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Abstract

A cost effective, facile synthetic methodology for the fabrication of doped carbon
dots (CD) and water soluble carbon nano-onions (wsCNOQO) were described in this
thesis. A blue fluorescent nitrogen, phosphorous doped CD were synthesized by
microwave charring of imidazole, phosphoric acid and poly ethylene glycol and
used them as an efficient photocatalyst material for the reduction of toxic of Cr(\V1)
into Cr(I11) under Sunlight irradiation. For using the red or near infrared fluorescent
material as photocatalyst a red fluorescent self-doped CD were synthesized by the
microwave charring of Bougainvillea leaves extract further a red emitting zinc
doped CD were also synthesized by the doping of zinc acetate into the Bougainvillea
leaves extract to enhance the photoluminescence properties of doped CD. These red
fluorescent CD show excitation independent emission in the red region and used as
photocatalyst for the degradation of pollutant dye and reduction of toxic metal ions,
respectively under the presence of sunlight. wsCNO were synthesized by the
traditional pyrolysis of vegetable ghee and pyrolysis of wood wool followed by the
acid treatment. The high density surface passivated wsCNO were used as a
fluorescent imaging and sensing probe. The wsCNO were also used as fertilizer and
the effect of metallic micronutrient concentration, protein content, conductivity,
overall dimension on the first generation seeds obtained by the wsCNO treatment

were studied.
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Introduction

1.1 Introduction

In the past few years, fluorescent nano-carbons (FNC) [1-11], comprising
carbon dots (CD) [3, 7, 10, 12], carbon nano-diamonds (CND) [9], carbon nano-
onions (CNO) [2, 4, 8, 11, 13], and graphene quantum dots (GQD) [5, 6], have
drawn immense interest, particularly for biological cell imaging [3, 10, 14-16] with
several benefits in comparison with conventional metal-based quantum dots (QD)
[17-19]. In terms of bio-compatibility (non-toxic nature) [3, 10, 20, 21], their high
values of quantum yield (QY) [10, 16, 22], combined with their excellent solubility
and stability [3, 7, 10], make these an effective fluorescent probe for long-term use
for biological purposes [3, 10]. FNC are mostly composed of spherical nano-carbon
possessing a high surface area to volume ratio, and have further been utilized for
surface passivation purposes via simple surface modification (attaching surface
functionalities). Surface modification is mainly achieved via the simple organic
chemistry of oxidation, followed by the addition of polymeric [12, 14] and
monomeric amines [23] to achieve high QY values, comparable with those of
conventional metal based QD [17-19]. Metal-based QD show classical quantum
confinement effects in their size-dependent multi-colored emission. Theoretically, in
comparison with QD, FNC do not have any defined band gap for fluorescence
emission [23] and this is an advantageous property for multi-colored emission from
the same nano-carbon [4, 13, 24]. Till now, among the FNC, CD are the widely used
nano-carbon because of their simpler synthetic methodologies with easy
reproducibility, and the CNO are least explored because of its complicated synthetic
procedures. The present thesis has been related to the wet uses of the CD (doped-
CD) and CNO. Thus the introduction section have been further divided into two
sections; as section (A) covers the synthesis and application of the doped-CD and

the section (B) describes the synthesis and application of CNO.



Chapter-1

SECTION A

1.2 Carbon Dots

The first report of CD came in year 2006 synthesized from laser ablation of a
graphitic target [7]. The as synthesised CD show apparently no fluorescence but
when surface passivation of acid treated CD was done with the aminopolyethylene
(poly(ethylene glycol), PEGis0on, these surface functionalized CD were excited with
increment wavelength they show blue to red shifting in emission as shown in Figure
1.1 [7]. The QY value of CD reached up to the ~ 47% over the separation of the

most fluorescent fraction from the as produced CD [25].

Emission from

passivated surface
3-\
" (_» PEGs

Figure 1.1: Aqueous solution of the functionalized, CD-PEGispon at different

excitation wavelength, as indicated (a) photographic image under different band
pass filter; (b) direct photographic image and (c) Schematic representation of surface
passivation of CD with PEGsoon [7].

Till now, many top-down and bottom-up synthetic techniques have been
explored [26-30] for the easier production of CD. Especially, the cost-effective
green synthesis using bio-mass/waste bio-mass as a low cost, compatible and easily
available carbon precursor material are in high demand. Low cost carbon precursor
includes, the ascorbic acid [31], banana juice [32], candle soot [33], chicken eggs
[34], citrate [35], chitosan [36], diesel soot [37], gelatin [38], glucosamine [39],
saccharides [40], juices (orange, sugar cane, lemon and strawberry) [41-44],
pomelo, and watermelon peel [45, 46]. As synthesized, CD and their functionalized

versions have shown immense potential for a wide variety of applications, such as
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bio-imaging agents [15, 47], biosensors [27, 30], chemical sensors [48], drug
delivery [49], electro-catalysts [50], photocatalyst [29] and photodynamic therapy
[51]. Biocompatibility and low-cost synthetic protocols with ease in reproducibility
and bio-compatibility make these CD best suited for imaging purposes [3, 10, 14,
15, 47]. It has been widely accepted that the presence of high density surficial
defects (defective centers) on FNC is responsible for their tunable multi-colored
emission profiles [16]. Emission from the defective centers of surficial defects was
first noticed from the single-walled carbon nanotubes (SWCNT) and multi-walled
carbon nanotubes (MWCNT) passivated with polymeric amines. The exact
mechanism of the tunable PL is still debatable, but the most accepted theory is in the
support of generation of electrons and their recombination with the holes as the
electron-hole recombination processes. Presently, the two important theories related
to mechanism are quantum confinement effect (different size) and the surficial
defects generated either by surface functionalization or by doping [52]. As per the
general understanding and the literature review, PL properties of CD were strongly
affected by the method of synthesis, carbon precursor taken, defects on surface,

surface functionalization, on the nature and the percentage of dopant [28, 52].

1.3 Doped-CD

The intrinsic optical properties of CD can be tuned/modulated via the
process of doping by heteroatoms (N, S, P and B) with single and co-doping like N-
P, N-S, N-B and Mg/N doping [53-60] by taking different carbon and heteroatom
precursor. Along with these, the metal doping of Ge, Gd, Si, Se, Tb and Zn were
also reported by using their salts [61-64] with the expectations to show some other

prominent applications in addition to its conventional ones.

1.3.1 Nitrogen Doping

Nitrogen (N) is a n-type dopant with five valence electrons with the size
comparable to C and enhances the optical properties of CD by serving its excess
electrons with an upward shifting in fermi level of energy. Studies showed that the
limited doping of N, shows the emission in the blue region. The increase in the
contents of N-doping shift the emission of CD towards the longer wavelength
region, which may be due to the decreasing band gap or the shifting of absorption



Chapter-1

towards longer wavelength due to insertion of more non-bonding electrons [52]. A
wide range of application was performed by these doped N-CD such as biochemical
sensing, photocatalysis, bioimaging, bio-probes and optoelectronic devices [29, 52,
65]. For the fabrication of N-CD, N containing compound were taken as a precursor.
Zhang et al. reported the N-CD via a solvothermal method using CCl, and NaNH
as a precursor [66] and reported the enhancement of the PL property by tuning the N
content. Xu et al. also reported the enhancing of PL properties, due to the formation
of the new emissive trap on the surface of N-CD by introducing bonding disorder on
the hexagonal rings [67]. Ma et al. reported a facile synthesis of the highly
fluorescent N-CD by the ultra-sonication method using ammonium hydroxide and
glucose as a precursor [68]. N-CD show higher photocatalytic efficiency for the
degradation of methyl orange and visible light irradiation than non-doped CD.
Hydrothermal synthesis of N-CD by taking folic acid as a precursor was reported by
the Chen & co-workers [69]. The N-CD show an efficient and selective fluorescent
“turn off” sensing of Hg(ll) with the detection limit of 0.23mM. Further many green
synthesis of N-CD have also been reported like synthesis by grass [70] and pomelo
peels [46]. There are few reports also available, stating that by increasing the N
content and change in solvent, red emitting N-CD can be synthesized. Sun et al.
synthesized red emitting N-CD by mixing citric acid and formamide in a microwave
reactor for the 1 h at 400 W with a QY of 22.9% [71]. The N-CD showed excitation
independent emission at 640 nm, which were used in the bio-imaging and drug
delivery. Jiang et al. reported the solvothermal synthesis of the red-emitting CD by
mixing of p-phenylenediamine in ethanol with QY of 26.1% and used them in
imaging [72]. A direct heating at 180°C of citric acid mixed in polyethylenimine and
ethylene glycol resulted into formation of CD emitting at 710 nm were reported by
Hu et al. [73] Some green synthetic precursor were also used for the formation of
red emitting N-Doped CD such as by taking the hydrothermal treatment of the pulp
free lemon juice in ethanol solution resulted into the red emission at 631 nm of CD
(QY 28%) [74].
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1.3.2 Phosphorous Doping

Another n-type dopant which has been frequently used to fabricate doped-
CD is the Phosphorous (P) from the same group of N. Its size is bigger than C atoms
so it produces substitutional defects in the carbon mass and serves as an n-type
donor. The research related to the doping of P by taking the precursors having the P,
like phosphoric acid [75], triphenylphosphine [76], monosodium phosphate [54],
and phosphorous tribromide [77]. The increase in PL properties can be ascribed as
concomitance of the isolated sp® cluster with the defect sites increase the band gap
and show enhanced fluorescence compared to a single cluster. They also suggested
that while increasing the P content due to insertion of P into the sp® cluster, the

isolation enhanced which ultimately result in the enhancement of the fluorescence.

