety and environmental wellness [130, 131].

To overcome these two concerns, direct arylation polymerisation (DArP) [131] and cross
dehydrogenative coupling polymerisation (CDCP) [130] were developed (figure 15). Compared to tradition
polymerisation methods, DArP and CDCP activate C–H bonds in situ in polymerisation. This bypasses the
syntheses of organotin or organoboron precursors, alleviating the environmental concerns regarding
organolithium and organotin. However, undesired C–H bonds in the molecule can also be activated during
DArP and CDCP, creating branching defects in the resulting CPs. Eliminating branching defects is one of the
critical challenges for C–H functionalisation in polymer science. Since CDCP utilises monomers with the
same functional group (two C–H bonds), in great contrast with traditional polymerisation methods (C–X
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(a) Expanding substrate scopes and increase site selectivity. DArP and CDCP have limited substrate
scopes, requiring the presence of highly reactive C–H bonds or directing groups. Meanwhile, suppress-
ing undesired bond formation on during polymerisation is essential to reduce defect and enhance the
performance of CPs. Therefore, challenges regarding substrate dependency and site selectivity need to be
overcome through development novel catalysts prior to the wide range application of these methods.

(b) Exploring earth abundant catalyst systems. Considering catalysts made from expensive and rare pal-
ladium are widely applied in Suzuki coupling, Stille coupling, DArP and CDCP, efforts are focusing in
developing earth abundant catalysts (e.g. copper [134]) for DArP to further optimise the economic and
environmental sustainability of CP syntheses. However, to our knowledgeCDCPutilising an earth abund-
ant metal is still an untapped research area.

Sustainable synthetic methodology alone is inadequate for the vision of sustainable CPs. Sustainable
thinking in CP molecular design is just as important to their economic and environmental sustainability. At
present, a majority of high-performance CPs are synthesised with lengthy synthetic routes, which increased
production expense and the total amount of by-products. Researchers have been experimenting creatively on
shortening the synthetic route and lowering the environmental impacts in the syntheses of organic
conjugated molecules, by utilising abundant natural products with conjugated structures (e.g. indigo [129],
theobromine [135], and biobased furans [136]) with impressive performances achieved. Moreover,
incorporating natural products introduces biodegradation pathways for resulting molecules [129]. This
thinking pattern can be also transferred into the design of CPs considering they share similar design
principles. It is always important to continue developing novel molecular designs that increase the
sustainability of CPs and leave their performance uncompromised. In addition, green and biomass-derived
solvents (e.g. 2-methyltetrahydrofuran) are encouraged and effective as alternative solvents for developing
more environmentally sustainable polymerisation methods [134].

Concluding remarks
CPs are a class of materials that comprise features of semiconductors and plastics, and this unique
combination is indispensable for the development of flexible electronic devices. At present, the syntheses of
high-performance CPs require longer syntheses and chemical reagents that are toxic and explosive, adversely
affecting their economic and environmental impacts. Green polymerisation methods such as DArP and
CDCP are now faced with inadequate selectivity and limited substrate scope, where significant efforts have
been invested in recent years. In addition, the sustainability profile of these polymerisation method can be
further optimised by replacing the use of noble metal catalysts with earth abundant metal elements like
copper. Last but not least, sustainable thinking in CP molecular design is equally important—designing
simplified synthetic routes is straight-forward and efficient in lowering the economic and environmental
footprint of CP syntheses.
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12. Sustainable cellulose nanocomposites

Koon-Yang Lee
Department of Aeronautics and the Institute for Molecular Science and Engineering, Imperial College
London, SW7 2AZ, London, United Kingdom

Status
Nanocellulose, i.e. cellulose fibres in the nanometre scale, is a family of abundant, lightweight and
high-performance bio-based fibres that possess the broad chemical modification capacity of a cellulose
molecule and the high specific surface area of a nanomaterial. It can be obtained either top-down or
bottom-up. In the top-down approach, wood pulp is passed through either high-pressure homogeniser,
microfluidiser or stone grinder to liberate the cellulose fibrils [137]. Wood pulp-derived nanocellulose
(figure 16(a)) is more commonly known as either nano- or micro-fibrillated cellulose (NFC/MFC),
depending on the mechanical action employed. The bottom-up approach utilises cellulose-producing
bacteria from the Komagataeibacter genus to convert low molecular weight sugars into cellulose fibrils [138].
These microbially-synthesised nanocellulose (figure 16(b)), otherwise known as BC, is an ultrapure form of
cellulose without impurities such as hemicellulose or traces of lignin that are often present in MFC and NFC.

A major driver in the field of nanocellulose science and technology is the possibility of exploiting the high
tensile properties of cellulose crystals for various advanced composite applications. Theoretical calculations
and numerical simulations estimated the modulus and strength of cellulose crystals to be up to 300 and
22 GPa, respectively [137]. Experimentally, the tensile modulus of single nanocellulose was measured to be
ca. 100–160 GPa. Recent work based on ultra-sound induced fragmentation of
(2,2,6,6-tetramethylpiperidin-1-yl)oxyl (TEMPO) oxidised nanocellulose estimated the tensile strength of
single nanocellulose to be 1.6–6 GPa, depending on the source of nanocellulose [141]. Therefore,
nanocellulose is often regarded as the prime candidate for the production of high-performance sustainable
nanocomposites that could replace fossil-derived engineering materials. At a nanocellulose loading of
60 vol.-%, the tensile modulus and strength of (sustainable) cellulose nanocomposites have been reported to
be as high as 12 GPa and 200 MPa, respectively [137]. As a comparison, poly(L-lactic acid) (PLLA), a fully
bio-based polymer with the highest mechanical performance that already has widespread use, possesses a
tensile modulus of 4 GPa and a tensile strength of 63 MPa only.

Current and future challenges
Despite the promising mechanical performance, nanocellulose has not yet been commercialised as
reinforcement for sustainable cellulose nanocomposite production. In fact, the commercial applications of
nanocellulose are currently limited to low value applications, such as thickeners for gel inks in ballpoint pens
(Mitsubishi Pencil Co. Ltd), diaphragm in audio speakers (Onkyo Corp.), additives in toilet wipes (Daio
Paper Corp.), adult diapers (Nippon Paper Industries Co. Ltd) and in-sole for shoes (ASICS). The bottleneck
in the application of nanocellulose for sustainable nanocomposite applications are: (a) the cost and (b) the
transportation of nanocellulose. Currently, nanocellulose is priced at US$100 kg� 1 (dry basis) [142]. For
NFC and MFC, this stems from the high energy refinement process to convert wood pulp to nanocellulose.
For BC, the cost stems from capex as BC is grown most efficiently in static culture at rather low production
rate. Nanocellulose is therefore not cost competitive in the high-volume low profit margin sustainable
materials market as high loading fraction of nanocellulose is required [137]. Cheaper reinforcing fillers, such
as talc and natural fibres, are available for the sustainable composites industry. In terms of transportation,
nanocellulose will form a strong nanofibre network that can no longer be reprocessed upon drying. This is
known as hornification, the formation of irreversible hydrogen bonds between adjacent cellulose fibres.
Nanocellulose must therefore be kept wet after production in its never-dried form, typically contains up to
∼98 wt-% water, prior to subsequent use. This reduces the cost-efficiency of nanocellulose as 98% of the
total transportation cost of never-dried nanocellulose is transporting water, which does not add value to the
final sustainable cellulose nanocomposites.

