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Resumo 

A dependência mundial de combustíveis fósseis para energia e matérias-

primas resultou num aumento significativo dos níveis de CO2 atmosférico, subindo 

cerca de 50 % desde a Revolução Industrial. Esse aumento nas emissões de CO2 tem 

sido um grande contribuinte para as alterações climáticas, tornando a redução do CO2 

atmosférico uma das questões mais urgentes da atualidade. 

Apesar de o CO2 ser considerado uma fonte de carbono abundante, renovável, 

barata e não tóxica, o desenvolvimento de métodos eficientes em termos de custo e 

energia para a sua reciclagem contribuirá para reduzir as suas emissões totais e 

transformá-lo em produtos de valor acrescentado. 

Catalisadores baseados em metais de transição permitem que a reciclagem do 

CO2 ocorra à temperatura ambiente com altos rendimentos. No entanto, os 

organocatalisadores serão melhores opções, pois são considerados de baixo custo, 

não tóxicos e prontamente disponíveis. No entanto, os organocatalisadores ainda 

requerem altas temperaturas e pressões de CO2. Portanto, o desenvolvimento de 

organocatalisadores eficientes é essencial para desenvolver um processo de 

reciclagem de CO2 sustentável, não tóxico e econômico. 

Nanopartículas à base de carbono, como os carbon dots (CDs), podem ser 

bons candidatos para serem usados como catalisadores na reciclagem do CO2 em 

produtos de valor acrescentado. Os CDs são solúveis em água, altamente estáveis, 

biocompatíveis, não tóxicos e fáceis de funcionalizar. Além disso, podem ser 

produzidos em massa a partir de fontes de carbono de baixo custo e renováveis, com 

abordagens sintéticas quase sem reagentes. 

Para abordar isso, na primeira parte deste projeto de doutoramento, 

exploramos o potencial dos resíduos de borra de café (RBC) como uma fonte para 

sintetizar CDs. Os CDs derivados dos RBC, produzidos via carbonização sem solvente 

em uma única etapa, foram comparados aos CDs feitos de precursores convencionais 

como ácido cítrico e ureia. Os CDs derivados dos RBC, tinham tamanhos entre 2,1 e 

3,9 nm, exibiram fluorescência azul com rendimentos quânticos moderados (2,9 % a 

5,8 %) e, adicionalmente, mostraram-se promissores como sensores fluorescentes 

para detecção de iões Fe3+ em água. A avaliação do ciclo de vida confirmou a 

sustentabilidade ambiental da produção de CDs baseados em RBC em comparação 

com métodos convencionais. 

No entanto, é sabido que os CDs podem ser sintetizados por várias 

abordagens de “bottom up”, que influenciam as suas características estruturais e 

ópticas. Para compreender bem as diferenças nas propriedades dos CDs preparados 
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por diferentes sínteses de “bottom up”, na segunda parte deste trabalho examinamos 

três métodos de síntese (hidrotérmico, assistido por micro-ondas e “dry-heating”) 

usando ácido cítrico e ureia para entender seu impacto nas propriedades dos CDs. 

Embora todos os métodos tenham produzido CDs com tamanhos semelhantes e 

emissões dependentes da excitação, os métodos de micro-ondas e “dry-heating” 

foram mais eficientes na dopagem com nitrogénio, resultando em rendimentos 

quânticos de fluorescência mais elevados (~27-29 %) em comparação com a síntese 

hidrotérmica (~2 %). A avaliação do ciclo de vida destacou a síntese por micro-ondas 

como a opção mais sustentável. 

Outra propriedade essencial dos CDs é seu alto rendimento quântico de 

fluorescência (QYFL). Uma estratégia comumente usada para melhorar as suas 

propriedades de fluorescência  envolve a dopagem com heteroátomos, 

particularmente o nitrogénio (dopagem com N), usando precursores contendo os 

heteroátomos desejados. Com base nos resultados anteriores, nesta terceira parte do 

trabalho exploramos CDs dopados com N sintetizados a partir de misturas de glicose e 

ureia via “dry-heating” de misturas sólidas com dois objetivos principais: primeiro, 

investigar a influência da estequiometria nas propriedades ópticas e na composição 

dos CDs e, segundo, explorar a formação de nanopartículas potencialmente 

responsivas a pH alcalino e a viabilidade dessa abordagem para obter CDs. Os 

resultados revelaram dois tipos de nanopartículas à base de carbono: CDs solúveis 

em água e CDs solúveis em pH básico. Estes últimos apresentaram rendimentos de 

síntese mais elevados, mas rendimentos quânticos e estabilidade térmica menores. 

Este estudo não encontrou correlação direta entre a estequiometria dos dopantes de N 

e os rendimentos quânticos, fornecendo-nos assim uma base para o desenvolvimento 

de CDs com fluorescência e rendimentos de síntese melhorados. 

Na parte final deste projeto de doutoramento, investigamos o potencial dos 

CDs como dadores de pontes de hidrogénio (HBD) na reação de abertura de anel de 

epóxido, uma etapa chave na conversão de CO2. Os CDs demonstraram uma 

atividade catalítica significativa, com uma constante de velocidade de 0,2361 ± 0,008 

h-1 e uma taxa de conversão de 70,8 %, superando outros HBD moleculares 

alternativos. Estes resultados sugerem que os CDs podem ser HBD eficazes em 

processos de conversão de CO2 organocatalisados, oferecendo uma abordagem 

promissora para a geração de produtos de valor acrescentado. 

Keywords: Emissões de CO2; organocatalisadores, carbon-dots; conversão de CO2; 

catalisador, alterações climáticas; dador de pontes de hidrogénio; nucleófilo. 
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Abstract 

The world’s dependence on fossil fuels for energy and raw materials has 

resulted in a significant increase in atmospheric CO2 levels, rising around 50 % since 

the Industrial Revolution. This increase in CO2 emissions has been a major contributor 

to climate change, reducing atmospheric CO2, one of the most pressing issues today. 

Despite CO2 being considered an abundant, renewable, cheap, and non-toxic carbon 

source, the development of cost-/energy-efficient methods for CO2 recycling will 

contribute to reducing its overall emissions and transform it into a valuable commodity. 

Catalysts based on transition metals have allowed CO2 recycling to occur at 

room temperature with high yields. However, organocatalysts should be preferred 

instead, as they are considered low-cost, non-toxic, and readily available. 

Nevertheless, organocatalysts still require high temperatures and CO2 pressures. So, 

the development of efficient organocatalysts is essential for developing a cost-efficient, 

non-toxic, and sustainable CO2 recycling process. 

Carbon-based nanoparticles, namely carbon dots (CDs), can be a promising 

candidate to be used as a catalyst for CO2 recycling into value-added products. CDs 

are water-soluble, highly stable, biocompatible, nontoxic, and are easy to be 

functionalized. Moreover, they can be mass-produced from low-cost and renewable 

carbon sources, with almost reagentless synthetic approaches  

To address this, in the first part of this PhD project, we explored the potential of 

spent coffee grounds (SCGs) as a source for synthesizing carbon dots (CDs) using a 

nanotechnological approach. SCG-derived CDs, produced via one-pot, solvent-free 

carbonization, were compared to CDs made from conventional precursors like citric 

acid and urea. The SCG-derived CDs measured between 2.1 and 3.9 nm, exhibited 

blue fluorescence with moderate quantum yields (2.9 % to 5.8 %), and additionally 

showed promise as fluorescent probes for detecting Fe3+ ions in water. Life cycle 

assessments confirmed the environmental sustainability of SCG-based CD production 

compared to conventional methods. 

However, it is known that CDs can be synthesized through various bottom-up 

approaches, which influence their structural and optical features. To well understand 

the differences in the CDs properties prepared by different bottom-up syntheses, in the 

second part of this work, we examined three synthesis methods (hydrothermal, 

microwave-assisted, and calcination) using citric acid and urea to understand their 

impact on CD properties. While all methods produced CDs with similar sizes and 

excitation-dependent emissions, microwave and calcination methods were more 
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efficient in nitrogen-doping, resulting in higher fluorescence quantum yields and 

synthesis efficiencies (~27-29 %) compared to hydrothermal synthesis (~2 %). Life 

cycle assessments highlighted microwave synthesis as the most sustainable option. 

Another essential property of CDs is their high fluorescence quantum yields 

(QYFL). A common strategy to enhance their fluorescence properties involves 

heteroatom-doping, particularly nitrogen (N-doping), using precursors containing 

desired heteroatoms. Based on the previous results, in the third part of the work, we 

explored N-doped CDs synthesized from glucose and urea mixtures via dry heating of 

solid mixtures with two primary objectives: first, to investigate the influence of 

stoichiometry on the optical properties and composition of CDs, and second, to explore 

the formation of potential alkaline-responsive nanoparticles and the feasibility of this 

approach for achieving CDs. The results revealed two types of carbon-based 

nanoparticles: water-soluble and basic pH-soluble CDs. The latter had higher synthesis 

yields, but lower quantum yields and thermal stability. Our study found no direct 

correlation between N-dopants' stoichiometry and quantum yields, providing insights 

for developing CDs with enhanced fluorescence and synthesis yields. 