1.3.3 Boron Doping

Unlike the N and P, Boron (B) is an electron deficient element with three
valence electrons, so act as a p-type carrier as a dopant, so introducing the B into
carbon frame work has also been used to tune the optical and electronic properties.
Shan et al. reported a facile one pot solvothermal synthesis of B-doped CD taking
BBr; as B source and hydroquinone as C source [56]. The blue fluorescent B-doped
CD show a higher QY of 14.8% than that of non-doped CD (3.4%). The enhanced
fluorescence may be attributed to the strong electron withdrawing nature of B (an e
deficient atom). Sadhanala et al. synthesized B-doped CD via a simple hydrothermal
route taking boric acid and sucrose as precursor [78]. They reported the increased

QY value from 0.5 to 2% after doping.

1.3.4. Doping with more than one element as a dopant

Along with the doping with single element some researchers used the doping
of more than one elements as a dopant to explore its multiple applications. Han et al.
synthesized single doped (B, N, P, S) and multiple element doped-CD (B & N, N &
P, N & S) by the flame combustion technique using boric acid (for B), pyrrole (for
N), tri-phenyl phosphine (for P) and tert. dodecylmercaptan (for S) precursor [76].
They found that B, N doped-CD shows highest catalytic activity towards oxygen
reduction reaction among the all other doped-CD. Gong et al. synthesized N, P
doped-CD by acidic oxidation of pumpkin by phosphoric acid [59]. A green
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fluorescent N, P doped-CD show excitation-dependent emission with QY value of
9.42%. A large stoke shift (125 nm) was observed in N, P-doped CD with good
reversibility and the effect of auto-fluorescence also be avoided in biological system.
N, P doped-CD of QY 23.5% were synthesized by hydrothermal treatment of
adenosine-5-triphosphate [79]. The synthesized N, P doped-CD show high
biocompatibility, wide response range, rapid response time and high sensitivity,
these all properties makes these N, P doped-CD an efficient probe for the in vivo
sensing of reactive N and O species and for the bioimaging. Xu et al.
hydrothermally synthesized N, P doped-CD by using diammonium phosphate and
sodium citrate and used these in the Hg(ll) sensing [80]. Gong et al. reported the
synthesis of N, P doped-CD by simple heating taking the glucose, ethylene diamine
and concentrated phosphoric acid as a precursor and used them in bioimaging and
nano-carrier of anticancer drug doxorubicin. Li et al. synthesized N, P doped-CD by
microwave using N-phosphonomethyl aminodiacetic acid and ethylenediamine and
used them in imaging purpose [81]. Chandra et al. reported the hydrothermal
synthesis of N, P doped-CD by taking di-ammonium hydrogen phosphate and citric
acid as precursor and applied them as intercellular Fe(l11) sensor and also in imaging
purpose [82] based on the above reports it might be stated that the optical properties
of CD were significantly affected by the synergic effect of dopant elements.

1.3.5 Metal Doping

In addition to above discussed elements from the P-block, metals even also
also been used as dopant such as Ge, Gd, Se, Si, Tb, Zn etc. for changing the
electrochemical, and optical properties of CD [61-64, 83]. Ge-doped CD were
developed using bis-(2-carboxyethylgermanium(1V)sesquioxide) and citric acid
precursor via a carbonization at 200°C for 15 min. [61]. The Ge-doped CD shows
excitation independent blue emission with good photostability, high biocompatibility,
high intracellular delivery efficiency and stability and were used for the Hg(ll)
sensing. Bourlinos et al. synthesized Gd-doped CD via a simple pyrolysis at 200°C
in presence of oxygen by taking tris (hydroxymethyl) aminomethane mixed with
gadopentetic acid and betaine hydrochloride [84] and being used for the medical

purpose mainly in MRI. In another report Gong et al. fabricated Gd-doped CD by a
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microwave assisted method using gadolinium(lll) oxide sucrose [85]. The
synthesized green emitting Gd-doped CD with QY 3.4% also show a good T1
contrast image for MRI. When CNP were first oxidized and then reduced by the
NaHSe in a hydrothermal, the yellow emitted Se-doped CD were synthesized.[63]
Qian et al. synthesized Si doped-CD using silicon tetrachloride and hydroquinone by
a solvothermal process with QY of 19.2% [63]. The Si-doped-CD were used for
multifunctional sensing of Fe(lll), H,O, and melamine. A blue emitting Th-doped
CD were also synthesized by taking a mixture of terbium(lI)nitrate and citric acid
and heated up to 190°C[62] and were used for the selective sensing of 2,4,6-
trinitrophenol. A yellow fluorescent Zn-doped CD was reported via a solvothermal
route by mixing citric acid and zinc chloride in toluene and used them in
multifunctional application [86]. Similarly, Sun et al. reported the ZnO-doped and
ZnS-doped CD as shown in Figure 1.2 [22]. Anilkumar et al. reported a high QY of
~78% for the ZnS doped CD and 70% for the TiO, doped CD by separating the most

fluorescent fraction from the bulk [87].

Figure 1.2: Schematic representation of metal doping in the Carbon core and
photographic image of aqueous solution of Czs and Cz,o dots under 450 nm

excitation [22].

1.4 Application of CD
1.4.1 Bioimaging application of CD

Sun et al. in their study showed the potential bio-imaging prospects of CD on
unicellular (prokaryotic, primitive type cells) Escherichia coli (E.coli) cells and on
human Caco-2 cells[7] by showing internalization of these CD in the model

organism. The internalized CD (passivated with polyamines) was further sustained
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by MCF-7 cells (human breast cancer cells) and was studied by two-photon
luminescence microscopy [14] Regarding the in vivo biocompatibility of CD
compared with commercially supplied CdSe/ZnS QD on mice was performed by
Yang et al., and showed the non-toxic and competitive fluorescence imaging
performance of CD with commercially supplied CdSe/ZnS QD [16]. CD were
intravenously injected into mice for whole-body circulation. Results suggest that the
intravenously injected CD were primarily excreted via urine, an excretion pathway
has been reported for PEGylated nanoparticles, especially for very small particles
like the ones used here. Tao et al. synthesized CD with diameter of 3-4 nm from the
mixed acid treatment of the SWCNT/MWCNT/graphite [88]. The yellow light
emitting CD showed excitation dependent emission up to NIR region. They used CD
as in vivo imaging probe in mice and this CD exhibit non-toxicity towards the mice.
The in vivo imaging inside the mice by CD were shown in Figure 1.3.

White Light 455 nm 523 nm 595 nm

1
L2
3

605 nm 635 nm 661 nm 704 nm

Figure 1.3: In vivo fluorescence imaging of CD injected into mice upon excitation

at different wavelength, red fluorescence show the presence of CD while green was

the auto fluorescence [88].

The functionalized CD can be used in the drug delivery and diagnosis of
diseases due to its high biocompatibility and water solubility. Li et al. reported the

targeting of cancer cells by the functionalization of CD with transferrin (a
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glycoprotein) CD [89]. They claimed that this modified CD were largely entered
into the human cervical cell lines (HeLa cells) [89]. The imaging effect was more

pronounced for modified CD than unmodified CD.

