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Abstract

Development of metallic and nonmetallic heteroatom doped carbon dots have gained attention due to their enhanced physicochemical
and photoluminescence properties. In this study, a facile one pot hydrothermal carbonisation approach was taken to synthesise nitrogen,
aluminum co-doped carbon dots (N/Al-CDs) with a photoluminescence quantum yield of 28.7%. Durian shell, a cellulose biomass
waste, was used as the primary carbon source and compared to previously reported cellulose based carbon dots, this study presents one
of the highest quantum yields. The structural and fluorescent properties of the synthesised N/AI-CDs were characterized through X-ray
photoelectron spectroscopy (XPS), fluorescence spectra, and Fourier transform infrared spectroscopy (FTIR). The maximum emission
was at 415 nm upon excitation at 345 nm. The synthesised N/Al-CDs were resistant to photobleaching and highly photostable within
the pH, ionic strength and temperature variations investigated. The transmission electron microscopy (TEM) images showed particles
were quasi-spherical and well dispersed with an average diameter of 10.0 nm. Further, the N/AI-CDs was developed as a fluorescence
sensor for highly selective and sensitive detection of Mn (VII) ions. A linear relationship was developed over a concentration range of
0-100 uM while the limit of detection was 46.8 nM. Application of the sensor for detection of Manganese (VII) to two real water

samples showed relative standard deviation was less than 3.9% and 1.3%, respectively.
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Introduction

Zero-dimensional Carbon nanodots (CDs) is an emerging mem-
ber to the functional nanomaterial family and it has drawn
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attention due to its low cytotoxicity, tunable photoluminescence,
chemical inertness, biocompatibility, and resistance to
photobleaching [1, 2]. Consequently, carbon dots have a wide
spectrum of potential applications such as environmental moni-
toring, photocatalysis, bioimaging, and energy storage [3—06].
Photoluminescence (PL) is a key characteristic of CDs and de-
velopments have been made to increase PL by size control, sur-
face functionalization/ passivation, and heteroatoms doping [7,
8]. Due to the facile synthesis process and the high tunability of
the CDs, heteroatoms doping with one or a combination of ni-
trogen, sulfur, boron and phosphorous doping agents is a com-
mon synthesis method in CD production [9-11]. Introduction of
atomic dopants generated n-type or p-type carriers which
changed the electronic and optical properties associated with
the HOMO-LUMO energy gap [12]. Thus, controlled doping
can greatly enhance the quantum yield. Recently metal dopants
have been used for CD production with Cu-CDs produced with
sodium citrate and cuprous chloride for Fe** sensing [13], Zn-
CDs produced with sodium citrate and zinc chloride for glucose
[14], and cholesterol and xanthine sensing using N-Cu CDs pro-
duced by hydrothermal reaction between citric acid, and copper
acetate [15], and Mn coordinated CDs for cell imaging [16].
Compared to the non-metals, the use of metals increased the
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electron density in CDs which then increased the electronic tran-
sitions for improved optical properties [17]. Further, introducing
metals to the carbon matrix elevated electronic mobility to im-
prove the physiochemical properties of CDs [14, 17].

More than 80% of the Mn’" ion used in the drinking water
treatment industry is to remove dissolved iron and manganese,
hydrogen sulfide and control taste and odour [18]. It is also
used as a bleaching agent, treatment of sewage sludge, and as
a biocide to control fungi and algae [18-20]. However, such
usage can lead to Mn'* residuals — e.g. in the drinking water
after filtration which can lead to discoloration and metallic
taste, skin irritation and gastrointestinal distress [18]. Given
the recurrent usage, various techniques have been developed
to detect Mn’* over the years. These methods are primarily
based on titration with high purity chemicals like sodium
thiosulfate/iodide and sodium oxalates in the presence of
strong acids [21, 22]. Apart from harmful chemicals, these
methods are time consuming and the accuracy of the results
are highly sensitive to the environmental conditions (e.g. pH,
temperature) [23]. Thus, there is a requirement for fast and
reliable detection methods for Mn’* and CDs are an emerging
nanomaterial that has shown a potential to sense a broad range
of analytes including cations, anions, organic molecules and
biological compounds [24]. The unique optical characteristics
of CDs have enabled to detect analytes cheaply, efficiently and
accurately even at low concentrations [25].