In the final part of this PhD project, we investigated fluorescent CDs as catalytic 

hydrogen bond donors (HBD) in the epoxide ring-opening reaction, a key step in CO2 

conversion. CDs demonstrated a significant catalytic influence, with a rate constant of 

0.2361 ± 0.008 h ¹ and a reactant conversion rate of 70.8 %, outperforming alternative 

molecular HBD. These findings suggest that CDs could be effective HBD in 

organocatalyzed CO2 conversion processes, offering a promising approach for 

generating value-added products. 

 

Keywords: CO2 emissions; organocatalysts, carbon-dots; CO2 conversion; catalyst, 

climate changes: hydrogen bond donor; nucleophile. 
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Structure of the Thesis 

This thesis is divided into three major sections: the introduction, the presentation, the 

discussion of the results, and a conclusion with a future perspective section. Each 

section comprises chapters corresponding to papers published in specialized peer-

reviewed international journals. 

The introduction provides a comprehensive review of the climate changes and the 

crucial role of carbon dioxide followed by a description of the different technologies for 

CO2 conversion. Then, a summary of the different catalysts used in CO2 conversion 

with emphasis in metal-based catalysts and organocatalysts. The last part comprises a 

description of CDs properties, the methods used in their synthesis, and their application 

as catalysts. Then, a brief description of the project's main objectives is included. 

The second section encompasses four chapters corresponding to the synthesis of 

carbon dots from waste materials (Chapter 2), the study of three different bottom-up 

strategies for CDs synthesis (Chapter 3), the influence of nitrogen doping into CDs 

synthesis (Chapter 4), and the use of CDs as catalysts for the ring opening reaction of 

epoxides (Chapter 5). 

The third and last section present the main conclusion of the work performed and the 

future perspectives of this research. Besides, in the attachment section are present 

other contribution relevant to this work. 
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1. Introduction 

 

1.1. Climate change and the crucial role of carbon dioxide  

 

Climate change, driven predominantly by anthropogenic activities such as the 

combustion of fossil fuels and deforestation, manifests through alterations in global and 

regional climate patterns. The primary driver of climate change is the increase in 

greenhouse gas concentrations in the atmosphere, particularly carbon dioxide (CO2), 

methane (CH4), and nitrous oxide (N2O), which trap outgoing heat radiation, resulting in 

a net warming effect on the Earth's surface [1,2]. 

Consequences of climate change are multifaceted and encompass a spectrum 

of environmental, societal, and economic impacts: 

- Warming Trends: Global mean surface temperatures are rising, leading to 

shifts in temperature extremes and altered thermal regimes across terrestrial and 

aquatic ecosystems [3]. 

- Changes in Precipitation: Climate change influences precipitation patterns, 

resulting in alterations in rainfall intensity, frequency, and distribution. This leads to an 

increased incidence of extreme precipitation events, as well as changes in drought 

frequency and severity in certain regions [4]. 

- Sea Level Rise: Thermal expansion of seawater and the melting of polar ice 

caps and glaciers contribute to rising sea levels. This phenomenon poses risks to 

coastal regions, exacerbating coastal erosion, inundation, and saltwater intrusion into 

freshwater sources [5]. 

- Extreme Weather Events: Climate change amplifies the frequency, intensity, 

and duration of extreme weather events, including heatwaves, droughts, hurricanes, 

and storms. These events cause significant socio-economic disruptions, damage to 

infrastructure, and loss of life [6]. 

- Ocean Acidification: Increased CO2 levels in the atmosphere lead to higher 

absorption of CO2 by the oceans, resulting in ocean acidification. This phenomenon 

has detrimental effects on marine ecosystems, particularly coral reefs, shellfish, and 

other calcifying organisms [7]. 
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- Loss of Biodiversity: Climate change poses significant threats to biodiversity 

through habitat loss, altered species distributions, disruptions to ecological interactions, 

and increased susceptibility to environmental stressors such as temperature extremes 

and habitat fragmentation [8]. 

- Food and Water Security: Changes in temperature and precipitation patterns 

affect agricultural productivity, crop yields, and water availability, posing risks to food 

and water security, particularly in vulnerable regions with limited adaptive capacity [9]. 

- Health Impacts: Climate change influences human health through various 

pathways, including heat-related illnesses, respiratory problems associated with air 

pollution, increased incidence of vector-borne diseases, and compromised food and 

water safety [10]. 

Addressing the challenges posed by climate change requires comprehensive 

mitigation efforts to reduce greenhouse gas emissions, as well as adaptation measures 

to build resilience and facilitate sustainable socio-economic development in a changing 

climate.  

CO2 is one of the greenhouse gases (GHGs) resulting from human activities, 

stands as a primary driver of climate change [11]. By 2022, global CO2 emissions had 

surged to 36.8 Gt, with the predominant share stemming from fossil fuel combustion 

across various industrial sectors and transportation [12]. The continued utilization of oil 

and natural gas, alongside robust economic growth forecasts, suggests a probable 

uptick in anthropogenic CO2 emissions in 2019 [13]. Data from the National Oceanic 

and Atmospheric Administration/Earth System Research Laboratory indicates a steady 

rise in global CO2 emissions, culminating in a record-high atmospheric concentration of 

425 ppm in 2023 (Figure 1) [14]. BP's Energy Outlook forecasts a continued escalation 

in CO2 emissions from energy usage over the coming decades, with an estimated 10 % 

increase by 2040 under the evolving transition scenario [15]. In response to these 

alarming trends, the Intergovernmental Panel on Climate Change (IPCC) advocated for 

limiting global warming to 1.5 °C, rather than 2.0 °C, to mitigate the risks of 

catastrophic climate change [16]. 
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Figure 1. CO2 emissions in the atmosphere over the past 50 years. 

 

 

 

 

 

 

 

 

 

 

Despite its harmful consequences when mismanaged, this gas can also be 

regarded as an environmentally friendly, abundant, and low-cost C1 source. Also, CO2 

has several valuable applications and benefits. It is essential for photosynthesis, 

enabling plants to convert sunlight into energy, which supports plant growth and 

oxygen production. In agriculture, elevated CO2 levels can enhance crop yields through 

CO2 fertilization, particularly in controlled environments like greenhouses. Industrially, 

CO2 is used as a refrigerant, in fire extinguishers, and for carbonating beverages. It 

also plays a role in enhanced oil recovery, helping extract more oil from reservoirs. 

Additionally, CO2 can be used in producing polymers and other chemicals, and 

emerging technologies are exploring its potential in creating sustainable fuels and 

materials, thus transforming a GHG into valuable resources. [17].  

As a result, developing methods to convert CO2 into valuable products is crucial 

for various industries and for reducing climate-altering emissions. Several international 

agreements recognize the importance of carbon capture, utilization, and sequestration 

(CCUS)—a combination of carbon capture and utilization (CCU) and carbon capture 

and storage (CCS)—as essential strategies for sustainably cutting CO2 emissions and 

mitigating climate change [14,18,19]. 

In the CCUS process, CO2 is first captured from the exhaust gases of fossil fuel 

combustion and purified to produce a high-purity CO2 stream. This stream can then be 

either sequestered or converted into valuable products, yielding environmental, 

economic, and social benefits. CO2 can be utilized both physically and chemically 

across various fields, including chemical, biological, and food processes, which are at 

different stages of development and demonstration. Despite these efforts, we are 

significantly failing to meet our greenhouse gas reduction targets, evidenced by arctic 
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changes and ocean acidification [20,21]. Therefore, it is imperative to employ all 

available options, including CCS for gas and coal projects and CCU, to reduce energy 

and resource consumption and enhance innovation and competitiveness [22]. 

CO2 storage, or CCS, involves capturing carbon dioxide emissions from 

sources like power plants and industrial processes and storing it underground to 

prevent it from entering the atmosphere. This process typically involves capturing CO2 

at the emission source, transporting it via pipelines or ships, and injecting it into deep 

geological formations such as depleted oil and gas reservoirs, saline aquifers, or 

unmineable coal seams. By sequestering CO2 in these secure underground sites, CCS 

helps mitigate climate change by reducing greenhouse gas concentrations in the 

atmosphere. While it offers significant environmental benefits, CCS faces challenges 

related to high costs, potential leakage risks, and the need for long-term monitoring and 

public acceptance. 

