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Resumo 

A transição para sistemas energéticos mais sustentáveis exige o 

desenvolvimento de materiais e processos que conciliem o elevado desempenho 

funcional com o menor impacto ambiental. Neste contexto, os carbon dots (CDs) 

emergiram como nanomateriais luminescentes promissores, devido à sua 

fotoluminescência ajustável, estabilidade química, baixa toxicidade e potencial de 

síntese a partir de fontes de carbono abundantes e renováveis, incluindo resíduos 

orgânicos. Estas características tornam os CDs candidatos para aplicações 

relacionadas com iluminação, nomeadamente como componentes alternativos ou 

complementares em tecnologias de luz branca. 

A presente tese de doutoramento investiga os CDs como materiais 

luminescentes sustentáveis, integrando avaliação do ciclo de vida (ACV), estratégias de 

síntese verde e estudos fundamentais de fotofísica. A tese segue uma abordagem 

baseada em artigos científicos e analisa os desafios-chave associados à produção de 

CDs, nomeadamente a sustentabilidade ambiental dos procedimentos de síntese, a 

valorização de resíduos como precursores de carbono e a compreensão das relações 

estrutura-propriedade que governam a fotoluminescência. 

Numa primeira fase, é realizada uma ACV comparativa “cradle-to-grave” de seis 

procedimentos representativos de síntese “bottom-up”, incluindo estratégias 

convencionais e de elevado rendimento. Os resultados demonstram que rendimentos 

de síntese mais elevados não implicam necessariamente um melhor desempenho 

ambiental, uma vez que, os benefícios associados à eficiência do material podem ser 

compensados pelo aumento do consumo energético, complexidade do processo e 

utilização adicional de reagentes. O consumo de energia e a produção dos precursores 

foram identificados como os maiores contribuidores para os impactos ambientais, 

salientando a importância da simplicidade do processo e de condições energicamente 

eficientes. 

Subsequentemente, desenvolve-se uma estratégia de síntese hidrotermal 

simples e ambientalmente benigna para a produção de CDs altamente fluorescentes a 

partir de diferentes resíduos orgânicos. A combinação de precursores derivados de 

resíduos com ácido cítrico e etilenodiamina permite alcançar uma dopagem de azoto 

consistente e a passivação superficial, resultando em rendimentos quânticos de 

fluorescência (QYFL) superiores a 20% sob condições de reação suaves. Este trabalho 

demonstra que a valorização de resíduos e o elevado desempenho ótico podem ser 
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obtidos simultaneamente por meio da seleção racional de precursores e procedimentos 

de síntese simplificados. 

Por fim, investiga-se a influência de precursores contendo enxofre em CDs 

dopados com azoto e azoto/enxofre. Os resultados evidenciam que a modulação da 

fluorescência é predominantemente dominada por efeitos de oxidação superficial, e não 

pela incorporação direta de enxofre, contribuindo para uma melhor compreensão dos 

mecanismos que controlam a emissão dos CDs e esclarecendo a influência de 

parâmetros de síntese relacionados com heteroátomos. 

No seu conjunto, esta tese demonstra que é possível conciliar sustentabilidade 

ambiental, simplicidade de processo e elevado desempenho luminescente na conceção 

de CDs, estabelecendo bases sólidas para a sua futura aplicação em tecnologias de 

iluminação e fotónica sustentável. 

Palavras-chave: Carbon Dots, nanomateriais sustentáveis, rendimento quântico de 

fluorescência, avaliação de ciclo de vida, síntese sustentável, valorização de resíduos, 

fotoluminescência, química de superfície, eficiência energética, LEDs de luz branca 
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Abstract 

The transition towards more sustainable energy systems requires the 

development of materials and processes that combine high functional performance with 

reduced environmental impacts. In this context, carbon dots (CDs) have emerged as 

promising luminescent nanomaterials due to their tunable photoluminescence, chemical 

stability, low toxicity, and potential for synthesis from abundant and renewable carbon 

sources, including organic waste. These characteristics make CDs attractive candidates 

for lighting-related applications, particularly as alternative or complementary components 

in white light-emitting technologies. 

This PhD thesis investigates CDs as sustainable luminescent materials by 

integrating life cycle assessment (LCA), green synthesis strategies, and fundamental 

photophysical studies. An article-based approach is adopted to address key challenges 

associated with CDs production, namely the environmental sustainability of synthesis 

routes, the use of waste-derived precursors, and the understanding of structure-property 

relationships governing photoluminescence. 

First, a comparative cradle-to-grave LCA of six representative bottom-up 

synthesis routes is performed, encompassing both conventional and high-yield 

strategies. The results demonstrate that higher synthesis yields do not inherently lead to 

improved environmental performance, as gains in material efficiency are often offset by 

increased energy demand, process complexity, and reagent consumption. Energy use 

and precursor production are identified as the major contributors to environmental 

impacts, highlighting the importance of process simplicity and energy-efficient 

conditions. 

Second, a facile and environmentally benign hydrothermal synthesis strategy is 

developed to produce brightly fluorescent CDs from a range of organic waste materials. 

By combining waste-derived precursors with citric acid and ethylenediamine, consistent 

nitrogen doping and surface passivation are achieved, enabling fluorescence quantum 

yields (QYFL) exceeding 20% while maintaining mild reaction conditions. This work 

demonstrates that waste valorization and high optical performance can be 

simultaneously achieved through rational precursor selection and simplified synthesis 

procedures. 

Finally, the role of sulfur-containing precursors in nitrogen- and nitrogen/sulfur-

modified CDs is systematically investigated. The results reveal that fluorescence 
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modulation is primarily governed by surface oxidation effects rather than direct sulfur 

doping, providing new insights into the mechanisms controlling CDs photoluminescence 

and clarifying the influence of heteroatom-related synthesis parameters. 

Overall, this thesis establishes an integrated framework for the sustainable 

design of CDs, demonstrating that environmental responsibility, process simplicity, and 

high luminescent performance can be jointly addressed. The findings contribute to the 

rational development of CDs as sustainable luminescent materials and provide a solid 

foundation for their future implementation in white light-emitting and related photonic 

technologies. 

Keywords: Carbon Dots, sustainable nanomaterials, fluorescence quantum yield, Life 

Cycle Assessment, green synthesis, waste valorization, photoluminescence, surface 

chemistry, energy efficiency, white light-emitting technologies 
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Structure of the Thesis 

This thesis is organized into three main sections: an introductory section, the 

body of the work, and a final section dedicated to conclusions and future perspectives. 

The core chapters of the thesis are structured around scientific articles published in peer-

reviewed international journals. 

Chapter 1 presents a comprehensive overview of the challenges associated with 

environmental sustainability in the context of the lighting sector and Carbon Dots (CDs). 

It addresses global climate change and the reduction of greenhouse gas (GHG) 

emissions within European climate and energy policy frameworks, emphasizing energy 

efficiency and renewable energy integration. The lighting sector is discussed with a focus 

on energy-efficient technologies, particularly light-emitting diodes (LEDs), their operating 

principles, and the limitations of conventional white LEDs based on blue chips and rare-

earth phosphors, motivating alternative UV-LED-based approaches. Carbon dots (CDs) 

are then introduced as emerging sustainable nanomaterials, highlighting their key 

properties, bottom-up synthesis strategies, and the relevance of renewable and waste-

derived carbon sources. The chapter also presents life cycle assessment (LCA) as a 

central tool for the environmental evaluation of nanomaterial synthesis. 

The second section of the thesis comprises three chapters addressing different 

but complementary aspects of CDs development. Chapter 2 focuses on the LCA of 

bottom-up synthesis routes for CDs, presenting a comparative evaluation of conventional 

and high-yield approaches. This chapter identifies the main environmental hotspots and 

the key parameters governing the overall sustainability of CDs production. Chapter 3 

addresses the development of green and facile synthesis strategies for CDs using waste-

derived carbon precursors, with emphasis on precursor selection and the development 

of simple, energy-efficient, and environmentally benign routes for highly fluorescent CDs. 

Chapter 4 investigates the influence of sulfur-containing precursors on the structural and 

photophysical properties of N,S-doped CDs, contributing to a deeper understanding of 

heteroatom doping strategies and structure-property relationships. 

The final section of the thesis summarizes the main conclusions drawn from the 

work developed, highlighting the principal scientific contributions of this research and 

outlining perspectives for future studies. In addition, the appendices include relevant 

works developed in collaboration with other researchers that complement and extend the 

core themes addressed in the thesis. 
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1. Introduction 

1.1. Sustainability: Historical origins and conceptual framework 

Industrialization in the eighteenth century marked a profound shift in the 

relationship between human societies and the natural environment, intensifying resource 

exploitation and environmental degradation. These transformations gradually prompted 

growing concern over the long-term consequences of human activities on natural 

systems. This awareness culminated in the United Nations Conference on the Human 

Environment, held in Stockholm from June 5 to 16, 1972, which led to the adoption of 

the Stockholm Declaration. Comprising 26 principles, the Declaration articulated a 

shared responsibility to protect and improve the human environment. Although it did not 

explicitly employ the term sustainable development, its emphasis on safeguarding the 

environment for present and future generations introduced the principle of 

intergenerational responsibility, thereby laying the conceptual foundations of 

sustainability. 

Over the subsequent decades, sustainability has emerged as a central paradigm 

across scientific, political, and industrial domains, responding to the interconnected 

challenges of environmental degradation, social inequality, and economic growth. As a 

result, it has become a foundational framework underpinning contemporary discourse on 

environmental policy, development planning, and scientific research. The concept was 

formally articulated in the Brundtland Report [1], which defined sustainable development 

as “development that meets the needs of the present without compromising the ability of 

future generations to meet their own needs.” 

Since then, sustainability has evolved into a multidimensional framework 

encompassing three interrelated and mutually reinforcing pillars (Figure 1): 

environmental integrity, social equity, and economic viability [2]. While this 

representation is widely used to illustrate the multidimensional nature of sustainability, it 

should be understood as a conceptual heuristic rather than a prescriptive model, as 

interactions and trade-offs among dimensions are context-dependent. These pillars 

function not only as normative guiding principles but also as analytical criteria for 

evaluating the long-term impacts of human activities on natural and social systems. The 

environmental dimension emphasizes the preservation of ecosystems, biodiversity, and 

the Earth’s life-supporting functions through responsible resource use and pollution 

reduction [3]. The social dimension focuses on equity, justice, and human well-being, 

including access to basic services, human rights, and the protection of cultural integrity 
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[4]. The economic dimension seeks to balance growth with efficiency and long-term 

resilience, promoting productive systems that are both regenerative and inclusive [5]. 

 

Figure 1. Conceptual representation of the three interrelated pillars of sustainability: environmental integrity, social equity, 
and economic viability. The model illustrates sustainability as a framework dependent on the balanced integration of these 
dimensions. Adapted from Purvis et al., 2018 [2]. 

The urgency of integrating these dimensions has intensified in the context of 

accelerating environmental degradation, particularly climate change. Anthropogenic 

increases in greenhouse gas (GHG) emissions have disrupted the Earth’s climate 

system, resulting in rising global temperatures, altered precipitation patterns, and an 

increased frequency and intensity of extreme weather events [6]. These changes pose 

significant risks not only to ecological stability but also to social and economic systems, 

disproportionately affecting vulnerable populations and regions [7]. 

In response to these challenges, sustainability has increasingly been translated 

into global policy frameworks aimed at operationalizing its principles. A major milestone 

in this process was the adoption of the United Nations 2030 Agenda for Sustainable 

Development, which established 17 Sustainable Development Goals (SDGs) as an 

integrated and universal roadmap for addressing environmental, social, and economic 

challenges [8]. The SDGs reflect the interdependent nature of sustainability objectives, 

providing a policy-oriented mechanism through which abstract principles are transformed 

into measurable targets and actions across multiple governance levels [9]. 

Despite its widespread adoption, sustainability remains a concept characterized 

by normative and conceptual ambiguity. It functions simultaneously as an analytical 

framework for understanding human-environment interactions and as a normative vision 

that articulates societal values and long-term development goals [10]. While normative 
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interpretations emphasize ethical considerations such as intergenerational justice and 

social equity, operational approaches seek to translate sustainability into indicators, 

assessment tools, and decision-making frameworks capable of guiding policy and 

practice [11]. 

The operationalization of sustainability is further complicated by the need to 

address multiple spatial and temporal scales. Sustainability challenges manifest 

differently at global, national, regional, and local scale, often involving trade-offs between 

short-term gains and long-term consequences [12]. Actions taken at one level may 

generate unintended effects at another, underscoring the importance of multi-level 

governance and systems-based approaches that account for cross-scale interactions 

and cumulative impacts [13]. 

Moreover, the integration of environmental, social, and economic objectives 

inherently involves tensions and trade-offs. Efforts to promote economic growth may 

conflict with environmental protection, while conservation measures can generate social 

or economic costs if not carefully designed [14]. Addressing these trade-offs requires 

governance frameworks capable of managing uncertainty, balancing competing 

objectives, and fostering inclusive and transparent decision-making processes [15]. 

Rather than seeking to eliminate trade-offs entirely, contemporary sustainability research 

emphasizes the importance of making them explicit and subject to deliberation, thereby 

enabling more informed, equitable, and resilient development pathways [16]. 

Thus, sustainability constitutes both an ethical imperative grounded in 

intergenerational responsibility and a practical framework for addressing the climate 

crisis. By integrating environmental limits with social needs and economic strategies, 

sustainability-oriented approaches enable the mitigation of GHG emissions, the 

enhancement of socio-ecological resilience, and the pursuit of development pathways 

that are viable, equitable, and consistent with the Earth’s biophysical boundaries. 