1.4.2 Sensing application of CD

With their enormous properties CD were used as an efficient biosensor for
the detection of phosphate, glucose, cholesterol, metal ions, pH and DNA in,
enzymes, proteins, cells and even in pathogenic bacteria [26, 27, 52, 90]. Moreover,
apart from sensing of biomolecules and heavy metal ions few reports are also
available for anions detection like fluoride with a better detection limit [52]. Most of
the nano-carbon PL sensors are based on fluorescence turn-off and quenching
mechanism is still not clearly elucidated. Shen et al. reported a non-enzymatic blood
glucose sensor using boronic acid functionalized CD via a fluorescence turn off
mechanism [91]. The author reported the mechanism of sensing based on the
quenching of fluorescence by the interaction of cis-diol group of glucose molecule
with the boronic acid present on the surface of CD with detection limit of 1.5mM.
They also checked the detection of glucose inside human serum. Tripathi et al.
isolated CD from the diesel exhaust soot and further the acid functionalized CD,
were used for the fluorescence “turn-off-on” cholesterol sensing [92]. The sensing
mechanism was explained on the basis of interaction between MB, CD and
cholesterol. Initially, MB interacted with CD which led to the quenching of
fluorescence emission. When cholesterol molecules comes in the proximity of the
CD-MB, the MB molecules immediately react with cholesterol molecules and thus
resulted fluorescence “turn on” as shown in Figure 1.4. Since, the doping is
recognized to enhance the PL property so doped-CD were also widely used in the
fluorescence sensing of heavy metal ion such as Fe(lll), Hg(ll), Pb(Il), Cr(VI),
Ag(l), Cu(ll) and Zn(Il) with a good detection limit. Doped-CD were also used as a
fluorescence detector of DMSO, H,0,, glucose molecule, dopamine, catechol,

amoxicillin, pyridine, micro RNA, temperature and pH [93].
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Figure 1.4: (a) Schematic illustration for the mechanism of fluorescence “turn-off-
on” based detection of cholesterol via interaction of CD with MB and cholesterol
molecules, respectively; (b) fluorescence spectra showing quenching on stepwise
addition of 0.1 mL aqueous solutions of MB; (c) a relationship between Io/I and
MB concentration; (d) fluorescence “turn on” on adding cholesterol due to removal

of surficial MB molecules from the wsCD [92].

1.4.3 Photocatalytic removal of pollutant from waste water by CD

With the development of textile industries and urbanization contamination of
wastewater with toxic organic dyes and heavy metal ions are common causing
environmental damage. Organic dyes are acutely toxic, highly stable towards
biodegradation and cause extensive concerns to the environment and human health
due to mutagenic and genotoxic nature. Various remarkable milestone have been
already established for the remediation of wastewater with photocatalysis technique
due to its high efficiency and sustainability. Photocatalysis is the acceleration of
photo-induced reactions with catalyst. These catalyst accelerate the light adsorption
due to their characteristic physiochemical properties and thus retarded the
recombination of photo-induced e and their corresponding h”, these e and h” either
directly or by producing some radicals accelerated the photoreaction. Recently, the
use of infinite source of light, Sunlight as a source in a photocatalytic reaction
makes photocatalysis more sustainable and closer to routine application. An ideal
photocatalyst is that which is able to use the complete UV-Vis-NIR range of
spectrum. Still a photocatalyst which utilizes the whole red/NIR/IR spectrum of light
are needed to be discovered [29, 65].
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Figure 1.5: Schematic representation for the mechanism photocatalytic reduction of
Cr(VI) under the visible light irradiation by CQD -TiO, nanocomposites [94].

For the enhancement in the photocatalytic ability insertion of hetero atom
tunes the electronic structure of CD. N-CD were reported as a photocatalyst for the
degradation of methyl orange (MO) under visible light irradiation [68]. They
reported that enhanced photocatalytic ability of N-CD was due to higher capacitance
of N-CD which formed by insertion of N electrons and thus the electronic structure
of N-CD were changed. These changes enhance binding with ions and capacitance
of N-CD. Wu et al. synthesized Cu-N-doped CD and used them as efficient
photocatalyst for oxidation of 1,4-DHP [95]. They also reported that the doping
increases the photocatalytic efficiency 3.5 times higher than the undoped-CD due to
increase e accepting and donating ability of CD by insertion of Cu-N into CD. Choi
et al. reported a facile synthesis of CD-TiO, composites for the effective
photoreduction of toxic Cr(VI) under visible light irradiation [94]. The transfer of
photo-induced efrom CD to TiO, nanoparticles with a time of 1500ps and the
overall mechanism for photoreduction is shown in Figure 1.5. The composites show
8.6 times higher photoreduction ability than TiO, nanoparticles. CD-Si hybrid
nanoparticles were also reported for the photocatalytic reduction of Cr(VI) under
visible light irradiation [96].

The thesis describes a facile, cost effective and simple methodology for the
synthesis of doped-CD. Blue and red light emitting doped-CD were synthesized and
used as an efficient photocatalyst for the aqueous phase reduction of toxic metal ion
Cr(VI) into Cr(111) and the photodegradation of pollutant organic dye as MB.

11
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SECTION B
1.5  Carbon Nano-onions (CNO)

CNO, were discovered in 1992 by Ugarte as a new carbon nanomaterials
while transforming the fullerene to CNT, and named these graphitic multi-shelled as
CNO [97]. The formation of CNO was observed during the (Transmission electron
microscopy) TEM analysis, where Ugarte found that when high energy electron
beam (10 times more intense than usually used) irradiated on the carbon soot there is
formation of a concentric graphitic shell. The formation of a concentric graphitic
shells was explained as the high radiation beam was irradiated on the carbon soot, to
minimize the strain hexagonal lattice added some pentagon and to remove the
dangling bonds they become curled as the high beam radiations provided the
structural fluidity (more the curvature more the pentagons). The HRTEM and
structures of CNO shown in Figure 1.6 [98].

Figure 1.6: HRTEM image (left) and structure (right) of CNO [98].

Presently CNO are an emerging class of quasi spherical nano-carbon, which
typically consists of successive layer of graphene around a filled or hollow core and
they offer a high aspect ratio and conductivity [8]. Morphologically, graphitic
structures of CNO are in between fullerene and graphitic nanotubes having closed
graphitic shells which are placed on one on another [4, 99, 100]. So far, less
attention have been given to CNO even though the prospective applications have
already discussed. CNO exhibited the characteristic, onion-like morphology and
small domains of graphitic sp® carbons with localization of the p orbital electrons
and dangling bond defects in the periphery [8]. As a consequence, it could be
envisioned as an enclosed graphitic shell with excellent optical and electrochemical

12
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properties that render them a potential nanomaterial for industrial, biomedical and
electronic applications [8, 101-103]. From the time of their discovery [97] until the
present date, only a limited number of synthetic methods for CNO have been
available and it can be synthesized mainly by using high energy techniques. Such as
the arc-discharge method, in which two graphite electrodes are arced under water for
the synthesis of CNO on the water surface [99]. Annealing of nano-diamond for 1.5
h at a temperature range of 500-1400° C under vacuum[104] and electron transfer in
a nano-diamond at 200 keV has also been used [105]. Another method is the thermal
reduction of glycerine and magnesium at 650°C for 12 h in an autoclave [106]. CVD
has also been used and involves methane and depositing CNO on a silicon surface
[107]. Hou et al. used the catalytic synthetic method by using nickel as a catalyst in
the counter flow diffusion of flames of ethylene, methane and nitrogen [108]. Han et
al. reported the thermal treatment of copper(ll) chloride dihydrate and calcium
carbide in an autoclave at 600°C for 10 h for synthesis of CNO[109] and via the
flame pyrolysis of naphthalene [110]. Besides this, a very easy and cost effective
method was also reported using the pyrolysis technique over waste wood known as
“wood wool” [4,13,101]. Among all the reported methods, annealing of nano-
diamond and arc discharge has been the most commonly used methods until now. So
far CNO have shown significant potential in the field of lithium ion batteries [109]
as supercapacitor electrodes [100], capacitors [111], optical limiters [112], catalysis,
[113,114] sensing [28], tribology [115,116], fuel cells [117], and terahertz shielding
[118].