CCU involves using captured CO2 in industrial applications rather than storing it 

permanently. Currently, CO2 is utilized in the production of urea, enhanced oil recovery, 

carbonates, methanol, dimethyl ether, formaldehyde, and other chemicals, with a total 

market size of around 300 Mt/year. While the market size necessitates that most 

captured CO2 be stored, CCU presents a highly attractive method for reducing CO2 

emissions by adding value to the captured CO2, aligning with the circular economy 

concept. Some CO2-derived products can replace more environmentally harmful 

compounds, and others can be used in new applications, creating fresh business 

opportunities [23]. 

The main obstacles to expanding CO2 applications are the significant energy 

required to break the CO2 molecule and the associated capture costs. These issues 

can be mitigated by enhancing the efficiency of existing technologies or developing 

new ones. Over the past two decades, research, development, and innovation in CCU 

have grown exponentially [24]. 

To meet climate mitigation goals and achieve net-zero targets by 2050, the 

global CO2 uptake needs to increase significantly, reaching at least 51.7 Gt of captured 

CO2 per year [25]. This substantial rise will greatly expand the potential CO2 market. 

The most promising uses for CO2-derived products include its application as fuel and 

solid materials primarily for construction, followed by biochar, enhanced oil recovery, 

and chemical products like methanol and other C2+ compounds. Although CO2-based 

products made from captured CO2 and green hydrogen are analogous to their market 

counterparts, they are currently more expensive due to the early stage of technology 
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development and the cost of clean energy required. Their marketability can be 

enhanced by their clear environmental benefits and potential superior performance. 

However, overcoming technological barriers is essential to achieve this stage [24]. 

Mature technologies produce products like urea, methanol, polyurethane, and 

polycarbonates, while others such as ethylene carbonate, propylene carbonate, 

formaldehyde, and acrylic acid are still under development. Furthermore, new 

sustainable processes for converting CO2 into methanol, methane, and other chemicals 

using renewable energy are at various stages of development. E-fuels, produced 

through these CCU processes, offer significant sustainability advantages by potentially 

replacing conventional fossil fuels and utilizing existing transport infrastructure. This is 

particularly beneficial for decarbonizing difficult sectors like heavy transportation, 

including maritime and aviation. Chemicals derived from captured CO2, such as 

methanol, methane, formic acid, and formaldehyde, are also appealing within a circular 

economy framework. Additionally, algae, which absorb CO2 from the air or 

concentrated sources, are emerging as a sustainable source of biomass, food, fuel, 

and other products [26]. Biodiesel from microalgae [27], though still in its early 

development stages, has the potential to significantly replace fossil fuels in the future if 

economic feasibility is achieved. 

When developing new processes or products from CO2, it is crucial to ensure 

they are sustainable and marketable by meeting these criteria: (1) they should reduce 

global CO2 emissions, (2) they must use less and cleaner energy and materials than 

the processes/products they are replacing, (3) they must be safer, (4) they should 

facilitate better environmental conditions, and (5) they must be economically viable 

[24]. 

 

1.2. Technologies for CO2 conversion 

 

CO2 is a stable molecule, requiring advanced technologies for its conversion 

into valuable products. Direct and indirect conversion of CO2 are approaches aimed at 

transforming CO2 into useful products to mitigate its environmental impact. Indirect 

conversion involves using CO2 as a feedstock to produce intermediate products, which 

are then further processed into final products. On the other hand, direct conversion 

involves processes like electrochemical reduction, where CO2 is directly converted into 

fuels and chemicals. Each approach offers distinct advantages and challenges, 

contributing to the development of sustainable technologies for CO2 utilization and 
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reducing its atmospheric concentration. The existing conversion methods include CO2 

carbonation, as well as thermochemical, electrochemical, bioelectrochemical, 

photocatalytic, and plasma-catalytic conversion processes [24]. 

 

1.2.1. CO2 Carbonation 

Stable solid carbonates, primarily used in the construction industry, are created 

by reacting CO2 with metal cations found in natural minerals or industrial solid wastes. 

This technology is based on the same principles as in situ CO2 storage, where CO2 

injected into geological formations is permanently stored as carbonates. The primary 

industrial application of CO2 carbonation involves using CO2 for concrete curing. This 

process enhances the strength of the cured concrete by forming calcium carbonates 

[28]. Other methods for creating CO2- derived aggregates and construction materials, 

are still under development. 

 

1.2.2. Thermochemical Conversion 

Heat and pressure are used to thermochemically convert CO2 into various 

value-added products, including methanol, methane, urea, and syngas. Because of the 

harsh operating conditions, catalytic materials are often employed to enable these 

reactions under milder conditions. 

Urea is the primary commercial product from this technology. In 2021 [23], 130 

Mt of urea were produced, with demand expected to rise due to population growth. The 

energy-intensive process involves the Bazarov reaction, where CO2 and ammonia are 

converted into ammonium carbamate at high temperature and pressure [29], followed 

by dehydration to form urea. This step uses a copper(II) sulfate complex catalyst to 

speed up the endothermic reaction [29]. 

Other CO2- derived products include methane, produced via the Sabatier 

process (power-to-gas) [30]. This highly exothermic reaction involves reacting CO2 with 

H2 at high temperatures. Commercial methanol production similarly relies on the 

thermochemical reaction between CO2 and H2 [31]. Additionally, the reverse water-gas 

shift (RWGS) reaction can convert CO2 and H2 into CO and water, which can then be 

processed via the Fischer-Tropsch (FT) reaction to produce synthetic fuels like 

kerosene, gasoline, and diesel [32,33]. 
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Key challenges in producing sustainable fuels and chemicals from CO2 

thermochemical conversion include developing efficient catalytic materials that can 

withstand high operating conditions and producing low-cost, low-carbon hydrogen. 

 

1.2.3. Electrochemical Conversion 

Electrochemical conversion involves the nonspontaneous reduction of CO2 into 

products with lower oxidation states using electricity as the energy source. This 

process can produce a variety of products, including methanol, carbon monoxide (CO), 

carboxylic acids, alcohols, and alkenes [34,35]. 

Electrocatalytic reduction (ER) can be performed at both low and high 

temperatures, resulting in different products. High-temperature electrolysis typically 

occurs in the gaseous phase within solid oxide electrolyzers, producing methane, CO, 

and syngas. In contrast, low-temperature electrolysis is more versatile but less energy 

efficient, capable of generating C2 products such as ethanol, ethylene, and formic acid 

[36]. 

Recent studies suggest using formic acid as a hydrogen carrier instead of 

ammonia, despite its lower volumetric capacity (1.77 kW·h/L versus 3.2 kW·h/L for 

ammonia), because it offers a higher capacity than commercial hydrogen tanks (1.4 

kW·h/L at 70 MPa hydrogen pressure) and has lower toxicity and flammability under 

ambient conditions. Additionally, with suitable catalysts, the energy required to release 

hydrogen from formic acid is lower than from ammonia, making it a potential candidate 

for fuel cell applications [37]. However, using formic acid for this purpose results in CO2 

emissions that must be captured, adding extra costs and complexity compared to 

directly using hydrogen in fuel cells. 

Electrochemical conversion pathways have the potential to revolutionize 

industrial decarbonization by providing sustainable methods for CO2 conversion and 

chemical production. However, cost remains a significant challenge compared to 

conventional thermochemical conversion. Achieving cost competitiveness will depend 

on the availability and price of renewable electricity and the maturity of CO2 capture 

technologies [24]. 
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1.2.4. Bioelectrochemical Conversion 

Natural organisms such as plants, microalgae, and cyanobacteria use CO2 in 

photosynthesis to produce sugars and other organic materials. Similarly, biochemical 

conversion uses enzymes or microbial catalysts to transform CO2 and water into 

various products, including methane, methanol, CO, and biomass [38]. Promising 

species for this process include spirulina microalgae [39], cyanobacteria, and carbonic 

anhydrase [40,41]. The efficiency of this process depends on the organism's growth 

rate, contamination tolerance, and control of operating conditions. 

This process is highly sustainable as it uses biocatalysts rather than metal-

based catalysts. However, direct conversion of CO2 into value-added products via 

bioelectrochemical processes is still in its early stages. This is due to the high costs 

associated with controlling the bioreaction environment, the need for precise reaction 

conditions, and the challenges of providing a continuous nutrient supply for large-scale 

microbial cultures [42]. 

An alternative two-step process for methane production is closer to 

commercialization. This process starts with hydrogen production, followed by 

converting H2 and CO2 into methane in bioreactors using anaerobic methanogens. 

 

1.2.5. Photocatalytic Conversion 

This technology employs light irradiation and photocatalysts to reduce CO2 into 

methane, syngas, and other hydrocarbons. It is considered one of the most sustainable 

CO2 conversion methods compared to electrochemical and thermochemical processes 

because it does not require additional energy input. However, it faces challenges such 

as low yield and selectivity, which depend on the choice of catalysts [43]. 