In this study, durian shell waste (DSW) together with urea
and aluminum nitrate were used for the first time in a facile
hydrothermal reaction to produce N/AI-CDs. DSW primarily
consists of cellulose along with other oxygen/nitrogen con-
taining compounds including carboxylic acids, phenols, esters
and amino acids [26]. It is reported that aluminum has high
affinity with oxygen functional groups to form stable chelator
complex [27] and given DSW is a rich source for oxygenated
groups, it provides anchoring sites for aluminum to incorpo-
rate into the carbon structure through oxygen groups and
thereby increase the doping efficiency leading to high
photoluminescence (PL) [28, 29]. The synthesised N/Al-
CDs were highly fluorescent with a quantum yield (QY) of
28.7% whilst the QY of metal free N-CDs was only 10.4%. PL
of the N-Al co-doped DSW based CDs was much higher than
values previously reported for cellulose based CDs where the
QYs were 7.6% for corn stalks [30], 6.9% for pomelo peels
[31] and 9.2% for wheat straw [32]. The values in this study
are comparable with Zn doped sodium citrate CDs and Gd-
ethanediamine doped citrate acid which had QYs of 32.3%
and 21%, respectively [14, 33]. Considering the low PL typ-
ically shown by cellulose based CDs, the proposed method
suggested a potentially viable avenue to develop future cellu-
lose CDs.

This paper reports a facile one-step hydrothermal
carbonisation method to synthesize highly fluorescent carbon
dots from DSW by co-doping with an aluminum-nitrogen
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mix. The N/AI-CDs were characterised structurally and opti-
cally to assess the presence of dopants and their impact on the
quality of carbon dots. Finally, the N/AI-CDs were used to
develop a ratiometric sensor with a linear relationship with
Mn’* concentration. This relationship was verified using real
water samples.

Experimental Section
Materials

DSW was obtained and powdered according to ref. [26]. Urea,
LaCl;.7H,0, NaOH and NaCl were obtained from Merck Pte.
Ltd. , US. KMI’IO4, Al(NO3)3 '9H20, COC12'6H20,
CrCl;-6H,0, Pb(NO3),, ZnCl,, CuCl,-2H,O0,
Ce(NO»);°6H,0, K;,Cr,04, FeCl;-6H,0O were obtained from
Sigma-Aldrich Co. LLC, US. Quinine sulfate and
Ni(NO3),'6H,0 were purchased from Alfa Aesar, US.
MgCl,'6H,0, CaCl,-2H,0 and FeCl,-6H,O were purchased
from Sinopharm Chemical Reagent Co. Ltd., China. All the
chemicals were of analytical grade and used as received with-
out further purification.

Synthesis of N/AI-CDs

N/Al-CDs were synthesised by mixing finely ground DSW
(1 g) powder (0.22 mm mesh) with a 0.1 g Urea and 0.1 g
of Aluminum nitrate. The mixture was then placed in a 45 ml
Teflon-lined stainless steel autoclave reactor with 25 ml of
deionized (DI) water. The sealed reactor was then heated at
210 °C for 12 h. After the mixture was cooled to room tem-
perature, the CD particles were separated and purified accord-
ing to method described in Jayaweera et al. [5]. For compar-
ison, N-CDs were prepared via the same method except for
the addition of Aluminum nitrate.

Characterisation

Fourier transform infrared spectroscopy (FTIR) was per-
formed with a Bruker Tensor 27 FTIR spectrophotometer.
Elemental mappings of CDs were done with a JEOL JSM
7200F field emission scanning electron microscope (FE-
SEM). Morphology and the crystalline structures of CDs were
viewed on a JEOL 2010 transmission electron microscope
(TEM) under 200 kV. Kratos Analytical AXIS Supra photo-
electron spectrometer was used for X-ray photoelectron spec-
troscopy (XPS) measurements. Fluorescence spectral mea-
surements were performed on an Agilent Cary Eclipse
Fluorescence Spectrophotometer. Fluorescent decay curves
were obtained from a Horiba fluorolog3 spectrofluorometer
equipped with a 360 nm nanoLED. Ultraviolet-Visible (UV-
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Vis) absorption spectra were determined with an Agilent
Varian Cary 50 UV/Vis Spectrophotometer.

