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Since 2019, the International Union of Pure 
and Applied Chemistry (IUPAC) has identi-
fied the Top Ten Emerging Technologies in 

Chemistry [1]. This initiative showcases the strate-
gic and innovative contributions of chemistry and 
chemists to the sustainability and the well-being 
of society, [2] serving  as a platform to promote 
up-and-coming breakthroughs to catalyse commer-
cial uptake and technology transfer [3]. This year’s 
selection, as usual curated by a team of experts 
from a pool of proposals submitted by researchers 
worldwide, includes technologies capable of tack-
ling the climate crisis, transitioning to a sustainable 
supply chain, and providing promising solutions 
for better healthcare. Read on to discover the 2025 
top ten technologies in chemistry with a transfor-
mational potential.

Xolography
The potential of 3D printing was already high-

lighted early in the IUPAC Top Ten [1]. Plus, polymers 
and advances in this broad field often make it into the 
selection, given the tremendous importance of making 
manufacturing more substantiable, easier to recycle, 
and safer by design [4]. In this sense, xolography rep-
resents an interesting step forward in innovation and, 
particularly, in 3D printing. This technique could revolu-
tionise the production of plastics by creating structures 
with the precision of printing, but without the hassle 
and time requirements of traditional alternatives, which 
involve a layer-by-layer approach. First introduced 
only a few years ago in 2020, [5] xolography combines 
photochemistry and materials science to print polymers 
with precision and an unparalleled level of detail. The 
secret lays in simultaneously using two different wave-
lengths—one to activate sections of a resin responsive 
to UV light, and another to quickly curate the activated 
regions, ensuring the solidification of the structure. 
Overall, xolography allows the generation and creation 

of 3D printed polymers, even complex hollow structures 
and intricate moving parts, very efficiently and without 
any extra support scaffolds [6]. Overall, this solution 
overcomes most of the limitations of the traditional 3D 
printing of polymers, particularly in the production of 
interconnected pieces. Beyond precision, xolography 
offers an impressive speed [7]. Some studies suggest 
xolography is several orders of magnitude quicker 
than classic technologies, making structures in just a 
few seconds that would take layer-by-layer printers 
more than thirty minutes [8]. Moreover, the most recent 
advances in the field allow for continuous printing 
processes [9] and even efficient results under micro-
gravity [10]. One of the pioneers of the technology is 
the co-founded start-up, Xolo, based in Germany, which 
raised a Series A funding round of eight million euros 
and applied for several patents, proving the potential of 
xolography in the manufacturing market [11].

Carbon dots
In 2023, the development of quantum dots—colour-

ful, ubiquitous particles used in applications from LEDs 
to the treatment of tumours—won the Nobel Prize 
in Chemistry [12]. Carbon dots represent a greener 
alternative, usually also more biocompatible. Their 
advantages arise mostly from the possibilities in per-
sonalisation, thanks to simple strategies to functionalise 

IUPAC’s 2025 Top Ten Emerging 
Technologies in Chemistry



7Chemistry International   October–December 2025

and decorate these carbon structures to convey appli-
cations in sensing, bioimaging, drug delivery, catalysis, 
solar cells and energy storage, among others [13]. 
The structure of carbon dots varies, depending on the 
preparation process. Some feature a crystalline core, 
such as a few layers of graphene fragments (i.e. carbon 
quantum dots), while others count on a core of amor-
phous graphite (i.e. carbon nano dots) or carbonised 
pieces of polymer (i.e. carbon polymer dots). Overall, 
whatever synthetic strategy is used, the value of carbon 
dots lies in sustainability, stability, solubility and, most 
importantly, low toxicity [14]. The latter, together with 
tuneability, makes carbon dots an attractive alternative 
for applications in biology and medicine. Thanks to 
strategic structural modifications, chemists are able to 
tune and tailor the fluorescence of carbon dots for easy 
identification, as well as modify them with linkers and 
tags to direct them to specific structures in biological 
systems, such as antibodies, organelles, and cells [15]. 
This is extremely useful in sensing and imaging for the 
detection of diseases and defects in biological tissue, for 
example, but is also useful for treatment. Carbon nano-
dots could carry cargos for drug delivery and potentially 
provide solutions for therapeutic applications, including 
phototherapy and chemotherapy [16]. Recently, carbon 
dots derived from citric acid showed promise in the 
treatment of base burns, reducing the recovery period. 
Perhaps more interestingly, the processes for produc-
ing carbon dots often rely on sustainable syntheses and 
inexpensive, abundant resources such as biomass, in 
line with the principles of green chemistry. Last, but not 
least, the possibilities of personalisation have led to 
the discovery of chiral carbon dots, which open new 
avenues in the sensing of structures, including drugs, 
DNA, amino acids, sugars, and other biomolecules and 
bioactive compounds. Moreover, chiral carbon dots 
present unique opportunities in catalysis, including 
photocatalysis, electrocatalysis, click chemistry, and 
even as an alternative for the site-selective cleavage 
reactions of CRISPR gene editing [17]. Although still 