Advances in science and technology to meet challenges
It can be anticipated that the high cost of nanocellulose can be offset by designing high performance materials
for high volume application but containing only low loading fraction of nanocellulose whilst offering
dramatically improved mechanical performance that conventional materials cannot achieve. One can
estimate the theoretical tensile modulus (Ec) of cellulose nanocomposites using the Cox–Krenchel model:

Ec = � 0� LvfEf +(1− vf)Em: (1)
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and a washing step was still required to completely remove the PEG. Nevertheless, this work has hinted the
possibility of ‘sizing’ nanocellulose as a mean to transport nanocellulose cost-effectively. If a solution to
transport never-dried nanocellulose filter cake at a solid content of >95 wt.-% is available, this will further
contribute to the successful commercialisation of sustainable cellulose nanocomposites.

Concluding remarks
The strong reinforcing effect of nanocellulose for polymers was first reported over 30 years ago. The first
wave of nanocellulose research focussed on the understanding of the physical and chemical properties of
nanocellulose, as well as nanocellulose-polymer interactions to a certain degree. As our knowledge
broadened, the emphasis on the second wave of nanocellulose research switched to the creative utilisation of
nanocellulose to maximise materials performance. The nanocellulose community has now reached a critical
mass. There are currently various industrial partners with pilot plants producing nanocellulose, waiting for a
‘killer application’ to commercialise nanocellulose, increasing its market uptake. Looking forward, the third
wave of nanocellulose research will focus on the cost-competitiveness of nanocellulose, especially in the high
volume sustainable cellulose nanocomposite application. The keys in the successful commercialisation of
sustainable cellulose nanocomposite are:

• Sustainable design—reduce complexity, efficient use of materials and minimise the use hazardous solvents.
• Manufacturability—ensure that sustainable cellulose nanocomposite production can be scaled up easily in
an economically feasible manner.

• Radical effects—provide distinct mechanical performance other materials cannot achieve, especially in the
context of sustainability.
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13. Sustainable quantum dots (QDs)
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Status
QDs are a class of fluorescent semiconductor materials with the general size of 2–10 nm, exhibiting optical
and electronic properties that differ from bulk particles due to quantum mechanics [148]. The most
well-studied QDs including CdSe, CdS, PbS, Si, and GaAs, possess strong and tunable and robust
fluorescence properties, which have potential applications in solar cells, light-emitting diodes (LEDs),
sensing and bio-imaging. However, most of the semiconductor QDs contain metals from group II–VI and
III–V in the periodic table, which dictate their high toxicity and large life-cycle environmental impact [149].
Therefore, it is imperative to design and fabricate QDs from more sustainable resources.

The discovery of fluorescent carbon-based dots (CDs) in 2004 brought people’s attention to this novel
zero-dimensional carbon material [150], which soon becomes a rising star. CDs are called carbon QDs in the
early years of discovery. However, new studies revealed their fluorescence is not entirely governed by quantum
confinement, and there’s large diversity in CDs’ structure. Thus, CDs are now often used as the genetic term.

Similar to semiconductor QDs, CDs usually have an average particle size below 10 nm, synthesised by
either ‘top-down’ methods involving cutting large carbon materials such as graphite into small fragments, or
‘bottom-up’ approaches, with growing small precursor molecules such as glucose into large-conjugated
domains. Building up CDs from small molecular precursors is considered to be more sustainable and
environmentally friendly.

Because of this synthetic diversity, CDs possess various chemical structures, ranging from mainly
crystalline, a hybrid of sp2/sp3 carbon, to mostly amorphous, and typically have different functional groups
on the surface. The schematic diagram in figure 18 summarises the structural differences between
semiconductor QDs and CDs, along with their distinct fluorescence mechanisms. For CDs, their structural
complexity makes it more difficult to tune the fluorescence property, but their carbon-based structure also
endows them with advantages such as low toxicity, high (aqueous) solubility, facile modification and low
cost. Thus, it is essential to develop CDs with well-controlled optical properties to complement or replace
semiconductor QDs in the above-mentioned applications to achieve a more sustainable life-cycle across all
stages.

Current and future challenges
Although clearly more sustainable than their inorganic counterparts, critical challenges remain to be
addressed for CD further development and implementation in the desired applications mentioned above.

Firstly, the inhomogeneity of most of the synthesised CDs makes it difficult to acquire precise
information about their chemical structure. Since their electronic and optical properties are closely
correlated with their structure, this challenge has hindered the fine-tuning of their performance towards the
desired applications [151]. Suitable purification methods and thorough fundamental studies are thus
required to unveil the true structural features of different CDs, in order to investigate their evolution during
formation for improving their reproducibility. Secondly, a clear structure-property correlation for each type
of CDs needs to be established, similar to the quantum confinement mechanism for semiconductor QDs, to
allow accurate control of their emission behaviour by tuning their structural features, such as crystallinity,
particle size, heteroatom doping and surface functionality. For each type of CDs, to avoid pitfalls and
misleading results, universal protocols, from synthesis methods to characterisations, need to be shared across
the entire research community to allow benchmarking and correct data interpretation [152].

Following upon this, the third challenge is to fine tune the CDs optical properties based on their
structural features, to overcome the issues in wide emission range and low quantum yield, as well as establish
a clear excitation-emission relationship.

The fourth major challenge relates to up-scaling of the CDs production, which currently impedes their
commercialisation. The CDs yields in the current synthesis approaches are too low to achieve a sustainable
production stream. Strategies to improve the synthetic methods for higher CDs yield with minimal waste are
thus necessary.

Fifth, from the application aspect, improving the performance of CDs is a key priority to meet the
standards for different applications. This includes higher quantum yields across the entire light spectrum for
LED applications, accurate response upon stimulation for bio-sensing and bio-imaging, as well as long-term
stability for solar cells and photo(electro)catalysis. For example, CDs are excellent photosensitisers and
co-catalysts when coupled with semiconductor materials in solar energy conversion, but its stability over
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Vomiero, Gong et al have reported a gram-scale synthesis of CDs with yield of approximately 18% through a
space-confined vacuum-heating approach [156]. Those CDs with a high quantum yield of∼65% and large
Stokes shift of 0.53 eV are used as luminescent solar concentrators for solar cells, which can achieve the
photo-conversion efficiency (PCE) of 1.13%.