1.2. Climate change: Drivers, GHG emissions and sectorial 

contributions 

This section introduces the scientific basis of climate change by synthesizing 

observational evidence, underlying physical mechanisms, and recent global, regional, 

and national GHG emission trends. The discussion is structured around four 

complementary perspectives: (1.2.1.) evidence of ongoing climate change, (1.2.2.) its 

primary causes and physical mechanisms, (1.2.3.) global and regional GHG emissions 

trends, providing a coherent framework for subsequent analysis of mitigation strategies, 
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and (1.2.4.) the policy context and the dominant role of the energy sector in shaping 

mitigation priorities. 

1.2.1. Evidence of climate change 

In the last decades, the Earth has experienced increasingly frequent and severe 

environmental disruptions, including rising sea levels, prolonged droughts, glacier 

retreat, and a growing incidence of extreme weather events. These phenomena are not 

isolated anomalies but indicators of a systemic shift in the global climate, which scientific 

consensus attributes primarily to anthropogenic activities since the Industrial Revolution, 

including fossil fuel combustion, deforestation, and rapid industrialization. In fact, the 

Industrial Revolution period was marked by rapid industrialization, population growth, 

and widespread deforestation, profoundly altering the chemical composition of the 

atmosphere and intensifying the Earth’s natural greenhouse effect. 

Observable impacts of climate change are already widespread. Global Mean Sea 

Level (GSML) rose by approximately 17 cm over the last 100 years (1920-2020) due to 

thermal expansion of warming oceans and accelerated melting of mountain glaciers and 

polar ice sheets, thereby increasing risks of coastal erosion, saltwater intrusion, and 

flooding [17-19]. At the same time, subtropical and Mediterranean regions have 

experienced longer and more intense droughts, as rising temperatures enhance 

evapotranspiration and modify precipitation patterns linked to oceanic circulation 

changes [20-22]. Glaciers worldwide are retreating at unprecedented rates. The 

Himalayas are a good example of this argument as it faces, ice mass losses of up to 

25% over the past 30 years threatening freshwater availability for nearly two billion 

people downstream [23, 24]. These trends are compounded by the increasing frequency 

and intensity of extreme weather events, including more powerful hurricanes, record-

breaking heatwaves, and heavy precipitation, fueled by warmer sea surfaces and greater 

atmospheric moisture content [21]. 

According to the Article 1 of the United Nations Framework Convention on 

Climate Change (UNFCCC) in 1992, Climate Change is “a change of climate which is 

attributed directly or indirectly to human activity that alters the composition of the global 

atmosphere, and which is in addition to natural climate variability observed over 

comparable time periods”. Similarly, the Intergovernmental Panel on Climate Change 

(IPCC) describes Climate Change as a long-term alteration in the state of the climate, 

typically persisting for decades or longer, caused by natural variability or human 

influences that modifies the composition of the atmosphere [17].  
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1.2.2. Causes and mechanisms 

Climate change is primarily driven by the intensification of greenhouse effect due 

to elevated concentrations of greenhouse gases in the atmosphere. Greenhouse effect 

is a natural mechanism in which GHG such as carbon dioxide (CO2), methane (CH4), 

nitrous oxide (N2O) and water vapor due to their molecular structures can absorb and re-

emit infrared radiation, maintaining Earth’s surface temperature of circa 30°C warmer 

than it would be in their absence [25, 26]. However, since the mid-eighteenth century, 

large-scale combustion of fossil fuels, intensive agriculture, and deforestation to support 

human development have substantially amplified the greenhouse effect, creating an 

energy imbalance that drives global warming and associated climatic disruptions. 

Therefore, the enhancement of the greenhouse effect by anthropogenic greenhouse gas 

emissions is the principal driver of contemporary climate change. 

Since the pre-industrial era, anthropogenic greenhouse gas emissions have 

markedly altered atmospheric composition with the increase of CO2 from the combustion 

of coal, oil and natural gas, CH4 from agricultural activities and fossil-fuel extraction, and 

N2O from synthetic fertilizer application and industrial processes. Atmospheric 

concentrations of these GHGs have increased (Figure 2) from roughly 278.3 ppm (pre-

industrial concentrations in 1750) to 420±0.1 ppm of CO2 (a rise of 151%), 729.2 ppb to 

1934±2 ppb (a 265% rise) of CH4 and 270.1 ppb to 336.9±0.1 ppb (a 125% rise) of N2O 

[21]. These elevated GHGs levels have driven an increase in Global Mean Surface 

Temperature (GMST) relative to pre-industrial levels, particularly in the period between 

2011 to 2020 GMST was 1.09 (0.95 to 1.20)°C higher than 1850-1900 (period used as 

representative for pre-industrial conditions) [17].  
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Figure 2. Annual mean globally averaged atmospheric mole fraction of CO2, CH4, and N2O from 1984 to 2024. Data from 
World Data Centre for Greenhouse Gases (current state of GHGs) [27]. 

These warming trends are further amplified by several key climate feedback 

mechanisms. In fact, diminishing snow and ice cover reduces Earth’s surface albedo, 

thereby enhancing solar radiation absorption and accelerating warming [17]. On the 

other hand, thawing permafrost in high-latitude regions releases previously sequestered 

CH4 and CO2, reinforcing GHGs load [17]. Adding to these, changes in anthropogenic 

land use such as large-scale deforestation and conversion of natural ecosystems to 

agricultural or urban land, degrade terrestrial carbon sinks and further exacerbate 

atmospheric GHGs accumulation [17, 22]. 

Despite natural processes contribute to the atmospheric GHGs load, such as 

volcanic degassing that releases about 0.13 Gt CO2 yr⁻¹ [28], and wetland biogenic 

emissions amount to roughly 200-300 Tg CH4 yr⁻¹ [29], their magnitude is minor 

compared to anthropogenic emissions.  

It is also important to recognize that the natural greenhouse effect has been 

essential for maintaining habitable conditions on Earth over geological timescales, for 

example by trapping sufficient heat to sustain liquid water at the planet’s surface. In 

addition, elevated atmospheric CO2 concentrations can enhance plant photosynthesis 

and water-use efficiency, a phenomenon commonly referred to as the CO2 fertilization 

effect. 
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Satellite observations combined with model analyses have revealed a persistent 

increase in global vegetation “greenness” detected as increases in leaf area index (LAI) 

across approximately 25-50% of the world’s vegetated land surface. This trend has been 

largely attributed to rising atmospheric CO2 concentrations, with CO2 fertilization 

accounting for the dominant fraction (≈70%) of the observed greening during the period 

between 1980-2009 [30]. Elevated CO2 concentrations also appear to increase forest 

water-use efficiency by reducing stomatal conductance relative to carbon uptake, 

consistent with fertilization responses reported in long-term ecosystem and tree-ring 

measurements [31].  

However, the magnitude and persistence of the CO2 fertilization effect are 

strongly constrained by nutrient availability (particularly, nitrogen and phosphorus), as 

well as by water stress and rising temperatures. As a result, this effect does not offset 

the broader ecological, climatic, and socio-economic risks associated with anthropogenic 

climate change. Observational and experimental evidence indicates that, although 

elevated CO2 can stimulate plant productivity under certain conditions, the capacity of 

terrestrial ecosystems to function as a sustained net carbon sink depends on multiple 

interacting drivers. Consequently, any benefits associated with enhanced plant growth 

do not negate the adverse impacts of warming, increasing drought frequency, extreme 

climate events, and ongoing ecosystem degradation [32]. 

1.2.3. Global and regional GHG trends 

According to the Emissions Database for Global Atmospheric Research 

(EDGAR), global GHG emissions reached 53.2 Gt CO2eq in 2024, excluding Land Use, 

Land Use Change and Forestry (LULUCF),  representing a 1.3% increase relative to 

2023 [33]. In 2024 (Figure 3), the majority of global GHG emissions were dominated by 

fossil CO2, representing 74.5% of total emissions, while CH4 contributed to 17.9% of the 

total, N2O to 4.8% and fluorinated gases to 2.8% [33]. 

 

Figure 3. GHG emissions, comprising CO2, CH4, N2O, and Fluorinated gas (F-gas) in 2024, from a global, European 
Union with 27 Member States (EU27), and Portugal perspective. 
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According to the trend of global GHG emissions from EDGAR, between 1990 and 

2024, fossil CO2 rose by 75% (from 22.7 to 39.6 Gt CO2eq), CH4 by 30% (from 7.3 to 9.5 

Gt CO2eq) and N2O by 34.4% (from 1.9 to 2.5 Gt CO2eq), while fluorinated gases 

experienced the most pronounced increase, surging by 310.4% (from 0.37 to 1.51 Gt 

CO2eq). Over the same period, sectoral emissions evolved markedly with power industry 

increased by 104%, industrial combustion and processes by 93%, transport by 79%, fuel 

exploitation by 52%, waste by 46% and agriculture by 25%, while emissions from 

buildings declined by 4% (Figure 4). 

On the other hand, the European Union with 27 Member States (EU27) recorded 

total GHG emissions of 3.2 Gt CO2eq in 2024, reflecting a 1.8% decline from 2023 and a 

sustained downward trend since 1990. In 2024, CO2 accounted for 77.8% of total EU27 

emissions, CH4 13.5%, N2O 6.5%, and fluorinated gases 2.2% (Figure 3). Over the 

period 1990-2024, GHG emissions in EU27 have followed a steady downward trajectory 

over the past three decades with fossil CO2 decreasing by 35.3% (from 3.8 to 2.5 Gt 

CO2eq), CH4 by 38.3% (from 0.69 to 0.43 Gt CO2eq) and N2O by 34.6% (from 0.31 to 0.21 

Gt CO2eq), whereas fluorinated gas emissions rose by 35.3% (from 0.05 to 0.07 Gt 

CO2eq). Sectoral GHGs emissions in the EU27 between 1990 and 2024 declined several 

sectors, such as in power industry (55%), industrial combustion and processes (42%), 

buildings (39%), fuel exploitation (46%), agriculture (28%) and waste (31%), while 

transport increased by 21% (Figure 4). 

Portugal’s total GHGs emissions were 5.3 Gt CO2eq in 2024, in which fossil CO2 

accounted for 66.9% of the national total, CH4 for 21.4%, N2O for 5.4% and fluorinated 

gases for 6.3% (Figure 3). Compared with GHGs emissions reported for the EU27 in 

2024, Portugal shows a relatively larger contribution from CH4 and fluorinated gases and 

a smaller share from CO2. Portugal’s GHG emissions from 1990 to 2024 indicates a 

decreasing in fossil CO2 by 18.9% (from 43.9 to 35.6 Mt CO2eq) and N2O by 23.5% (from 

3.8 to 2.9 Mt CO2eq), although the increase in CH4 by 14.4% (from 9.97 to 11.40 Mt 

CO2eq), and fluorinated gases by 10079.0% (from 0.03 to 3.32 Mt CO2eq). Portugal GHGs 

emissions trends between 1990-2024 shows an increased emissions rate in transport 

(75%), fuel exploitation (55%) and waste (28%), while decreasing in the power industry, 

industrial combustion and processes, agriculture and buildings by 69%, 15%, 14%, 9%, 

respectively (Figure 4). Unlike the EU27, where fuel exploitation and waste GHGs 

emissions decreased in the same period (1990-2024), these two sectors increased in 

Portugal.  
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Figure 4. Sectorial GHG emissions from a global, EU27, and Portugal perspective. 
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Sectoral composition of CO2, CH4 and N2O emissions in 2024 for the World, the 

EU27 and Portugal (Figure 5), allows to highlight the dominant source sectors and their 

implications for targeted mitigation strategies across global, regional and national scales. 

Global CO2 emissions in 2024 totaled 39.6 Gt CO2eq with the power industry (39.1%), 

industrial combustion and processes (24.4%) and transport (21.0%) as the main 

contributors. The EU27 totaled 2.5 Gt CO2eq, dominated by transport (31.8%), power 

industry (23.9%) and industrial combustion and processes (20.8%). Portugal’s CO2 total 

was 35.6 Mt CO2eq, with transport accounting for 48.0%, industrial combustion and 

processes 23.5% and power industry 13.0%. These sectoral patterns indicate that 

decarbonization of electricity generation and abatement in transport and industry are the 

highest‑impact priorities at global and EU scales, while Portugal’s mitigation potential is 

concentrated in the transport and industrial sectors. Global CH4 in 2024 totaled 9.5 Gt 

CO2eq, primarily from agriculture (45.4%) and fuel exploitation (33.9%), with waste 

contributing 17.3%. EU27 CH4 emissions totaled 0.43 Gt CO2eq, dominated by agriculture 

(54.9%) and waste (27.3%). Portugal’s CH4 total was 11.4 Mt CO2eq, nearly evenly split 

between waste (44.8%) and agriculture (43.2%), with fuel exploitation at 8.4%. These 

results point to agricultural management and upstream methane controls in fossil‑fuel 

systems as primary mitigation pathways, with waste‑sector measures also important at 

national and regional scales. Global N2O in 2024 totaled 2.5 Gt CO2eq, with agriculture 

contributing 69.8% and industrial combustion and processes 12.0%. EU27 N2O 

emissions totaled 0.21 Gt CO2eq, with agriculture at 67.3% and industrial combustion and 

processes 16.7%. Portugal’s N2O total was 2.9 Mt CO2eq, dominated by agriculture 

(63.2%), followed by industrial combustion and processes (15.4%) and waste (9.5%). 

Agricultural nitrogen management emerges as the clear priority for N2O abatement 

across all regions, complemented by sector‑specific industrial measures and improved 

waste handling. 
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Figure 5. CO2, CH4, and N2O emissions by sector in 2024 from a global, EU27, and Portugal perspective. 
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1.2.4. Policy context and energy sector dominance 

Limiting global warming to 1.5°C demands rapid and deep reductions in 

anthropogenic GHG emissions in order to avoid escalating risks to ecosystems, human 

health and economic stability. In response to this challenge, governments have 

progressively established international climate policies and legally binding frameworks 

aimed at mitigating climate change. The Kyoto Protocol (1997) represented the first 

international agreement to set binding emission reduction targets for developed 

countries, laying the foundation for subsequent global climate governance. This effort 

was significantly strengthened by the Paris Agreement (2015), under which 196 Parties 

committed to holding the increase in global average temperature below 2°C above pre-

industrial levels, while pursuing efforts to limit warming to 1.5°C through nationally 

determined contributions (NDCs). 