mostly in the realm of research, carbon dots could 
make it to the market soon, partly thanks to several 
start-ups and spin-offs around the world. An interest-
ing example is Qarbotech in Malaysia, a company that 
created a carbon dot solution to boost the efficiency of 
photosynthesis, pioneering applications in agriculture. 

Nanochain biosensors
Nanotechnology has been present in the Top Ten 

selections since the initiative was created, representing 
an estimated ten percent of the technologies. In this 
same spirit, nanochains could provide a promising solu-
tion for biosensing. Since the start of the current century, 
the modification of one-dimensional nanostructures has 
been explored as a strategy to selectively and sensi-
tively detect molecules, particularly small molecules and 
biomolecules, with a combination of electrical, electro-
chemical, optical and mechanical methods. The recipes 
rely on a variety of products, including gold nanoparti-
cles, carbon nanotubes, and silicon nanowires, among 
others. Decorated with different “detectors,” such as 
enzymes, antibodies, proteins and DNA fragments, 
these nanosensors reached limits below pico- and 
femtomolar concentrations, in some situations spotted 
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even a few single molecules [18]. This surpasses the 
limits of most microscopy techniques and opens the 
door to innovative solutions—among them nanochains. 
Nanochains were inspired originally by research in 
magnetic nanoparticles, which very easily assemble 
into sequenced, stable structures, also identified and 
isolated in some living organisms. Today, researchers 
prepare nanochains on-demand, decorated with a vari-
ety of fragments for applications in catalysis, imaging, 
and drug delivery [19]. The versatility of nanochains 
allows not only for different uses, depending on the 
surface modifications, but also sparks solutions in 
microfluidics and “lab-on-a-chip” devices, where the 
nanostructures serve as a strategy for separating and 
selecting substances, as well as serving as a solution 
for mixing the reagents—if applied as a nanoscale stir-
ring rod. Imagine minuscule magnetic filaments, made 
of smaller particles, all coated in reactive probes, such 
as antibodies [20]. Additionally, another virtue of nano-
chains lays in an ability to amplify scattering signals, 
expanding the limits of detection of optical microscopes 
from two hundred down to fifty nanometres, which allows 
the direct observation of viruses. This inspired research-
ers to create more sensitive tests for pathogens such as 
SARS-CoV-2, H1N1, and H3N2, which cause diseases 
like COVID and the flu. In this case, the nanochains 
consist of carefully synthesised non-metallic nanopar-
ticles, modified with the relevant biomarkers ready to 
detect the different diseases [21]. Other studies present 
nanochain biosensors for heart diseases, kidney infec-
tions, migraines, and some examples of tumours. Some 
nanochains are easily dispersed in solutions, which 
facilitates the fabrication of printed biosensors, almost 
“à la carte.” It may still seem a bit early for commercial 
applications, but nanochain sensors have found a niche 
in personalised point-of-care tests and could soon start 
a revolution in treatments after some success in thera-
pies for hard-to-treat cancers [22].

Synthetic cells
Everything is chemistry—including our own cells. 