1.6 Application of CNO
1.6.1 Bioimaging application of CNO

The lesser exploration of CNO in biological science could be due to its
typical synthesis process and non-solubility in the agueous medium. Recently,
Ghosh et al. documented an excellent report on the novel optical bioimaging
technique by the water-soluble version of CNO as wsCNO. Like CD, wsCNO
passivated with the heavy extent of the carboxylic group makes them glowed
throughout the visible domain making wsCNO as another alternative of bio-
imaging. The oral ingestion of non-toxic fluorescent probe of wsCNO are capable of
imaging the full life cycle of alive Drosophila melongator (commonly known as

13
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fruit flies) from its egg stage to adulthood even at the concentration of 4 ppm
solution. They synthesized the wsCNO by the pyrolysis of the waste product
commonly known as wood wool with the aim to control the low cost of the
fluorescent probe. In contrast to costly, time-consuming conventionally used
techniques such as the real-time X-ray and MRI for biomedical diagnosis, the
feeding experiment is as simple as to mix the optimized fluorescent probe with food
model which is going to be analysed just like the spoon feeding of a young sapling.
Not only will the fruit-fly but some others models also take their food as they did in
routine life and start glowing. The most important prospect of this feeding
experiment is that fluorescent fruit flies did not show any toxic effects upon
withdrawal of the nanoparticles from their food, they excreted the fluorescing
material and continued to proliferate to the next generation, demonstrating a return
to their normal lives, without causing the loss of life of analysed animal. Figure 1.7
presents the representative images of the life cycle, from egg to complete adulthood
of Drosophila melanogaster viewed under three different filters and merged
multicolour images.

Figure 1.7: Different developmental stages of Drosophila melanogaster from egg to
adult fly under different band-pass filters: (a) 385 nm; (b) 488 nm; (c) 561 nm. (d)
Merged image of 488/561 nm band-pass filters; () Merged image of 385/488/561
nm band-pass filters. For imaging larval to adult stages, movements of the living

objects were controlled by anaesthetization using diethyl ether vapor [13].
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Another report from the same group shows the potential high fluorescence
prospects in the food web of two different model organisms from an entirely
different class. First one is unicellular, E. coli (prokaryotic) and the other one is
higher multicellular organism (eukaryotic) as Caenorhabditis elegans (C. elegans).
Here also a simple spoon feeding experiment was done, as firstly, wsCNO fed to E.
coli and E. coli cells start glowing throughout the visible domain without showing
any toxic effect. Subsequently, the E. coli are fed to C. elegans and the intestinal
duct of these C. elegans were analyzed. The results do not reflect any toxic effect of
wWsCNO on the growth of these organisms suggesting new avenues in nano
toxicology research and biomedical application including drug delivery. This non-
toxic, fluorescent aspects of wsCNO investigated between two different classes of
organisms could be expected a high impact in the field of biological imaging.
Giordani et al. used pristin-CNO and covalently bind them with boron difluoride
azadipyrromethene [2]. This functionalized CNO were used for NIR fluorescence
imaging of HelLa Kyoto cells. They also done a comparative study of these
functionalized CNO with the similarly functionalized CNT and found that CNO
were less toxic and showed efficient cellular uptake compare to CNT. The same
group also reported that when CNO were functionalized with highly fluorescent
borondipyrromethenes dye, this functionalized CNO can use for the high resolution
fluorescence imaging of the MCF-7 human breast cancer cells [119] in both the
reports CNO show efficient cellular uptake via the endocytosis with no cytotoxicity.
Dubey et al. reports a simple gram scale synthesis of CNO via simple pyrolysis of
camphor and polystyrene foam and the obtained carbon soot was further soxhlet
purified and acid treated to obtain the water solubility and used them for imaging of
E. coli cells [102].

1.6.2 CNO for sensing of bio-molecules and metal ions

CNO were used sensing of biomolecules and metal ions. Luszczyn et al.
covalently functionalized CNO with biomolecule and used as a biosensor by avitin—
biotin interactions with good biocompatibility [120]. Sensing phenomena done via
the surface plasmon resonance spectroscopy and here, CNO work as linking layer

between the sensor gold surface and biomolecule. CNO were also used for the heavy
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metal detection and serve for environment remediation [121]. Surface oxidized CNO
can be work as adsorbent for the different heavy metals like Cd(l1), Cu(ll), Ni(ll),
Pb(I1) and Zn(Il) and show 10 times higher sensing efficiency than the Cgo.
Recently, Tripathi et al. synthesized green light emitting CNO from the primitive
CVD method by taking flaxseed oil as carbon precursor as shown in Figure 1.8 [11].
They used the wsCNO for the fast sensing of Al(II1) ions with a detection limit of
0.27uM even in a high ionic concentration and same were used in the photocatalytic

degradation of MB.

Green fluorescent DSl
wsCNOs

Flaxseed oil

Figure 1.8: A schematic representation of application of CNO in sensing of Al(lII)
and photodegradation of MB [11].

1.6.3 CNO as the plant growth promoters

Sonkar et al. monitored the full life cycle stages from seed to seed with an
increase in the overall productivity of gram plants, when treated with wsCNO
(obtained from wood waste known as “wood wool”) [101]. The 10 days old saplings
grown under laboratory conditions were transplanted to natural soil having the
standard composition of C and N to complete their entire full cycle as displayed in
Figure 1.9a. The positive effects of wsCNO in treated plants were shown in the
increased productivity of plants in terms of getting more number of fruits (gram
seeds) (Figure 1.9b and c) per plant. wsCNO were found embedded inside the
tracheal elements of xylem vessels of treated plants and no such sign of wsCNO
presence was observed in control plants as observed by microscopic studies. The
overall growth of gram plants was attributed to increased water conduction

properties of plants with the transport of micronutrients. Oxidative treatment of
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carbon generated by pyrolysis of wood wool caused heavy loss of the graphitic
plane. The surface carboxylate groups can directly attach different types of cationic
micronutrients via the formation of ion pairs and can smoothly interact with the
anionic micronutrient ions via the formation of hydrogen bonds [122, 123]. These
negative surfaces act somewhat like a storage house for nutrients, possibly
controlling their sustained release. Such interactions boost the facile transport and

distribution of the essential micro- and other nutrients inside the xylem[28].

Yield per plant (in gm)

0 10 20 30
Concentration of wsCNOs (ug ml)

Figure 1.9: (a) Phenotypes of 4 month old treated plants (10, 20, and 30 pg ml™) in
comparison with control, just before harvesting (inset shows image of fruits).
(b) Phenotypes of gram seeds (fruits) after harvesting (i) control; (ii-iv) under
varying concentrations of wsCNO (0, 10, 20, and 30 pg ml™), respectively;
(c) histogram illustrating weight of fruits per plant [101].

Herein, this thesis described a facile, low cost, simple methodology for the
synthesis of CNO from the traditional pyrolysis of vegetable ghee and pyrolysis of
wood wool. The as prepared CNO were soxhelet purified and acid treated to
obtaining the water solubility. The wsCNO show excitation independent emission

covering range upto NIR region. wsCNO were used in imaging, sensing and as a
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growth stimulator. The effcet on overall dimensions, yield per plant, protein content,
and metallic micronutrient concentration of FGS obtained from the wsCNO treated

plant were studied.

1.7 Scope of the work

The present thesis described a simple, low-cost fabrication methodology for
the synthesis of the doped-CD and wsCNO and their multifunctional applications.
Doped-CD worked as an efficient photocatalyst material for the photoreduction of
the toxic metal ion (Cr(VI) to Cr(111)) and the photodegradation of toxic organic dye
as MB. wsCNO were used as imaging and sensing probe, as well being used as
fertilizer for the gram plants. The newer outcomes, concerning the potential wet
applications of doped-CD and wsCNO have been investigated and the results are
presented in the subsequent chapters.
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Sunlight-Induced Photoreduction of Cr(VI) to Cr(l11) by Fluorescent...

2.1 Introduction

Doping is a well-established method for articulating the optical and electrical
properties of carbon nanoparticles since their discovery [1-4]. Many reports are
available stating that the doped-CD show remarkable results in terms of better
quantum yield over the blue-green [5] and red [6, 7] region of the visible spectrum
along with its novel applications. Few groups have reported the doping of nitrogen
(N) and phosphorus (P) to form nitrogen-phosphorous doped carbon dots (NP-CD),
using hydrothermal [8-10], solvothermal [11] and microwave [12-15] assisted
methods with the different precursor materials. NP-CD used for several applications
such as for sensing Hg** [10], as a nano-carrier of anticancer drug [16], imaging
purpose [8, 12-14, 16], oxygen reduction [17], intercellular Fe*" sensor [8],
fluorescence sensing of living cells [13] and in the flourescence sensing of reactive
oxygen and nitrogen species [9]. Presently, the doping of the CD are used to
articulate its potential properties, with a huge expectation of the exploration of its
newer prospects. For instance, in the field of water treatment [18, 19] via aqueous
phase photocatalysis [6, 7, 20], which has been barely investigated. As per the
general understanding, the heavy-metal-ion contamination in water is a severe
threat, which indeed demands a viable, sustainable approach for its efficient sensing
followed by its removal. For the same, sunlight-induced photocatalysis can be
considered as a promising approach for the photodegradation of environmental
pollutants [21, 22]. The fabrication of novel nano-structured-materials with unique
physical/chemical properties along with high efficiency towards the photocatalysis

are the crucial step and required much attention [6, 7, 23, 24].