Advances in developing high-performance CDs have also thrived over the past few years, expending their
potential applications from conventional areas such as LEDs, photocatalysis, bio-imaging, towards emerging
fields such as anticounterfeiting, tumour therapy and self-healing materials, as shown in figure 19. These
remarkable achievements unlocked the vast potential of CDs in the future society.

Concluding remarks
In summary, sustainable CDs from eco-friendly precursors have been intensively studied, which have shown
promising applications in LEDs, photocatalysis, bio-imaging, anticounterfeiting, tumour therapy,
self-healing materials and many more. Although many intriguing electronic and optical properties have been
investigated, some critical issues and significant challenges remain to be addressed before achieving a
lab-to-industry transition. This includes (a) understanding the formation process and revealing their precise
chemical structure, (b) identifying the fluorescence mechanism, (c) accurate controlling of the optical
properties, (d) increasing the production yield, as well as (e) improving the performance in terms of activity,
sensibility and stability. Recent advances have already established major milestones in these areas, but more
systematic researches related to these issues are still needed to release the full potential of this charming
material.
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Applications: the need for sustainable materials for emerging technologies; renewable
energy generation, storage and conversion

14. Sustainable wind turbines

M J Platts
Institute for Manufacturing, Alan Reece Building, 17 Charles Babbage Road, Cambridge CB3 0FS, United
Kingdom

Status
In the public mind, infrastructure has always been there, is totally reliable, will always be there… and is
utterly invisible. It is a ‘given’… so it does not need to be understood. This is a fatal blindness when
something new, such as wind energy, needs to be developed at infrastructural scale, as attention is
misdirected to things that do not matter, away from things that do.

The wind turbine industry is now a very large global industry, with over 650 GW of wind energy capacity
installed and over 50 GW p.a. being added—over 25 000 wind turbines a year—by an industry employing
over 1.3 m people and turning over more than $100 bn p.a., and with a very large R&D budget within the
industry itself, so most of the important technical data are not in the public domain. The industry is set to
grow several-fold in the coming decades. But little is known about its carbon footprint as an industry. How
good is it, and is it getting better?

With wind turbines, the blades that rotate in the sky catch the attention as well as the wind. They are
made of advanced composites and they are the exciting bit. But if you are interested in sustainability, it is the
hundreds of tonnes of steel in the tower and hundreds of tonnes of reinforced concrete in the
foundations—the boring bits—that dominate the carbon footprint… and if you construct an access road to
your wind farm across a peat bog you make the carbon footprint even worse… but nobody pays any
attention to the carbon footprint, because wind energy is defined as ‘clean’… so ‘thought’ is unnecessary.

So, the key problem is the public blindness. No figures are made available for the carbon footprint ‘cost’
per MWh of a proposed wind farm, because nobody asks for them. The public may have many emotive
opinions about it but they can have no informed discussion about it. Whilst it is true that information is
necessary for this, what is essential in the first place is wanting to know. The driving public insistence needs
to be ‘Show us the numbers’.

Current and future challenges
One aspect is particularly important, and that is lifetimes. In civil engineering shorthand, ‘infrastructure’ is
what you build for your grandchildren. There is an intention of permanence. Things that last
20–25 years—which is the design lifetime of current and planned wind turbines—are not ‘infrastructure’,
they are consumables. We speak of being zero carbon by 2050. But with design lifetimes of 20–25 years, all the
wind turbines currently installed and in planning will be totally derelict by 2050. You need to understand
that it is not only the rotors, the gearboxes, the generators, the electronics and so on that fatigue to death, the
towers and foundations do too. Everything is derelict. In Denmark there is a well-established wind turbine
demolition industry removing the 1990s turbines that are now derelict, and this includes blowing up the
concrete foundations.

With designing against fatigue, it in fact only involves the addition of a small percentage more material to
double the fatigue life, which would take the life out from 20 to 40 years. If you are only looking at the
economics this small increment to the first cost is undesirable. But if you are looking at the carbon footprint
this doubling of life halves the carbon footprint ‘cost’ per MWh of electricity delivered to the user. And those
turbines would then be still turning in 2050, not yet in need of replacement. Down this road, the word
sustainable begins to have meaning. But nobody asks the question.

Advances in science and technology to meet challenges
Concerning the technology itself there are some exciting parts to the story. The wind turbine blade industry
has created a completely new sector of the global composites industry, currently producing 3/4 m tonnes per
annum of highly develop technical composites entirely different to both the aerospace and automotive
industries, and it is set to grow several-fold in coming decades. This is around 75 000 wind turbine blades a
year - 300 a day - averaging some 60 m long and 10 tonnes in weight. As energy capture capacity factors have
increased from typically 20% to over 50%, developments in better carbon fibre, better glass fibre and
particularly in better resin chemistry, plus more advanced aerodynamic design, have enabled blades to
become highly optimised, efficient structures, steadily reducing their carbon footprint per MWh of
electricity produced, and there is more to come.
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15. Sustainable inorganic materials for system integrated photovoltaics (PV): bismuth
based solar absorbers
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Status
PV remains one of the fastest-growing energy markets worldwide, which is overwhelmingly dominated by
monocrystalline Si absorbers reaching PCEs of 24.4% across modules as large as 13 177 cm2 [160]. While Si
technologies will remain dominant in the utility sector, alternatively technologies are required for integration
in densely populated areas as well as for powering every sector of the economy. One of these sectors include
building-integrated PV, which requires several functionalities beyond PCE, such as light-weight, flexibility,
low-toxicity, high stability [161].

Lead hybrid perovskites have recently become one of the leading emerging technology, reaching PCE
values of 16.1% in 802 cm2 modules [160]. Lead hybrid perovskites are characterised by large absorption
coefficients, high carrier mobilities, high dielectric constants and long carrier-lifetimes, which are linked to
the electronic properties of Pb2+ ion [162]. Given the similar chemical properties of Bi3+ and the
significantly lower toxicity in comparison to Pb2+ ions, there is a strong drive towards identifying Bi-based
inorganic solar absorber which can match the optoelectronic properties of lead hybrid perovskites.
Furthermore, bismuth-chalcogenides and halides have been implemented in several technological
applications such as thermoelectrics, ionising-radiation detectors, as well as topological and spintronic
devices. Some of these applications display electronic and bonding structure relevant to solar PV.

Figure 21 shows the state-of-the-art PCE of prototype PV devices featuring inorganic Bi-based
compounds. AgBiS2 have shown the highest PCE value reported (6.3%), while BiFeO3 all-oxide PV devices
have reached 4% [165, 169]. Figure 21 also contrasts the experimental values and the corresponding
Shockley–Queisser limit based on the material bandgap. The trends clearly illustrate the scale of the challenge
not only on the preparation of high-quality materials but crucially on rationalising power conversion loss
mechanisms as well as to establishing effective device design principles.