In the photocatalysis process, light radiation hits the surface of the 

photocatalyst, a light-sensitive material, generating numerous electron (e−) and hole 

(h+) pairs. These pairs participate in oxidation or reduction reactions, producing the 

final products. Various photocatalysts have been used for CO2 reduction, utilizing 

different light irradiation types, including visible light and, to a lesser extent, UV light. 

TiO2 is the most widely studied catalyst for CO2 photocatalytic conversion due to its 

excellent stability, nontoxicity, and low-cost [44]. However, it suffers from low visible 

light absorption and rapid electron-hole recombination, prompting the search for novel 

strategies to fine-tune the photocatalyst [45,46]. 
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1.2.6. Plasma-catalytic Conversion 

This technology utilizes highly reactive weakly ionized plasma, generated by 

applying a light electrical field to a gas. This creates a reactive environment that 

enables chemical reactions under mild conditions and throughout the entire reactor 

volume, rather than solely on the catalyst surface [47–49]. A major advantage of this 

technology is that excited electrons can activate CO2 molecules to produce new 

products without heating the entire gas. The reaction mechanisms vary with the type of 

plasma used, such as dielectric barrier discharge (DBD), microwave (MW), and gliding 

arc (GA) [50,51]. 

However, this approach reduces process selectivity, complicating the targeted 

production of specific products. This issue has been addressed by coupling plasma 

with solid catalysts. Despite achieving adequate conversion levels at room temperature 

and pressure, the technology faces challenges with energy efficiency and scalability for 

industrial applications [49]. 

 

1.3. CO2 Conversion into ethanol and methanol 

 

With the introduction of "emission peaking" and "carbon neutralization" 

initiatives, the conversion and utilization of CO2 have gained significant attention [52–

56]. Photocatalytic conversion of CO2 into valuable fuels is a promising approach as it 

addresses climate issues related to greenhouse gas emissions and simultaneously 

stores renewable solar energy as chemical energy [57–60]. The products of CO2 

photocatalytic conversion include CO [61–63], CH4 [64,65], CH3OH (methanol) 

[66,67], C2H5OH (ethanol) [68–70], HCOOH [71], among others. Converting CO2 into 

methanol and ethanol is vital for environmental sustainability, energy security, and 

economic development. This process helps mitigate climate change by reducing 

atmospheric CO2 levels, turning a GHG into valuable resources. Methanol and ethanol 

serve as alternative fuels, reducing reliance on fossil fuels and enhancing renewable 

energy use. Economically, this conversion creates value-added products and new 

revenue streams, while also providing essential chemical feedstocks for various 

industrial applications [72]. 

Catalysts are crucial for the efficiency of photocatalytic CO2 conversion to 

ethanol. Numerous photocatalysts have been developed, including TiO2 [73], Bi2MoO6 

[74], g-C3N4 [75], Cu/TiO2 [76], and AuCu/g-C3N4 [77]. These catalysts can be broadly 
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categorized into semiconductors, plasmonic metal-based catalysts, and other types 

based on their properties and mechanisms [72]. 

These catalysts facilitate the absorption of light and the subsequent chemical 

reactions that convert CO2 and water into ethanol. The efficiency of these reactions 

depends on the catalysts' ability to enhance light absorption, improve charge 

separation, and reduce recombination rates [72]. 

Despite progress, challenges remain in enhancing the selectivity and efficiency 

of photocatalysts, as well as scaling up the process for industrial applications. Future 

research aims to develop more efficient catalysts, understand reaction mechanisms 

better, and integrate these processes with renewable energy sources to make them 

economically viable [78]. 

Also, methanol is a versatile chemical used to produce formaldehyde, acetic 

acid, and other chemicals. It also serves as a fuel and can be blended with gasoline to 

reduce emissions. The ability to produce methanol from CO2 not only helps in reducing 

greenhouse gases but also provides a renewable pathway to generate important 

industrial chemicals and fuels [41]. 

The hydrogenation of CO2 to methanol is a well-researched method involving 

the use of thermal catalysts. This process typically requires a combination of CO2 and 

H2 over catalysts like Cu/ZnO/Al2O3 under high temperatures and pressures. This 

method is advantageous due to its high selectivity and yield of methanol, making it a 

promising approach for large-scale application [79]. 

Electrochemical and photochemical methods are also used for CO2 conversion 

into methanol. These methods use electricity (from renewable sources) or light to drive 

the conversion of CO2 to methanol. Electrochemical conversion involves using 

electrodes and catalysts to reduce CO2 in an aqueous solution, while photochemical 

methods use light-absorbing materials to drive the reaction. These methods are still 

under development but offer the potential for more sustainable and efficient conversion 

processes compared to traditional thermal methods [41]. 

In conclusion, converting CO2 into ethanol and methanol represents a crucial 

strategy for addressing climate change and advancing sustainable energy 

technologies. Continued research and development are needed to overcome existing 

challenges and to implement these technologies on a commercial scale effectively. 
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1.4. Catalysts for CO2 conversion  

 

1.4.1. Metal-based catalysts 

 

Metal-based catalysts play crucial roles in a wide range of chemical reactions 

due to their ability to increase reaction rates and selectivity. These catalysts help 

reduce CO2 under various reaction conditions, including thermal, electrochemical, and 

photochemical processes. Here’s an overview of the different types of metal-based 

catalysts used for CO2 conversion: 

 

1.4.2. Transition Metal Catalysts 

 

1.4.2.1. Cobalt-Based Catalysts 

Cobalt is extensively studied for its role in CO2 reduction reactions (CO2RR). 

Cobalt-based catalysts, including cobalt single atoms, multi-metal alloys, complexes, 

and metal-organic frameworks (MOFs), exhibit good stability and efficiency. These 

catalysts can reduce CO2 at lower overpotentials, which is crucial for practical 

applications [80]. 

 

1.4.2.2. Nickel-Based Catalysts 

Nickel is effective in electrochemical CO2 reduction, often used in combination 

with other metals like copper (NiCu) or iron (NiFe). These combinations enhance 

catalytic activity and selectivity towards hydrocarbons and alcohols. Nickel catalysts 

are valued for their relatively low cost and robust performance [81]. 
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1.4.3. Precious Metal Catalysts 

 

1.4.3.1. Gold and Silver Catalysts 

Gold and silver are renowned for their high catalytic efficiency. Gold 

nanoparticles, in particular, show excellent activity in reducing CO2 to CO and 

subsequently to methanol. Silver, while less active than gold, is cost-effective and 

selective towards CO production, which can be further converted into other products 

[80,82]. 

1.4.3.2. Platinum and Palladium Catalysts 

Platinum and palladium are highly effective for hydrogenation reactions, 

essential for converting CO2 to methanol and ethanol. They facilitate CO2 adsorption 

and activation, leading to high reaction rates and selectivity. Despite their high cost, 

their performance makes them critical for research and development [81]. 

 

1.4.3.3. Single-Atom Catalysts 

Single-atom catalysts (SACs) involve individual metal atoms dispersed on 

support materials. These catalysts offer high atom efficiency and unique electronic 

properties that enhance catalytic performance. Metals like cobalt, nickel, and iron are 

used as SACs, showing promising results in activity, selectivity, and stability for CO2 

reduction [82]. 

 

1.4.4. Nanostructured and Hybrid Catalysts 

 

1.4.4.1. Metal-Organic Frameworks (MOFs) and Covalent Organic 

Frameworks (COFs) 

These materials provide high surface areas and tunable pore structures, 

beneficial for CO2 adsorption and activation. Incorporating metals like cobalt, nickel, or 

copper into MOFs or COFs significantly enhances their catalytic properties. These 

frameworks offer a versatile platform for designing efficient CO2 conversion catalysts 

[80]. 
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1.4.4.2. Plasmonic Metal-Based Catalysts 

Plasmonic metals such as gold and silver can utilize light energy to drive CO2 

reduction, making them suitable for photocatalytic applications. Combining these 

metals with semiconductors can improve their efficiency and selectivity for converting 

CO2 into ethanol and methanol [82]. 

 

1.5. Organocatalysts 

 

In nature, CO₂ is captured, converted, and reduced to carbohydrates through a 

series of cascade reactions facilitated by specific metalloenzymes found in 

photosynthetic organisms [83]. Similarly, the field of CO2 conversion catalysis is largely 

dominated by transition metal-based catalysts, which can be either heterogeneous or 

homogeneous in nature [84–87]. While using a catalytic system generally suggests an 

improvement in sustainability, there are notable differences between metal-based and 

organo-catalysts. It has been demonstrated that the activation and/or stabilization of 

substrates or intermediates through metal complexes or immobilized metal species via 

coordination motifs is significantly more efficient than through organo-based catalytic 

mediators. However, organocatalysts are typically low-cost, non-toxic molecules 

characterized by good stability and resistance to moisture and air. Thus, from a 

reaction design perspective, they can be considered safer reaction components. 