Quantum Yield (QY) Measurements

The QY of the CDs were determined using the relative QY
method with quinine sulfate in 0.5 M H,SO4 (QY =54%) as
the reference. Five solutions with different CD concentrations
were prepared with absorbance less than 0.05 to minimize
reabsorption. A graph was plotted relating the integrated PL
intensity at an excitation wavelength of 345 nm with the ab-
sorbance to determine the final QY according to the following
equation [5].

()
Yop=0Y,(— —
Q CD Q st ( [St A D T]St

where subscripts “CD” and “st” stands for CDs and reference
standards, respectively. “I” refers to the integrated
Photoluminescence (PL) intensity, “A” refers to the absor-
bance measured at the excitation wavelength and “n” refers
to the refractive index.

Detection of Mn”*

The sensitivity of Mn’* ions was determined by mixing 60 pL
of CD solution (125 pg/ml) with the various Mn’* ion solu-
tions with concentrations from 0 to 180 uM to reach a total
volume of 2 ml. Each assay was mixed thoroughly and kept
for 15mins at room temperature before recording the PL in-
tensity at an excitation wavelength of 345 nm. Selectivity tests
were conducted with Ca®*, Cr*, Ni**, La>*, Fe?*, Fe?*, Ce’,
Cr®, Pb**, Na*, Mg?*, Zn>*, Cu®* and Co®" ions with a metal
ion concentration of 100 uM. All measurements were per-
formed in triplicates.

Results and Discussion
Characterisation of N-Al CDs

Functional groups on the surface of N/AI-CDs and N-CDs
were characterized with ATR-FTIR as shown in Fig. 1a. The
broad absorption peak at 3310 cm™ ' corresponded to the
phenolic-OH and N-H stretching vibrations [5]. The absorp-
tion peak at 2960 cm ' and 1380 cm ™' were ascribed to the C-
H stretching and bending vibrations, respectively [34]. Peaks
at 1600 cm™' and 1450 cm ™' corresponded to the sp> C=C
bending and sp® CH, bands, respectively [30]. The vibration
band at 1050 cm ™" in the N-CDs corresponded with the C-O
bond [35]. The affinity of Al to bond with oxygen functional
groups was further corroborated when the presence of alumi-
num on the N/Al-CDs was confirmed by the bands at

1070 cm™" and 740 cm ™' which were ascribed to the Al-O-
H and Al-O bonds, respectively [36]. These hydroxyl and
nitrogen functional groups increased hydrophilicity and thus
improved the solubility of N/AI-CDs in water [37]. Raman
spectroscopy (Fig. 1b) indicated two vibrational peaks, at
1360 cm ' and 1580 cm™ !, and these were attributed to the
disorderly network of sp” carbon clusters (D) and graphitic
(G) bands, respectively [38, 39]. The spectrum was fitted with
a double Gaussian function and the integrated areas of the
respective curves were used to calculate an Ip/Ig ratio of
1.22. This suggested the synthesised N/AI-CDs had high sur-
face defects compared to the sp” hybridized graphene
structure.

Morphology and structural analysis of the CDs was per-
formed with TEM imaging as shown in Fig. 1c. The N/Al-
CDs were quasi-spherical and well separated indicating an
even aqueous distribution of CD particles in the solution.
The inset on Fig. 1c shows a structured crystallinity with a
lattice spacing of 0.24 nm correlated to (100) the in-plane
graphene structure [40]. The diameters of CDs ranged from
6 to 14 nm with an average particle size of 10 nm (Fig. 1d).
EDS elemental mapping distribution of carbon, oxygen, nitro-
gen and aluminum (Fig. 2) further indicated the elements were
evenly distributed on the CD surface.