At the European level, the European Climate Law (Regulation EU 2021/1119) 

legally binds the European Union to achieve climate neutrality by 2050 and establishes 

a binding target of at least a 55% net reduction in GHG emissions by 2030 compared to 

1990 levels. These objectives are supported by a comprehensive policy framework, 

notably the EU Emissions Trading System (EU ETS; Directive 2003/87/EC), which caps 

emissions from power generation and energy-intensive industries through a market-

based mechanism design to promote cost-effective decarbonization. The 

implementation of these instruments has contributed to a sustained decline in europe 

GHG emissions over the past three decades, as previously illustrated (Figure 4). 

A comparison of sectoral GHG emission shares in 2024 (Figure 6)  reveals 

marked differences between global and European emission profiles. Globally, emissions 

are dominated by the power industry (29.3%) and industrial combustion and processes 

(21.6%), highlighting electricity decarbonization and industrial efficiency as the highest-

impact mitigation priorities. In contrast, Europe shows a comparatively larger contribution 

from transport (EU27: 25.0%; Portugal: 32.4%), alongside significant emissions from 

industrial combustions and processes (EU27: 19.5%; Portugal: 22.9%). These 

differences suggests that mitigation strategies policies should focus on transport 

electrification, modal shift, freight efficiency and vehicle fleet renewal, complemented by 

industrial process electrification and heat efficiency to achieve major national and 

regional reductions. 



FCUP 
Organic Waste into Multicolor Carbon Quantum Dots (CQDs) for use in Energy Efficient White LEDs 

(WLEDs) 

13 

 

 

Figure 6. Sectorial GHG emissions in 2024 from a global, EU27, and Portugal perspective. 

EDGAR (database used for GHG emissions) developed by the European 

Commission’s Joint Research Centre, follows the methodological and sectoral 

framework of the Intergovernmental Panel on Climate Change (IPCC) for greenhouse 

gas inventories. This database, as we saw previously, reports activity-based sectors 

such as power industry, fuel exploitation, transport, buildings, industrial combustion and 

processes, agriculture, and waste, which correspond to the broader IPCC inventory 

categories. Within the IPCC framework , the “Energy sector” encompasses all emissions 

from fuel combustion (across power generation, transport, buildings, and industry) 

together with fugitive emissions from fuel extraction, processing, and distribution [6, 17, 

19].  

To quantify the contribution of energy-related activities to total GHG emissions 

using the EDGAR database, it is necessary to aggregate the categories power industry, 

fuel exploitation, transport, buildings, and industrial combustion. Collectively, these 

sectors encompass emissions arising from fuel combustion and fugitive processes, 

corresponding to the energy sector as defined in the IPCC greenhouse gas inventory 

framework. This aggregation approach enables a consistent and comprehensive 

estimation of energy-related GHG emissions, ensuring methodological coherence 

between EDGAR and IPCC datasets and providing a robust analytical basis for cross-

scale comparisons of global, regional, and national emission profiles [6, 33]. Based on 

this methodological alignment, the energy sector emerges as by far the dominant source 

of anthropogenic GHG emissions worldwide, reflecting the pervasive role of fossil-fuel 

combustion and related processes in powering modern economies and driving climate 

change. The IPCC’s integrated accounting of direct combustion and fugitive emissions 

thus provides a holistic perspective on the climate impact of energy production and use, 

underpinning both global and regional mitigation assessments. 

Based on this harmonized approach, the energy sector emerges as the dominant 

source of anthropogenic GHG emissions worldwide. In 2024, energy-related activities 

accounted for approximately 75.5% of global emissions, 74.6% in the EU27, and 63.0% 

in Portugal, as estimated from EDGAR data reported in million tonnes of CO2 equivalent. 
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These clearly underscore the central role of energy system transformation in achieving 

climate mitigation targets. 

Consequently, the targeted deployment of proven, high-efficiency technologies 

offers substantial potential for reducing emissions across the dominant sectors. In the 

power sector, priority actions include the expansion of renewable energy generation, 

enhanced grid flexibility, and energy storage deployment. In industry, key measures 

comprise process electrification, high-efficiency heat pumps, waste-heat recovery, and 

material-efficiency strategies. In transport, accelerated vehicle electrification, expansion 

of public transport systems, and optimization of freight logistics are essential. Across all 

sectors, the large-scale adoption of high-efficiency lighting technologies, such as light-

emitting diodes (LEDs) combined with smart control systems, can deliver immediate and 

cost-effective emission reductions. 

1.3. Energy sector, energy mix and efficiency: the role of sustainable 

lighting 

1.3.1. Energy consumption, sustainability and the role of lighting 

Sustainability has become one of the most critical global challenges of the twenty-

first century, demanding decisive action across all areas of human activity [34]. As the 

primary consumers and polluters of the planet, societies must rethink how energy is 

produced, managed, and consumed to ensure a responsible and resilient future [35, 36]. 

Sustainability considerations now extend across multiple sectors (residential [37, 38], 

commercial [39], industrial [40, 41], transportation [42], education [43], and leisure [44]), 

and all of which require strategies to reduce overall energy use [45] and to promote 

environmentally responsible design and resource management [46]. However, given that 

a substantial portion of global energy consumption still relies on fossil resources [47], 

strengthening the role of renewable energy systems remains essential for mitigating 

environmental impacts [48]. In this context, examining the energy sector, its evolving 

energy mix, and the increasing importance of energy efficiency is fundamental to 

advancing sustainability and achieving long-term climate goals. 

As we approach in 2024, the battle against climate change continues to intensify, 

with reducing GHG emissions taking center stage across all sectors of the global 

economy. According to the International Energy Agency [49], the energy sector remains 

the dominant source of anthropogenic emissions, responsible for around 73% of total 

global GHG emissions. Within this sector, the lighting industry has become a focal point 
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for efforts to reduce energy consumption and associated emissions, particularly due to 

its high demand for electricity. 

Lighting accounts for an estimated 19% of global electricity consumption [50-52], 

making it a main area for improving efficiency. With increasing urbanization and the 

growing demand for artificial lighting, reducing the carbon footprint of lighting systems 

has become critical. Fortunately, advancements in lighting technologies, particularly in 

energy-efficient lighting and renewable energy integration, present substantial 

opportunities to mitigate emissions. The widespread adoption of more efficient lighting 

solutions, coupled with a transition to renewable energy sources, has the potential to 

transform the sector. 

1.3.2. Evolution of lighting technologies and energy efficiency 

In recent years, the lighting industry has undergone a transformation with the 

widespread adoption of energy-efficient lighting technologies. Among the key 

innovations are Light Emitting Diodes (LEDs), Compact Fluorescent Lamps (CFLs), and 

High-Efficiency Halogen Lamps. Each of these technologies has contributed to reducing 

energy consumption and emissions compared to traditional incandescent and 

fluorescent lighting. 

Thus, the lighting sector faces both challenges and opportunities in achieving 

greater energy efficiency and emissions reductions. The shift from traditional lighting 

technologies to more energy-efficient alternatives, such as LEDs, combined with the 

integration of renewable energy sources, has the potential to significantly transform how 

we consume energy and contribute to emissions. The evolution of lighting technologies 

over the decades has played a key role in this transition. 

The development of lightbulbs and lighting technologies extends over more than 

a century, with successive innovations not only improving energy efficiency but also 

changing the way cities and industries consume electricity. From the invention of the 

incandescent bulb to the introduction of fluorescent lamps and the more recent rise of 

LEDs (Table 1), each major technological advancement has contributed to reducing 

energy consumption and, by extension, GHG emissions. 

 

 

 

 



FCUP 
Organic Waste into Multicolor Carbon Quantum Dots (CQDs) for use in Energy Efficient White LEDs 

(WLEDs) 

16 

 

Light Sources Luminous Efficacy (lm/W) Lifetime (h) 

Incandescent Lamp (IL) 5-20 ~1,000 

Halogen Lamp (HL) 15-25 2,000-4,000 

Compact Fluorescent Lamp (CFL) 50-70 8000-15,000 

Fluorescent Lamp (FL) 60-100 10,000-20,000 

Light Emitting Diodes (LEDs) 120-220 25,000-50,000 

Table 1. Typical performance ranges of major lighting technologies in terms of luminous efficacy and operational lifetime. 
Values represent approximate ranges reported in the literature and may vary depending on lamp design, operating 
conditions, and technological generation [53-57]. 

The incandescent lamp (IL), invented by Thomas Edison in 1879, represented 

the first mass-accessible widely adopted form of electric lighting [58]. Its operation is 

based on resistive heating of a tungsten filament to incandescence, producing 

electromagnetic radiation of which only a small fraction lies within the visible spectrum 

[58, 59]. Classical studies in lighting engineering demonstrate that less than 10% of the 

electrical energy consumed by incandescent lamps is converted into visible light, with 

the remainder (90%) dissipated as heat due to the predominantly infrared emission of 

the filament [59, 60]. As a consequence, incandescent lamps exhibit low luminous 

efficacy, commonly 5 to 20 lumens per watt (lm/W), and a limited operational lifetime of 

approximately 1,000 hours, making them less sustainable compared to modern 

alternatives [57, 61]. 

The pursuit of improved energy efficiency led to the development and 

commercialization of fluorescent lamps (FL) in the early 20th century (1930) as a major 

advancement over incandescent lighting technology [59, 62]. These lamps operate 

through an electric discharge in low-pressure mercury (Hg) vapor inside the bulb, which 

emits ultraviolet (UV) radiation that is subsequently converted into visible light by a 

phosphor coating on the inner surface of the lamp [53]. Compared with incandescent 

lamps, fluorescent lamps achieve significantly higher luminous efficacies, typically 

ranging from 50 to over 100 lm/W, enabling substantial reductions in electricity 

consumption for equivalent light output [63]. In addition, fluorescent lamps offer 

significantly longer operational lifetimes (up to 10 times longer) than IL, typically ranging 

from 8,000 to 20,000 hours, while also consume approximately 65% less energy for the 

same luminous output [53, 64]. Nevertheless, the presence of Hg within the lamp 

remains a significant environmental concern, as Hg can be released if lamps are broken 

or improperly disposed of, posing ecological and health risks and requiring careful end-

of-life management [65, 66]. 
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In the 1950s, halogen lamps (HL) were introduced as an improved variant of 

conventional incandescent technology, incorporating halogen gases such as iodine or 

bromine to initiate a regenerative cycle that reduces filament evaporation and extends 

service life [53, 67]. Despite modest gains in efficacy compared to traditional 

incandescent bulbs, halogen technology still suffers substantial thermal losses and does 

not approach the energy efficiency of discharge or solid‑state sources [53]. 

By the 1990s, compact fluorescent lamps (CFLs) became widely adopted as an 

energy-efficient alternative to incandescent bulbs, which apply the same operating 

principles as linear fluorescent lamps in a compact form factor suitable for residential 

and commercial lighting. CFLs consume significantly less energy (≈75% savings) and 

deliver substantially longer lifetimes compared to incandescent sources, although their 

mercury content poses challenges for safe handling, disposal, and recycling [53, 68]. 

Despite their energy advantages over incandescent and halogen lamps, CFLs still have 

lower efficacy and performance limitations relative to emerging technologies. 

1.3.3. Solid-state lighting and the rise of LEDs 

Lighting is a fundamental component of modern society, with a direct impact on 

global energy consumption, environmental sustainability, and quality of life. As referred, 

conventional lighting technologies (including IL, FL, CFL, and HL) have historically 

dominated illumination applications. Nevertheless, these technologies are intrinsically 

limited by low energy conversion efficiency, significant thermal losses, reduced 

operational lifetime, and, in the case of discharge-based lamps, the presence of 

environmentally hazardous materials such as mercury [54, 69, 70]. Consequently, a 

considerable fraction of the electrical energy consumed by these light sources is 

dissipated as heat rather than converted into useful visible radiation. 

To overcome these limitations, solid-state lighting (SSL) has emerged as a 

disruptive lighting paradigm. In SSL devices, electrical carriers are injected into 

semiconductor materials in the solid phase, where radiative recombination directly 

generates photons, eliminating the inefficiencies associated with thermal radiation and 

gas discharge mechanisms [71, 72]. This approach enables substantially higher 

efficiency, improved reliability, compact device architectures, and precise optical control. 

Among SSL technologies, LEDs have become the most mature and widely adopted 

solution [73]. 

Early generations of LEDs were inherently monochromatic, emitting narrow 

spectral bands in colors such as red, yellow, and green, which limited their applications 

primarily to indicator lights and signaling devices [72-75]. Subsequent advances in 
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semiconductor materials, epitaxial growth, and device engineering (particularly, the 

development of efficient blue and ultraviolet LEDs) enabled the realization of multi-color 

and white-light emission [70, 74]. White LEDs are typically achieved either by combining 

multiple monochromatic emitters or, more commonly, by using blue LEDs coupled with 

wavelength-converting phosphor materials that produce broadband visible spectra. 

Modern LEDs are semiconductor optoelectronic devices that convert electrical 

energy directly into light through radiative electron-hole recombination under forward 

bias [70, 74, 76-78]. The emission wavelength is fundamentally determined by the 

bandgap energy of the semiconductor, allowing intrinsic color tunability without external 

filters. Compared with conventional lighting technologies (IL, FL, CFL, and HL), LEDs 

offer superior luminous efficacy (exceeding 200 lm/W), long operational lifetimes often 

exceeding 25,000-50,000 hours, low operating voltage, fast switching speeds, high 

mechanical robustness, and excellent dimming capability [53-56, 74]. In addition, LEDs 

provide high color rendering index values, a wide range of correlated color temperatures, 

and compatibility with digital control and wireless communication systems [54, 70]. 