And, for years using different approaches, chemists 
and biochemists have tried to recreate our own cells in 
the lab [23]. On the one hand, our synthetic cells could 
serve as “simulations” or simplified models to study 
and understand processes such as gene expression, 
metabolism or molecular communication in biology. 
On the other hand, our synthetic cells could provide 
pioneering applications in biotechnology and medicine, 
for use in research, diagnostics and therapeutics, with 
totally-tailored properties, including examples such 
as the synthesis and selective release of drugs [24], 

or even technologies for the capture and utilisation of 
carbon dioxide [25]. Generally, the creation of such 
synthetic cells is classified as either “top-down” or 
“bottom-up.” The former implies the simplification of 
an existing living structure, removing any parts strictly 
non-essential to tailor the cell’s composition. This is the 
idea followed by a team in the J. Craig Venter Institute 
in the US, credited with the creation of the “first minimal 
synthetic cell,” reducing the original genome of a spe-
cific bacteria to half its usual length, while still staying 
viable as an organism [26]. These synthetic structures 
can shed light into the secrets of life, as well as provide 
a platform for personalised gene expression, which 
could create “cell factories.” Similar to genetically-en-
gineered bacteria, these structures could enhance the 
efficient production of chemicals, biofuels and drugs 
[27]. “Bottom-up” methods make a cell from scratch, 
usually using lipid vesicles to encapsulate other biomol-
ecules, including nucleic acids, proteins, enzymes, and 
even simplified versions of organelles. This approach 
simplifies the issues related to genetic engineering and 
expression, and makes the creation of cells simpler, 
faster, and ready for large scale development. The 
applications of artificial cells range from drug synthesis 
and delivery to bioreactors and biological “computers.” 
[28]  Indeed, the current complexity expands from 
expressing genes, with examples that change shape, 
move around, and communicate [29]. Although still in 
early stages, researchers stay positive about the poten-
tial of synthetic cells. Some specialists even consider 
applications such as the mRNA COVID-19 vaccines, 
as well as other drug formulations using liposomal 
encapsulation, as a simple example of “bottom-up” 
structures, resembling synthetic cells, demonstrating 
the possibilities of this technology.  Overall, synthetic 
cells could provide a better understanding of life and, 
simultaneously, solutions to boost our health. 
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Single atom catalysis
Heterogeneous catalysts have continuously domi-

nated the market. Traditionally, metals make the active 
sites, dispersed on supporting structures such as acti-
vated carbon and ceramic materials. However, at the 
beginning of the current century, chemists envisioned 
an exciting idea for more efficient and sustainable 
catalysis in industry, which could combine the capabil-
ities of heterogenous catalysis with the precision and 
selectivity of enzymes—single atom catalysis (SAC) 
[30]. Instead of supporting clusters of catalyst atoms 
or nanoparticles, SAC uses isolated, single atoms, 
attached to a supporting surface. Therefore, every 
catalytic site stays exposed to the reagents, which 
consequently conveys a theoretical atom efficiency of 
100%, maximising reactivity and, perhaps most impor-
tantly, sustainability. This is due not only to the higher 
efficiency, but also to the reduction in required amounts 
of metal and increased recyclability—SACs have 
demonstrated a sustained state of activity after several 
recovery and recycling reactions [31]. In the past two 
decades, researchers have reported results with SACs 
across the periodic table, including not only with the 
more traditional platinum, palladium, and rhodium, but 
also with the more abundant alternatives such as iron, 
nickel, and copper [32]. The latest, for example, has 
emerged as an exciting catalyst for the electrochem-
ical conversion of carbon dioxide into value-added 
products [33]. Additionally, SACs sometime showcase 
interesting and unique catalytic activity, different from 
bulk heterogeneous options. The different coordination 
environments which, in turn, also prompt tuneability 
and modifications, create a special electronic structure 
in the active sites, affecting selectivity and stopping 
undesired reactions. The reactivity of SACs has been 
reported as “unique and multi-faceted.” [34] This has 

become increasingly attractive for researchers work-
ing in energy solutions such as CO2 valorisation into 
chemical fuels, water splitting, and the synthesis of 
green ammonia [35]. SACs have also successfully 
catalysed commercial reactions, such as Suzuki cou-
plings [36], and now progressively advance towards 
more scalable, resilient solutions, ready for the mass 
market. Catalyst companies such as Johnson Matthey 
are reportedly working on sustainable solutions using 
single atom catalysts, and commercial suppliers often 
offer preparations with SACs for reactions in energy 
conversion, petrol refining, and advanced synthesis. 
Now, the most likely next frontier is chiral catalysis. 
Some studies have explored the possibilities to perfect 
the “final frontier” of catalysis even further, replicating 
the selectivity and specificity of enzymes while keeping 
the attractive commercial capabilities of SACs [37].