Beyond the conventional existing applications of CD, the present work
investigate a newer perspective of NP-CD, using the natural sunlight for
photoreduction of toxic Cr(VI) to Cr(lll), followed by precipitation of Cr(ll1) salt.
The toxic non-biodegradable [25] pollutant Cr(VI) is a well-known by-product of
many industrial processes, like electroplating, paint making, leather tanning, and
others, was discarded in the wastewater [26]. Cr(V1) is continuously damaging the
aquatic system and shows devastating consequences [27]. Compared to the Cr(VI),
Cr(111) is less toxic and can easily be precipitated out or adsorbed by the already

existing methods [28]. So the conversion of Cr(VI) to Cr(l11) followed by its simple
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precipitation is always in high demand. Nevertheless, it could be a sustainable
approach, if the same can be performed under the presence of natural sunlight [6, 7,
23, 24].

2.2 Experimental
2.2.1 Materials and reagents
All chemical reagents were of analytical grade and used without further

purification.

2.2.2 Instrumentation

Perkin Elmer Lambda 35 spectrometer used for the UV-Vis absorption
spectra. Fluoromax 4C.L. System were used for the Fluorescence spectrometry
analyses in aqueous solutions, ESCA" omicron nanotechnology oxford instrument
were used for the XPS measurements. Bruker Vertex 70 FT-IR spectrophotometer
were used for the recording of FTIR spectra using KBr pellets. The morphology of
the NP-CD were studied by the Tecnai 20 G2 300 kV, STWIN model transmission

electron microscope. HRTEM analyses were done at 300 kV acceleration voltage.

2.2.3 Synthesis of NP-CD

The NP-CD were synthesized from the pool of the mixed reagents containing
3 g of imidazole, 10 mL phosphoric acid and 10 mL polyethylene glycol (molecular
weight ~ 400g/mol) in a 100 mL beaker. A domestic microwave oven at 560 watts
power was used to carbonize the mixture after 10 minutes sonication. The
transparent solution containing (imidazole, phosphoric and polyethylene glycol),
now turned into the dark brown solution. The supernatant was then centrifuged at
6000 rpm for 15 minutes to obtain a clear solution collected and dried on the water
bath to obtain NP-CD. Further, the as-synthesized NP-CD get neutralized with the
ammonia solution to remove the excess phosphoric acid followed by repetitively
washing with DI water. The synthetic procedure for the formation of different CD
was the same only the difference in the starting materials, Such as in CD (only PEG
was used), in the case of N-CD (imidazole + PEG) and for P-CD (phosphoric acid +
PEG) was used under the similar conditions used for the fabrication of NP-CD. The
QY of the NP-CD calculated by the given formula.
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I 2%
Where Q is the QY, | is the measured integrated emission intensity, is the refractive
index of the solvent and A is the optical density. The subscript “r” refers to the
reference standard with known QY. Herein the quinine sulphate was dissolved in
0.1M H2S04 as the reference standard with a known QY of 0.54.

2.2.4 Photocatalytic Activity Measurement

The photocatalytic activity of NP-CD were investigated by the reduction of
the synthetic contaminated water from its orange colored Cr(VI) to green colored
Cr(I11) in aqueous solution under direct irradiation of sunlight. A stock solution of
2000 ppm Cr(V1) was prepared dissolving 1.42 gm potassium dichromate in the 250
mL of DI water. The lower concentration of the Cr(VI) was prepared by diluting the
stock solution. In a typical process, 3.5 mg of the NP-CD were mixed in the 50 mL
of different Cr(V1) solutions and sonicated for 30 minutes to obtain the adsorption-
desorption equilibrium, afterwards the solution were kept into the sunlight
irradiation for the photoreduction. To study the Kinetic rate of the photocatalytic
reduction, we collected the 2 mL of the samples at the time interval of 10 minutes.
The obtained samples were centrifuged and further diluted. The diluted solution was
treated with DPC assay [6, 29, 30] to detect the Cr(VI) concentration at 540 nm in
the UV-Vis spectrophotometer. The treated clean water after removal of Cr(l11) were

evaporated and thus the regeneration of NP-CD which was used in the next cycle.

2.3 Results and discussion

A single-step process presented here describe the facile synthesis of the NP-
CD from the pool of imidazole (source of nitrogen (N)), phosphoric acid (source of
phosphorus (P)) and polyethylene glycol (source of carbon (C)), via the simplest
method of microwave charring for ~ 4 minutes. The as-synthesized blue fluorescent
NP-CD utilized for the aqueous phase photoreduction of Cr(V1) to Cr(l111) under the
presence of natural sunlight. Compared to artificial light, natural sunlight shows its
significant contribution towards the photoreduction of the Cr(VI) to Cr(llI)
concerning the time required for the photoreduction is shown in Table 1, which also

includes synthesis time for the fabrication of nano-carbons in comparison with the

34



Chapter-2

existing reports. Furthermore, the Cr(ll1l) was also precipitated out by the NaOH
solution to get treated water from the synthetic contaminated water.
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Scheme 2.1: A Schematic representation showing the microwave assisted-facile
synthesis and application of NP-CD for aqueous phase photoreduction of Cr(VI) to
Cr(I11), under the influence of sunlight followed by the precipitation of Cr(lll) into

its green colored hydroxide salt.

2.3.1 Spectroscopic characterization

The absorption spectrum, (Figure 2. 1 (a)) shows peaks at ~ 210 nm and ~
270 nm that correspond to the transitions associated with n-n* (C=C) and n-rm*
(C=N/P), respectively. The photographic images of the NP-CD in daylight and
under the UV light illumination are shown in Figure 2.1 (b). The blue emitting NP-
CD show the excitation wavelength dependent flurorescence emission (Figure 2. 1
(c)), situated mostly between the blue-green region (~ 360 nm to ~ 540 nm) of the
visible spectrum, having the highest emission intensity at ~ 443 nm (excited at 380
nm), and possesing a quantum yield value of ~ 15 % [31]. In addition, the
photostability of NP-CD was investigated for 5 hours at the excitation wavelength of
380 nm and it shows good photostability (Figure 2. 1(d)) without any apperent loss

in the emission intensity.
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Figure 2.1: (a) UV-Vis spectrum; (b) photographic image in day light and UV light;
(c) excitation dependent fluorescence emission spectra (excited from 300 nm to 580
nm with the increment of 20 nm towards the higher wavelength) and
(d) photostability at 380nm excitation for 5 h of NP-CD.

