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Abstract: Biomass-derived carbon dots (CDs) are gaining much interest in recent times as it is a sustainable
option with abundant availability, low cost, and tunable luminescence. Herein, we report a simple green
synthesis method to produce highly fluorescent CDs from Eucalyptus globulus leaves using the one-pot
hydrothermal approach. The fabricated CDs exhibit strong blue fluorescence with an excitation and emission
maxima of 340 nm and 442 nm respectively. The highest quantum yield (QY) obtained was 60.7%. Due to its
promising optical properties and biocompatibility, CDs can be a potential candidate for biosensing
applications. Moreover, we employed a life cycle assessment (LCA) cradle-to-gate approach to study the
environmental impacts of the synthesis strategy used for the fabrication of CDs. The results point out that citric
acid is a main hotspot in CDs synthesis, regarding environmental impacts in most categories. This justifies the
introduction of biomass, which reduces the amount of citric acid, thus leading to a more sustainable synthesis
strategy for fabricating CDs.

Keywords: carbon dots; green synthesis; biomass; eucalyptus leaves; high quantum yield; life cycle assessment

1. Introduction

CDs are fluorescent spherical carbon nanomaterials with particle size typically less than 10 nm,
discovered in 2004 by Xu et al. [1] and named in 2006 by Sun et al. [2]. They possess excellent
properties such as adjustable emission wavelength, easy surface modification, low cytotoxicity, good
biocompatibility, photostability and excellent water stability, among others [3]. Multiple methods are
available for the synthesis of CDs and are mainly classified into two main synthesis routes: Top-down
and Bottom-up methods [4]. Top-down approaches involve the exfoliation of large pure carbon
compounds like carbon black, carbon nanotubes or graphite into nanoscale CDs. These methods are
relatively expensive and require complex steps and harsh experimental conditions [3]. Laser ablation
[5], electrochemical oxidation [6], chemical oxidation [7], etc, are examples of top-down methods. The
bottom-up approaches like hydrothermal method [8], microwave-assisted methods [9], solvothermal
methods [10], pyrolysis [11], etc, convert small organic molecules or biological carbon materials like
biomass waste or plant and animal products into carbon dots via carbonization and passivation [3].
The bottom-up methods are thus more advantageous in the sense that they are cost effective,
environment friendly, and simple surface modification can be achieved in one-pot [12].

CDs synthesized from biomass are nowadays becoming one of the research hotspots in
application fields such as sensing [13], imaging [14], drug delivery [15], photocatalysis [16] etc, due
to various advantages including easy availability of carbon source, simplicity in preparation and
feasibility of large-scale production. Biomass waste is a natural organic carbon source mainly
composed of cellulose, hemicellulose, lignin, ash, proteins, etc, [3]. For example, in the case of plant
biomass, cellulose accounts for 30-60%, hemicellulose 20-40% and lignin 15-25% [17]. Hence, it is
useful to utilize biomass waste as raw materials to produce CDs. Another important aspect about
CDs from biomass waste is the possibility of self-passivation during the synthetic process itself due
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to the presence of heteroatoms containing compounds which can act as self-passivating agents [3].
Examples of biomass derived CDs reported in literature are from sources like spent coffee grounds
[18], green tea leaf [19], Pyrus pyrifolia fruit [20], papaya waste pulp [21], banana peel [22], willow
catkin [23], Chionantus retusus fruit extract [24], bamboo leaf [25], orange juice [26], Seville orange
[27], starch fermentation wastewater [28], mango peel [29], among others.

Haghani ef al used eucalyptus leaves for the first time as carbon dots precursor for an optical
sensor application based on molecular imprinting technique [30]. Eucalyptus globulus is the main
eucalyptus species cultivated in Portugal and is characterized by high productivity [31]. Due to its
richness in hydrocarbon groups and abundant availability, Eucalyptus leaves can be an excellent
choice as the carbon precursor for CDs synthesis [32]. However, the most common precursors used
for the preparation of CDs are citric acid as carbon source and amine containing molecules as the
nitrogen source, as nitrogen doping is indicated to be an efficient strategy to enhance
photoluminescence [33-35]. In this paper, we discuss the green synthesis of nitrogen doped CDs
based on Eucalyptus globulus leaves and citric acid with high quantum yield. We also evaluate the
environmental impacts of the synthesis strategy using the LCA approach.