Current and future challenges
Three key challenges can be identified towards the development of efficient Bi-based PV devices, namely
carrier lifetime, anisotropic carrier mobility and interface engineering. The minority carrier lifetime
associated with most reported Bi-absorbers, suitable for single-junction PV devices (Eg < 2 eV) such as BiI3,
BiSI, BiOI, BiPS4, are in the range of several nanoseconds [166–168, 170]. Only a few wide bandgap materials
such as BiFeO3 and Cs2AgBiBr6 have shown lifetimes from 10 ns up to 1 � s [162, 164]. Lee et al suggested
that the shorter carrier lifetime in Bi-based compounds relative to Pb-based perovskites is connected with the
relatively smaller contribution of the Bi 6s2 lone-pair to the valence band, which leads to deeper point defects
acting as recombination centres [162]. On the other hand, it is yet to be assessed the effect of surface defects
on the carrier lifetime of these complex materials. For instance, significant improvement in AgBiS2 device
performance has been achieved through surface passivation [165]. Our recent study on BiPS4 also points
towards a significant contribution from surface recombination [170]. Thus, it is imperative to understand
the process leading to a decrease in the carrier lifetime of Bi-compounds to develop appropriate preparation
methods and surface passivation strategies.

Bismuth materials can be prepared as 0D (i.e. QDs) such as the case of Cs3Bi2I9, 1D (BiSI), 2D (BiI3) or
3D (Cs2AgBiBr6) structures. In the case of 1D and 2D materials, the carrier effective masses along the
directions of van der Waals interaction are significantly larger i.e. lower charge-mobilities than in the
directions of the covalent bonding. Most of the growth methods reported so far lead to textured thin films
with random crystal orientation. To improve charge transport across the devices, the new deposition
strategies should be developed with control crystal orientation [165, 166, 169].

Challenges associated with device engineering can be seen by the band edge energy offset of the
Bi-compounds to conventional charge-transporting layers illustrated in figure 22. It can be seen that
Bi-compounds are characterised by deep-lying valence band edge, which is not optimally aligned with
hole-transporting layers such as 2,20,7,70-tetrakis[N,N-di(4-methoxyphenyl)amino]-9,90-spirobifluorene,
abbreviated as spiro-omeTAD. We have obtained promising performances in the case of BiSI and BiI3
employing poly(9,9-di-n-octylfluorenyl-2,7-diyl), commonly referred to as F8, which shows a better band
alignment [166, 167].
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Figure 21. Difference between best PCE values reported for Bi-based PV devices and the corresponding Schockley–Queisser limit.
PCE were obtained from [162–164] (AgBixIy, Cs3Bi2I9, Cs2AgBiBr6) [165], (Bi2S3; CuxBiSy; AgBiS2) [166], (BiI3) [167], (BiSI)
[168], (BiOI) and [169] (BiFeO3).

Figure 22. Band edge energies offset of several Bi-compounds along with conventional electron- (ETM) and hole-transporting
materials (HTM) [165, 170]. CBI, ABS, CABB, ABI, BPS and F8 stand for Cs3BiI9, AgBiS2, Cs2AgBiBr6, Ag3BiI6, BiPS4 and
poly(9,9-di-n-octylfluorenyl-2,7-diyl), respectively. Reprinted with permission from [170]. Copyright (2020) American Chemical
Society.

Concluding remarks
Bi-based materials offer a range of exciting structural and optoelectronic properties which can be exploited
in the context of thin-film PV. Despite similar electronic properties between Bi3+ and Pb2+ cations (i.e. ns2

lone-pairs), we strongly believe that implementing the same strategies as for Pb-perovskites cells will not lead
to efficient PV devices. In this sense, understanding the processes limiting carrier lifetime (bulk v surface
defects), as well as designing strategies for oriented crystal growth are two important areas of research.
Furthermore, we also propose a more rational approach to engineering the boundaries to these materials.
For instance, compositionally graded heterojunctions such as those developed for high-efficiency CdTe and
copper indium gallium diselenide (Cu(In,Ga)Se2) (CIGS) solar cells, rather than abrupt heterojunctions as
in Pb-perovskite cells, may hold the key for taking these systems to technology relevant performances.
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16. Sustainable battery materials
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Status
To achieve the target of carbon neutrality by 2050, a shift in energy production to renewable sources is
imperative. Sustainable batteries will play a prominent role in our changing energy economy; indeed,
batteries could enable 30% of the required reductions in carbon emission in the transport and power sectors
[172]. In pursuit of sustainable technologies, it is essential to consider availability of resources,
environmental efficiency of manufacturing processes, scalability, toxicity, safety, and end-of-life pathways.

Li-ion batteries (LIBs), which currently dominate the market, depend on graphite and transition metal
oxides for the anode and cathode, respectively. However, natural graphite has been classified as a critical
resource by the EU, not least because there are no natural resources within the EU, and while synthetic
graphite is an alternative, it is more expensive to produce, and derived from petroleum; thus, recovery of
graphite may become more important in the future. Of the existing cathode materials, lithium cobalt oxide,
lithium nickel cobalt manganese oxide and lithium nickel cobalt aluminium oxide contain cobalt, which is
considered an endangered resource and depends heavily upon mining in the Democratic Republic of Congo
[173]. Cathodes based on lithium manganese oxide and lithium iron phosphate rely on elements which are
earth abundant, and therefore present a more attractive alternative to traditional Co-based electrodes.

The environmental impact of the other components within a battery must also be evaluated. Typically,
polyvinylidene fluoride (PVDF) is used as the binder, but processing requires the use of toxic and
teratogenic N-methyl-2-pyrrolidone, and the fluorinated degradation compounds complicate disposal.
Similarly, lithium electrolytes contain fluorine-based anions such as hexafluorophosphate (PF6� ),
bis(trifluoromethane)sulfonimide (TFSI� ) and bis(fluorosulfonyl)imide (FSI� ), which can degrade to toxic
and reactive products. In addition, commercially available LIBs use polyolefin separators, derived from
petrochemical sources, while copper, of limited availability, is used for the current collector.

Driven by these shortcomings, alternative battery chemistries have therefore been the subject of much
research, although sustainability considerations have always been placed below material performance.
However, the urgency of the climate crisis is pushing sustainability criteria to the forefront to achieve a
healthier battery economy.

Current and future challenges
Given the forecasted demand for energy storage, the availability of lithium itself is uncertain, while uneven
global distribution raises geopolitical concerns. The enormous and growing body of research into new
battery chemistries thus focuses on other alkali metals, Na and K, as well as multivalent-ion batteries
(MVIBs) based on earth abundant Mg, Ca, Al or Zn [174]. The development of these technologies suffers
from several problems: Na- and K-ion batteries (NIBs and KIBs) have a lower energy density, so new active
materials must be developed; MVIB have higher specific capacities, but these chemistries are still in their
infancy with stable, high-energy cathodes and non-corrosive high-voltage electrolytes remaining to be
discovered. Alongside the development of suitable high-performance materials, efforts must also be
concentrated on improving the overall sustainability credentials related to three main aspects: materials
resource management, production energy cost, and end-of-life pathways (figure 23).