Elemental composition of the CDs was analysed by XPS
and full scan spectrum (Fig. 3a) showed four dominant peaks
attributed to Cl1s (79.05%), Ols (16.58%), N1 s (2.71%) and
Al 2p (1.66%) indicating successful integration of aluminum
and nitrogen to the CDs. The high resolution C1S spectrum
(Fig. 3b) indicated three binding energies at 284.8, 285.78 and
288.3 eV. This corresponded to the C-C/C-H, C-O/C-N, and
C=0ONH/C=00- bonds, respectively [41, 42]. The N1 s spec-
trum (Fig. 3c) showed three peaks at 395.9, 397.5 and
399.1 eV which were attributed to the N-O, AI-N and
Pyridine N bonds, respectively [43, 44]. The binding energy
spectrum of Al 2p showed (Fig. 3d) three peaks at 73.2, 73.8
and 74.4 eV which corresponded to Al-N, Al-O and Al-OH,
respectively [45, 46]. These results are further corroborating
the FTIR results and indicate that the AI** had coordinated
with oxygen and nitrogen groups.

Optical Properties of N-Al CDs

The optical properties of the N/AI-CDs were investigated with
UV-vis absorption and fluorescence analysis. The UV absorp-
tion spectra (Fig. 4a) showed a strong peak at 264 nm and a
weak peak at 305 nm. The former peak corresponded with the
TT-70* transitions of aromatic sp” domains [47] while the weak
peak at 314 nm corresponded with the n— 7t* transition of the
C=0/C=N groups [48]. As shown in Fig. 4a inset, the N/Al-
CDs emitted a bright blue fluorescence under a 365 nm UV
light which is attributed to the intrinsic near band edge elec-
tron hole recombination in the sp> cluster [15]. Further, the
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Fig. 1 a FTIR Spectra of N-Cd and N/AI-CDs, b Raman Spectra N/Al-CDs, ¢ TEM and the HRTEM (inset) images, d Particle diameter distribution

histogram of N/AI-CDs

maximum photoluminescence was observed at 415 nm upon
excitation at 345 nm.

Figure 4b presents the fluorescence emission spectra of N/
Al-CDs at different excitation wavelengths. Two distinctive
regions could be observed where excitation independent emis-
sion was observed from the 300-345 nm excitation and an

Fig. 2 Elemental mapping of

CDs showing carbon (purple),
oxygen (green) nitrogen (blue)
and aluminum (yellow)
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excitation dependent emission from 350 to 420 nm excitation.
Several mechanisms have been proposed to explain CDs
emission but the exact mechanism is yet to be confirmed
[49]. Based on the literature, the emission of N/AI-CDs could
be due to the combined effects of emissions resulting from the
7-70* transitions of the sp? clusters and the surface functional

O Kal
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groups [15, 49]. The initial excitation independent emission
was primarily governed by the single recombination of
electron-hole pairs in the sp® cluster. However, at higher
wavelengths, the energy would be insufficient to excite these
sp” clusters and the emission of N/AI-CDs would then have
been dominated by the surface trapping states which intro-
duced new energy band gaps on the N/AI-CDs resulting in
excitation dependent emission after 350 nm [15, 50]. In addi-
tion to the fluorescence spectrum, the stability of the N/AI-
CDs was investigated by measuring the variation of PL inten-
sity against pH, temperature, ionic strength and
photobleaching. The variation is interpreted by the mean nor-
malized intensity (MNI) and the relative standard deviation
(RSD). N/AI-CDs showed high stability under varying pH
level from 3 to 11 (Fig. 5a) with an MNI of 0.989 and an

395
Binding Energy (eV)

70 75
Binding Energy (eV)

T T
400 405 410 65

RSD 0f 2.17%. The PL change with ionic strength was mea-
sured by exposing the synthesised CDs to increasing concen-
trations of NaCl solutions up to 500 mM (Fig. 5b). N/Al-CDs
exhibited high resistance to the ionic strength with an MNI of
0.96 and an RSD o0f 3.02%. Similarly, the resilience of CDs to
temperature variation was also high (Fig. 5¢) with an MNI of
0.97 and an RSD of 3.54%. Despite the stability, PL intensity
decreased slightly with increasing temperature. This could be
attributed to thermal activation of non-radiative trappings in
surface and defective sites [5, 51]. Finally, the photostability
was measured by continuous exposure to UV irradiation by a
Hg lamp (Fig. 5d). PL intensity of N/AI-CDs only reduced by
8% and 14% after continuous exposure of up to 60 mins and
120 mins, respectively, indicating high resistance to
photobleaching [52]. Thus, it can be concluded that the