Additionally, organocatalysts can sometimes be readily derived from renewable 

feedstocks, enabling the development of technically and economically viable 

procedures starting from biomass and CO2, which can eventually lead to "carbon-

neutral" processes for producing sustainable chemicals, fuels, and materials [88]. 

It is known that organocatalysts can sometimes result in higher energy 

consumption during reactions and work-up time, necessitating higher catalyst loadings, 

higher operating temperatures, and prolonged reaction times. Nevertheless, in certain 

cases (e.g., when using ionic liquids as reaction solvents and/or catalysts), reagents 

and products can be recovered through simple distillation, devising safer and more 

atom-economical processes while avoiding waste-generating work-up procedures. 

Catalyst heterogenization has been extensively utilized to extend the lifetime of organo-

catalysts, simplifying reaction monitoring and work-up procedures and providing a 

potential pathway towards developing continuous flow reactions. Organocatalysis is 

particularly advantageous for developing metal-free products or processes, as 

including chemicals in consumer products requires minimal metal residues to avoid 
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Scheme 1. Cycloaddition of CO2 to epoxides. 

toxicity issues. As these requirements become increasingly stringent, alternative 

processes that bypass the use of metal catalysts could produce targeted chemicals in a 

safer and potentially greener manner. In this context, organo-based catalysts (i.e., 

organocatalysts) are of growing interest and importance in the area of CO2 catalysis 

and conversion. Nevertheless, organocatalytic systems also present some limitations, 

such as requiring higher temperatures and CO2 pressures [89]. To overcome these 

issues, researchers have been focused on the development of two-component 

organocatalytic systems, which are composed of a nucleophile and a hydrogen bond 

donor (HBD), in which the limitations of both transition metal-based catalysts and 

organocatalysts are bridged. 

 

1.5.1. Organocatalyzed coupling of carbon dioxide with epoxides for the 

synthesis of cyclic carbonates 

 

One of the most promising methods for utilizing CO2 is its conversion into cyclic 

carbonates via its reaction with epoxides (Scheme 1) [90]. 

Cyclic carbonates are organic compounds that exhibit desirable properties such 

as low vapor pressure, high boiling point, low toxicity, and biodegradability. Due to 

these characteristics, cyclic carbonates are widely used as aprotic high-boiling polar 

solvents, electrolytes for batteries, precursors for polymeric materials, fuel additives, 

plastic materials, and intermediates in the synthesis of fine chemicals, including dialkyl 

carbonates, glycols, carbamates, and pyrimidines [91–93]. 
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Traditionally, cyclic carbonates have been synthesized industrially using 

phosgene. However, this method produces equimolar amounts of carbonates and 

chlorinated salts, along with large quantities of chlorinated solvents. Although 

phosgene is a versatile building block in producing plastics and pesticides, it is also 

hazardous, toxic, corrosive, and challenging to handle safely. Exposure to phosgene 

can lead to severe health issues. Therefore, replacing phosgene with more sustainable 

and environmentally friendly alternatives in large-scale industrial synthesis is highly 

desirable. 

One such alternative is the synthesis of cyclic carbonates from CO2 and 

epoxides, which offers a low-toxicity route [94]. 

The simplest and most cost-effective catalysts for the cycloaddition of CO2 to 

epoxides are halide salts, particularly organic halides such as imidazolium salts, 

quaternary ammonium salts, and phosphonium salts, which demonstrate the best 

catalytic performance [95,96]. These compounds contain a halide nucleophilic species 

that catalyzes the reaction by first opening the epoxide ring, followed by the 

nucleophilic attack of the resulting alkoxide on CO2, and finally, ring closure to form the 

cyclic carbonate product [96,97]. Among organic halides, phosphonium salts like 

PPNCl (bis(triphenylphosphine) iminium chloride) show high catalytic activity due to the 

delocalization of the positive charge and the bulky nature of the cation, making the 

halide more readily available as a nucleophile [98–100]. However, phosphonium salts 

are not ideal from a green chemistry perspective because their synthesis involves toxic 

organophosphines [101,102]. Generally, these organocatalysts are less active than 

catalytic systems that include metal centers acting as Lewis acids, which enhance the 

reaction by activating the epoxide toward nucleophilic attack by the halide [97,103,104]. 

State-of-the-art metal-based homogeneous and heterogeneous catalysts enable the 

reaction of CO2 with epoxides under milder conditions (i.e., T ≤ 45 °C and pCO2 ≤ 10 

bar) compared to organic halides alone [97,103,105]. However, the synthesis of these 

metal-based catalysts is costly and complex, and the toxicity of some metals used 

raises concerns for large-scale applications [106]. 

HBD have emerged as a greener alternative to metal centers as Lewis acid 

species and have been increasingly studied in recent years. HBD can activate the 

epoxide by forming a hydrogen bond with its oxygen atom [96,107]. In this type of 

system, with the goal of facilitating the epoxide’s ring opening by nucleophilic attack, 

the HBD interact with the O-donor of the epoxide via hydrogen bonding in a process 

involving a suitable nucleophile (Scheme 2).  
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Scheme 2. Reaction scheme for CO2 conversion in the presence of a nucleophile (Nu−) and a hydrogen bond donor 

(HBD). 

Furthermore, the HBD are expected to stabilize the oxyanion resulting from the 

ring-opening reaction via hydrogen bonding. These synergistic effects should make the 

ring-opening reaction of the epoxide more efficient, allowing the production of 

heterocyclic carbonates from CO2 at lower temperatures and CO2 pressures. It should 

be noted that in this type of catalytic scheme, the ring opening of the epoxide through 

nucleophile attack typically represents the rate-limiting step of the process. So, adding 

an HBD is made with the expectancy of decreasing the activation barrier for this step, 

thus increasing efficiency. Considering this, there is a growing interest in the 

development and identification of new HBD with the potential to be used in CO2 

conversion reactions [108].   

Various HBD compounds have been explored, including organic acids 

[109,110], alcohols [111,112], phenolic derivatives [113,114], silanediols [115], and 

water [99,111]. Bio-based compounds, often rich in HBD groups, have been utilized for 

this purpose, such as amino acids, chitosan, cellulose, and lignin [116]. HBD are 

generally used in binary catalytic systems with an organic halide, most commonly 

Bu4NX or PPNX (X = Cl, Br, I) [99,112,113]. Compared to organic HBD, water is 

preferable in the context of green chemistry due to its non-toxicity, low cost, 

abundance, renewability, and ease of separation [99]. 

An appealing alternative is to design a single-component bifunctional catalyst 

that includes both the nucleophile and an HBD group (e.g., –OH, –COOH, or –NH–) 

within the same compound, ideally in close proximity to enhance their cooperation 

[117–119]. Such metal-free bifunctional catalysts have been developed for both 

homogeneous and heterogeneous catalysts [96,107,120]. Homogeneous catalysts 
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generally exhibit higher activity but face challenges in catalyst separation and recycling 

[121]. This issue is inherently resolved with heterogeneous catalysts, although they 

often suffer from lower catalytic activity due to reduced accessibility of the active sites 

[94,122–125]. Therefore, designing metal-free bifunctional catalysts that combine the 

benefits of both homogeneous and heterogeneous systems while avoiding their 

limitations is a desirable but challenging goal [126]. 

 

1.6. Carbon-Dots 

Fluorescent carbon nanoparticles, also known as CDs, have emerged as a 

promising alternative to traditional semiconductor quantum dots, constituting a novel 

category of carbon nanomaterials.[127] CDs were accidentally discovered in 2004 by 

Xu et al. when they isolated carbon nanoparticles as a by-product during the synthesis 

of single-walled carbon nanotubes [128]. CDs are typically defined as a fascinating 

type of carbon nanomaterials with a core that can be either amorphous or 

nanocrystalline and have sizes typically below 10 nm. Their structure consists of sp2 

and sp3 carbon atoms with various polymer chains or functional groups, such as -OH, -

COOH, and -CHO, attached to their surfaces. These groups enhance CDs' water 

solubility and provide binding sites for further functionalization with other molecules 

[129–131]. 

1.6.1. Properties and applications of CDs 

CDs have attracted significant attention from the research community due to 

their quite remarkable features, such as high photoluminescence [132,132–134], low 

toxicity [135], good water solubility [127,132,132], biocompatibility [128,136], and good 

physical–chemical and photochemical stability [127,137,138]. Therefore, it is not 

surprising that CDs have gained relevance in various fields, such as sensing [139–

141], bioimaging [142], photocatalysis [134], drug delivery [143], solar cells [144], and 

photodynamic therapy [145]. 