The materials currently used in existing batteries are derived from steadily depleting sources. Often,
materials obtained from mining can only be found in geographically limited regions and may rely on
unethical labour. These materials must be replaced with alternative and renewable precursors, ideally evenly
distributed globally.

Streamlined, low-energy manufacturing must be targeted for fully sustainable materials. In the
production of carbons, as active materials or conductive additives, this requirement is especially difficult,
since energy-intensive high temperature annealing is necessary. Decreasing the volumes of solvents or
switching to aqueous media will reduce the environmental impact; however, many cathode materials are
extremely sensitive to water, and parallel materials discovery must be pursued to develop cathodes able to
withstand aqueous processing. Additional consideration must also be given to by-products, which must be
easy to dispose of safely, or harnessed for other applications.

Lastly, disposal or recycling routes must be redesigned. At present, existing LIBs are difficult to dismantle,
contain harmful components, and do not biodegrade, posing a large-scale problem of waste disposal [175].
Greater emphasis must be placed on designing batteries either for facile disassembly, or to be fully
biodegradable. End-of-life design is strongly linked to materials resource management, because if materials
can be efficiently recovered, then reliance on depleting sources may be alleviated.
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be deemed fully sustainable, they must be derived from readily available abundant or renewable sources, by
ethical means; processing must be energy efficient with no harmful by-products; and they should be easily
biodegradable or recoverable, to allow repeated use.

While not falling directly within the sustainability remit of the material itself, developing approaches to
prolong the battery lifetime will offset the energetic cost of production against useful life. Understanding the
degenerative effects of extreme thermal, mechanical, and electrochemical stress during operation, or simply
ageing, will be key to designing these strategies. Therefore, to achieve truly sustainable battery materials,
efforts must be made not only in advancing sustainable materials discovery and processing but critically
examining the entire life cycle of the battery to design for a circular economy.
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17. Sustainable materials for H2 storage
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Status
As a sustainable fuel vector, hydrogen has the potential to be a key technology in the race to limit climate
change. It can be a means of balancing supply and demand of energy from renewable sources such as wind
and solar power and is an alternative low-carbon fuel for applications that are challenging for electrification
(such as long-haul flights or long-distance road transport) [182]. However, the safe and efficient storage of
hydrogen (a light, flammable gas) remains a significant engineering challenge—one that could benefit from
new materials-based solutions. While state-of-the-art for hydrogen storage on-board vehicles involves
storage as a cryogenic liquid or as high-pressure gas, the specialised, lightweight carbon fibre-wound
composite tanks needed for these applications are expensive to produce. In addition, to increase the storage
density of the H2, high pressures (of typically 350 or 700 bar) or exceedingly low temperatures (∼20 K, in the
case of liquid H2) are required. These extreme storage conditions present safety concerns and increase costs
[183]. As an alternative approach, storage of hydrogen in solid-state materials offers the ability to contain
practical amounts of hydrogen at lower pressures than compressed gas tanks, thus allowing for safer storage
and lower cost, more conformable fuel tanks [184].

In terms of sustainability, solid-state hydrogen storage systems involving physical adsorption of gases can
result in less material waste and greater cyclability then systems based on chemical storage (e.g. metal
hydrides or complex hydrides), where storage efficiency may degrade over time or generate waste
intermediates. In addition, since physical adsorption is based on weak interactions between H2 and the
surface of the material, uptake and release of the hydrogen is rapid, can be simply controlled using changes in
pressure or temperature and can be cycled reversibly without loss of performance. However, there are still
outstanding challenges to be met, and with legislated deadlines for decarbonisation fast approaching, the
search for materials-based solutions will become even more intensive.

Current and future challenges
Of the current challenges in adsorptive hydrogen storage, three key areas of relevance to sustainability
involve: (a) identification of materials with sufficient storage capacity under close-to-ambient conditions;
(b) optimisation of materials performance; and (c) large-scale manufacture of the materials for practical
application (see figure 24).

In terms of identification of appropriate materials, the challenge is presented by the sheer variety of
porous materials available, with carbon-based materials and metal organic frameworks (MOFs) perhaps
being the most heavily researched over the past few decades. In an effort to provide benchmarks for the
development of hydrogen storage systems, the United States Department of Energy (US DOE) has compiled
guidance on some of the key technical targets for use in light-duty road transport [185], with system
capacities expressed in terms of gravimetric (kg H2 kg� 1 system) and volumetric (kg H2 l� 1 system) targets.
To date, development of porous materials for hydrogen storage has focused on the maximisation of surface
areas, pore volumes (as a proxy for storage capacity) and increasing isosteric enthalpies of adsorption to
improve the amount of hydrogen stored at ambient temperatures (e.g. by incorporating open metal
centres/metal-decorated surfaces). Discovery of materials that have high hydrogen capacities has traditionally
involved costly and challenging experimentation, to uncover empirical relationships such as the dependence
of hydrogen capacity with Brunauer, Emmett and Teller (BET) surface area and the dependence on extremely
small pores. (i.e. micropores of diameter <2 nm) [186].

With regard to optimisation of performance, the storage capacities of materials such as nanoporous
carbons and MOFs are maximised at low temperatures and are correlated with the material’s structure.
Experimental evaluation of the storage capacities of the materials under different operating pressure and
temperature ranges is time-consuming and may not lead to an optimal materials solution. A closely-related
aspect is the reproducibility or trustworthiness of experimental measurements of porous materials; data that
is misleading or irreproducible can lead to much wasted effort and resources [187].

A further consideration in terms of sustainability of such materials solutions is the sheer scale of the
application. If even a fraction of the vehicles in production today were converted to hydrogen fuel cell
vehicles employing porous materials for on-board storage of hydrogen, the material demand for the storage
component would be of the order of hundreds of thousands of tons of adsorptive materials. The challenge is
thus to find a materials solution that addresses all of these needs, while acknowledging the speed at which we
need to act to meet our net zero targets.
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more targeted, rapid and efficient, while standardisation of experimental testing methods will also reduce
wasted effort.

However, materials development cannot be focussed on developing materials purely for higher capacity.
Considering all aspects of the sustainable production, use and cyclability of any materials-based solution is
imperative to ensure that in solving one problem, we are not creating additional sustainability issues.
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18. Sustainable catalysts for fuel cells
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Status
Sustainable catalysts are omnipresent as enzymes, efficiently facilitating most complex reactions at ambient
conditions. Also, the life-spending (di)oxygen reduction reaction (ORR), is facilitated by enzymes like
cytochrome-c-oxidase, which shows turnover frequencies∼500 s� 1, 20x higher compared to platinum
nanoparticles and still twice as active as bulk platinum at 0.8 V vs reversible hydrogen electrode (RHE)
[194, 195]. Therefore, it is no surprise that the development of sustainable catalysts for hydrogen-oxygen fuel
cells was originally inspired by an enzymatic motif. Jasinski showed in 1964 that the macrocyclic
cobalt-phthalocyanine molecule, an analogue of the oxygen-binding heme molecule, is able to catalyse the
ORR [196]. Modern analytical techniques today leave little doubt, that the square-planar coordination of
four nitrogen atoms around a central metal-ion (M–N4 motif) found in heme is the functional unit of
so-called atomically dispersed M–N–C catalysts [197]. Enzymes decay relatively quickly (because of their
organic backbone), however the active-sites in M–N–Cs are embedded into inorganic carbon, which is also
part in durable commercial Pt/C catalysts. While substantial reduction of precious metal amounts is feasible
to allow wide application of fuel cell cars, M–N–Cs are the most promising class of precious-metal-free fuel
cell catalysts today.