Thermogelling polymers 
Often, polymers and plastics appear in the IUPAC 

Top Ten lists. Since the beginning of the 20th century, 
these materials have become ubiquitous and offer solu-
tions to remediate environmental pollution. Innovations 
in polymer science usually boost the materials’ sus-
tainability, as well as unveil unforeseen applications. 
Thermogelling polymers present the perfect example. 
These smart materials transition from liquid to gel 
with the pull of a single trigger—temperature. There 
is no need for chemical crosslinkers or supplementary 
stimuli. This property has catapulted applications in 
cosmetics, medical imaging, drug delivery, and bio-
engineering—particularly in the production of artificial 
tissues for regeneration [38]. Most of these applications 
stem from the versatility of thermogelling polymers, 
often designed with biocompatibility in mind. Normally, 
temperature triggers the transformation of linear 
copolymers into micelles first, then into more complex 
networks, which eventually evolve into a stable gel. 
A key advantage for biomedical applications is inject-
ability. As liquids, or sols, these substances are easily 
inserted into the body, where they spontaneously, but 
progressively transition into the gel state. In drug 
delivery, for example, the gels enable the sustained 
release of active ingredients into the affected zones, 
with very promising results in complex diseases, includ-
ing cancer [39]. The starting state as sols also enables 
interesting uses in 3D printing, an ideal platform to pre-
pare biocompatible scaffolds for wound regeneration, 
cell cultures or organoid growth [40]. Perhaps the most 
promising and positive result in the field is related to the 
versatility of thermogelling polymers for real-life repa-
ration of tissues in the eye. Until recently, the vitreous 
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humour was considerable irreparable and irreplaceable 
if damaged. This issue caused retinal diseases and 
even detachment, often resulting in permanent blind-
ness. However, researchers crafted a solution to repair 
retina detachments, mimicking the special structure 
and characteristics of the vitreous humour with thermo-
gelling polymers of similar viscosity and transparency. 
In time, the gel stimulates and supports structures natu-
rally present in the eyes, such as collagen, fibrillin, and 
vitrin, overall reducing the complications associated 
with retinal surgery [41]. Nowadays, some start-ups 
investigate the possibilities of these polymers in clin-
ical and commercial applications, while researchers 
explore areas such as 3D bioprinting, soft robotics, and 
environmental sensing [42]. 

Additive manufacturing
It is usually said that Renaissance artist Michelangelo 

simply “saw” his statues inside blocks of marble, then 
stripped the excess away to create pieces of art such 
as his statue of David in Florence, Italy. Additive man-
ufacturing is the exact opposite process. It consists of 
creating objects layer by layer, in an additive manner, 
minimising material waste. Often, “additive manufactur-
ing” means 3D-printing, because of the possibilities of 
polymer and plastic printing in manufacturing, but other 
techniques also have an additive approach at the core 
and could count in the same category [43]. Chemistry 
is crucial to increasing the sustainability of additive 
manufacturing even further. This involves innovations in 
materials science to produce printable polymers, ceram-
ics, and biobased materials with better biodegradability 
and recyclability. It also involves the development of 
sustainable solutions in inks, resins, and filaments to 
make manufacturing itself more resilient and energy 
efficient [44]. These discoveries have driven develop-
ments such as additive manufacturing of metals, using 
composite polymers and metal powders. This increases 

the efficiency compared to current alternatives, as well 
as reduces the production of waste, since the unused 
solution is easily recycled. Moreover, the most recent 
advances in 3D-printing open possibilities in the produc-
tion of hollow, yet strong structures, such as scaffolds 
and lattices. The optimisations in engineering could 
contribute to the creation of lighter components, espe-
cially useful in the manufacturing of machinery. In this 
scenario, additive manufacturing would boost sustain-
ability by reducing the amount of materials needed, as 
well as making lighter cars and planes, cutting carbon 
emissions throughout the lifetime of the product [45]. 
This technology could increase the sustainability of 
chemistry itself, by creating applications for research-
ers and innovators in the lab. Additive manufacturing 
could contribute to the creation of more sustainable 
lab equipment, as well as accelerate scale-up with the 
3D-printing of low-cost prototypes and developmental 
demonstrations. Moreover, most designs for parts are 
published in repositories in open access, fostering not 
only a quicker implementation of innovation, but also a 
more collaborative ecosystem for chemists worldwide 
[46]. Large companies such as Evonik, Airbus, and 
Carbon have reportedly started working in additive 
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manufacturing, contributing to cutting CO2 emissions 
and catalysing commercial uptake. 