LCA is an important tool for sustainable development. As the name indicates, LCA is a
methodology for the systematic analysis of the potential environmental impacts of a product (or
service) during their entire life cycle from cradle to grave, ie; raw material extraction, transportation,
production, distribution, use, and end of life phases [36]. LCA studies have been already employed
to study the environmental impacts of CDs like for the comparative study of different bottom-up
procedures for the fabrication of CDs [37-39]. With this study, we expect to identify the most critical
parameters giving rise to environmental impacts. Given this, we expect to provide a basis for future
studies to design a cleaner strategy for the high-yield production of CDs.

2. Materials and Methods

2.1. Materials

Eucalyptus leaves (Eucalyptus globulus) were collected from local plantations in Portugal. Citric
acid (anhydrous, 299.5%) and Ethylenediamine (299%) were purchased from Sigma-Aldrich (St.
Louis, MO, USA). Quinine sulphate dihydrate from VWR Chemicals BDH®, (Leuven, Belgium) and
Sulphuric acid from Merck were used for QY calculations. The dialysis membranes with molecular
weight cut-off 1000 Da were from Float-A-Lyzer®G2 Dialysis Device SPECTRUM® (New Brunswick,
NJ, USA).

2.2. Instrumentation

Fluorescence spectra were obtained in a standard 10 mm fluorescence quartz cell and collected
in Horiba Jobin Yvon Fluoromax-4 spectrofluorometer. The absorption measurements were made
with Jasco V-760 UV- visible spectrophotometer. Attenuated total reflectance - Fourier Transform
Infrared Spectroscopy (ATR-FTIR) measurements were performed in the range of 600 — 4000 cm!
using spectrophotometer Bruker FT-IR System Tensor 27 with diamond ATR crystal. The pH of the
buffer solution was adjusted using a pH meter. Atomic force microscopy (AFM) analysis was carried
out using Veeco Metrology Multimode/Nanoscope IVA by tapping mode, using a Bruker silicon
probe (model TESP-SS, resonant frequency 320 kHz, nominal force constant 42 N/m, estimated tip
radius 2 nm). X-ray diffraction (XRD) analysis was performed by SmartLab Rigaku Diffractometer
(Cu-Ka radiation) with a 6=20 scanning equipment and using the Bragg Brentano (BB) geometry.
Raman spectrum was measured with a Renishaw inVia Raman microscope coupled with 633 nm 17
mW (He-Ne) and 785 nm 300 mW (diode) lasers.

2.3. Preparation of CDs

Eucalyptus leaves were used as the main carbon source and ethylenediamine as the nitrogen
dopant in a single step hydrothermal method for the synthesis of carbon dots as illustrated in the
Figure 1. Firstly, Eucalyptus leaves were carefully rinsed with distilled water to remove any
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contamination or dirt and then dried at room temperature. Next, it was milled to obtain a fine powder
of 112 um size.

Washing, Drying Citric acid + N s:urce . ' Filtration . .
>
Milling Water Dialysis ~ O
ve
Eucalyptus leaves Hydrothermal Method CDs

Figure 1. Schematic representation of synthesis of CDs from Eucalyptus leaves.

The optimum proportion of the reagents (eucalyptus power, citric acid and ethylenediamine)
and experimental factors (temperature and time) to obtain the highest quantum yield (QY) was
obtained using a multivariate experimental design strategy using Unscramble Design v9.6 (CAMO
Software AS, Oslo, Norway) using a sequence of designs.

The optimum experimental factors were: 1 g of powdered eucalyptus leaves and 1 g of citric acid
were added to 40 mL of distilled water; followed by the addition of 863 uL of ethylenediamine;
adjusting the pH to 9.5; the mixture was transferred into the stainless-steel autoclave and kept in a
hot air oven at 180°C for 24 hrs. As a result, a dark brown solution was obtained. After that it was
centrifuged at 6000 rpm for 30 min to remove larger particles and non-fluorescent particles. A clear
brown coloured solution is collected and filtered using 0.45 um membrane filter paper. The product
was purified by using dialysis bags of MWCO 1000 Da for about 48 hrs. The purified CDs obtained
are then lyophilized in a freeze dryer for 48 hrs to produce brownish powder form and stored at 4°C.
The average synthesis yield was calculated to be 1.95% by considering the final weight of powder
obtained relative to the initial weight of precursor(s) used in powder form.