Practically relevant polymer-electrolyte-membrane fuel cells (PEMFCs), still rely on high loadings of
platinum, the pure metal with the highest catalytic activity towards the ORR. The reduction of platinum is
progressing, however for reasons of cost competition rather than for sustainability. In context of growing
efforts to utilise hydrogen in alternative energy grids, this will however become a topic of increasing
importance. Despite the substantial progress in the last 15 years [197–200], sustainable precious-metal-free
catalysts currently still lack competitive performance (activity, selectivity and stability) as compared to
platinum-based catalysts [201]. However, recent developments suggest that M–N–C catalysts with practically
relevant catalytic activity and stability may be reached in the future, even for demanding PEMFC
applications such as in the automotive sector. Realisation of equally performing M–N–Cs compared to
commercial Pt catalysts would facilitate the transition to sustainable energy schemes by the balancing of the
intermittent supply of sustainable electricity. The scientific and engineering steps to develop such functional
M–N–C based technology may cause breakthroughs also in other chemistry-related energy conversion
technologies having potential for substantial socio-economical changes in general.

Current and future challenges
M–N–C catalysts can be regarded as the most studied subgroup of the recently emerging atomically
dispersed catalysts or single-atom catalysts. The activity has been limited by stagnating catalyst loadings,
hence limited active-site density (SD). This is because side-phases increasingly form throughout the synthesis
if higher catalyst loadings are targeted, which is typically stated as dilemma of M–N–Cs or Fe–N–Cs, the
most common type of M–N–C as cathode catalyst in PEMFCs. New preparation protocols recently lead to a
steady increase in reported SDs, especially for cases in which Zn ions were present in the precursor mixture
[201–203]. It has been shown that Zn2+ can imprint the N4 binding site for active metal ions, while being
less reactive towards harmful side-phase formation [203].

Active-site imprinting therefore in principle allows to increase the density of active sites until the intrinsic
conductivity of the [FeNx]NyCz becomes limiting. The quantification of utilisable active-site densities is a
current topic of research, a fundamental criterion to determine site-specific catalytic activities as well as
stabilities. Several methods have recently been developed and can be applied to M–N–Cs without
contamination with harmful inorganic side-phases [199, 204]. However, there is still a large range of
active-sites with different chemical structures to be considered, so that specific activities and durability still
need to be considered average values [205]. Besides M–N4 sites, in which the coordinating N-atoms can be of
either tetrapyridinic or tetrapyrrolic nature, the presence of penta-coordinated M–N5 sites, trigonal M–N3

sites and sites with other or mixed coordinating atoms such as C, O, S, etc are discussed. A future challenge is
to quantify site-specific catalytic activity, selectivity and stability to be able to target the most active, selective
and stable catalytic sites. This might have a disruptive impact on the applicability of sustainable fuel cell
catalysts, depending on the performance of the best catalytic site. The ultimate challenge is the preparation of
catalysts by design, which would allow for the adoption of more complicated enzyme principles employed by
nature to unleash the potential that lies behind the still very sluggish reaction kinetics for the ORR even for
platinum-based catalysts.
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Advances in science and technology to meet challenges
Assuming that the SD of future Fe–N–Cs is only limited by their intrinsic conductivity, a projection for
future catalyst performances can be made. A conductivity limit may be speculated at 50 carbon atoms per
FeN4 site, e.g. [FeN4]N4C50, corresponding to about seven mass per cent of iron at maximum. Further
assuming a reasonable catalysts layer density of 0.4 g cm� 3 [202] gives a theoretical SDvol of
0.52 mmol sites cm� 3. With an empirically found (average) turnover frequency of 1.6 e� s� 1 (at 0.8 V vs.
RHE) [204] and full site utilisation, a catalyst layer thickness of � =75 � m would then be sufficient to match
the kinetics of commercial PEMFC cathodes (� =10 � m, 50 wt.% Pt/C), without running into severe mass
transport issues [200]. The moderate stability of current Fe–N–Cs is currently far from practical
requirements of 5000 h [201].

However, increased SDs in combination with improved selectivity have the potential to shift the situation
into an adequate range. The stability may increase proportional to the SD, while selectivity enhancements
may have a larger effect. The ultimate know-how to meet future challenges would be the synthetic control to
define chemical composition and structure on the sub-nanometre level. To develop accurate synthetic
protocols for the chemistry of M–N–C materials standardised methods and more powerful analytical tools
for the characterisation of the amorphous, lightweight materials may arise to support such development. The
merger of macromolecular carbon chemistry and pyrolytic carbon chemistry may result in progress if 3D
systems are increasingly addressed. In a first step, the selective synthesis of single-site M–N–C catalysts is a
requirement to rank the variety of different active-sites (by means of activity, selectivity and stability) and
account for the potential with regards to commercial application. In the second step a scalable and
inexpensive (relatively ‘costless’) preparation of the respective highly structured and heavily loaded
single-site catalyst could allow the use of thinner layers in practical fuel cell application.

Advanced synthetic techniques may further allow for the design of more complicated, enzyme-inspired
electrocatalysts e.g. mimicking the active-sites of cytochrome-c-oxidase or transfer other enzyme-principles
to electrocatalytic chemical conversions.

Concluding remarks
M–N–C catalysts are the most promising class of sustainable fuel cell catalysts applied in PEMFCs. The
technological immaturity of alkaline fuel cells currently still omits the practical use of metal-free carbon
materials as well as other sustainable catalysts. M–N–C catalysts allow to combine achievements of nature by
means of enzyme reactions with the accomplishments of human technology by means of electricity and
conductive synthetic matter. The coming decade is expected to reveal, if the heme-inspired catalytic M–N4