From an environmental and regulatory perspective, LEDs are mercury-free, emit 

negligible ultraviolet radiation, and comply with international environmental standards 

such as Restriction of Hazardous Substances (RoHS) directives, making them a 

sustainable alternative to legacy lighting technologies [54, 74]. As a result of these 

advantages, inefficient lighting sources have been progressively phased out in many 

regions, accelerating the global transition toward LED-based illumination. 

1.3.4. Fundamentals of LEDs operation 

Given the central role of LEDs in contemporary solid-state lighting and their 

evolution from monochromatic emitters to multi-color and white-light sources, a detailed 

understanding of their operating principles is essential. The following section therefore 

presents the fundamental mechanisms governing LEDs operation, including carrier 

injection, radiative recombination, and light generation processes. 

An LED’s light generation is governed by the physics of a semiconductor p–n 

junction, as observed in Figure 7 [79-81]. An LED consists of p-type and n-type 

semiconductor regions brought into intimate contact, forming a junction that enables 

controlled carrier injection and radiative recombination. The n-type region is doped with 

donor impurities such as phosphorus or arsenic, which supply excess electrons as 

majority carriers. Conversely, the p-type region is doped with acceptor atoms such as 

boron or gallium, creating vacant electronic states known as holes [79, 80]. At the 

interface between the p-type and n-type regions, electrons diffuse from the n-side into 
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the p-side and recombine with holes. This diffusion leaves behind fixed ionized donor 

and acceptor atoms, forming a depletion region devoid of free carriers. The resulting 

spatial charge separation generates an internal electric field and a built-in potential that 

inhibits further carrier diffusion under equilibrium conditions [79, 80]. When a forward 

bias voltage is applied across the junction, the built-in potential barrier is reduced and 

the depletion region narrows, allowing electrons and holes to be injected into the active 

region. In direct-bandgap semiconductor materials commonly used in LEDs, such as 

gallium nitride (GaN), indium gallium nitride (InGaN), and aluminum gallium indium 

phosphide (AlGaInP), these carriers recombine radiatively. During this recombination 

process, the energy difference between the conduction band and the valence band is 

released in the form of photons [81-83]. 

 

Figure 7. Schematic representation of physics of a semiconductor p–n junction to generate LED’s light. 

The emission wavelength of a LED is fundamentally determined by the bandgap 

energy of the semiconductor material forming the active region [79, 81, 82]. LEDs are 

commonly fabricated using III-V compound semiconductors, whose direct bandgap 

enables efficient radiative recombination. Materials such as gallium arsenide (GaAs), 

gallium phosphide (GaP), GaN, InGaN, and AlGaInP are widely employed to cover 

emission wavelengths ranging from the infrared to the visible spectrum, e.g. GaAs for 

infrared (~870 nm), GaP for green (~555 nm), and InGaN for blue (~450 nm) [79-82]. 

The relationship between the bandgap energy (Eg) and the emitted photon 

wavelength (λ) is given by 
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𝐸𝑝ℎ𝑜𝑡𝑜𝑛 =  𝐸𝑔 = ℎʋ =
ℎ𝑐

𝜆
 

 

where ℎ is Planck’s constant, 𝑐 is the speed of light in vacuum, and ʋ is the photon 

frequency [79, 82]. This equation illustrates that materials with larger bandgap energies 

emit higher-energy (shorter-wavelength) photons, corresponding to blue or ultraviolet 

light, whereas materials with smaller bandgaps emit lower-energy (longer-wavelength) 

photons in the red or infrared region. 

1.3.5. White Light-Emitting Diodes (WLEDs) 

While conventional LEDs emit light at a single wavelength determined by the 

semiconductor bandgap, their inherent monochromatic emission limits their use for 

general illumination. To overcome this, white light-emitting diodes (WLEDs) were 

developed (Figure 8), either through spectral conversion using phosphor layers or by 

optically mixing multiple LED colors, enabling broad-spectrum, energy-efficient lighting 

suitable for residential, commercial, and industrial applications or by UV or near‑UV 

(NUV) LEDs to pump multiple phosphors [73, 79, 81, 84, 85]. 

 

Figure 8. Schematic representation of WLED architecture: three dominant ways.  

Phosphor-converted WLEDs are the most widespread method, in which a blue 

or near-ultraviolet LED chip excites luminescent materials that down-convert part of the 

emitted energy into longer wavelengths [73]. The phosphor absorbs part of the blue 

emission and re-emits at longer wavelengths (yellow to red), producing a mixture of 

transmitted blue and converted yellow light perceived as white [86, 87]. Commercial 

WLEDs typically use a blue InGaN LED coupled with cerium-doped yttrium aluminum 

garnet (YAG:Ce³⁺) phosphor to achieve broadband output, with the correlated color 

temperature (CCT) and color rendering index (CRI) tuned through phosphor 

composition, layer thickness, or particle concentration [73, 81, 87]. In fact, manufacturers 
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can tune the CCT across a range from cool white (~6500 K) to warm white (~2700 K) 

[73, 88]. Despite its commercial dominance, phosphor conversion exhibits intrinsic 

efficiency losses due to the Stokes shift and produces spectral peaks rather than a 

continuous spectrum, which can limit color rendering [73, 86, 87]. Environmental 

concerns also arise from the use of rare-earth elements such as cerium, whose 

extraction and processing are energy-intensive [70]. 

A second approach (RGB mixed WLEDs) employs the RGB mixing, in which 

discrete red, green, and blue LED chips are combined optically to produce white light by 

combining multiple monochromatic emissions [85, 86]. This method allows independent 

adjustment of each primary LED’s intensity, enabling dynamic CCT tuning and potentially 

higher CRI compared with single-phosphor LEDs. However, these systems require more 

complex driving electronics, precise optical alignment, and careful thermal management 

to maintain color stability and uniform illumination [84-86]. RGB WLEDs are therefore 

more commonly applied in displays, stage lighting, and specialized illumination, where 

dynamic color control is critical. 

A third strategy involves UV or near-ultraviolet LEDs pumping multiple phosphors, 

each emitting at different visible wavelengths [73, 86, 87]. By combining emissions from 

several phosphors, a more continuous white spectrum can be achieved with higher CRI 

compared with single phosphor systems. This approach provides a compromise 

between the simplicity of phosphor conversion and the spectral control of RGB mixing 

[87, 89].  

Emerging technologies, such as quantum dot conversion layers and hybrid 

architectures, are also being investigated to further optimize white spectra, color quality, 

and tunability [70, 89]. 

1.3.6. Environmental performance and life cycle impacts of LEDs 

The widespread adoption of LEDs, including WLEDs, has significantly mitigated 

the environmental concerns associated with conventional lighting technologies. Owing 

to their high luminous efficacy, long operational lifetimes, and absence of mercury, LEDs 

significantly reduce electricity consumption and GHGs emissions compared with 

incandescent and fluorescent lamps [84]. Life Cycle Assessments (LCA) studies 

consistently demonstrate that the use phase dominates the overall environmental 

footprint of LED lighting systems, as electricity consumption over tens of thousands of 

operating hours remains the primary contributor to total impacts, particularly when 

electricity is generated from fossil‑based sources [90, 91]. The elimination of mercury 
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further minimizes toxic waste during both use and disposal, representing a clear 

advantage over fluorescent technologies [84, 92]. 

Despite these pronounced use‑phase benefits, upstream (production) and 

downstream (end-of-life) impacts remain significant. LEDs manufacturing and material 

supply chains rely on a complex combination of critical and scarce elements, including 

III-V semiconductors materials such as gallium (Ga), indium (In), arsenic (As), as well as 

rare-earth elements (REEs) such as yttrium (Y), cerium (Ce), and europium (Eu), which 

are widely used in phosphor-converted WLEDs [92]. Characterization studies of 

end‑of‑life LEDs lamps confirm the presence of a broad range of valuable and potentially 

hazardous elements, including Ce, Ga, Y, As, lead (Pb), silver (Ag), and gold (Au), 

distributed across different device components, thereby posing environmental and health 

risks if improperly managed [93]. The extraction and refining of these materials are 

energy-intensive processes and may generate toxic by-products such as arsenic trioxide 

and hydrofluoric acid, which can lead to soil and water contamination, particularly in 

regions associated with REE mining and processing [94]. In addition, some REEs used 

in LED phosphors are classified as critical raw materials, owing to supply risks and strong 

geopolitical concentration of production [94]. Life-cycle impact-based assessments 

further indicate that, for certain metals, LEDs may exhibit higher resource depletion and 

toxicity potentials per unit mass than incandescent lamps, even when normalized over 

their extended service lifetime [95]. 

Manufacturing-phase impacts are also non-negligible. Comparative LCA studies 

examining the fabrication of WLEDs (including sapphire substrate production, epitaxial 

growth, phosphor integration, and electronic packaging) show that although LEDs 

outperform conventional lighting technologies in overall environmental performance, 

material extraction and component manufacturing contribute a growing share of total 

impacts as electricity grids progressively decarbonize [90, 91]. Under low-carbon 

electricity scenarios, the relative importance of the production phase increases, shifting 

the environmental burden upstream. 

End‑of‑life management presents further challenges. As LED adoption continues 

to grow, waste electrical and electronic equipment (WEEE) streams are becoming 

enriched with LED components containing critical and precious materials. Detailed 

compositional analyses highlight both the recycling potential and the technical 

complexity associated with recovering rare earths and metals from spent LED lamps [93, 

96]. Current recycling practices are constrained by the small size, material heterogeneity, 

and strong encapsulation of LED components, which limit economic feasibility and result 
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in low recovery rates, with a substantial fraction of materials still ending up in landfills or 

incineration pathways [92, 93]. 

Overall, while LEDs and WLEDs represent a major advancement toward 

sustainable lighting, future environmental improvements will depend increasingly on 

material efficiency, circular design strategies, and advanced recycling technologies, 

rather than further gains in operational efficiency alone. Integrating eco-design 

principles, improving material recovery routes, and reducing dependence on critical raw 

materials are therefore essential to fully realize the long-term sustainability potential of 

solid-state lighting technologies [90, 94, 96]. 

Future sustainability improvements in solid-state lighting will depend less on 

further gains in operational efficiency (which is already approaching fundamental limits) 

and increasingly on materials recovery, green chemistry, spectral optimization, and 

circular design strategies. While LEDs and WLEDs have drastically reduced energy 

consumption and GHGs emissions compared with conventional lighting technologies, 

emerging challenges related to spectral quality, material sustainability, and human health 

impacts must be addressed to ensure long-term environmental sustainability in lighting 

systems. 

1.3.7. Addressing false white light in LEDs: spectral, biological, and visual 

perspectives 

A key concern associated with many phosphor-converted WLEDs is the 

phenomenon commonly referred to as “false white light”. In blue-chip-based WLEDs, 

white light is produced by combining a strong blue emission peak with a broad yellow 

phosphor band rather than a continuous, sunlight-like spectrum. This spectral imbalance 

can degrade color rendering and visual comfort and has raised concerns that extend 

beyond aesthetics to include biological and physiological effects [85]. 

Blue-enriched white light has been shown to exert a disproportionate influence 

on circadian rhythms and melatonin suppression, particularly when exposure occurs 

during evening or nighttime hours. Experimental studies demonstrate that short-

wavelength light in the blue region (~450-480 nm) strongly stimulates intrinsically 

photosensitive retinal ganglion cells, leading to circadian phase shifts and sleep 

disturbances [97]. In addition, high-intensity blue light has been associated with glare, 

visual discomfort, and increased light pollution, affecting both human well-being and 

ecological systems [98]. 
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As a result, contemporary lighting research and practice increasingly emphasize 

spectral tuning, optical diffusion, and appropriate luminaire shielding to mitigate the 

adverse effects of blue-enriched white light while maintaining high luminous efficacy [98]. 

These strategies aim to balance energy efficiency with visual comfort and biological 

compatibility, particularly in residential, healthcare, and urban environments. 

Beyond spectral management, alternative white-light generation approaches are 

being explored. One promising approach involves near-ultraviolet (NUV or UV-A) LEDs 

combined with multi-phosphor systems, which can produce broadband white light with 

improved spectral continuity and reduced blue intensity peaks. Compared with 

conventional blue-chip WLEDs, UV-excited phosphor systems offer enhanced color 

rendering and greater flexibility in spectral design engineering, potentially alleviating 

circadian and visual concerns associated with blue-enriched white light [86]. 

1.3.8. Emerging alternatives and transition toward Carbon Dots 

More recently, CDs have emerged as a highly promising class of 

photoluminescent nanomaterials for next-generation solid-state lighting applications. 

CDs exhibit strong and tunable emission under UV or near-UV excitation and can 

operate efficiently in the solid state. Compared with conventional rare-earth-based 

phosphors, CDs offer several advantages, such as low toxicity, abundant precursor 

materials, chemical stability, and potentially lower environmental impact during synthesis 

[99]. Importantly, recent advances demonstrate that solid-state CDs can generate 

broadband emission suitable for high-quality white light, reducing reliance on critical rare-

earth elements and enabling more sustainable WLED architectures [99]. 

Although challenges remain regarding long-term photostability, thermal 

robustness, and large-scale manufacturing, CDs represent a promising pathway toward 

healthier spectral profiles and reduced material criticality in future lighting systems. Their 

integration with UV-LED platforms may enable white lighting solutions that 

simultaneously address energy efficiency, environmental sustainability, and human-

centric lighting requirements. 

In summary, while LEDs and WLEDs have already transformed global lighting by 

substantially improving energy efficiency and operational lifetime, current research 

increasingly emphasizes spectral quality, material sustainability, and human-centric 

lighting considerations. Addressing challenges associated with blue-enriched white light, 

critical material dependence, and end-of-life management remains essential. In this 

context, emerging approaches such as UV-excited architectures and CDs-based 

wavelength converters have attracted growing research interest as potential pathways 
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toward spectrally improved and more sustainable white lighting systems, although further 

validation at the system and life-cycle levels is still required [84, 86, 92, 99]. 