Multimodal foundation models for structure 
elucidation

Artificial Intelligence (AI) has become a buzzword, 
in some cases carrying negative connotations because 
of its impact on the environment. Nevertheless, some 
interesting applications of AI could make chemists’ lives 
easier, by accelerating analytic processes as well as 
reducing the hindrance of repetitive tasks, which opens 
up time for creativity, as discussed in the Top Ten 
selection of 2020 [47]. This is exactly the case of molec-
ular models for structure elucidation, a technology that 
makes the most of machine learning, deep learning, and 
artificial intelligence to holistically study spectra from 
different sources, such as infrared, nuclear magnetic 
resonance, UV spectroscopy, and mass spectrometry, 
among others. In contrast, common approaches previ-
ously focused on single spectroscopic techniques. The 
“multi-modal” approach presents several advantages, 
rooted in the interconnectivity of data to provide the 
algorithms with a structural understanding of molecules 
and materials. For example, this could cut costs in lab-
oratories with limited access to expensive equipment 
and databases, since simple experiments, such as 
infrared measurements, would suffice for structure elu-
cidation. The model would match the selected spectra 
with available datapoints, comparing across complex 
patterns and accelerating assignment of an optimal 
structure [48]. Besides democratising elucidation, 
these multimodal models could also accelerate drug 
discovery and materials innovation, as well as optimise 
processes in pollution monitoring, quality control, and 
forensic analysis. The models use publicly-available 
databases, including patent data, to train the algorithms 

with standardised sources [49]. Although incipient, the 
idea has already attracted the interest of companies 
such as IBM. The existing models still lack the rea-
soned and creative approaches of trained chemists, but 
the investment in innovation, including better interpre-
tation of structures with standards such as InChI and 
SMILES, will only make models better. Soon, AI will 
also reduce the struggles of structural elucidation.

Direct air capture
We must tackle the climate crisis with every avail-

able alternative. And, although often discredited as a 
temporary patch, direct air capture (DAC) is widely 
recognised as a strategic solution to reduce the con-
centration of carbon dioxide in the atmosphere and 
mitigate the effects of climate change [50]. Chemistry 
is central to solving the principal problem of DAC—
successfully sequestering a substance present as the 
smallest atmospheric proportion of four hundred parts 
per million. This concentration is enough to cause 
climate alterations, but sufficiently minuscule to make 
materials efficient enough for carbon capture. To over-
come this, chemists encountered two complementary 
courses of action. The first relies on reactive adsorption, 
using basic compounds such as hydroxides, oxides, 
borates, and amines to “trap” carbon dioxide, usually in 
the form of carbonates and similar salts. In most cases, 
the main downside is the demand of energy needed 
for regeneration, a process that requires really high 
pressure and temperature. The second idea counts on 
a technology from the original Top Ten list in 2019—
metal organic frameworks (MOFs). Structured like 
miniaturised sponges, MOFs are porous materials with 
an extremely high adsorption surface, which makes 
them ideal to selectively store gases, included CO2. 
Usually, the efficiency trapping carbon dioxide is lower 
for physical than chemical sorbents, but regeneration is 
easier and smoother, which in turn makes MOFs more 
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attractive for industrial implementation. Of course, 
chemists have also studied a consolidated solution 
– decorating the extensive surface of metal-organic 
frameworks with reactive structures, such as amines. 
This strategy improves the adsorption capacity, as well 
as makes MOFs even more selective towards carbon 
dioxide versus other gases in the atmosphere[51]. Most 
MOF-based solutions have progressed to pilot plants, 
even industrial demonstrations [52]. And, in general, 
DAC has already established itself as an alternative for 
carbon capture worldwide. There are several industrial 
infrastructures with high levels of maturity, that have 
cut the cost below $100 per ton of CO2 surpassing the 
most optimistic predictions by the International Energy 
Agency. However, some studies suggest that the solu-
tions lack scalability and resilience [53], supported by 
news of closures and cuts among leaders such as 
Climeworks and Ørsted. While carbon capture could 
contribute to our climate-neutral targets, the technol-
ogy still needs further development and improvement 
to become competitive [54].