site in combination with a synthetically optimised conductive carbon matrix will be sufficiently performing
to justify the high costs of other required fuel cell components, resulting in a commercially viable product.
Regarding the progress of the field in the last∼15 years, the current projections, and the library of other
naturally employed catalytic sites, a disruptive impact of M–N–C catalysts on the chemical energy conversion
technologies seems to be a reasonable scenario.
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19. Bioinspired sustainable materials for ammonia production
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Status
Ammonia is a widely utilised chemical that allowed the growth of world population in the last century due to
its application as fertiliser and energy carrier. Currently, ammonia is produced in centralised industrial
plants through the Haber–Bosch process, which combines atmospheric nitrogen with hydrogen derived from
the combustion of hydrocarbons at high temperatures and pressures (400 � C and 150 bar) in the presence of
an Fe catalyst. The highly energetic triple bond of N2 (941 kJ mol� 1) requires high temperatures and high
pressures to enable its dissociation and subsequent reduction, implying large infrastructure and centralised
production. Moreover, since H2 is derived by steam reforming methane, it results in 1% of global energy
consumption and the production of 1.4% of global CO2 emissions [206]. The production of such a chemical
utilising renewable feedstocks and electricity is therefore highly appealing, as it would allow production on
site, rather than in centralised structures, and under ambient conditions. Consequently, low temperature
electrochemical nitrogen fixation has emerged as a sustainable alternative to the Haber–Bosch process, where
electrons reduce atmospheric N2 in the presence of protons on the surface of an electrode, acting as a
cathode and the protons would ideally be derived from oxidising water. This process would have tremendous
economic and social implications in sub-Saharan Africa due to the lack of transportation network and its
potential for producing ammonia from renewable energy to be used as fertiliser and seasonal energy buffer.

Singh et al estimated, if 100% Faradaic selectivity towards nitrogen reduction was achieved, operating at
1 V total cell overpotential, the power needed to feed a standard field with ammonia for a year would be
145 W ha� 1, which could be provided by a 5 m2 solar cell. Obviously the size of the solar cell would be larger
if the electrolyser had a lower Faradaic selectivity and higher overpotential [207]. In addition to selectivity
and overpotential, sustaining high current densities is important to minimise capital costs: the US DoE set
the target of 300 mA cm� 2 at 90% FE of N2 to NH3, similar to state-of-the-art water electrolysers [208].
Thus far, the only solid electrode in the literature which can unquestionably reduce N2 to NH3 is an in-situ
deposited lithium electrode in an organic electrolyte with ethanol as a proton source [206, 209]. Conversely,
no aqueous system employing a solid electrode has yielded quantities of NH3 that are sufficiently high to be
distinguishable from adventitious contamination [210]; almost all electrodes simply yield the competing side
reaction, H2 evolution. There is therefore a need to develop novel, sustainable materials which enable
efficient nitrogen electroreduction. In this sense, nature may provide suitable inspiration: nitrogen reduction
is carried out under ambient conditions by the nitrogenase enzyme through its Mo–Fe–S–C catalytic
cofactor with up to 65% Faradaic selectivity [211]. The emulation of nitrogenase on a solid electrode could
lead to the efficient activation and hydrogenation of N2 (figures 25(a) and (b)).

Current and future challenges
One of the major challenges in the field of nitrogen reduction is that all metallic surfaces display scaling
relations between the adsorption energy of the sole intermediate of H2 evolution, � H and all the nitrogen
containing intermediates of nitrogen reduction, e.g. � N2, � N2H, � N2H2, � N, etc [212]. As such, in an
aqueous electrolyte, � H poisons N2 reduction, favouring H2 evolution.

The only electrochemical process that has been rigorously shown to produce ammonia is a Li-mediated
approach in an organic electrolyte with ethanol as a proton source [206]. This is putatively due to the
formation of a solid electrolyte interphase which can inhibit the transport of protons towards the active site,
emulating the hydrophobic peptide matrix of nitrogenase that controls the release of H+ species through a
proton wire [211]. Additionally, this interphase can potentially be tailored by manipulating the chemical
composition of the electrolyte, borrowing insight from lithium ion battery science [213]. However, the use of
lithium restricts operation to lithium plating potentials, building in an intrinsic overpotential and low energy
efficiency, which prevent its industrial scale-up. Moreover, water oxidation would be a far more convenient
source of protons than ethanol oxidation.

Advances in science and technology to meet challenges
The discovery of a solid catalyst that emulates nitrogenase would be a game changer. We propose that the key
enabling features would be (a) highly reactive metal site consisting of two contiguous Fe atoms, coordinated
to inert sulphur (b) restricting access to protons, oxygen and electrons [211]. Density functional
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Quantifying sustainability
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Status
As evidenced by this paper, the necessity to reduce emissions contributing to global warming and other
environmental impacts is a major driving force for materials development. In order to ensure that new
materials and products actually lead to reduced environmental burdens, the environmental impacts must be
assessed. This should preferably be done in a life cycle perspective to make sure that environmental problems
are not just shifted from one location to another, or from one type of problem to another. LCA is a method
for assessing the potential environmental impacts of a product from ‘cradle to grave’, i.e. from raw material
extraction, via production and use to waste management [311]. An LCA is performed in four phases: goal
and scope definition where also system boundaries are defined, life cycle inventory analysis where inputs and
outputs to and from the system are calculated, life cycle impact assessment (LCIA) where the potential
environmental impacts of the inputs and outputs are assessed, and Interpretation where conclusions are
drawn. Ideally the system boundaries should be defined so that the inputs are resources from the
environment and the outputs are emissions to the environment. In a comprehensive LCIA, three broad areas
of impacts should be considered: natural resources, ecological impacts and human health impacts. These
broad categories can be further divided into more specific impact categories such as climate change, human
toxicity, mineral resources use, fossil energy use, and land transformation [311]. An LCA can be made for a
single product, where the aim can be to identify the most important environmental impacts or parts of the
life cycle. LCAs are often made in comparative assessments. In such cases the products need to fulfil similar
functions in order to allow for a fair comparison. An important part of the goal and scope definition is
therefore to define the functional unit, which is a quantitative measure of the function(s) the product fulfils,
and which is the reference value for the inventory analysis and the LCIA. A distinction can be made between
attributional LCA, which is defined by its focus on describing the environmentally relevant physical flows to
and from a life cycle and its subsystems [312], and consequential LCA, which is defined by its aim to describe
how environmentally relevant flows will change in response to possible decisions [313]. An ISO standard for
LCA [314] provides a common framework, terminology and some methodological guidance.

Current and future challenges
Since LCA is primarily a method for assessing potential environmental impacts of products (including both
goods and services), it may not always be straightforward how to apply it for materials. One common
approach is to do what is often called a ‘cradle-to-gate’ analysis [312], i.e. to include raw material extraction
and production up to the point where the material leaves the production gate, but not include further
production, use and waste management stages. Such studies can be used for comparing different raw
materials or production methods for the same material. This is possible since environmental impacts
occurring after the materials have been produced can be assumed to be equal and therefore can be
disregarded in a comparative study. It can however not be used for comparing different alternative materials
that behave differently during the use and waste management stages. One example of this is the assessment of
new so-called self-reinforced, or single polymer, composite material that can be used for structural weight
minimisation of vehicles. In order to compare its potential environmental impacts to that of other
light-weight materials, it is not enough to make the comparison based on cradle-to-gate data, see
figure 36 [315].