2.4. Quantum yield measurements

Fluorescence quantum yield (QY) was calculated with a standard procedure, based on the
comparison of the integrated luminescence intensities and absorbance values of the synthesised CDs
with a reference (which depends on the emission wavelength of the sample) quinine sulphate with
the following equation:

2
QYllfLample= Qyﬁeference Gradsgmple % ZSample )
Gradgeference MReference
where Grad is the gradient from the plot of integrated fluorescence intensity versus absorbance and
the refractive index. Quinine sulphate was chosen as a reference fluorophore of known quantum

yield (QY = 0.54) [35].

2.4. Environmental impact assessment

The environmental impacts assessment associated with the synthesis of CDs was based on
inventory data from laboratory-scale synthesis procedures described on Section 2.3. The life cycle
inventory data for the foreground system of the synthesis procedure consists of different processes
and chemicals included in this study and were modelled with the following data present in the
Ecoinvent® 3.5 database (GLO standing for global, RER for regional market for Europe, and PT for
Portugal) as described in Table 1. Eucalyptus was not included in the simulation model directly
unlike the commercial reagents, electricity produced and treated water, as we are using this biomass
as an effort to reduce the amount of commercial reagents. So, our focus was on assessing the
environmental impacts associated with lowering the amount of used citric acid.
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Table 1. Data inventory used from Ecoinvent® 3.5 database.

Denomination Proposed correspondence in Ecoinvent® 3.5 database

Citric acid {GLO} | market for | Cut-off, S
Citric acid
Ethylenediamine {RER}| production | Cut-off, S

Ethylenediamine

Electricity, medium voltage {PT}| market for | Cut-off, S
Electricity

Water, deionised, from tap water, at user {Europe without
Deionized water Switzerland} | market for water, deionised, from tap

water, at user | Cut-off, S

The present LCA study is based on a cradle-to-gate approach, from the production of precursor
materials to the fabrication of CDs. Environmental impacts were modelled using the ReCiPe 2016
v1.1 midpoint method, Hierarchist version [40]. The impact potentials evaluated according to the
ReCiPe method were: global warming (GW), stratospheric ozone depletion (SOD), ionizing radiation
(IR), ozone formation-human health (OF-HH), fine particulate matter formation (FPM), ozone
formation-terrestrial ecosystem (OF-TE), terrestrial acidification (TA), freshwater eutrophication
(FE), marine eutrophication (ME), terrestrial ecotoxicity (TET), freshwater ecotoxicity (FET), marine
ecotoxicity (MET), human carcinogenic toxicity (HCT), human non-carcinogenic toxicity (HNCT),
land use (LU), mineral resource scarcity (MRS), fossil resource scarcity (FRS), water consumption
(WC). The LCA study was performed by using the SimaPro9 software.

3. Results and Discussion

3.1. Surface morphology

AFM measurements were performed to study the morphology of CDs and specially to ensure
that the particles are indeed nanosized. Figure 2(a) shows the AFM image of the CDs, and the average
particle size was determined to be 6 + 2 nm. FTIR spectroscopy was used to analyse the surface
functional groups present in the CDs. As evident from the spectrum Figure 2(b), the broad
characteristic peak around 3232 cm refers to the stretching vibrations of N-H or O-H bonds. The
absorbance band at 2927 cm indicates the C-H stretching vibration [30]. The sharp peaks at 1555 cm-
Tand 1384 cm™ correspond to the stretching vibration of the COO- and C-H groups respectively [41].
The aliphatic C-N stretching vibration is ascribed to the peak at 1264 cm . Besides, the absorption
bands ranging from 1200 to 1000 cm™ can be attributed to the C-O-C groups. The N-H deformation
vibration is observed at 831 cm™ [42]. The FTIR signals demonstrate that CDs possessed various
hydrophilic functional groups containing hydroxyl, amino, and carboxyl groups which are beneficial
to further strengthen the water solubility and fluorescent properties of the as-prepared CDs [43].
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Figure 2. (a) AFM image of CDs; (b) FTIR spectra of CDs.

To study the surface composition and electronic states of the elements present in CDs, XPS
analysis was conducted, and the results are shown in Figure 3(a). It shows three major peaks of C 1s,
N 1s and O 1s at 285, 400 and 532.4 eV respectively. Si 2s and Si 2p peaks were also present due to
the most common silica contamination and hence were not taken to account for detailed analysis. The
content of C, N and O (in %) was 67.3, 10.7 and 22 %, respectively.
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Figure 3. XPS: (a) full survey spectrum of CDs; High resolution XPS of the: (b) C 1s; (c) N 1s; and (d)
O1s.