Synthetic approaches for CDs are generally classified into two categories: top-

down and bottom-up.[127] The former approach is based on the fragmentation of large 

graphitic materials into smaller carbon-based materials [146]. However, top-down 

methodologies typically necessitate rigorous reaction conditions, costly materials and 

equipment, and long processing durations. Conversely, bottom-up methodologies are 

arguably the most prevalent synthesis techniques [147–149]. These methods typically 

involve the pyrolysis of smaller organic molecules, either in powder form (via 
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calcination) [150] or in solution using hydrothermal [148,151] or microwave-based 

techniques [138,152,153]. Bottom-up approaches offer advantages such as scalability 

for mass production, eco-friendliness, and cost-effectiveness [149]. 

While top-down approaches are constrained to utilizing carbon "bulk" samples 

as precursors (e.g., graphite powders, graphene, and black carbon) [154], bottom-up 

methodologies can employ a diverse array of molecular organic precursors, ranging 

from simpler chemicals like carbohydrates and acids to more heterogeneous sources 

such as rice, coffee beans, and waste materials [147,155–159]. The structure, surface 

functionalization, and photoluminescence of carbon dots (CDs) are heavily influenced 

by the selection of precursors and synthesis methodologies. The adaptability of bottom-

up strategies enables many possibilities for tailoring the properties of CDs and 

pioneering novel applications. 

Another attractive property of CDs is their ability to be synthesized from a broad 

range of precursors, eliminating the need for costly, toxic materials or complex 

equipment. In essence, their typical synthesis pathway involves straightforward thermal 

or microwave-assisted treatment of organic molecules, commonly using glucose or 

citric acid as a carbon source. However, synthesis using only carbon precursors 

usually leads to CDs with low photoluminescence. Due to that, researchers typically 

add also precursors containing appropriated heteroatoms such as N, S, and P, to 

achieve heteroatom-doping of carbon nanoparticles, which generally enhances the 

fluorescence quantum yield (QYFL) of the CDs [160–163]. Among these, N-doping is 

the most used heteroatom doping to enhance the QYFL of the CDs. N-doping is 

achieved by the addition of nitrogen-containing small organic molecules as a nitrogen 

source of the carbon precursor in which urea and ethylenediamine are the most 

common options. 

 

1.6.2. CDs as catalysts 

Carbon dots (CDs) have been proposed for use as photocatalysts, 

electrocatalysts, and photoelectrocatalysts due to their diverse structures, properties, 

and applications [164]. Utilizing solar energy, a renewable and clean energy source, 

has made photocatalysis a prominent application for CDs. They are used as 

photocatalysts for degrading pollutants (such as organic dyes [165,166] and metal ions 

[167–169]), water splitting [170–172], CO2 reduction [172,173], and chemical reactions 

during solar energy conversion [174]. This is possible due to their broad light 
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absorption range (from UV to NIR), low cost, excellent photostability, and efficient 

charge separation and transfer capabilities. 

CDs with nitrogen atoms positioned at the edge sites of aromatic domains facilitate 

efficient interfacial electron transfer, enhancing photocatalytic hydrogen generation 

from water [175]. Typically, CDs are hybridized with other nanomaterials (such as 

Fe2O3 or g-C3N4) to serve as light absorbers and/or electron acceptors in 

heterojunctions, thereby improving photocatalytic performance [168,171].
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1.7. Objectives 

The world depends on fossil fuels for energy and as raw materials [176,177]. 

The combustion of fossil fuels releases CO2 into the atmosphere, causing its levels to 

rise by a third since the Industrial Revolution began [178]. This increase in atmospheric 

CO2 has contributed to the rise in Earth's surface temperature, making CO2 a major 

driver of climate change. Consequently, reducing atmospheric CO2 levels is one of the 

most pressing issues of our time. 

Despite this, CO2 can be seen as an abundant, renewable, cheap, and non-

toxic carbon source [83,178–180]. Its catalytic coupling with epoxides to form 

heterocyclic carbonates presents a promising approach for recycling CO2 into valuable 

organic compounds. These heterocycles are essential in the synthesis of drugs, 

polymers, and other fine chemicals [181–183]. Therefore, developing cost- and energy-

efficient methods for CO2 recycling could significantly reduce emissions and transform 

CO2 into a valuable commodity. 

Transition metal-based catalysts have enabled CO2 recycling at room 

temperature with high yields [83,84,179,180,184]. However, organocatalysts are 

preferable due to their lower cost, non-toxicity, and availability [83,180,185]. 

Nonetheless, current organocatalysts still require high temperatures and CO2 

pressures [83,180]. Thus, advancing efficient organocatalysts is crucial for developing 

a cost-effective, non-toxic, and sustainable CO2 recycling process. 

The objective of this PhD project is to develop a catalyst based on carbon-

based nanoparticles, specifically CDs, capable of recycling CO2 and epoxides into 

valuable cyclic carbonates under mild conditions with significant yields. CDs are water-

soluble, highly stable, biocompatible, non-toxic, and easily functionalized. Additionally, 

they can be mass-produced from low-cost and renewable carbon sources using nearly 

reagentless synthetic approaches [132,140,186–189]. 

These CDs will be doped with nitrogen heteroatoms introducing pyridinic 

nitrogen to the surface of CDs, which facilitates the activation of both the epoxide and 

CO2 [190–192]. 
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Essentially, this project has the distinct objectives: 

I. Evaluation of different synthetic methodologies for CDs production and its effect 

on their characteristics and properties. 

II. CDs synthesis from waste materials sources; 

III. Evaluate the catalytic activity of the synthesized CDs towards CO2 recycling.



FCUP 
Development of carbon-based nanomaterials as organocatalysts for sustainable CO2 recycling 

22 

 
 

 

2.  Carbon dots production from organic 

waste materials 

 

2.1. Turning Spent Coffee Grounds into Sustainable 

Precursors for the Fabrication of Carbon Dots 

 

Article 1 

 

Turning Spent Coffee Grounds into Sustainable Precursors for the 

Fabrication of Carbon Dots 

Diana M.A.Crista, Abderrahim El Mragui, Manuel Algarra, Joaquim C.G. Esteves da 

Silva, Rafael Luque and Luís Pinto da Silva, Nanomaterials, 2020, 10, 1209. 

2.1.1. Contextualization 

Spent coffee grounds (SCGs) are recognized for their abundance in various 

organic compounds such as carbohydrates, lipids, phenolic compounds, and proteins. 

Thus, we explored their potential as a viable source for synthesizing CDs employing a 

nanotechnological approach. We conducted a comparative analysis between CDs 

derived from SCGs and conventional precursors like citric acid and urea.  

The SCG-derived CDs were synthesized through one-pot, solvent-free 

carbonization of solid samples, yielding nanoscale particles measuring between 2.1 

and 3.9 nm. These nanoparticles exhibited blue fluorescence with moderate quantum 

yields ranging from 2.9% to 5.8% and displayed an excitation-dependent emission 

characteristic typical of carbon dots. The SCG-derived CDs demonstrated promise as 

environmentally significant fluorescent probes for detecting Fe3+ ions in water. Notably, 

life cycle assessment studies affirmed the environmental sustainability of CD 

production from SCG samples compared to conventional precursors, whether 

assessed by weight or function-based functional units. 
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2.1.2. Contributions to this work  

All synthesis of CDs, as well as their optical characterization and life cycle 

assessment (LCA) studies, was performed by me (Diana Crista) with the assistance of 

Dr. Abderrahim El Mragui under the supervision of my supervisors. XPS analyses were 

performed by the team of Dr. Manuel Algarra at the University of Malaga. AFM and 

Zeta Potential measurements and discussion were carried out with my assistance.  
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2.2. Supporting Information 
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2.3. Conclusions 

The synthesis of fluorescent CDs utilizing either SCGs, a biomass waste 

material from the coffee industry, or conventional precursors such as citric acid and 

urea was evaluated, considering their environmental implications and the structural and 

luminescent characteristics of the resultant nanoparticles. The one-step, solvent-free 

carbonization process of the various precursor materials yielded nanoparticles with an 

average size ranging from 1.0 to 3.9 nm and similar blue emission properties. 

However, CDs derived from SCGs exhibited moderate quantum yields (2.9–5.8 %) and 

relatively low reaction yields, whereas those from citric acid and urea displayed 

significantly higher quantum yields (22.5 %) and reaction yields. 

Nonetheless, a LCA revealed that the production of CDs using SCGs is more 

environmentally advantageous than conventional precursors, regardless of the chosen 

unit for evaluation (weight-based or function-related). Thus, although SCG-based CDs 

may require enhancements compared to those synthesized from typical precursors, 

this study underscores the sustainability of utilizing SCGs as precursors for CD 

fabrication. Furthermore, SCG-based CDs exhibited potential as sensing probes for 

Fe3+ in aqueous environments. 
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3. Carbon dots synthesis by three different 

bottom-up strategies 

 

3.1. Evaluation of Different Bottom-up Routes for the 

Fabrication of Carbon Dots 

 

Article 2 

 

Evaluation of Different Bottom-up Routes for the Fabrication of 

Carbon Dots 

Diana M.A.Crista, Joaquim C.G. Esteves da Silva and Luís Pinto da Silva, 

Nanomaterials, 2020, 10, 1316. 