2.3.2 XPS and FT-IR Analysis

The possible identification of the surface functionalities [32, 33] of the NP-
CD was carried out by XPS and FTIR. XPS spectrum of NP-CD (Figure 2. 2 (a))
shows the signature peaks associated with four elements; carbon (C1s), oxygen
(O15s), nitrogen (N1s), and phosphorus (P2p and P2s) at ~ 284.4 eV, ~ 532.1 eV, ~
399.8eV, ~ 132.6 and ~ 188 eV, respectively. The inset of Figure 2. 2(a) shows a
tabular data for the elemental composition from the XPS survey scan. Figure 2. 2
(b-e) shows the high-resolution short scanned XPS spectra of C1s, N1s, P2p, and
Ols respectively after deconvulation. Short scanned Cls analysis after
deconvulation as displayed in Figure 2. 2 (b), showing the presence of six different
peaks located at 283.4 eV, 284.2 eV, 284.8eV, 285.6eV, 286.2eV and 288 eV
corresponding to the presence of different binding states of carbon as C=C, C-C, C-
N/P, C-O, C=N and C=0, respectively [34, 35]. After deconvulation short scan of
N1s show three major peaks at 398.9, 400.6eV and 402 eV corresponding to the
C=N-C (pyridinic N), C-N-H (pyrollic N), and C=N (graphitic N), respectively
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(Figure 2. 2(c)). Similarly, The P2p short scan after deconvulation shows two peaks
at 134.5 eV and 133.5 eV corresponding to the presence of the P-O and P-C,
respectively (Figure 2. 2(d)) [9]. The short scan for O1s region after deconvulation
shows the presence of three major peaks at 532.9 eV, 532.3 eV and 531.1 eV
corresponding to the presence of C=0/C=N, C-O and O-N/P, respectively (Figure 2.
2(e)) [36]. FTIR results (Figure 2. 2 (f)) show a broad band from 3484-3200 cm-1
corresponding to the N-H (sharp end) and O-H stretching vibrations.[12, 16, 37] The
doublet at ~ 2925 and ~ 2873 cm-1 correspond to the C-H stretching vibrations. [37]
The medium band at ~ 1745 cm-1 and ~ 1643 cm-1 correspond to C=0 and C=C
stretching vibrations. The medium band at ~ 1456 cm-1 and ~ 1351 cm-1
correspond to C=N and C-N stretching vibrations, respectively.[37-39] The medium
and sharp peaks ~ 1068 cm-1 and ~ 940 cm-1 correspond to the C-O, P-O-C
stretching vibrations. The bands between ~ 600 cm-1 to ~ 500 cm™ correspond to
the aromatic stretching [12, 16, 17, 38, 40] along with presence of the signature
peaks of -P-O-C- and =N-C- confirming the doping of N and P in the NP-CD. The
presence of different type of functional groups confirmed by the FTIR spectra of
NP-CD were also in accordance with binding suggested by the XPS spectra.
Additionally, to understand the distribution of the different elements especially, the
N and P within the carbonized matrix of NP-CD. We did a XPS analysis concerning
the percentage composition of the different elements at three different places in the
same sample and presented the data in the form of standard error as C (52.85 *
0.36)%, O (30.23 £ 0.13)%, N (5.55 £ 0.06)%, P (11.36 £ 0.33)%
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Figure 2.2: (a) XPS survey scan of NP-CD with its corresponding short scan of; (b)
Cis; (€) Nis; (d) Papand (e) Oss; (f) FTIR spectra
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2.3.3 Microscopic analysis

Transmission electron microscopy (TEM) was used to observe the
morphology of NP-CD, (Figure 2. 3). The TEM image of NP-CD (Figure 2. 3 a),
shows well dispersed spherical particles with the corresponding size distribution
analysis in Figure 2. 3(b). Gaussian fitting of the size distribution curve shows that
the average size of the NP-CD is 9.5 nm with the standard deviation of 3.3 nm. The
High-resolution TEM (HRTEM) image in Figure 2. 3(c) shows the graphitic fringes
encircled with the yellow circles. Figure 2. 3 (d) is the HRTEM image of NP-CD,
which shows the interplanar layers of the graphitic carbon of 0.22 nm
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Figure 2.3: (a) TEM image of NP-CD; and (b) its corresponding size distribution;
(c) HRTEM image of NP-CD highlightes with yellow circles showing the
arrangements of graphitic packing as interplanar fringes; (d) HRTEM image

showing the interplanar arrangements of NP-CD.
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2.3.4 Sunlight Induced Photocatalytic Reduction of Cr (V1)

Using the potassium dichromate as a source of Cr(VI) to prepare the
synthetic contaminated water, NP-CD were used here for the aqueous phase
photocatalytic reduction of Cr(VI) to Cr(l1l) under the influence of natural sunlight.
The important prospect of the present finding ascribed towards the photoreduction
of variable concentrations of Cr(\VI) (10 ppm to 2000 ppm) to its respective Cr(llI)
using the same dose of the photocatalyst. The effects of NP-CD and sunlight on
photocatalysis were shown in the Figure 2.4(a). The adsorption-desorption
equilibrium was attained via sonicating for 30 minutes in the daylight (Figure 2.4 (a-b))
and afterwards the Cr(VI) was kept under the sunlight, and after every 10 minutes
the photo reduced solutions were collected for the UV-Vis analysis. The residual
Cr(VI) concentrations after the photoreduction were investigated by the UV-Vis
spectrometer at 540 nm wavelength with the help of di-phenyl carbazide (DPC)
assay [6, 29, 30]. In the absence of NP-CD (black line-Figure 2.4 (a)) and the
sunlight (red line-Figure 2.4 (a)), there was almost negligible changes in the initial
concentration of Cr(VI1). While after the addition of the NP-CD in the presence of
sunlight (blue line-Figure 2.4 (a)) almost complete photoreduction of the Cr (V1)
(400 ppm) had been achieved within the ~ 110 minutes. Additionally, the same
Figure 2.4 (a) shows that NP-CD exhibited only ~ 10 % of adsorption. The
quantitative evaluation of Cr(V1) reduction by NP-CD was performed using different
concentrations (10, 50, 100, 400, 1000, 2000 ppm) of Cr (V1) with the same catalyst
dose(0.07mg mL-1) just by increasing the sunlight irradiation time. The continuous
decrease in the initial concentration of Cr(VI) represented as C/Co with the time
under the sunlight irradiation is shown in Figure 2.4 (b). The photocatalytic
reduction of Cr(VI) by NP-CD follows pseudo-first-order kinetics with a significant
R2 value (Figure 2.4(c)). The rate constant and it’s corresponding half-life for
different Cr(VI) concentration were shown in Figure 2.4 (d). The plausible
mechanism for the photocatalytic Cr(VI) reduction by NP-CD, has been displayed in
Figure 2.4(e). Under the influence of sunlight irradiation, holes and electrons are
generated in the valence and conduction bands of NP-CD (equation (i)). Further, the
photo induced holes react with water molecules to generate highly reactive H+ (as

shown in equation (ii)). The photo induced electrons were initially reacting with the
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Cr(VI) present near the periphery of the NP-CD as shown in equation (iii). These
highly reactive protons and electrons cumulatively reduce Cr(VI) to Cr(lll) as
shown in equation (iv). The overall mechanism is showing schematically to
understand the plausible reason for the photocatalytic reduction of toxic Cr(VI) to
less toxic Cr(l11). Nevertheless to state about the requirement of the acidic pH, as
with the increase in pH towards basic side decreases the photoreduction efficiency
of NP-CD [41]. The Cr(l11) has been separated from the water by the precipitation in
the form of the hydroxides of Cr(l11) after the addition of NaOH solution [42].
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Figure 2.4: (a) Plot of (C/Co) for the photoreduction of the 400 ppm of Cr(VI) by
NP-CD under the different condition; b) Plot of (C/Co) for Cr(VI) photoreduction by
NP-CD under different concentrations of Cr(VI1); ¢) pseudo-first-order linear fit data
with different concentration of Cr(VI); (d) rate constant and half-life graph for the
different concentration of Cr (VI) and e) schematic representation of plausible
reaction mechanism of photocatalytic reduction of Cr(VI) to Cr(lll) under the
sunlight irradiation by NP-CD.
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2.3.5 Effect of the dopants of N, P on the photoreduction ability of NP-CD
towards Cr(VI)

To investigate the effect of N and P content on the photoreduction ability of
NP-CD, a control set of experiments was performed using single dopant material
such as only N and only P charred with the same amount of polyethylene glycol
(control sample) under the similar experimental conditions as being used for the
synthesis of NP-CD. Figure 2.5 (a) shows the prominent effect of combined doping
of N-P compared to the un-doped (CD) and singly doped CD as (N-CD and P-CD).
As well as, the effect of the amount of the reactant has also been investigated on the
photoreduction efficiency by changing the reactant concentration to optimize the
reaction conditions and obtain the maximum efficiency of photocatalyst. Figure 2. 5
(b-d) shows the effect of varying concentration of each reactant compared to the
control (NP-CD). From the Figure 2.5 (b-d) it was concluded that the reactant
mixture of 3 g imidazole, 10 mL phosphoric acid and 10 mL polyethylene glycol
was the best composition for the fabrication of NP-CD for its potential application in
photocatalytic reduction of Cr(\VI) to Cr(lll). Additionally, under the sunlight
irradiation, Figure 2.5(e) shows the extent of photocatalyst loading on the
photoreduction efficiency of NP-CD and as expected it was found that on increasing
the catalyst dose the rate of the photoreduction becomes faster compared to the
lower dose for the same concentrations of Cr(VI) (400 ppm) [43]. When the dose
was 0.14 mg mL™ the time required for 400 ppm Cr(V1) reduction was 20 minutes
while at 0.07 mg mL™ the time required for photocatalytic reduction was 110
minutes. For the present finding a moderate amount of photocatalyst was being used
(0.07 mg mL-1). The NP-CD worked as a stable photocatalyst as observed by its
recyclability upto six cycles which shows 98% efficiency for the 400 ppm Cr(VI), is
demonstrated in Figure 2. 5(f).
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Figure 2.5: a) Effect of the reactant contents of N and P on the working efficiency
of the CD; b) effect of imidazole; (c) effect of phosphoric acid; (d) and the effect of
polyethylene glycol; e) effect of catalyst loading; f) the photocatalytic performance
up to six cycles by the recycling test on the photoreduction efficiency of NP-CD on

the 400ppm Cr(VI) under the sunlight irradiation.