1.4. Carbon Dots as emerging sustainable luminescent 

nanomaterials 

1.4.1. Definition, properties and applications of Carbon Dots 

Carbon Dots (CDs) are a type of fluorescent carbon-based nanomaterial with a 

near-spherical shape, an amorphous or nanocrystalline core, and a functionalized 

surface where different functional groups such as alcohols, amines, and carboxylic acids 

can be found [100-102]. These nanomaterials were first reported in 2004 by Xu et al. as 

carbon nanoparticles isolated as a by-product during the synthesis of single-walled 

carbon nanotubes [103], and were subsequently named in 2006 by Sun et al. [104], 

attracting sustained interest from the scientific community since then. 

Beyond CDs, carbon-based nanomaterials comprise a broad and diverse family 

that has been extensively studied in recent years as potential substitutes for traditionally 

used materials, owing to the superior properties enabled by their nanoscale structure. 

This class includes single-walled [105] and multi-walled [106] carbon nanotubes, 

nanodiamonds [107], nanofibers [108], graphene [109], buckminsterfullerene [110], and 

CDs [100, 111-115]. While bulk carbon is a black, water-insoluble material that does not 

exhibit photoluminescence, its nanosized forms display markedly different 

physicochemical properties, making them suitable for a wide range of advanced 

applications.  

Based on their structural features, CDs exhibit a range of highly desirable 

properties, including low-cost production, high fluorescence quantum yield (QYFL) [111, 

116], broadband absorption [117], good water solubility [118], high photo- and chemical 

stability [119, 120], biocompatibility [121], and low toxicity [122]. Given these properties, 

it is not surprising that CDs have attracted increasing interest from the research 

community and have been widely investigated for a broad range of applications, such as 

in sensing/biosensing [111, 123-127], bioimaging [128-131], photocatalysis [132-134], 

light-emitting devices [135-138], drug delivery systems [139, 140], solar cells [141, 142], 

and photodynamic and phototherapeutic applications [143-146]. Overall, these diverse 

studies demonstrate the versatility of CDs and their potential for applications ranging 

from optoelectronics to biomedical technologies. 
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1.4.2. Synthetic approaches and precursor diversity 

Regarding their production, CDs can be synthesized through a wide range of 

methodologies that are generally classified into two main categories, top-down and 

bottom-up approaches (Figure 9).  

 

Figure 9. Schematic representation of top-down and bottom-up approaches. 

Top-down routes involve the fragmentation of bulk carbon materials, such as 

graphite, activated carbon, carbon fibers, carbon nanotubes and coal, into nanoscale 

structures [147], and typically require expensive equipment and labor-intensive 

processes, including arc-discharge [148], laser ablation [149], chemical exfoliation [150], 

ultrasonic treatment [151], and electrochemical shocking [152].  

On other hand, bottom-up approaches are based on the assembly of molecular-

sized carbon precursors into larger nanostructures [147] and are generally considered 

low-cost and environmentally friendly strategies, including hydrothermal and 

solvothermal treatments, thermal pyrolysis, and microwave irradiation. Although top-

down and bottom-up strategies for CDs synthesis have been widely investigated, they 

present inherent advantages and limitations that affect their applicability.  

Top-down approaches are often associated with the production of CDs with 

relatively well-defined structures and potential scalability; however, their limited ability to 

modulate surface chemistry and structural diversity can restrict their versatility [153]. In 

contrast, bottom-up methods, despite being challenged by the formation of side products 

and the need for additional purification steps [153, 154], provide greater flexibility through 
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one-pot surface functionalization and access to a broader range of structures and 

functionalities compared to top-down routes, whose products frequently resemble the 

structure of the starting materials [154]. These features have contributed to the 

increasing preference for bottom-up strategies, particularly solvothermal methods, which 

are typically simpler, faster, and more cost-effective, owing to their low cost, process 

simplicity, and general use of non-toxic materials [155]. Nevertheless, limitations related 

to low synthetic yields and time-consuming purification steps remain significant 

challenges for large-scale production, motivating the development of alternative bottom-

up approaches with improved scalability [156].  

Among the various bottom-up routes, microwave irradiation and hydrothermal 

treatment of solutions containing molecular carbon sources are the most commonly 

employed methods, with heteroatom-containing precursors, such as nitrogen- and sulfur-

based compounds, being incorporated when heteroatom doping is desired [157-160]. 

Another attractive characteristic of CDs is the wide diversity of carbon precursors 

that can be employed for their production, encompassing both bulk carbon materials 

traditionally used in top-down approaches and a broad variety of molecular carbon 

sources in bottom-up strategies. These precursors include commercially available 

chemical reagents as well as natural resources, reflecting the versatility of CDs and the 

broad range of synthesis methodologies available for their preparation. The literature 

reports the use of a broad spectrum of carbon precursors, encompassing both bulk 

carbon materials traditionally used in top-down approaches and a rich variety of 

molecular carbon sources in bottom-up strategies. As refer above, in top-down routes, 

CDs are derived from large carbonaceous substrates such as graphite powder, activated 

carbon, carbon nanotubes, graphene oxide, carbon rods, carbon fibers, carbon black 

and related materials (candle soot), where the precursor influences the structural and 

surface features of the resulting nanoparticles [161-166]. On the other hand, bottom-up 

approaches offer a significantly broader chemical space of carbon precursors, relying on 

the carbonization or polymerization of small molecules and natural or synthetic 

macromolecules which enable significant flexibility in tuning the structural and optical 

properties of the resulting nanomaterials [167-169].  

Common small precursors include organic acids (e.g. citric acid, ascorbic acid, 

tartaric acid, succinic acid, maleic acid, and acrylic acid); amine-containing compounds 

(e.g. urea and p-/o-/m-phenylenediamine); citrate salts (e.g. sodium, calcium); amino 

acids (e.g. histidine, cysteine, serine), carbohydrates (e.g. glucose, sucrose, fructose 

and other sugars) [168, 170-172]. In addition, natural polymers and biomass, such as 
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lignin, chitosan, xylan, egg white, peanut shells, corn stover, eucalyptus leaves, sawdust, 

spent coffee grounds, cork powder, onion peel, and orange peel, as well as synthetic 

polymers, including polyethyleneimine, polyamidoamine, polyacrylic acid, polyvinyl 

alcohol, polyacrylamide, polyethylene glycol, and polypropylene, have also been 

employed as carbon sources [116, 173-176]. 

The extensive diversity of carbon precursors reported for the synthesis of CDs 

largely arises from sustained efforts to overcome intrinsic limitations associated with low 

synthetic yields and modest QYFL, challenges that have been recognized since the 

earliest studies on these nanomaterials [103, 104, 177, 178]. Since the first reports on 

CDs, these two parameters (synthesis yield and QYFL) have represented key obstacles 

to their development. Specifically, these parameters reflect different aspects of CDs 

performance: synthesis yield corresponds to the amount of material obtained relative to 

the initial carbon precursor, whereas the QYFL is defined as the ratio between emitted 

and absorbed photons. In the earliest studies, CDs were commonly obtained as minor 

by-products or via poorly controlled carbonization routes, resulting in low production 

yields and weak photoluminescence, with QYFL typically below 10% [103, 104]. 

In this context, top-down approaches are generally associated with higher 

synthesis yields and improved scalability; however, they offer limited control over particle 

morphology, size distribution, surface chemistry, and emissive states, often resulting in 

CDs with modest QYFL [179-181]. On the contrary, bottom-up strategies, despite 

commonly suffering from lower synthetic yields, provide access to a broad chemical 

space through the use of diverse molecular precursors, enabling fine control over 

carbonization pathways, surface states, and electronic structure [179-181]. This 

versatility makes bottom-up approaches particularly effective for tuning the 

photophysical properties of CDs and optimizing QYFL through rational precursor selection 

and controlled carbonization pathways. As a result, more recent studies have 

demonstrated substantial improvements in fluorescence efficiency, with optimized 

systems achieving QYFL exceeding 50% through careful precursor selection and reaction 

control [182, 183]. Nevertheless, the simultaneous achievement of high synthesis yield 

and QYFL remains a central challenge in CDs research, thereby motivating continued 

efforts focused on precursor engineering, heteroatom doping, and solvent effects. 

1.4.3. Heteroatom doping strategies for improved photoluminescence in Carbon 

Dots 

One of the key limitations, as refer above, during the early development of CDs 

was their inherently low QYFL (typically below ≈ 1%) due to non-radiative recombination 
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pathways and surface defects that quench fluorescence [184]. Surface modification, 

passivation techniques and heteroatom doping have been extensively employed to 

improve fluorescence efficiency [184]. Surface functionalization, achieved by regulating 

the nature and distribution of functional groups on the CDs surface, enables the 

modulation of surface states that govern emission and facilitates interactions with 

functional molecules or polymeric species, thereby influencing both optical properties 

and application-specific performance [185]. Despite its effectiveness, surface 

passivation often involves time-consuming procedures and the use of organic reagents 

or catalysts that may be cytotoxic and environmentally hazardous [160].  

Consequently, heteroatom doping has emerged as a particularly attractive 

alternative [160]. Chemical doping is defined as the intentional incorporation of 

heteroatoms into the carbon framework during synthesis, has proven particularly 

powerful in regulating the electronic structure of CDs. By altering charge distribution, 

energy-level alignment, and defect density, heteroatom doping can suppress non-

radiative recombination pathways and promote radiative transitions, leading to 

substantial improvements in QYFL [184, 186]. A broad range of heteroatoms, including 

nitrogen (N), sulfur (S), boron (B), phosphorus (P), selenium (Se), tellurium (Te), silicon 

(Si), and halogens, has been successfully introduced into CDs, demonstrating the 

generality of this approach for tuning photophysical behaviour [114, 157, 185, 187, 188].  

Heteroatom-doped CDs can be mono- or co-doped, with co-doping exploiting 

synergistic interactions between multiple heteroatoms, giving rise to modified electronic 

structures that are particularly favourable for enhanced fluorescence emission [189]. 

Furthermore, heteroatom doping can be broadly divided into non-metal and metal 

doping. Non-metal dopants (N, S, and B) are especially attractive due to their atomic 

sizes being comparable to that of carbon, which facilitates uniform incorporation into the 

carbon lattice and relatively straightforward synthesis [185]. Metal doping, by contrast, 

introduces ions (such as Na+, Fe3+, Cu2+ and Zn2+) with partially filled or vacant orbitals, 

enabling more pronounced modulation of electronic states, energy gaps, and charge 

density distribution, thereby offering additional opportunities for tuning the optoelectronic 

properties of CDs [185].  

Although metal ions can effectively modulate the electronic structure and optical 

properties of CDs due to their multiple available orbitals and larger atomic radii, their 

incorporation often suffers from non-uniform doping due to lattice mismatch with carbon, 

leading to limited structural control. Moreover, concerns related to cytotoxicity and 

environmental impact have further restricted the widespread use of metal-doped CDs 
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[160, 190]. As a result, metal ion doping has received comparatively less attention, and 

non-metal heteroatom doping has emerged as the preferred strategy for tuning the 

photophysical properties of CDs. In particular, doping with elements such as N, S, P and 

B has been shown to modify electronic states, enhance emissive properties, and improve 

QYFL by reducing non-radiative recombination pathways [114, 157, 187, 188].  

Among the several heteroatoms employed for the doping of CDs, N and S have 

emerged as key strategies for the enhancement of CDs photoluminescence [191]. 

Nitrogen is the most commonly used, largely due to the abundance of N-containing 

precursors and the relatively simple incorporation into the carbon framework [153]. N-

doping has been consistently shown to enhance the photoluminescence properties of 

CDs by modifying their electronic structure and surface states. Owing to its five valence 

electrons and an atomic radius comparable to carbon, N can form stable covalent bonds 

with the carbon lattice while introducing lone-pair electrons that facilitate charge transport 

and promote radiative recombination, ultimately improving fluorescence efficiency [183, 

192, 193]. Despite these well-documented benefits, the precise mechanisms governing 

N-induced blue- or red-shifts in absorption and emission remain an active topic of 

investigation, with studies suggesting that even hybridization of frontier orbitals at edge 

N-doping sites leads to a blue shift, whereas uneven orbital hybridization results in a red 

shift [194, 195]. Sulfur is the second most frequently employed heteroatom dopant for 

CDs [153]. In contrast to nitrogen, sulfur doping primarily introduces sulfur-related 

emissive or trap states that can capture photoexcited electrons, thereby altering the 

electronic structure and modulating the photoluminescence behavior of the 

nanomaterials [191]. In many systems, S incorporation has been associated with 

bathochromic shifts in absorption and emission bands, often resulting in red-shifted 

emission and improved QYFL [160, 196]. The incorporation of N and S not only improves 

optical performance but also expands potential applications of CDs in areas such as 

electronics, optoelectronics, catalysis, and energy storage, since the lone pair electrons 

introduced by these heteroatoms act synergistically, increasing the electron density and 

promoting radiative recombination, thereby enhancing the QYFL and enabling tunable 

emission across a range of wavelengths [160].  

Doping with N and S induces structural modifications, producing additional 

electron pairs, new defect sites and active centers that significantly boost fluorescence 

efficiency [160, 197-199]. Due to their comparable atomic sizes (the radius of C: 0.77, N: 

0.75) and similar electronegativity values (C: 2.55, N: 2.75, S: 2.58), these heteroatoms 

can be incorporated into CDs structures, refining their optical and electronic properties 

[197]. In particular, nitrogen doping enhances fluorescence intensity by introducing 
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reactive functional groups (-OH, -COOH, -N=C, -CN, -NH2) and modifying surface states 

[160, 198]. In CDs synthesis, commonly used nitrogen sources include urea, 

ethylenediamine (EDA), ammonia, phenylenediamine, polyethylenimine (PEI) and 

melamine [200-203]. Usually, the most sulfur dopants employed are sodium thiosulfate 

(Na2S2O3), sulfuric acid (H2SO4), and sodium sulfide [158, 159, 187, 196, 204]. 