Fig. 4 a Absorption spectrum 08 a
with maximum excitation and Abosorbance
emission spectra and a Excitatio
photograph of N/AI-CDs under 8 0.6 |/}——Emissio ~ o~ 500
365 nm UV light (inset), b PL g 2 =
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synthesised N/AI-CDs had positive fluorescent properties
with good optical stability.

Detection of Mn (VII)

In this study, the excellent water solubility and the optical
stable characteristics of N/Al-CDs were used to detect dis-
solved Mn"* concentrations in water to develop a sensitive
and selective fluorescent nano-probe. The selectivity of N/
Al-CDs towards sensing Mn’" was investigated by comparing
the effects on fluorescence in the presence of different metal
ions (Fig. 6a). N/AI-CDs fluorescence was quenched nearly
85% with the introduction of Mn'* whereas the intensity of
other metals except Fe®* and Cr®" was only affected by +5%.
The Cr®* ion quenched 40% of the fluorescence. This was due
to inner filter effects which will be discussed later in this
section. In a previous report, undoped DSW based CDs
showed high selectivity towards Fe**. This was ascribed to
Fe** complex formation with oxygen rich CD surface [26].
However, the introduction of N-Al doping mix has reduced
the quenching effect to 20% and this was attributed to the
formation of Al-O bonds that subsequently reduced the Fe’*
ground state complex formation with oxygen groups. Thus, N/
Al-CDs has better selectivity towards Mn’* ion. To further
quantify the fluorescence quenching, measurements were tak-
en for a series of Mn’"* concentration from 0 to 180 uM (Fig.
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6b). Quenching efficiency was calculated by [(Io/I)-1] where
the I and I are fluorescence intensities in the absence of pres-
ence of quencher, respectively. A linear relationship of [(Io/D)-
171=0.0635 [Mn"*]—0.2601 was observed (inset of Fig. 6b) in
arange of 0—100 uM with a good correlation coefficient (R” =
0.9943, n=3).

The calculated limit of detection (LOD) was 46.8 nM in
which LOD =36/s, where & is the standard deviation of ten
blank samples and s is the slope of the linear relationship.
According to the US EPA guidelines, the recommended short
term exposure level of Mn’" is 22.1 uM while the drinking
water quality intended to control discoloration, staining and
bitter metallic taste is maintained at 1.1 uM [18]. Since the
LOD of the nanoprobe is significantly below these targeted
levels, it was a promising candidate for the detection of Mn"*
in water samples.

To identify the sensing mechanism, further experiments
were conducted. Generally, quenching of fluorescence in the
presence of a quencher would occur due to either formation of
non-radiative ground state complexation or by Forster reso-
nance energy transfer (FRET) or the inner filter effect (IFE) or
photoinduced electron transfer (PET) from N/AI-CD to Mn"™*
[53]. There is considerable spectral overlay between the ab-
sorption spectra of Mn’* and excitation spectra of N/Al-CDs
(Fig. 7a) which indicated the possible involvement of the
FRET or IFE mechanism. However, absorption spectrums of
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other metals with the excitation/emission spectrum shows the
direct overlap of Cr®" ion. It is concluded that this overlap by
Cr®* was responsible for the quenching of ~40% of CD fluo-
rescence through IFE as reported by Tan et al. [54]. However,
the overall quenching efficiency for Mn’* was significantly
higher compared to Cr®". This indicates the presence of an-
other dominant mechanism. To ascertain if the quenching was
induced by FRET, time-resolved fluorescence lifetime spectra
(Fig. 7b) were studied. After fitting the spectra with a double-
exponential function, the average decay time was measured to