Electrochemical carbon capture and 
conversion

While DAC offers an opportunity to capture carbon 
dioxide directly from the atmosphere, electrochemistry 
enables an extra step—using CO2 as an alternative 
source of carbon, converting it into chemicals, fuels, and 
other value-added products. The first examples of elec-
trochemical carbon capture date back to the 1960s and 
70s, when they were used as a tool to complement the 
methods based in adsorption. Using electricity as the 
driving force usually reduces cost and enables coupling 

with clean sources of energy, such as solar, wind, and 
hydrothermal. Additionally, electrochemical processes 
tend to surpass the performance of traditional ther-
mochemical alternatives, reducing the overall impact 
and making them an attractive alternative to DAC [55]. 
Additionally, electrochemistry enables efficient libera-
tion of CO2 gas, which is less energetically demanding 
than desorption processes. Moreover, electrochemistry 
offers the chance to seamlessly couple capture with 
conversion and utilisation. Once trapped, carbon diox-
ide serves a source of carbon towards key chemical 
feedstocks, including carbon monoxide (CO), formate, 
methanol, ethylene, as well as longer hydrocarbons 
[56]. In the past few years, an increasing number of 
studies showcased the limitless possibilities of electro-
chemical carbon dioxide reduction reactions, usually 
referred to as eCO2RR [57]. Since the first example 
of eCO2RR, published in 1985 [58], the advances in 
catalysis, materials science, and engineering have 
perfected the processes to prepare small feedstock 
molecules, breaking ground for more challenging reac-
tions, such as the synthesis of hydrocarbons [59]. In 
this area, electrocatalysts made of abundant metals 
such as copper and nickel have shown great promise, 
converting carbon dioxide to both linear and branched 
hydrocarbons with chains of up to six carbon atoms 
[60]. As a relatively recent field, eCO2RR is still far from 
competitive to the traditional thermochemical processes 
in oil refining. However, the reliance on electricity as the 
sole source of energy increases sustainability, as well 
as democratises and delocalises access to chemicals. 
Despite its early stage, far from scalability and indus-
trial applications, the electrocatalytic conversion of 
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carbon dioxide is still regarded as a promising alterna-
tive to produce value-added chemicals in a sustainable 
manner [61]. Overall, electrochemistry is an emerging 
technology for both capture and conversion of carbon 
dioxide. Nevertheless, its promise to promote sustain-
ability and circularity, mitigating the impact of climate 
change, is clear. Further research will undoubtedly 
unveil and uncover interesting innovations to transform 
CO2 from waste into feedstock, making it a key starting 
material for manufacturing in the chemical industry [62].

Conclusions
In its seventh consecutive year of operation, the 

IUPAC Top Ten Emerging Technologies in Chemistry 
initiative continues to look into sustainability and circu-
larity, connecting new and innovative ideas towards a 
greener future [63], while maintaining a strong interest 
in the development of methods for the improvement 
of human health. Overall, the selection of the 2025 
Top Ten, carefully crafted by a panel of experts from a 
pool of global nominations, continues to carry the spirit 
established by the first Top Ten list released in 2019 
and that is to highlight the potential of chemistry—and 
chemists—to provide solutions to the most urgent soci-
etal issues. The initiative attempts to highlight diverse 
technologies from around the world that are in early 
stages of development in order to boost their visibility 
and eventually facilitate technology transfer and market 
uptake. This edition expands the selection to seventy 
technologies, showcasing the versatility and variability 
of creativity in chemistry. IUPAC’s objective in putting 
these highly-innovative ideas under the spotlight is to 
strongly encourage collaboration across all scientific 
disciplines in order to accelerate progress towards a 
more sustainable and equitable world.
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