1.4.4. Solvent effects and photophysical tunning  

In addition to heteroatom doping and precursor selection, the choice of solvent 

and reaction medium constitutes a critical factor in tailoring the optical properties of CDs. 

These properties are primarily governed by their electronic structure, surface chemistry, 

and particle size, which are, in turn, strongly influenced by the synthesis conditions and 

post-synthetic modifications. Although CDs generally exhibit comparable photophysical 

behavior, variations in absorption and emission profiles arise from differences in 

functional groups, synthetic routes, dopant incorporation, precursor identity, and the 

surrounding chemical environment [205, 206].  

CDs possess intrinsic photophysical properties, enabling them to absorb and emit 

light across a broad spectral range [207]. Typically, CDs exhibit strong absorption in the 

ultraviolet (UV) region (200-400 nm) with a tail extending to the visible range (400-700 

nm) [147, 182, 207]. The absorption spectra of CDs are generally governed by electronic 

transitions arising from both the carbon core and surface states, with π-π* transitions 

associated with sp²-hybridized aromatic domains (C=C bonds) and n-π* transitions 

primarily involving surface carbonyl and nitrogen-containing groups (C=O and C=N), as 

well as other oxygen-containing functionalities [153, 182, 208]. As illustrated in Figure 

10, the absorption can be divided into multiple bands: Band I (π-π*), Band II (n-π*), and 

Bands III-V, corresponding to transitions involving the carbon core and surface states, 

including heavily graphitic nitrogen and oxygen-related groups [207]. The surface state 

transitions contribute to a red shift in the absorption and emission spectra, which is key 

for tuning the optical properties of CDs. 
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Figure 10. Schematic representation of the absorption bands of CDs, showing π-π* (Band I) and n-π* (Band II) transitions 
associated with the carbon core, as well as surface state transitions (Bands III-V) involving C=O, C=N, and heavily 
graphitic nitrogen and oxygen-containing groups. Adapted from [207]. 

CDs are renowned for their tunable photoluminescence, which is highly 

influenced by their synthesis procedures, precursors, and surface chemistry [181, 209]. 

They can emit across a wide spectral range, from blue to red, although blue and green 

emissions are most common [102, 153, 184]. The emission spectra of CDs are generally 

broad and roughly symmetrical, often exhibiting large Stokes shifts compared with 

organic dyes [184]. In many cases, fluorescence exhibits excitation wavelength-

dependent behavior, with emission maxima red-shifting as the excitation wavelength 

increases [102, 184, 209]. This dependence has been attributed to size heterogeneity, 

diverse surface functional groups, quantum confinement effects, and different emissive 

surface traps [153, 184, 209]. Conversely, CDs with uniform size and well-passivated 

surfaces can exhibit excitation-independent emission [102, 209]. Additional factors such 

as particle size, morphology, internal structure, and chemical composition further 

modulate photoluminescence properties [184, 209]. Despite extensive studies, the 

precise mechanisms governing photoluminescence in CDs remain under debate, with 

evidence pointing to contributions from edge and surface defects, surface defect states, 

and molecular or molecule-like states, reflecting the complex interplay between the 

carbon core and surface functional groups [209]. 

Solvent effects play a critical role in modulating the photoluminescence of CDs 

by influencing both ground and excited electronic states through dielectric interactions, 

hydrogen bonding, and polarity-dependent stabilization of dipoles [210-212]. Beyond 

modulating the emission of pre‑formed CDs, the choice of reaction solvent can strongly 



FCUP 
Organic Waste into Multicolor Carbon Quantum Dots (CQDs) for use in Energy Efficient White LEDs 

(WLEDs) 

33 

 
influence the carbonization pathways and surface chemistry during synthesis, altering 

the formation of emissive centers, surface states, and structural domains in the carbon 

core [213]. Variations in solvent polarity and proticity have been shown to induce 

significant shifts in emission maxima, modify fluorescence intensities and QYFL, as these 

properties depend on the interaction of solvent molecules with surface functional groups 

and defect sites that act as emissive centers [210, 211]. For example, CDs dispersed in 

polar solvents often exhibit red-shifts in emission compared with less polar solvents, 

which is attributed to enhanced stabilization of excited states and solvation of surface 

emissive sites [211, 212]. Solvent-dependent photoluminescence behavior has been 

observed in both aprotic and protic systems, highlighting the role of non-specific dipole-

dipole interactions and specific hydrogen bonding in modulating the energies of surface 

states [210, 212]. Moreover, solvents can indirectly affect photoluminescence by 

influencing carbonization kinetics and surface passivation during synthesis, thus 

modulating the formation and distribution of emissive centers [210, 212]. Comprehensive 

reviews further highlight solvent-dependent emission tuning as a key strategy for 

achieving multicolor and high-efficiency CDs [214]. Collectively, these studies 

demonstrate that solvent engineering is a powerful approach for tuning the emission 

wavelength, QYFL, and solvatochromic behavior of CDs, enabling applications in 

multicolor imaging, sensing, and other optoelectronic technologies [210-212, 214]. 

1.4.5. Sustainability challenges and Life Cycle Assessment 

However, while solvent engineering has proven to be a highly effective strategy 

for tuning the photophysical properties of CDs, it also raises important environmental 

and sustainability concerns. Many conventional organic solvents frequently employed in 

both the synthesis and post-synthetic characterization of CDs (includes toluene, 

dichloromethane, N,N‑dimethylformamide, and other volatile organic compounds 

(VOCs)) are derived from non-renewable fossil resources and exhibit high volatility, 

toxicity, and environmental persistence [215, 216]. These solvents contribute not only to 

hazardous emissions and waste streams during laboratory or industrial-scale syntheses, 

but also generate environmental and health risks when used in post-synthetic studies, 

such as solvatochromic measurements and photophysical testing [215-217]. They can 

pose occupational health risks through inhalation and dermal exposure, with potential 

effects ranging from respiratory irritation to neurotoxicity and reproductive harm, while 

their poor biodegradability, formation of secondary pollutants, and bioaccumulation can 

adversely impact aquatic and terrestrial ecosystems [216, 217]. Furthermore, the 

widespread use of these solvents amplifies their environmental footprint, highlighting the 
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inherent trade-offs between achieving optimal material properties and ensuring 

sustainability [215, 216].  

These challenges have driven a growing emphasis on green chemistry principles, 

including the development and adoption of eco-friendly alternative solvents derived from 

renewable feedstocks or designed for reduced toxicity and improved biodegradability, 

such as aqueous media, bio-derived solvents, and Deep Eutectic Solvents (DESs) [218-

220]. Nevertheless, the adoption of these alternatives requires careful evaluation of their 

compatibility with photophysical tuning of CDs and their overall environmental profiles 

[219, 220]. Thus, addressing solvent sustainability is essential not only for mitigating the 

ecological and health risks associated with CDs synthesis and characterization, but also 

for enabling comprehensive Life Cycle Assessments (LCA) that account for upstream 

and downstream impacts (Figure 11), ultimately guiding the design of truly sustainable 

nanomaterials aligned with long-term environmental and regulatory goals.  

 

Figure 11. Schematic representation of Life Cycle Assessment approach. 

As a direct consequence of the environmental and health concerns associated 

with solvent-intensive synthetic and characterization protocols, the synthesis of CDs and 

other engineered nanomaterials has increasingly been evaluated through an LCA 

framework. Recent LCA studies have demonstrated that solvent selection, energy 
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demand, and waste generation constitute major contributors to the overall environmental 

footprint of CDs production, in many cases exceeding the impacts associated with 

precursor materials themselves [221-223]. These findings have prompted the 

development of greener synthesis strategies, including the use of benign solvents, 

solvent-free approaches, and renewable carbon sources, in accordance with green 

chemistry principles [168, 174, 223, 224]. 

Despite the considerable technological and application potential of CDs, 

uncertainty remains regarding which synthetic strategies optimize both performance and 

environmental sustainability, largely due to the limited availability of systematic 

comparative data on the environmental impacts of alternative synthesis routes [225]. 

Several stages of nanomaterial production have been identified as environmentally 

relevant or impact-intensive [226], and previous investigations indicate that the choice of 

reagents, solvent systems, and energy inputs can disproportionately contribute to the 

life-cycle environmental burden of nanomaterials [221, 222]. Consequently, large-scale 

or industrial synthesis routes must be carefully evaluated to ensure that improvements 

in QYFL, optical properties, or scalability are not offset by increased environmental impact 

[227]. 

In this context, LCA provides a robust, quantitative, and standardized 

methodology for assessing environmental impacts across all stages of a material’s life 

cycle, from raw material extraction through synthesis, use, and end-of-life stages [228-

230]. LCA has been successfully applied to a wide range of engineered nanomaterials, 

including TiO2 nanoparticles, silver and copper nanoparticles, carbon nanotubes, 

magnetic nanoparticles, and CDs, providing insights into environmental hotspots and 

dominant impact drivers within their production chains [157, 222, 231-242]. By enabling 

comparative evaluation of alternative synthesis pathways and the identification of key 

contributors to environmental impacts such as GHGs emissions, energy consumption, 

water use, and toxicity LCA represents a critical decision-support tool for guiding the 

development of cleaner, more sustainable, and industrially scalable nanomaterial 

synthesis strategies. 

LCA studies focusing on the synthesis of CDs have consistently identified the 

carbon precursor as one of the main contributors to the overall environmental impacts 

associated with their production [157, 227, 241]. This conclusion holds across different 

bottom-up synthesis routes and carbon sources, including widely used commercial 

precursors such as citric acid [157, 227, 241]. Since many commonly employed organic 

precursors are industrially produced chemicals, their use and/or synthesis is frequently 
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associated with high economic costs and potential risks to the environment and human 

health [243]. Consequently, the selection of the carbon precursor plays a central role in 

the development of more sustainable CDs synthesis strategies. 

1.4.6. Sustainable carbon precursors and waste valorization 

Although CDs can be synthesized from a wide range of organic molecules 

through simple solvothermal, hydrothermal, thermal, or microwave-assisted processes 

without sophisticated equipment [168, 169, 208, 244], sustainability considerations 

increasingly motivate the use of renewable and waste-derived precursors. Biomass and 

organic residues are particularly attractive due to their abundance, low cost, renewability, 

and potential for waste valorization within a circular economy framework [168, 244]. In 

fact, different researchers have already studied the fabrication of CDs from different 

types of waste and renewable carbon sources, such as fruits, biomass, residues, and 

others [200, 244-253]. Despite these promising results, CDs obtained from these carbon 

sources have been shown to present relatively low QYFL values, typically below 20% 

[200, 247, 250-252]. To overcome this limitation, strategies such as heteroatom doping 

and surface functionalization have been widely adopted, leading to substantial 

improvements in fluorescence efficiency [243, 254]. 

All following examples involve hydrothermal synthesis of CDs from various 

natural precursors, highlighting the versatility of this approach in producing fluorescent 

nanomaterials. Hydrothermally synthesized CDs from natural fruit sources have 

demonstrated variable QYFL depending on the precursor, presence of dopants, 

purification, and reaction conditions. For instance, CDs derived from pear fruit and 

watermelon juice exhibited QYFL of approximately 10%, both with purification and in the 

absence of N-dopant [247]. In contrast, CDs synthesized from Citrus aurantium and 

pineapple juices without purification and nitrogen doping achieved slightly higher QYFL 

of 13% (after 12 h reaction) and 10%, respectively [250, 251]. Other biomass-derived 

precursors, such as dwarf banana peel, fruit extracts, red onion peel, and eucalyptus 

twigs, yielded CDs with QYFL 23%, 9%, 12%, and 2-10% (without purification but in the 

presence of nitrogen dopants including ammonia, EDA, and ammonium chloride), 

respectively [200, 248, 255, 256]. Notably, CDs obtained from orange juice in 

combination with EDA reached a QYFL of 31.7% after purification, although requiring an 

extended hydrothermal treatment of 11 h [249]. These examples illustrate that a wide 

range of low-value organic wastes can serve as effective carbon sources for luminescent 

nanomaterials. 
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1.4.6.1. Corn Stover 

Among agricultural residues, corn stover (comprising the leaves, stalks, and cobs 

remaining after corn harvest) represents a particularly significant and underutilized 

biomass resource. Global corn production is currently on the order of 1 billion tons per 

year, with a harvest index between 47% and 56%, meaning that roughly half of the 

above-ground biomass remains as residue [257]. Corn stover alone can reach an 

estimated 1.66 billion tons annually worldwide, however less than 10% is currently 

utilized, with only a small fraction directed toward industrial applications [258, 259]. The 

majority of corn stover is either left unused or openly burned, leading to wasted resources 

and environmental pollution [258]. The valorization of such abundant residues as carbon 

precursors for CDs synthesis therefore represents a highly promising strategy to reduce 

waste, lower environmental impacts, and support sustainable nanomaterial production. 

Overall, LCA-based analyses clearly highlight the importance of precursor 

selection in minimizing the environmental footprint of CDs production. The use of 

abundant biomass and organic waste streams as carbon sources offers a viable pathway 

toward more sustainable CDs synthesis, particularly when integrated into well-designed 

processes that balance material performance with environmental responsibility, while 

maintaining functional optical properties required for practical applications. 