2.3.6. Effect of interfering ions and real sample analysis

Further, to explore the possibilities of NP-CD in practical application, the
photoreduction ability of NP-CD has been examined in the presence of many other
interfering ions. Experimentally separate solutions of the 100 ppm of different
interfering[44] ions (as chloride (CI), sulphate (SO4%), nitrate (NO3), phosphate
(PO4>), ferrous (Fe?*) and calcium (Ca®")) along with a mixture that contains all the
different interfering ions [44], were mixed into the solutions of 400 ppm Cr(VI)
under the similar experimental conditions as discussed above. All the experiment
carried out at the dose of photocatalyst (0.07mg mL™) in 120 minute of sunlight
irradiation. After performing the interference study, a minimal decrease in the
reduction efficiency of NP-CD observed as shown in Figure 2.6 (a), with different
interfering ions and their corresponding mixture compared with the control set
containing 400 ppm Cr(VI) solution without any interfering ion. The NP-CD shows
an effective and efficient photocatalysis as the 100 ppm concentration of all the

interfering ions and its corresponding mixtures does not affect the photoreduction
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abilities of NP-CD. Concerning the environmental application, we collected
practical lab waste sample from MNIT Jaipur containing Cr(VI) ion which was
confirmed by DPC assay. After collecting the sample, we performed the same
experiment with same dose of NP-CD (0.07 mg mL-1) under natural sunlight. We
took the photo reduced sample after every 20 minute for UV-vis analysis by the
DPC assay at a wavelength 540 nm. From UV-vis analysis, we observed that the
initial concentration of Cr(VI) in unknown sample was 156 ppm. A ~99 %
photoreduction of Cr(VI) to Cr(l1l) observed in 100 minutes. A plot of C/Co verses
time is displayed in Figure 2.6 (b) showing photoreduction of lab waste sample
under natural sunlight. The sample without catalyst is termed as control (red line)
and with catalyst NP-CD is termed as control-NP-CD (black line).
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Figure 2.6: (a) Photoreduction efficiency of NP-CD under the different presence of the
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interfering ions CI, SO.*, NOg3, PO,*, Fe?* and Ca®* along with its mixture which
contains 100 ppm of each the interfering ion under the presence of sunlight and (b) Plot
of (C/Co) for the photoreduction of industrial sample without NP-CD (red line) and
with NP-CD (black line) under the natural sunlight

2.4  Conclusion

The present chapter briefs about the synthesis and exploration of NP-CD as
an efficient material for aqueous phase photocatalytic reduction of Cr(\V1) to Cr(l1)
under the influence of natural sunlight. Moreover, the less toxic Cr(I11) was removed
from the treated water using a simple process of precipitation. The ease in the
recyclability along with no apparent loss in the catalytic efficiency could hold a very

large, prosperous future of these NP-CD in the field of photocatalytic water
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remediation. The structural characteristic of NP-CD could further provide significant
potential as priority materials to execute many hidden applications towards the

removal of various toxic inorganic and organic pollutants from the wastewater.
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Sunlight-Induced Photocatalytic Degradation of Pollutant Dye by Highly ...

3.1 Introduction

Presently, advances to explore the nontoxic-biocompatible probes8 working
in the long-wavelength region of the spectrum (red and NIR) for the in vivo
photoluminescent imaging have gained a lot of interest [1]. These probes are
expected to enable safer in-depth imaging of cells, tissues and organs. The red and
NIR regions constitutes the most suitable part of the spectrum that showed
minimally intrusive absorption and self-fluorescence from the biological samples
[2,3]. For this, significant efforts are already being taken for developing the highly
fluorescent semiconductor QD and organic dyes as a fluorescent probe for
bioimaging applications [4,5]. However, the long-known biological constraint for
the use of QD is its lower solubility and toxicity as well as the photobleaching
effects associated with the fluorescent organic dyes, which certainly limit their long-
term uses for biological applications [6,7]. Concerning the biocompatibility,
photostability and the high competitive QY values of highly photoluminescent
probes, CD [8,9] and GQD [10,11] can be a better alternative [12-19]. Nevertheless,
along with being explored everywhere, including the few reports on its
photocatalytic applications [20—39]. The red and NIR emission of CD/GQD can be
further explored on the basis of surface modifications and choosing a different
carbon precursor [40—44]. A few groups have investigated the synthesis of red
emitting CD/GQD, based on hydrothermal [45-47], solvothermal [48] and
microwave [49—51] assisted methods using different synthetic precursor materials.
These precursor materials have included o-phenyldiamine and phosphoric acid [52],
thiourea and citric acid [53], lemon pulp [46], mango leaves [49] and they have been
used these red-emitting CD/GQD for the multipurpose applications [46—51,53—55].
The most common observation noted for the emission in the higher-wavelength
region in the published reports [40,45—49,51,53—57] was the influence of the
incorporation/doping of heteroatoms [48,51-54,57].

The present finding describes in this chapter related to an easier approach for
the fabrication of water-soluble red emitting magnesium nitrogen embedded cabon
dots termed as “r-Mg-N-CD” from the leaves of a readily available ornamental plant

named Bougainvillea. Importantly, the newer perspective concerning the use of red-
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emitting synthesized r-Mg-N-CD has been experimentally explored as a potential
photocatalyst material, for the photodegradation of pollutant organic dye named
MB.

3.2  Experimental Section
3.2.1 Materials and Reagents
All chemical reagents of analytical grade and used without further

purification.

3.2.2 Instrumentation

TEM, XPS, FTIR and UV-Vis instrumentation were same as described in
Chapter 2.The topography and thickness of r-Mg-N-CD were analyzed by using a
Pico SPM (Molecular Imaging) AFM. Spectroscopy: PL spectrometry analyses in
aqueous solutions were conducted at room temperature with a PerkinElmer LS55
spectrophotometer. fluorescence microscopy: The optical images of r-Mg-N-CD were
analyzed with a Leica inverted microscope (Leica DM 2500, Leica microscopy
system Ltd.) under 562 nm band-pass filters. 'H NMR measurements were recorded
on a JEOL ECS-400 (operating at 400 MHz, in D,O solvent).

3.2.3 Synthesis of r-Mg-N-CD

r-mMg-N-CD were synthesized from Bougainvillea plants via a green
synthesis process. The young plant leaves, mostly from the 3-5" internode of the
younger green branches, were taken and washed repeatedly with DI water in order to
remove soluble impurities and were kept at room temperature (x30°C) for
evaporation of DI water. The fresh leaves were chopped into ~1 cm size and
blended with a hand blender after these blended leaves (~10 g) were mixed in 100
mL of ethanol/water (1:1) solution for 10 min at 40°C kept on sonication. The
extract of leaves was carbonized for 15 min at 90% power (1400 W) in a domestic
microwave oven. The as-produced sample was sonicated followed by high-speed
centrifugation at ~7000 rpm for 30 min. Further, the supernatant solution transferred
to a glass Petri dish and dried on water bath to yield the powdered sample. The dried
powder sample was named as r-Mg-N-CD having the quantitative yield of ~70%

(with respect to as-prepared bulk sample), possessing the QY of ~40%. The
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photographic image of r-Mg-N-CD taken in the ethanol/water solution (1:1) [49].
For the control, the photodegradation efficiency of leaf extract (as a control test)
compared with r-Mg-N-CD sample was checked and its photodegradation efficiency
was found to be ineffective over the same time-period. The QY was measured with
reference to NB. QY of r-Mg-N-CD were determined by using NB [58]. The QY of
the NB is 0.27 [59].