A detailed scan was performed for the C 1s, O 1s and N 1s internal levels for deconvolution,
chemical state, and the quantitative analysis. The C 1s spectrum displays four distinct peaks at 284.9
eV (41.25 %), 286.2 eV (40.01 %), 287.8 eV (13.23 %) and 288.9 eV (5.51 %) as shown in Figure 3(b).
These peaks can be attributed to C-C / C=C bond (284.9 eV), C-N bond (286.2 eV), O-C=0 / C=N
bond (287.8 eV) and C=O bond (288.9 eV) respectively[44,45]. As given in Figure 3(c), N 1s core level
spectrum shows only one peak at 400 eV which can be ascribed to the N-H group [45]. The
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deconvolution of O 1s spectrum shown in Figure 3(d) yielded a major peak at 532.5 eV (79.56%) due
to C-O linkage, with a relatively small contribution at 531 eV (20.44%) representing C=O functional
group [46]. The results are in good agreement with FTIR results.

XRD spectra in Figure 4(a) reveals a weak broad peak around 26=249 corresponding to (002) hkl
plane (JCPDS card no. 26-1076). The interplanar distance (002) is calculated to be 0.37 nm which is
slightly higher than the graphitic interlayer spacing. XRD results show the poor crystalline nature of

CDs [47].
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Figure 4. (a) XRD spectra of CDs; (b) Raman spectra of CDs.

The Raman spectrum is shown in Figure 4(b), both spectra exhibit two broad features, at 1367
cm™ and 1585 cm™, close to the D (disorder) and G (graphite) bands, respectively. D band
corresponds the vibrations of carbon atoms with dangling bonds in the termination plane of
disordered graphite or glassy carbon, while the G band is related to E2; mode of the graphite and the
vibration of sp? bonded carbon atoms in a two-dimensional hexagonal lattice. The intensity of G band
is higher than D band indicating there are principally sp? carbons with some sp® hybrid carbons in
carbon dots [48,49]. Thus, carbon dots are mainly composed of sp? graphitic carbons with sp? carbon
defects. This indicates the amorphous nature of the synthesized CDs.

3.2. Optical properties

In the UV-Vis absorption spectrum of CD in Figure 5(a) reveals two absorption bands. The peak
at 285 nm is due to m—7t* transition of C=C bonds in sp? hybridised domain of the graphitic core,
which do not usually generate fluorescence [50,51]. However, the peak at 345 nm is attributed to n—mt*
transition of C=O, C-N or C-OH bonds in the sp? hybridised domains, which can be originated from
carboxyl (-COOH) or amine (-NH?2) groups existing on the surface of CDs. This is supposed to have
a more prominent impact on the photoluminescence properties of the CDs [52]. The fluorescence of
CDs upon the UV irradiation at 365 nm is represented in Figure 5(b). Very bright blue luminescence
was observed under the illumination of UV (365 nm) light.
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Figure 5. (a) UV-visible spectrum of CDs in aqueous solution; (b) CDs in aqueous solution before and
after UV irradiation; (c) 2D excitation-emission contour plot; (d) Excitation independent Emission
fluorescence spectra of CDs in aqueous solution.

The optical properties of the CDs were further studied using fluorescence spectrometry. From
the fluorescence 2D contour plot of CDs in Figure 5(c), the maximum excitation and emission
wavelength of CDs were found to be around 320 nm and 445 nm respectively. As indicated in Figure
5(d), the CDs clearly show an excitation independent emission throughout the range of 300-400 nm.
Usually, excitation-dependent FL behaviors of CDs reflect effects from particles of different sizes in
sample and a distribution of different surface states [53]. Clearly from the AFM image given in Figure
2(a), it is evident that there is a size distribution in the CDs. Therefore, the excitation-independent FL
behavior suggests that the FL properties of the CDs are dependent on the surface states rather than
the morphology. Hence, the surface states of the CDs should be rather uniform. Using Quinine
Sulphate as a reference (QY = 54%, Aex = 350 nm), the relative quantum yield (QY) of CDs was
measured to be 60.7%. As compared to the QY ranging from 8.5%-31.7% for the reported CDs derived
from other biomass sources given in Table 2, Eucalyptus CDs has relatively high QY of 60.7%.

Table 2. Synthesis methods, conditions, quantum yields, maximum excitation and emission
wavelengths of various biomass derived CDs.

Biomass Synthesis QY Aex/Aem Ref

source Method Conditions (%) (nm) .