1.5. Multicolor Carbon Dots in White LEDs 

CDs have emerged as highly promising luminescent nanomaterials for WLEDs 

due to their tunable photoluminescence, low toxicity, and excellent optical stability. In 

WLED architectures, CDs function primarily as down-conversion phosphors: upon 

excitation by UV or blue LED chips, they efficiently convert high-energy photons into 

visible light (Figure 12). By employing either single-component CDs with broad emission 

spectra or blends of CDs emitting in complementary regions (e.g., blue, green, and red), 

a continuous emission across the visible spectrum can be achieved, enabling the 

generation of high-quality white light with superior CRI and tunable CCT [260]. 
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Figure 12. Schematic representation of WLEDs using multicolor CDs. 

For device integration, CDs are typically embedded within optically transparent 

polymeric matrices, such as polyvinylpyrrolidone (PVP) or polymethyl methacrylate 

(PMMA), which provide uniform dispersion, mechanical stability, and enhanced spectral 

homogeneity. Optimization of the excitation wavelength, emission balance, and matrix-

CDs interactions is critical to maximize luminous efficacy and spectral characteristics. 

Multicolor CDs-based WLEDs have been reported to exhibit CRIs exceeding 90, while 

single-component systems with broad emission spectra can simplify device fabrication 

and reduce inter-component spectral gaps [261, 262]. 

Recent studies demonstrate that WLEDs incorporating CDs can achieve both 

high luminous efficiency and spectral quality, highlighting their potential as sustainable 

alternatives to conventional rare-earth phosphors and heavy-metal quantum dots. 

Ongoing challenges include improving long-term operational stability under continuous 

electroluminescence and enhancing photon conversion efficiency, which remain a 

central objective in the development of high-performance solid-state lighting devices 

[263]. 

Therefore, the integration of CDs into WLEDs presents a promising strategy for 

the development of high-efficiency, environmentally friendly solid-state lighting, 

warranting further investigation into their optical performance and device stability. 
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1.6. Objectives 

The transition towards more sustainable energy systems requires not only 

improvements in energy efficiency but also the development of materials and processes 

with reduced environmental footprints. In this context, CDs have emerged as promising 

luminescent nanomaterials due to their tunable photoluminescence, chemical stability, 

and potential for synthesis from abundant and renewable carbon sources, including 

organic waste. 

Despite their growing relevance, important challenges remain regarding the 

environmental sustainability of CDs synthesis routes and the understanding of how 

synthesis parameters and precursor chemistry influence their optical performance. Many 

reported fabrication strategies rely on energy-intensive conditions, complex processing 

steps, or poorly understood structure-property relationships, limiting their scalability and 

sustainable implementation. 

The overall objective of this PhD thesis is to investigate CDs as sustainable 

luminescent materials for potential application in WLEDs technologies by integrating 

LCA, green synthesis strategies, and fundamental studies of photoluminescence 

modulation. 

To achieve this goal, the thesis addresses the following specific objectives: 

I. To perform a life cycle assessment-based comparison of conventional 

and high-yield bottom-up synthesis routes for CDs, identifying 

environmental hotspots and evaluating whether increased synthesis yield 

effectively translates into improved environmental performance. 

II. To develop and assess facile and environmentally benign synthesis 

strategies for producing brightly fluorescent CDs from waste-derived 

carbon sources, focusing on the role of precursor selection and synthesis 

conditions in achieving high photoluminescence efficiency. 

III. To elucidate the influence of sulfur-containing precursors on the 

photoluminescent behavior of nitrogen- and nitrogen/sulfur-modified CDs, 

clarifying the mechanisms underlying fluorescence modulation, 

particularly the relative roles of surface oxidation and heteroatom 

incorporation.  
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1.7. Scope of the Thesis 

This thesis focuses on the sustainability-oriented development and analysis of 

CDs as luminescent nanomaterials, integrating environmental assessment, green 

synthesis, and photophysical investigation. The scope is deliberately limited to bottom-

up approaches, with particular emphasis on routes compatible with mild conditions, 

reduced energy demand, and the use of renewable or waste-derived carbon precursors. 

From an environmental perspective, the work adopts a life cycle thinking 

approach, using LCA to evaluate synthesis-related impacts and to identify key 

parameters governing the environmental performance of CDs production. The scope of 

the LCA is restricted to the synthesis stage and associated end-of-life scenarios, as 

downstream device integration is beyond the boundaries of this study. 

From a materials science perspective, the thesis addresses the relationship 

between precursor chemistry, surface structure, and photoluminescent behavior, with 

particular attention to nitrogen- and sulfur-related effects. The work aims to elucidate 

fluorescence modulation mechanisms rather than to maximize device-level performance. 

While the potential application of CDs in WLEDs technologies motivates this 

research, the thesis does not include the fabrication or optimization of complete WLED 

devices. Instead, it provides the environmental, synthetic, and photophysical foundations 

necessary to support future integration of CDs into lighting systems. 

Accordingly, the scope of this thesis is confined to establishing design principles 

for sustainable and high-performance CDs, balancing material functionality with 

environmental responsibility, rather than addressing large-scale manufacturing or 

commercial deployment. 
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2. Life Cycle Assessment as a pathway to 

sustainable Carbon Dots synthesis 

2.1. Article I: Life Cycle Assessment-Based Comparative Study 

between High-Yield and “Standard” Bottom-Up Procedures for the 

Fabrication of Carbon Dots 

Sónia Fernandes, Joaquim C. G. Esteves da Silva, and Luís Pinto da Silva 

2.1.1. Contextualization and author contributions 

CDs are widely synthesized through bottom-up approaches, including 

hydrothermal, microwave-assisted, and thermal treatments of small organic precursors 

[157, 168, 244, 264]. These methods are popular due to their simplicity and versatility; 

however, they generally exhibit low material efficiency, with synthesis yields often below 

10 wt.% [157, 264]. Such low yields raise concerns regarding resource utilization, 

scalability, and environmental sustainability. 

To overcome these limitations, several strategies have been developed to 

achieve higher yields. Representative approaches include salt-assisted thermal 

treatments and multi-step processes, such as the hydrothermal conversion of biomass-

derived hydrochar followed by oxidative processing to obtain CDs, with reported yields 

ranging from 20-40 wt.% [264, 265]. Comparative studies suggest that these high-yield 

strategies can improve material efficiency, although potential environmental trade-offs 

remain [226]. 

Nevertheless, higher yields do not automatically translate into better 

environmental performance. High-yield routes often require longer reaction times, higher 

energy input, and additional chemical reagents, increasing process complexity. Previous 

LCA studies on nanomaterials have consistently shown that synthesis-related inputs, 

particularly energy demand and chemical use, tend to dominate overall environmental 

impacts, potentially offsetting the benefits associated with improved material efficiency 

[221, 222, 226, 227]. 

Within this context, this work [224] systematically evaluates the environmental 

sustainability of six representative CDs synthesis routes, encompassing both 

conventional bottom-up methods (hydrothermal, microwave-assisted, and thermal) and 

high-yield multi-step strategies [157, 168, 226, 244, 264, 265]. Multiple life cycle impact 

assessment (LCIA) methodologies (ReCiPe, Greenhouse Gas Protocol, AWARE, and 
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USEtox) were applied to capture a broad range of environmental impact categories and 

critically assess the trade-offs between synthesis yield, process complexity, and 

environmental performance. 

I developed the comparative LCA framework, establishing the system boundaries 

and functional unit, and compiled and analysed the corresponding life cycle inventory 

data. The results were interpreted with particular emphasis on the relationship between 

synthesis yield and environmental impacts, under the supervision of Professor Dr. Luís 

Pinto da Silva. I also prepared the initial manuscript draft, which was subsequently 

reviewed and refined by Professor Dr. Luís Pinto da Silva and Professor Dr. Joaquim C. 

G. Esteves da Silva. 
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2.1.2. Supporting Information 
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2.1.3. Conclusion 

This study presents a comparative LCA of six representative synthesis routes for 

CDs, enabling a systematic evaluation of high-yield and conventional bottom-up 

fabrication strategies. Adopting a cradle-to-grave perspective and a mass-based 

functional unit of 1 kg of produced CDs, the analysis provides a detailed understanding 

of the environmental trade-offs associated with synthesis yield, energy demand, and 

process complexity. 

The results demonstrate that synthesis yield alone is not a reliable indicator of 

environmental sustainability in CDs production. While high-yield strategies enhance 

material efficiency, their potential benefits are frequently offset by higher energy 

consumption, longer reaction times, and increased use of chemical reagents. Across 

most impact categories, energy and carbon precursor were identified as the dominant 

contributors to the overall environmental footprint. 

Evaluation using the ReCiPe, Greenhouse Gas Protocol, and USEtox methods, 

the microwave-assisted synthesis based on citric acid and urea (CD-5) consistently 

exhibited the lowest overall environmental impacts, while the hydrothermal route with 

very low yield (CD-4) was associated with the highest impacts. Although the high-yield 

synthesis route (CD-1) significantly reduced environmental burdens when compared to 

low-yield hydrothermal synthesis, it did not systematically outperform simpler “standard” 

bottom-up approaches that combine moderate-to-high yields with lower energy 

requirements. 

End-of-life scenarios, including incineration and landfill disposal, contributed only 

marginally to the total impacts, indicating that sustainability improvements should 

primarily focus on the synthesis stage. Interestingly, the AWARE method highlighted a 

different trend, identifying the high-yield route as the most favorable regarding water 

deprivation potential. This result underscores the importance of assessing multiple 

environmental dimensions, as conclusions on sustainability may vary depending on the 

selected impact category. 

Consistently with these results, a previous study [227] has also shown that 

increased yields do not necessarily reduce environmental impacts, with precursor 

selection, energy consumption, and process complexity remaining key drivers of 

environmental performance. 

Overall, these results emphasize the importance of a life cycle perspective when 

evaluating CDs synthesis strategies. Sustainability claims based solely on yield may be 
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misleading, and integrated assessments that consider both material efficiency and 

process-related environmental burdens are essential for informed decision-making. This 

work establishes a methodological and empirical foundation for subsequent studies in 

this thesis, which further explore sustainable synthesis pathways, precursor selection, 

and design strategies for CDs targeting lighting applications. In line with these findings, 

complementary work (Appendix 1) has further explored the environmental performance 

of waste-derived CDs, reinforcing the importance of precursor selection and process 

design in shaping the sustainability profile of CDs production. 

In conclusion, higher synthesis yields do not inherently lead to improved 

environmental performance. In many cases, the increased energy demand and process 

complexity associated with high-yield strategies offset the advantages of enhanced 

material efficiency. Consequently, relatively simple bottom-up routes that achieve 

moderate-to-high yields while maintaining manageable energy and reagent 

requirements may offer the most environmentally balanced options for CDs production, 

although the optimal choice ultimately depends on the specific objectives and conditions 

of the production process. 
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3. Conversion of organic waste into multicolor 

CDs 

3.1. Article II: Development of a Facile and Green Synthesis 

Strategy for Brightly Fluorescent Carbon Dots from Various Waste 

Materials 

Sónia Fernandes, Manuel Algarra, Antonio Gil, Joaquim Esteves da Silva, and Luís Pinto 

da Silva 

3.1.1. Contextualization and author contributions 

CDs have emerged as a versatile class of carbon-based nanomaterials due to 

their tunable photoluminescence, high photostability, low toxicity, and broad applicability 

in sensing, bioimaging, optoelectronics, and lighting-related technologies [101, 177, 

178]. These properties, combined with their potential for synthesis from abundant and 

renewable carbon sources, make CDs particularly attractive within the framework of 

sustainable nanomaterials development. 

In recent years, increasing attention has been directed toward the use of biomass 

residues and organic waste as carbon precursors for CDs synthesis, aiming to reduce 

environmental impacts while promoting waste valorization within a circular economy 

perspective [243, 244, 264]. However, the heterogeneous composition of waste-derived 

feedstocks often leads to significant variability in the optical properties of the resulting 

CDs. In particular, waste-based CDs frequently exhibit limited fluorescence quantum 

yields (QYFL), restricting their use in high-performance optical applications. 

Against this background, the central objective of this work [116] was to develop 

a generic, reproducible, and environmentally responsible synthesis strategy capable of 

converting a wide range of organic waste materials into brightly fluorescent CDs with 

QYFL values exceeding 20%. Achieving high photoluminescence efficiency while 

maintaining sustainability constraints remains a major challenge, as improvements in 

emission intensity are often associated with harsher reaction conditions, increased 

energy consumption, or more complex multistep procedures. 

To address this challenge, a facile and green hydrothermal synthesis route was 

developed, combining waste-derived carbon sources with citric acid as a co-carbon 

precursor and ethylenediamine as a nitrogen dopant. This approach enables controlled 

carbonization, nitrogen incorporation, and surface passivation under mild reaction 



FCUP 
Organic Waste into Multicolor Carbon Quantum Dots (CQDs) for use in Energy Efficient White LEDs 

(WLEDs) 

82 

 
conditions, while preserving a high degree of flexibility with respect to precursor 

selection. Importantly, the procedure was designed to be broadly applicable to different 

waste streams, rather than optimized for a single feedstock, thereby supporting the 

development of a versatile and scalable synthesis platform. 

Within the scope of this thesis, this study complements the life cycle-oriented 

assessment presented in the previous work (Article I) by highlighting precursor selection 

and waste valorization as critical design parameters for sustainable CDs synthesis. In 

combination, these studies aim to contribute to the development of CDs that reconcile 

high optical performance with environmentally responsible fabrication strategies. 

I was responsible for the synthesis of all CDs and for the optical characterization, 

LCA, and data analysis associated with this study, under the supervision of Professor 

Dr. Luís Pinto da Silva. X-ray photoelectron spectroscopy (XPS) and X-ray diffraction 

(XRD) analyses were performed by the research group of Dr. Manuel Algarra (University 

of Malaga). Atomic force microscopy (AFM) measurements were conducted at CEMUP 

(Materials Centre of the University of Porto), while Fourier-Transform Infrared 

spectroscopy (FT-IR) and zeta potential measurements were carried out by me in 

collaboration with the laboratory Lab&Services (Chemistry and Biochemistry Department 

of the Faculty of Sciences of Porto University) team, particularly Cláudia Alves. 