Another aspect that should be included in this case is the weight of the alternative material as included in
a component in the vehicle, since this will influence the amount of fuel needed during vehicle operation.
Finally, end-of-life processes will differ depending on possibilities for recycling, which is expected to be better
for single-polymer composites compared to conventional composite materials. This example illustrates the
importance of scenarios for the use and waste management stages when a full material LCA is performed
[316]. The example also illustrates that comparisons are often made between new and already established
alternatives. This can be challenging because the established materials have had time to optimise production
processes and lots of data are available, whereas for emerging technologies and new materials there may only
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and value choices that are necessary which can be challenged. Even if an LCA can show that one material is in
some ways preferable, the question whether it is good enough has not been answered. In order to do that an
assessment against absolute sustainability criteria has to be done [322].
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Towards a material circular economy
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Status
Recycling can be considered as both solving a waste-management problem, whilst creating new resource
opportunities [324]. There are many positive benefits to recycling. Recycling has potential to aid in reducing
GHG emissions, avoid accumulation of waste in the environment, decrease dependence on limited resources,
and recover economic value from wastes [325]. An idealised scenario would be a closed-loop circular
economy, however, there are physical limitations and practical obstacles to this. With many materials,
recycling results in a downgrading of materials properties. Contamination and processes negatively impact
intrinsic properties of the material [325].

Before recycling processes, waste must be sorted and segregated. A wide variety of sorting and
segregation technologies for pre-treatment of waste prior to recycling exist [326]. Some of these processes
rely on the direct sorting of the physical properties of materials e.g. screening, froth flotation, air separation,
jigging, cyclonic separation, electrostatic separation, magnetic and magnetic density separation, triboelectric
separation and eddy current separation [326], whilst others are smart relying on machine intelligence and
automation in combination with sensors for indirect sorting—e.g. optical based, spectral based, NIR, MIR,
VIS, x-ray, etc [326]. Different combinations of processes are able to deal with varying degrees of materials
diversity [326] in input waste streams. In some cases, recycling efficiency is affected by fundamental physical
processes, like the thermodynamics of separation [327]. A significant factor constraining the efficiencies of
processes, and the quality of the product of recycling, is the degree to which waste can be pre-sorted. For low
value products, this can be costly, and time, labour and energy intensive [325].

In other cases, it is the implementation of technologies—whether at the product stage, in terms of
product design and a lack of design for recycling, or the state of the art of recycling technologies as they
stand. Recycling is often seen as an end-of-pipe solution [328], whereas in the future, it may make more
sense to design products with the end-of-life in mind, with easy recycling considered from the start [328].
Additionally, there are other factors such as social behaviour [327], which constrain the effectiveness of
recycling processes.

Current and future challenges
In waste management, final options are often conceived as a hierarchy (shown in figure 37). Recycling is
preferred to energy recovery, and this in turn is preferred over disposal, however, reuse is considered more
optimal than recycling, and prevention of waste overrides all. However, within recycling, it should be
considered that there are a range of different technologies, some of which are preferable to others.

Current research challenges for recycling, are manifold—how to increase the recovery rates of current
recycling processes, new techniques to recycle materials that cannot currently be recycled, developing better
processes for sorting and segregation of feedstocks [324], more selective processes to deal with mixed
feedstocks [325] and cleaner, low-energy processes for recycling [325]. Composite products and materials
present special challenges, where materials are intimately mixed together [325]. In some cases, clean
separation of materials can result in significant cost-savings [328] compared to using material which has
been mixed-together through pre-treatment by shredding [328].

Automation is seen as a significant tool in enabling smarter recycling processes [328].
In the case of metals, the end-of-life recovery rate for the most common ‘base metals’ (iron, copper, zinc,

etc) is very high, above 50% in the main [327] although, there are many technology metals for whom
recycling rates are very low. Technology metals are used, often in small amounts for specific technology
applications—the colour emitting elements of LEDs and displays, high-strength magnets, the materials in
battery storage applications, the active materials in electronic devices and thin-film solar panels etc. For these
speciality technology critical metals, recovery of the materials for recycling is both economically and
technologically challenging and so their recycling rate is often low [327]. Precious metals like gold and
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Advances in science and technology to meet challenges
The complexity of high technology products, and intimate mixture of many different materials in close
proximity means that current approaches to liberating materials are not well suited to the efficient recycling
of these more complex products—and successful recovery of critical materials. One area of concern in high
tech products, is the use of adhesives and binders as a joining method. This frustrates recycling and
disassembly. Development of ‘reversible adhesives’ [330] or even substituting adhesives with other joining
methods could significantly enable disassembly and recovery of active materials [328]. Designing complex
technology products for disassembly will facilitate a greater shift towards a circular economy [328].

An example of a material that is used in high-tech products but is difficult to recycle is ‘rare earth
magnets’ [332]. When shredded, in typical waste electrical and electronic equipment (WEEE) shredders, the
magnet material sticks to recycling equipment, causing premature failure, and the material oxidises—losing
its unique value in the process. More sophisticated post-processing techniques exist for recovering the
magnetic material—however, as an example of the challenges that remain, extracting the magnets from
products efficiently is an example of the sort of research gap that exists [333].

With growing demand for technology-critical metals around the world, nations are alert to the
opportunity that could come from valorising the secondary material contained in end-of-life products [329]
however, scientific and technological challenges remain to unlock that value.

The digital industrialisation and use of robotic technologies for sorting and separation also has a
significant role to play in recycling [324, 333]. Data can aid advanced recycling processes significantly [333].
Data driven recycling can aid in the disassembly and materials segregation of complex technology products
[333]. This is important as in the case of municipal solid waste, it reduces the burden on the final user for
sorting and segregation [326] and reduces the need for compliance with good waste management
behaviours. Regulation is encouraging the use of data to track critical materials through the supply chain and
through all stages of the circular economy. The new EU battery regulations mandate the use of ‘digital
passports’ for batteries, and such an approach could be transferable to other critical materials and technology
product [334]. Furthermore, some technologies may be impossible to recycle efficiently economically,
without significant automation [324]. Automation also has a role to play in reducing menial and sometimes
dangerous labour in the recycling process [324, 333] and improving the system efficiency of recycling
processes [333].

Concluding remarks
Closed-loop ‘total recycling’ is argued to be impossible due to the second law of thermodynamics [335].
There will always be a trade-off between effort and energy expended in order to recover materials from a
diffuse state in end-of-life products. Whilst energy-intensive, if it can be sourced from clean renewables,
materials can be conserved in a sustainable way that is compatible with environmental goals [335].

Considering the end-of-life at the genesis of new products, will reduce the significant environmental
burden of end-of-life products and aid in not only recycling, but also—preferably—remanufacture and
reuse; conserving energy, value and resources.

It should be noted that many recycling challenges are not all scientific or technical in nature—many of
the problems around collection rates are societal in nature. Development of appropriate legislation to
incentivise both recycling and the optimisation of products for end-of-life treatment will also help facilitate
this shift [327].
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