Creen tea Pyrolysis, 2hof 1489 320410 [19]
leaf oxidation

pyrolyzation
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at 350°C, 20h
of oxidation
Pyrus Hydrothermal 180°C, 10.8% 390/471 [20]
pyrifolia fruit 6h
. 2000
Carica papaya Pyrolysis 00°C, 23.7% 310/462 21]
waste pulp 15 min
Dwarf 200°C, o
banana peel Hydrothermal o4h 23% 345/445 [22]
Dried
at 80°C
Will
How Combustion and 13.3% 310/370 [23]
catkin
burned
to ashes
Chionanthus 180°C
retusus fruit Hydrothermal oh ’ 9% 340/425 [24]
extract
Bamboo leaf Calcination 3030;(:' 5.18% 313/419 [25]
. 200°C,
Orange juice Hydrothermal 11h 31.7% 360/449 [26]
Seville 130°C, o
Orange Hydrothermal 12h 13.3% 330/402 [27]
Starch 180°C
fermentation Hydrothermal 10h / 24.5% 460/518 [28]
wastewater
Pyrol}fzatlon 300°C,
Mango peel with 6h 8.5% 310/425 [29]
oxygenolysis
Eucalyptus 180°C, o This
leaves Hydrothermal oah 60.7% 320/445 work

The fluorescence lifetime analysis spectra of CDs given in Figure 6 was obtained using a
biexponential fitting. The lifetime decay of CDs fits (with a 2 = 1.24) the two-fluorophores model
giving the average lifetimes of 4.29 + 0.2 ns and 15.12 + 0.02 ns with the pre-exponential factors A =
11.4£0.2, B1 =7.41x103 + 8x10%, and B2 = 3.52x102 + 3x10~.
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Figure 6. Fluorescence lifetime analysis spectra of CDs.

3.3. Life cycle Assessment

LCA study was carried out to understand the environmental impacts of the hydrothermal
synthesis under study using a weight based functional unit of 1 kg of CDs. The method ReCiPe 2016
Midpoint, Hierarchist version was followed, and the results obtained are shown in Figure 7. The
objective of this study is not to make quantitative appreciations of the environmental impacts of each
material input, but to compare the contributions to the different impact categories of the input
involved in this synthesis.

GW SOD IR OF-HH FPM OF-TE TA FE ME TET FET MET HCT HNCT LU MRS  FRS wc

H Citric acid [ Ethylenediami O Deionised water M Electricity, medium voltage [PT]

Figure 7. Environmental impacts analysis of hydrothermally synthesized CDs with the ReCiPe 2016
Midpoint (H). Abbreviations are explained under Section 2.4.

From the results of the analysis, it is evident that citric acid is the resource with major
contributions (between 20 and 85%) when compared to other resources in almost all environmental
impact categories. The contribution of citric acid is quite higher in the categories of land use (85%)
and stratospheric ozone depletion (76.2%). The only exceptions are the categories of ionizing
radiation, marine eutrophication, and fossil resource scarcity where ethylenediamine is the major
contributor with 40, 56.9 and 39.4% respectively. After ethylenediamine, electricity is another
important resource with significant contributions up to 40.6% in most categories except marine
eutrophication (2.79%). However, deionized water does not appear to have any relevant
environmental impact, when comparing with the other resources, even in the categories related with
water consumption.

In general, the carbon precursor used for bottom-up synthesis of CDs being the main hotspot
with higher associated environmental impacts, followed by electricity being another significant
contributing parameter, is in line with the existing literature [38,39].

Based on the results of LCA, citric acid is the major hotspot in most of the environmental impact
categories evaluated in this study. It can be deduced that a more sustainable synthetic route was
adopted for the synthesis of CDs by using biomass as a precursor, as it reduced the amount used of
citric acid. Otherwise, the environmental impacts would have been expected to be relevantly higher,
by doubling the amount used for the main hotspot.
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4. Conclusion

In summary, Eucalyptus leaves have proved to be a good candidate for bioinspired preparation
of carbon dots with blue fluorescence and high quantum yield. The preparation methods are easy
and environmentally friendly. LCA studies also support the idea of inclusion of biomass in this
hydrothermal synthesis route by showing that commercial carbon precursor, citric acid, is still the
main responsible for environmental impacts. High quantum yield of around 60.7% was able to be
achieved. Since CDs exhibit good solubility in water and superior fluorescent properties, they can be
potentially explored for various applications in the fields of sensing, bioimaging, photocatalysis, drug
delivery etc.
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