3.1.1. Contextualization 

CDs represent a class of carbon-based nanoparticles characterized by highly 

appealing luminescent properties. Their synthesis through bottom-up approaches 

offers considerable flexibility, as variations in reaction precursors and synthesis 

methodologies yield a diverse array of CDs with distinct properties and potential 

applications. However, this extensive variability complicates the characterization of the 

structural and optical features of these nanomaterials. In this chapter, we studied three 

representative bottom-up strategies (hydrothermal, microwave-assisted, and 

calcination) to elucidate their impact on the properties of CDs derived from identical 

precursors (citric acid and urea).  

Our findings revealed that these synthesis routes produced nanoparticles of 

comparable sizes, displaying identical excitation-dependent blue-to-green emission 

and similar surface functionalization. Nonetheless, we observed that microwave and 

calcination methods exhibited superior efficiency in nitrogen-doping compared to 

hydrothermal synthesis, resulting in CDs with markedly higher fluorescence quantum 

yields. Additionally, the different synthesis strategies influenced the photoluminescence 

characteristics of the CDs, with hydrothermal-based nanoparticles demonstrating 

emission sensitivity to surface states, while microwave- and calcination-based CDs 
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showed emissions predominantly influenced by core states. Furthermore, calcination 

and microwave routes proved more conducive to high-yield synthesis (~27–29 %), 

whereas hydrothermal synthesis yielded negligible synthesis yields (~2 %). Finally, a 

LCA was conducted to evaluate the sustainability of these processes, highlighting 

microwave synthesis as the most favourable option for future investigations. 

 

3.1.2. Contributions to this work  

 All synthesis of CDs, as well as optical characterization and LCA studies, was 

performed by me (Diana Crista) under the supervision of my supervisors. XPS 

analysis, AFM, and Zeta Potential measurements and discussion were conducted with 

my assistance.  
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3.2. Supporting Information 
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3.3. Conclusions 

We conducted a comprehensive investigation into the structural and optical 

characteristics of CDs synthesized through three representative bottom-up 

methodologies: hydrothermal, microwave-assisted, and calcination synthesis. All CDs 

were derived from the same precursor materials, citric acid, and urea, with the aim of 

elucidating the influence of synthesis approaches on the properties of the resulting 

CDs. Our findings indicate that microwave and calcination techniques exhibit superior 

efficacy in yielding CDs with higher production rates, whereas the hydrothermal method 

yields comparatively lower synthesis yields. 

Furthermore, our analysis revealed that despite similar sizes, excitation-

dependent blue-to-green emission profiles, and surface functional group compositions 

across all synthesis routes, microwave and calcination methods demonstrate enhanced 

efficiency in nitrogen-doping compared to hydrothermal synthesis. Consequently, CDs 

produced via microwave and calcination routes exhibit significantly higher emission 

efficiency than those synthesized through hydrothermal means. Additionally, variations 

in synthesis methodologies influence the origin of photoluminescence, with 

hydrothermal-derived CDs showing emissions more susceptible to environmental 

factors, suggesting a greater contribution from surface states. Conversely, CDs 

synthesized via microwave and calcination routes exhibit emissions that are more 

reliant on core states than surface states. 

Lastly, a LCA analysis was conducted, considering both synthesis and 

fluorescence quantum yields as functional units. Results indicate that microwave-

assisted synthesis has the least environmental impact in both scenarios, making it the 

preferred synthesis route, followed closely by calcination. 
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4. Influence of Nitrogen Doping into 

Carbon Dots Properties 

 

4.1. Investigation of the role of pH and the stoichiometry of the 

N-dopant in the luminescence, composition and synthesis yield of 

carbon dots 

 

Article 3 

 

Investigation of the role of pH and the stoichiometry of the N-dopant 

in the luminescence, composition and synthesis yield of carbon dots 

Diana M.A.Crista, Manuel Algarra, Maria Valle Martínez de Yuso, Joaquim C.G. 

Esteves da Silva and Luís Pinto da Silva, Journal of Materials Chemistry B, 2023, 11, 

1131. 

 

4.1.1. Contextualization 

CDs represent carbon-based nanoparticles with highly appealing luminescent 

properties, and their straightforward and adaptable synthesis allows for the production 

of a myriad of CDs with diverse properties and applications. High QYFL are typically 

essential for various CD applications. A common strategy to enhance CD fluorescence 

properties involves heteroatom-doping, particularly nitrogen (N-doping), using 

precursors containing desired heteroatoms. Here, we detail the synthesis and 

systematic exploration of a range of N-doped CDs, derived from the dry heating of solid 

mixtures of glucose and urea at varying molar ratios, with two primary objectives: first, 

to investigate the influence of stoichiometry on the optical properties and composition 

of CDs, and second, to explore the formation of potential alkaline-responsive 

nanoparticles and the feasibility of this approach for achieving CDs with improved 

synthesis yields. 
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We conducted thorough characterization of the optical properties of this diverse 

array of glucose and urea-based CDs utilizing UV-Vis and fluorescence 

spectroscopies. Additionally, we examined the CDs using high-resolution transmission 

electron microscopy (HR-TEM) and X-ray photoelectron spectroscopy (XPS) and 

assessed the nanoparticles' thermal stability. Our findings revealed the generation of 

two types of CDs through this fabrication process: one readily soluble in water and the 

other soluble only at basic pH. The latter exhibited higher synthesis yields but lower 

QYFL and thermal stability compared to the former. Moreover, no correlation between 

the stoichiometry of the N-dopant and the QYFL of the resulting CDs was observed. 

This study presents novel insights that could inform the rational development of CDs 

with enhanced QYFL and synthesis yields in future endeavors. 

 

4.1.2. Contributions to this work 

All synthesis of CDs, as well as their optical characterization, was performed by 

me (Diana Crista) under the supervision of my supervisors. XPS and HR-TEM analysis 

was performed by the team of Dr. Manuel Algarra at the University of Malaga. 
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4.2. Supporting Information 
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4.3. Conclusions 

In this study, we conducted the synthesis and systematic examination of 

nitrogen-doped carbon dots (N-CDs) fabricated through the dry heating process of solid 

mixtures comprising glucose as the carbon precursor and urea as the nitrogen dopant. 

Our investigation unveiled the generation of two distinct types of CDs using these 

procedures. One type demonstrated ready solubility in water, consistent with findings in 

many previous studies. The other type consisted of nanoparticles solely soluble under 

basic pH conditions. Furthermore, the latter type exhibited higher synthesis yields but 

lower QYFL and thermal stability compared to the former type. 

Significantly, our study illuminated the capacity of this bottom-up approach to 

yield a relatively unexplored variant of CDs, characterized by distinct properties and 

compositions from the typically encountered water-soluble CDs. Additionally, we 

explored the potential correlation between N-doping and QYFL by modulating the 

stoichiometry of the nitrogen dopant. Intriguingly, no observable correlation between 

urea stoichiometry and QYFL was discerned, suggesting limitations in employing N-

doping as an efficient strategy for attaining CDs with high QYFL. 

This investigation contributes novel insights pertinent to the methodical 

advancement of CDs with augmented synthesis yields and QYFL, thus offering 

valuable information for future endeavors in this domain. 
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5. Carbon Dots as Catalysts for the Ring-

Opening Reaction of Epoxides 

 

5.1. Application of Fluorescent Carbon Dots as Catalysts for 

the Ring-Opening Reaction of Epoxides 

 

Article 4 

 

Application of Fluorescent Carbon Dots as Catalysts for the Ring-

Opening Reaction of Epoxides 

Diana M. A. Crista, Joaquim C.G. Esteves da Silva and Luís Pinto da Silva, Materials, 

2023, 16, 7620. 

5.1.1. Contextualization  

Considering the increase in anthropogenic CO2 emissions, there is an urgency 

to develop economic incentives for the use of CO2 capture techniques. The 

transformation of CO2 into heterocyclic carbonates presents a promising potential. 

However, suitable organocatalysts are needed to reach the required efficiency in these 

reactions. Consequently, there has been a growing emphasis on the development of 

organocatalytic systems comprising nucleophiles and hydrogen bond donors (HBD) to 

facilitate CO2 conversion under ambient conditions.  

This study explores the potential of fluorescent CDs as catalytic HBD in the 

ring-opening reaction of epoxides, which is a rate-limiting step in CO2 conversion to 

heterocyclic carbonates. Our findings demonstrate that CDs exert a significant catalytic 

influence on the model reaction, exhibiting a rate constant of 0.2361 ± 0.008 h-1, a 

reactant conversion rate of 70.8 %, and a rate constant enhancement of 32.2 %. 