The interpretation and discussion of all experimental results, including structural, 

chemical, optical, and environmental data, were carried out by me under the supervision 

of Professor Dr. Luís Pinto da Silva. I prepared the initial manuscript draft, which was 

subsequently reviewed and refined by Professor Dr. Luís Pinto da Silva, Professor Dr. 

Joaquim C. G. Esteves da Silva, Dr. Manuel Algarra, and Dr. Antonio Gil. 
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3.1.2. Supporting Information 
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3.1.3. Conclusion 

This study demonstrates that brightly fluorescent CDs can be successfully 

synthesized through a simple, scalable, and environmentally benign hydrothermal route 

using a variety of organic waste materials as carbon precursors. The combined use of 

citric acid and ethylenediamine enabled consistent nitrogen incorporation and effective 

surface passivation, leading to enhanced photoluminescence despite the intrinsic 

compositional variability of waste-derived feedstocks. 

The results confirm that waste valorization can be effectively integrated into CDs 

synthesis without compromising optical performance, supporting the feasibility of 

transforming low-value residues into functional luminescent nanomaterials. This 

outcome highlights the potential of waste-derived precursors as viable alternatives to 

conventional molecular sources, in alignment with green chemistry principles and 

circular economy strategies. 

Within the context of this thesis, this work provides an experimental complement 

to the life cycle-oriented analysis presented in Article I. While LCA emphasizes the role 

of energy demand and process complexity in determining environmental impacts, the 

findings reported here demonstrate that precursor sustainability and feedstock selection 

are equally critical factors in shaping the overall sustainability profile of CDs production. 

Comprehensive structural, chemical, and optical characterization confirmed that 

high photoluminescence efficiency can be achieved under mild reaction conditions, 

without reliance on energy-intensive or chemically aggressive synthesis routes. 

Moreover, the systematic evaluation of different waste precursors provided insight into 

the relationship between precursor chemistry, synthesis conditions, and photophysical 

behavior, contributing to a deeper understanding of structure-property relationships in 

CDs. 

Beyond lighting-oriented applications, related work (Appendix 2) has 

demonstrated the potential of waste-derived CDs for advanced biomedical applications, 

highlighting the versatility and functional relevance of sustainably synthesized CDs. 

Overall, this work shows that simple and green synthetic strategies can deliver 

CDs with competitive fluorescence performance, while maintaining environmental 

responsibility. These findings support the development of scalable and sustainable 

production routes for functional carbon-based nanomaterials and provide a solid 

foundation for the rational design of environmentally conscious CDs synthesis strategies. 
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3.2. Exploratory studies on emission modulation of waste-derived 

Carbon Dots 

Beyond the synthesis strategy presented in Article II (Section 3.1), several 

exploratory studies were conducted to assess the feasibility of tuning the 

photoluminescence of waste-derived CDs toward longer wavelengths. These 

investigations were motivated by the limited emission tunability observed for CDs 

synthesized from biomass precursors under mild and environmentally benign conditions. 

Initial tests indicated that partial red-shifting of the emission toward the green 

region could be achieved when hydrochloric acid was employed during synthesis, 

leading to emission maxima close to 500 nm for corn stover-derived CDs (Figure 13). 

However, these procedures suffered from practical limitations, including reproducibility 

issues and material loss during reactor cooling, and relied on acidic conditions that are 

not aligned with green chemistry principles. For these reasons, this approach was not 

pursued further. 

 

Figure 13. 2D excitation-emission contour plots (EECP) of CDs with corn stover (CS), citric acid (CA), ethylenediamine 
(EDA) and HCl solution. (A) 0.35M HCl and (B) 0.40M HCl. 

Subsequently, alternative strategies were explored, focusing on parameters more 

compatible with sustainable synthesis. These investigations focused on strategies 

commonly reported in the literature included variations in solvent environment, reaction 

time, and precursor composition, as well as the use of different lignocellulosic residues 

and biomass pre-treatments. Despite these efforts, the resulting CDs consistently 

exhibited blue photoluminescence, indicating a strong tendency for waste-derived CDs 

to favor blue-emissive surface states. 

Notably, green emission was only observed when replicating a literature-reported 

synthesis that employed molecular precursors rather than biomass-derived feedstocks 

[131]. Although the emission maximum differed from the reported values, this result 
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further highlighted the contrast between conventional precursors and complex waste 

materials in controlling emission wavelength. 

Collectively, these exploratory studies demonstrate that achieving long-

wavelength emission from waste-derived CDs under sustainable synthesis conditions 

remains challenging. Importantly, these findings directly motivated the focused 

investigation of heteroatom chemistry, particularly the role of sulfur-containing 

precursors, which is addressed in Chapter 4 to elucidate the mechanisms governing 

photoluminescence modulation. 
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4. Heteroatom doping, influence of Sulfur in 

doped CDs 

4.1. Article III: Insights into the role of common sulfur precursors in 

hydrothermally synthesized N,S-doped Carbon Dots: Fluorescence 

modulation via surface oxidation rather than sulfur doping  

Sónia Fernandes, Manuel Algarra, Ana T.S.C. Brandão, Antonio Gil, Carlos M. Pereira, 

Joaquim C.G. Esteves da Silva and Luís Pinto da Silva 

4.1.1. Contextualization and author contributions 

Heteroatom doping is widely employed to tailor the photoluminescent properties 

of CDs, with nitrogen and sulfur among the most frequently explored elements due to 

their ability to modify the electronic structure, surface chemistry, and radiative 

recombination pathways of carbon-based nanomaterials [182, 184, 208, 266]. Although 

numerous studies report enhanced QYFL upon heteroatom incorporation, the 

mechanistic origin of these improvements remains under debate, particularly regarding 

the distinction between effective lattice doping and surface-related or precursor-induced 

chemical modifications [182, 184]. 

The investigation of sulfur-containing precursors emerged from earlier 

observations in this thesis, where attempts to modulate emission color through waste-

derived carbon sources consistently resulted in blue-emissive CDs, in contrast with 

several reports in literature. These observations highlighted the limitations of precursor-

based emission tuning and motivated a focused mechanistic study on the role of 

heteroatom chemistry in fluorescence modulation. 

Sulfur-containing precursors are commonly employed in combination with 

nitrogen sources to produce N,S-modified CDs, often under the assumption that sulfur 

atoms are incorporated into the carbon framework and directly contribute to 

photoluminescence enhancement [176, 247, 267]. However, increasing evidence 

suggests that certain sulfur precursors may primarily act as oxidizing or surface-

modifying agents rather than as true dopants, influencing surface states and non-

radiative recombination pathways without significant sulfur incorporation into the carbon 

core [244, 268]. 

Within this context, the present work systematically investigates the influence of 

sulfur-containing precursors on the structural and photophysical properties of nitrogen-



FCUP 
Organic Waste into Multicolor Carbon Quantum Dots (CQDs) for use in Energy Efficient White LEDs 

(WLEDs) 

117 

 
modified CDs. By comparing N-CDs and N,S-CDs synthesized under identical 

hydrothermal conditions, this study aims to clarify whether the observed changes in 

photoluminescence originate from genuine sulfur doping or from indirect effects 

associated with surface oxidation and defect formation. A comprehensive set of optical, 

structural, and surface-sensitive characterization techniques is employed to establish 

robust structure-property relationships and to provide a critical assessment of sulfur-

based heteroatom modification strategies in CDs synthesis. 

I conducted all CDs syntheses and was responsible for the optical 

characterization, including fluorescence quenching, photostability, and solvent-

dependent emission studies, as well as data analysis and interpretation, under the 

supervision of Professor Dr. Luís Pinto da Silva. XPS and XRD analyses were performed 

by the research group of Dr. Manuel Algarra. AFM measurements were carried out by 

the research team of Professor Dr. Carlos Pereira, namely Dr. Ana Brandão. FT-IR, 

dynamic light scattering (DLS), and zeta potential measurements were conducted in 

collaboration with the Lab&Services team, while electron paramagnetic resonance 

(EPR) measurements were performed at CEMUP. 

The interpretation and discussion of the structural, chemical, and optical results 

were carried out by me under the supervision of Professor Dr. Luís Pinto da Silva. I 

prepared the initial manuscript draft in collaboration with Dr. Manuel Algarra, which was 

subsequently reviewed and revised by all co-authors. 
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4.1.2. Supporting Information 
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4.1.3. Conclusions 

This study provides a critical assessment of the role of sulfur-containing 

precursors in the synthesis of nitrogen- and nitrogen/sulfur-modified CDs, offering new 

insights into the mechanisms governing their photoluminescent behavior. Contrary to the 

common assumption that sulfur precursors directly enhance fluorescence through 

effective heteroatom incorporation, the results demonstrate that the inclusion of sodium 

thiosulfate leads to a significant reduction in QYFL, despite preserving the emission profile 

and excitation-dependent behavior. 

Comprehensive structural and surface analyses reveal that sulfur incorporation 

into the carbon framework is minimal, while the surface oxygen content increases 

markedly in N,S-CDs. These findings indicate that the sulfur precursor primarily acts as 

an oxidizing agent, promoting the formation of oxygen-related surface defects that 

introduce non-radiative recombination pathways. As a result, the reduced 

photoluminescence efficiency is attributed to surface oxidation effects rather than to 

successful sulfur doping. 

By distinguishing between true heteroatom doping and precursor-induced 

surface modification, this work highlights the need for caution when interpreting 

fluorescence enhancement claims based solely on the use of heteroatom-containing 

precursors. More broadly, the findings emphasize the importance of mechanistic 

understanding and comprehensive characterization in the rational design of CDs with 

controlled optical properties. Within the scope of this thesis, this work complements the 

preceding studies by deepening the understanding of structure-property relationships in 

CDs and reinforcing the importance of precursor chemistry in determining photophysical 

performance. 
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5. Conclusions and future perspectives 

5.1. Conclusions 

This thesis investigated CDs as sustainable luminescent nanomaterials by 

integrating LCA, green synthesis strategies, and fundamental studies of 

photoluminescence modulation. The work was developed within the broader context of 

climate change mitigation, energy efficiency, and responsible resource utilization, with a 

particular focus on bottom-up synthesis approaches compatible with environmentally 

benign conditions. 

The LCA conducted in this thesis demonstrated that higher synthesis yields do 

not inherently correspond to improved environmental performance. While high-yield 

routes enhance material efficiency, their benefits are frequently counterbalanced by 

increased energy demand, longer reaction times, and additional chemical inputs. Simpler 

bottom-up approaches, combining moderate-to-high yields with lower process 

complexity, were identified as more balanced and environmentally favorable options. 

These results emphasize the necessity of adopting a life cycle perspective when 

evaluating the sustainability of nanomaterial synthesis routes. 

From a materials development perspective, this thesis showed that waste-

derived carbon sources can be successfully employed to produce brightly fluorescent 

CDs through facile and green hydrothermal strategy. The incorporation of organic 

residues, combined with controlled nitrogen doping and surface passivation, enabled the 

production of CDs with high photoluminescence efficiencies while maintaining synthesis 

simplicity and environmental compatibility. These findings support the feasibility of waste 

valorization as a viable pathway for sustainable CDs production. 

Despite systematic efforts to tune the emission toward longer wavelengths, the 

incorporation of waste-derived precursors consistently resulted in blue-emissive CDs 

under the explored synthesis conditions. This behavior highlights intrinsic constraints 

associated with the complex and heterogeneous nature of waste feedstocks, which tend 

to favor the formation of high-energy emissive surface states. Rather than representing 

a limitation of the approach, this observation provides valuable insight into the dominant 

role of precursor chemistry and surface-state formation in governing CDs 

photoluminescence. 

This challenge directly motivated a focused investigation into the role of 

heteroatom chemistry in fluorescence modulation. The study of sulfur-containing 

precursors revealed that emission tuning in N,S-CDs is primarily governed by surface 
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oxidation processes rather than by sulfur incorporation into the carbon core. This 

mechanistic insight helps reconcile discrepancies in the literature regarding sulfur doping 

and clarifies the pathways through which photoluminescence modulation occurs in CDs. 

Overall, the results of this thesis demonstrate that sustainable CDs design 

requires a careful balance between environmental performance, precursor selection, and 

control over surface chemistry. By combining LCA with experimental synthesis and 

photophysical analysis, this work establishes a comprehensive framework for the rational 

development of environmentally responsible and optically functional CDs. 
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5.2. Future Perspectives 

The findings of this thesis open several paths for future research aimed at 

advancing the sustainable development and application of CDs. In particular, achieving 

controlled green and red emission from waste-derived CDs remains an open challenge. 

Future studies should explore alternative strategies such as precursor pre-treatment, 

decoupling carbonization and surface-state formation, post-synthetic surface 

engineering, or hybrid approaches that combine waste-derived carbons with molecular 

emissive centers. 

Further integration of LCA into early-stage material design could support the 

development of synthesis routes that simultaneously optimize optical performance and 

environmental sustainability. Expanding LCA to include scale-up scenarios and device-

level integration would provide additional insight into the real-world impacts of CDs-

based technologies. 

From a fundamental perspective, advanced spectroscopic and theoretical studies 

could further elucidate the interplay between surface oxidation, heteroatom chemistry, 

and emissive states. Such efforts would contribute to resolving remaining ambiguities in 

the structure-property relationships governing CDs photoluminescence. 

Finally, while this thesis focused on material-level design, the integration of 

sustainably synthesized CDs into WLEDs devices represents a natural continuation of 

this work. The design principles established here provide a solid foundation for future 

research targeting the development of efficient, environmentally responsible lighting 

technologies based on CDs. 
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Appendix 1 

A1.1. Article IV: Nitrogen doped carbon dots as a photocatalyst 

based on biomass. A life cycle assessment 

Gabriela Rodríguez-Carballo, Ramón Moreno-Tost, Sónia Fernandes, Joaquim C. G. 
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