Metal Concentration of Mn* (um)

be 1.60 ns (X2 =0.85) and 1.68 ns (X2 =0.87) in the absence
and the presence of the quencher Mn’", respectively. The al-
most identical decay times could reasonably eliminate the
FRET mechanism. Figure 7c shows the UV-Vis spectra of
N/Al-CDs, Metal, N/AI-CDs -Metal system and the sum ab-
sorption spectrum between N/AI-CDs and Metal for Mn*. It
could be observed the CD-Mn’* complex absorption spec-
trum did not superimpose with the sum of CD and Mn absorp-
tion spectra. CDs are a rich source of pi bonds and this is
further confirmed by the strong peak corresponding to C=C
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Fig. 7 a Normalised UV-Vis adsorption spectrums with metals and
maximum excitation and emission spectrums of N/AI-CDs, b Time-
correlated single-photon counting of N/AI-CDs in the presence and
absence of Mn’* (inset 7b) images of N/AI-CDs with quencher under

‘Wavelength (nm)

white and UV (A =365 nm) lights, ¢ and d UV-visible spectra of
N/AI-CDs, Metal, N/Al-CDs -Metal complex and sum of N/AI-CDs
and metal absorption spectrums for Mn”* and Cr®* respectively
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Table 1 Detection of Mn"* in tap

water and Jurong lake water Sample Spiked Concentration (LM) Measured Concentration (uM) Recovery % RSD %
samples (n=3)
Lake Water 8.00 7.69 96.25 3.77
15.00 14.14 94.26 3.86
20.00 21.23 106.16 3.59
Tap Water 8.00 7.41 92.58 1.19
15.00 15.88 105.84 0.98
20.00 20.89 104.45 1.25

bond in the FTIR spectra. It is expected that Mn’* coordinates
with the alkenes and upon photoexcitation the excited state
electrons undergo redox reaction by reducing Mn’* to Mn**
[55]. This was further confirmed by the visible colour change
of the purple Mn"* to brown Mn** upon the addition of CDs
(Fig. 7c inset). However, CD- Cr®* complex did not deviate
from the sum of CD and Cr®" absorption spectrum indicating
the absence of electron transfer complex formation (Fig. 7d).
Thus, the non-radiative PET oxidative transfer process has
dominated the fluorescence quenching process.

To verify its sensitivity in practical applications, tap water
from the Residuals and Resource Reclamation Centre (R3C)
Laboratory and lake water from Jurong Lake were used. Lake
water was filtered with a 0.45 um filter followed with a
0.22 um filter prior to testing. No Mn’* in the original water
samples was detected and the pH was 7.6 and 7.0 for lake
water and tap water, respectively. All samples were spiked
with a known amount of Mn’* and the recovery percentage
and relative standard deviation (RSD) were calculated as
shown in Table 1.

In both water samples, good recovery percentages were
shown with a range from 92.58%—106.16% with an RSD
<3.9% for lake water and < 1.3% for tap water. These results
further indicated the reliability and sensitivity of the synthe-
sised N/AI-CDs sensor to detect Mn'* in water samples.

Conclusion

Novel, highly fluorescent carbon dots with a quantum yield of
28.7% were successfully produced by co-doping a durian
shell waste with nitrogen and aluminum in a facile one pot
hydrothermal carbonisation process. The presence of alumi-
num and nitrogen on N/AI-CDs was confirmed with structural
and microscopic analysis. The optical characterisation showed
N/Al-CDs emitted blue fluorescence and the maximum emis-
sion was at 415 nm with an excitation wavelength of 345 nm.
Durian shell waste is primarily cellulose and developing CDs
with high quantum yield and excellent photostability provides
new opportunities in the future developments of carbon quan-
tum dots and resource recovery from waste. The resulting N/
Al-CDs could be used as an efficient fluorescent sensor to
detect Mn"*. With high selectivity and a limit of detection at

@ Springer

46.8 nM, the synthesised N/AI-CDs were challenged with
actual water systems wherein the CDs successfully deter-
mined the Mn’" levels. Thus, this study presented an efficient
and simple method for production of a cellulose based fluo-
rescent nanoprobe Mn’* detection in environmental water
systems.
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