Notably, these results were better than the ones with alternative molecular HBD under 

investigation. Thus, this investigation demonstrates that CDs have the potential to be 

used as HBD in organocatalyzed CO2 conversion processes aimed at generating 

value-added products. 
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5.1.2. Contributions to this work 

All synthesis of CDs, as well as their characterization, was performed by me 

(Diana Crista) in the previous work under the supervision of my supervisors. All the 

catalytic studies and the writing of the original draft was performed by me. 
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5.3. Conclusions  

In this study, we investigated the potential of CDs to serve as HBD in two-

component organocatalytic systems for the ring-opening reaction of epoxides, a limited 

step in the conversion of carbon dioxide into heterocyclic carbonates. CDs were 

synthesized via the dry heating method using solid mixtures of glucose and urea as the 

carbon precursor and nitrogen dopant, respectively. The catalytic performance of CDs 

was assessed using propylene oxide as a model epoxide and pyridine as the 

nucleophile in an aqueous solution at room temperature. Pyridine was chosen due to 

its ability to form a stable ring-opened epoxide-nucleophile structure, facilitating proper 

monitoring of the reaction. 

Our findings revealed that CDs exhibit significant catalytic activity, leading to a 

marked improvement in reaction efficiency compared to water and other molecules 

such as saccharides. Specifically, CDs demonstrated notable catalytic performance 

with a rate constant of 0.2361 ± 0.008 h−1, a reactant conversion percentage of 70.8 %, 

and a rate constant enhancement of 32.2 %. Comparative analysis with alternative 

molecular HBD (glucose, fructose, and sucrose) underscored the superior performance 

of CDs, highlighting the advantages of converting glucose into CDs. 

This study underscores the catalytic activity of CDs in the ring-opening reaction 

of epoxides, suggesting their potential as HBD in the catalytic conversion of CO2 into 

heterocyclic carbonates. Consequently, our findings lay the groundwork for future 

research endeavors aimed at integrating CO2 into high-value products. 
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6. Conclusion and Future Perspectives 

 

6.1. Conclusions 

CO2 emissions have become a focal point in climate change and environmental 

sustainability discussions. With rapid industrialization and increased reliance on fossil 

fuels, human activities have led to a substantial rise in atmospheric CO2 levels. This 

influx of CO2 contributes significantly to the greenhouse effect, trapping heat within the 

Earth's atmosphere and leading to global warming and associated environmental 

consequences such as rising sea levels, extreme weather events, and habitat 

degradation. 

Amidst growing concerns about CO2 emissions and their impacts, there has 

been a burgeoning interest in developing novel technologies to mitigate carbon 

emissions and utilize CO2 as a valuable resource. One such innovation lies in the realm 

of CDs, which are emerging as promising nanomaterials with diverse applications 

spanning environmental, biomedical, and catalytic domains. 

Carbon dots are nanoscale carbon-based materials with unique optical 

properties, including strong fluorescence and excellent photostability. These properties 

make CDs highly attractive for various applications, including bioimaging, sensing, drug 

delivery, and catalysis.  

In this context, the exploration of carbon dots represents not only a 

technological advancement but also a step toward addressing the pressing challenges 

of climate change and environmental degradation. By harnessing the versatility of 

carbon dots, researchers aim to develop innovative strategies for carbon capture, 

renewable energy generation, and sustainable materials production, paving the way 

toward a greener and more sustainable future. 

In summary, in this thesis, we did a comprehensive exploration of various 

aspects of CDs, offering insights into their synthesis, structural properties, optical 

characteristics, environmental implications, and functional applications. 

Firstly, using different precursors, including SCGs, citric acid, urea, glucose, 

and combinations thereof, highlighted the versatility of CD fabrication methods and 

their impact on yield, quantum efficiency, and environmental sustainability.  
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Secondly, a comparative analysis of different synthesis techniques, including 

hydrothermal, microwave-assisted, calcination, and dry heating methods, provided 

valuable insights into their respective efficiencies, synthesis yields, nitrogen-doping 

capabilities, and environmental impacts. These findings not only elucidated optimal 

synthesis routes but also underscored the importance of considering both 

environmental sustainability and functional efficiency in CD production. Despite 

variations in synthesis routes and precursor materials, the resultant CDs exhibited 

promising luminescent properties, with potential applications ranging from sensing 

probes to biomedical imaging agents. 

Furthermore, investigations into nitrogen-doped CDs unveiled distinct variants 

with unique solubility profiles, thermal stabilities, and quantum yields, shedding light on 

the diverse range of CD properties achievable through controlled synthesis 

methodologies. The study also explored the potential correlation between nitrogen 

doping and fluorescence quantum yield, offering valuable guidance for future 

endeavors in CD optimization. 

Lastly, the catalytic activity of CDs in the ring-opening reaction of epoxides 

highlighted their potential as HBD in organocatalytic systems for converting carbon 

dioxide into heterocyclic carbonates. This discovery not only demonstrated the practical 

utility of CDs in sustainable chemical transformations but also laid the groundwork for 

innovative approaches to carbon capture and utilization. 

Overall, this multidisciplinary investigation contributes to the evolving 

understanding of CDs as versatile nanomaterials with diverse applications across 

environmental, biomedical, and catalytic domains, emphasizing the importance of 

holistic approaches to their synthesis, characterization, and utilization in advancing 

sustainable technologies. 

 

6.2. Future Perspectives  

The catalytic activity of CDs in the ring-opening reaction of epoxides highlighted 

their potential as HBD in organocatalytic systems for converting carbon dioxide into 

heterocyclic carbonates. Due to that as future work, it's important to explore this 

catalytic activity in the presence of CO2 with the identification and quantification of the 

reaction products using gas chromatography coupled with mass spectroscopy. The 

reaction mixtures will be composed of a solution containing the CDs, the epoxide, and 

a nucleophile, to which CO2 will be added. 
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It is also of great interest to synthesize CDs that can act not only as HBD but 

also as nucleophiles. 

Also, the CDs that allow the highest yields of CO2 recycling, in mild conditions, 

can be subjected to recovery assays. These organocatalysts can be recovered and will 

then be used in further CO2 conversion reactions. After this, the selected CDs will be 

once again recovered and used in new CO2 conversion reactions 
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Attachments  

 
The work presented here refers to work developed in the scope of the project, in which 
I am not the first author.  
 

1. Normal breast epithelial MCF-10A cells to evaluate the 

safety of carbon dots 

Article 1 

 

Normal breast epithelial MCF-10A cells to evaluate the safety of 

carbon dots 

Nuno Vale, Sara Silva, Diana Duarte, Diana M.A.Crista, Luís Pinto da Silva and 

Joaquim C.G. Esteves da Silva, RSC Medicinal Chemistry, 2021, 12, 245-253. 

1.1. Contextualization 

The human normal breast cell line MCF-10A is extensively used as a model in 

toxicity studies due to its structural similarity to normal human mammary epithelium. 

The application of CDs in biomedicine has been growing over the years, attributed to 

their photoluminescence properties, biocompatibility, biosafety, and potential uses in 

bioimaging and drug delivery.  

In this study, we prepared three different types of CDs from the same carbon 

and nitrogen precursors (citric acid and urea) via three distinct bottom-up synthetic 

routes and tested their safety against the MCF-10A cell line. Characterization results 

indicated that all CDs had similar size ranges and compositions. MCF-10A cells were 

treated with varying concentrations of CDs for 24, 48, and 72 hours to assess cell 

viability over time. After 24 hours, there were no significant decreases in cell viability. 

However, after 48 hours, a significant decrease in viability was observed in cells 

treated with calcination-based CDs, while no significant changes were noted for 

microwave and hydrothermal-based CDs. After 72 hours, hydrothermal-based CDs 

showed the most promising viability profile. Additionally, compared to paclitaxel, these 

CDs demonstrated a safety profile similar to that of an antineoplastic agent in non-

tumor cells.  
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Our findings suggest that these novel CDs have potential as imaging 

candidates, biosensing tools, or drug carriers, warranting further investigation in animal 

models for future medical applications. 

1.2. Contributions to this work 

In this work, I was responsible for the synthesis and characterization of the 

nanoparticles under the supervision of Professor Dr. Joaquim Esteves da Silva and 

Professor Dr. Luís Pinto da Silva. The study with MCF-10A cell line were conducted by 

the team of Dr. Nuno Vale at Faculty of Medicine of University of Porto.  
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1.3. Conclusions 

The increasing biomedical application of CDs is driven by their remarkable 

photoluminescence properties, photostability, biocompatibility, and biosafety. In this 

study, CDs were synthesized using different strategies, resulting in varied in vitro 

outcomes. Among the CDs tested, those produced via hydrothermal synthesis 

exhibited the lowest toxicity against normal breast MCF-10A cells, demonstrating high 

biocompatibility and biosafety. These hydrothermal-based CDs show potential for use 

in medicine as bioimaging and biosensing agents, as well as for drug or gene delivery. 