3.2.4 Photocatalytic Activity Measurement

The photocatalytic activity of r-Mg-N-CD samples was determined by the
degradation of MB, a heteropolyaromatic dye, in aqueous solution under direct
sunlight. A stock solution of MB with a concentration of 20 mg L™ was prepared in
DI water for photocatalytic degradation. In a typical process, 150 mg of r-Mg-N-CD
were added in 50 mL of prepared MB solution and stirred for 30 min in the dark to
reach the adsorption and desorption equilibration. The solutions were then exposed
to direct sunlight. During the photocatalytic tests, fixed amounts of the photoreacted
solution were taken at time intervals of 30 min. The collected solution centrifuged
and the supernatant collected in a quartz cuvette for determining MB concentration
in the supernatant by using UV-vis absorbance spectroscopy at wavelength 664 nm.
Further, these samples dried to carry out the 'H NMR analysis to distinguish the
degraded products formed. The r-Mg-N-CD regenerated by initial washing with
dil.HCI followed by repeatedly washing with DI water till the pH of solution

become neutral.

3.3 Results and Discussion

A simple synthesis of r-Mg-N-CD is presented schematically in Scheme 3.1.
The two-step synthetic process involved the extraction of Bougenvillea leaves
extract into the mixture of ethanol/water (1:1), followed by the charring step in the
domestic microwave. As-synthesized r-Mg-N-CD showed excitation-independent
red emission profile located at ~678 nm. Apart from the routine biocompatible
imaging [40,46,48,49,55,57] and sensing applications [49,51,54] as shown in Table
3.1, herein these red emitting r-Mg-N-CD are used for the photocatalytic aqueous
phase degradation of MB. Under the influence of natural sunlight, r-Mg-N-CD

showing faster (~6 times) rate of photodegradation of MB (in comparison to the

52


https://pubs.acs.org/doi/10.1021/acssuschemeng.8b01559#sch1
https://pubs.acs.org/doi/10.1021/acssuschemeng.8b01559#sch1
https://pubs.acs.org/doi/10.1021/acssuschemeng.8b01559#tbl1
https://pubs.acs.org/doi/10.1021/acssuschemeng.8b01559#tbl1
https://pubs.acs.org/doi/10.1021/acssuschemeng.8b01559#tbl1

Chapter-3

artificial light of a 100 W tungsten bulb). The as-obtained r-Mg-N-CD showed its
significant expression, related to the excitation independent red emissions with high
QY of ~40% (on separation reached up to ~48%) and an excellent photostability.
The high values of QY with emission at the longer wavelength (~678 nm) made this

material comparative to the already existing red-emitting QD [60].
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Table 3.1. Comparative Table Showing Synthesis and Application of Existing Red-Emitting CD/GQD

Source Method Synthesis | Diameter | Excitation | Emission | QY | Application Ref.
condition (hex NM) [ 2emnm) | (%)
Citric acid / Microwave 1h 4.0 540 640 22.9 | Imaging, [50]
Formamide chemical (400 W) Independent Drugs Delivery
reactor 160°C
p-phenylenediamine / Solvothermal 12 h 10.0 365 604 26.1 | Imaging [48]
ethanol 180°C
Urea / phenylenediamine/ Hydrothermal 10 h 2.6 510 625 35 | Imaging [45]
Water 160°C Independent
citric acid / polyethylenimine / Heating 180°C 5-11 355 710 - |- [52]
ethylene glycol Independent
pulp-free lemon juice / ethanol Solvothermal 10 h 4.6 533 631 28 | Bioimaging [46]
190°C Independent
2,5-diaminobenzenesulfonic acid | Hydrothermal 8h 24+0.6 |500 600 5.4 | Sensing of Fe** | [54]
[/ 4-aminophenylboronic acid 180°C Independent Imaging
Hydrochloride / water
citric acid /thiourea / acetone Hydrothermal 8h 4.42 £0.67 | 560 594 29- | Imaging [53]
160°C Dependent 22 | Biocompatibility

54




Chapter-3

Source Method Synthesis | Diameter | Excitation | Emission | QY | Application Ref.
condition (AexnM) | [demnm) | (%)
p-phenylenediamine / phosphorus | Hydrothermal 24h 2.4 530 620 10 | Latent [47]
acid / water 180°C Independent fingerprint
Mango leaves / ethanol Microwave 5 min 2-8 400 680 -- | Bioimaging/ [49]
Oven 900 W Independent sensing study
p-phenylenediamine/ Ethanol/ Microwave 1h 480 615 15 | Sensing [51]
water 800 W 2.2-6.5 | Independent Imaging
Dried VCX-72 carbon black/ Ultrasonic 24 h 39,95 |445nm 622 -- | Imaging [40]
HNO; cell crusher 10 min
950 W
Ascorbic acid/ oleylamine Heating 4h 3-8 nm | 400-550 nm 625 ~ 14 | Imaging [55]
280°C Dependent
Paraphenylenediamine/ Ethanol/ | Microwave- 60 min ~6nm | 380 630 50 | Luminescence [66]
water assisted 900 W Imaging
Bougainvillea leaves extract Microwave- 15 min ~16-18 | 420 678 40 | Photocatalytic This
assisted 1260 W degradation work
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Scheme 3.1. Schematic Diagram Showing the Simple Synthesis of r-Mg-N-CD and
Its Application in Sunlight-Induced Photodegradation of MB

3.3.1 Microscopic Analysis

The surface morphology and the internal characterization of the graphitic
arrangement of r-Mg-N-CD analyzed by TEM, HRTEM and AFM. Figure 3.1a
shows the TEM images of segregated fraction of r-Mg-N-CD as separated from the
bulk (as produced sample) by the 30 min sonication followed by high-speed
centrifugation. The TEM image (Figure 3.1a) of r-Mg-N-CD show the well-
dispersed particles. Figure 3.1b shows the Gaussian fitting size distribution curves of
its corresponding TEM images, possess a size distribution of ~4-18 nm with an
average diameter of 10.9 + 2.8 nm. The internal structural characterization of the r-
Mg-N-CD were displayed by the HRTEM images in Figure 3.1c, d. Figure 3.1c
shows the two different arrangements of graphitic packing as interplanar fringes
within the same sphere (circled as red). Figure 3.1d, displayed the zoomed image of
Figure 3.1c, which supports the observation of two different phases of the
arrangements of Mg and C with different interplanar distance ~0.15 and 0.22 nm,
respectively [61]. Figure 3.1e shows the topographic AFM image of the r-Mg-N-CD
and Figure 3.1f representing the height profile analysis of the Figure 3.1e.
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Figure 3.1: (a) TEM image of r-Mg-N-CD; (b) its corresponding size distribution;
(c) HRTEM image of r-Mg-N-CD; (d) zoomed image of (c); (¢) AFM image of the
r-Mg-N-CD and; (f) corresponding height profile image.

3.3.2. Optical Properties: Absorbance and Fluorescence Analysis

The optical behavior of r-Mg-N-CD investigated by UV-visible and
fluorescence spectroscopy as illustrated in Figure 3.2a—d. The UV-vis (Figure 3.2a)
of the r-Mg-N-CD shows the four different absorption peaks at ~270, ~325, ~420
and ~674 nm, which are due to the presence of diverse and several complicated
surface functional states. The absorption peak located at ~270 nm corresponds to
C=C bonds (n—nt* transitions) and the peaks at 325 and 420 nm were due to n—x*
transition, which may be generated because of the presence of C=0 or C=N
associated with the graphitic framework of r-Mg-N-CD [47,53]. The absorbance
peak at higher wavelength ~674 nm arises because of charge transfer between the
metal-ligand bonding. Figure 3.2b shows the most prominent aspect of r-Mg-N-CD

as its excitation independent red fluorescence, which can be ascribed to the
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incorporation/doping of heteroatoms [47,56]. Herein, this can be explained based on
embedding of Mg-N within the graphitic carbon framework of CD. Figure 3.2c
displays the excellent stability of r-Mg-N-CD toward a photobleaching experiment
performed for 5 h at the continuous irradiation at 420 nm excitation. Figure 3.2d
displayed the fluorescence images of r-Mg-N-CD (by evaporating a dilute aqueous

solution) on the glass slide under the red band-pass filter of 562 nm.

Z

Intensity (a.u.)

300 400 500 600 700 800 600 630 660 690 720 750
Wavelength (nm) Wavelength (nm)

Intensity (a.u.)

Time (minutes)
Figure 3.2: (a) UV-vis spectra, inset of (a) digital photographic image of the r-Mg-
N-CD irradiated under daylight (left) and under UV light (right); (b) excitation
independent fluorescence emission spectra of r-Mg-N-CD (excited from 400 to 560
nm with the increment of 20 nm toward the higher wavelength; (c) photostability of
r-Mg-N-CD under 5 h of continuous 420 nm excitation wavelength and

(d) fluorescence microscopic images of r-Mg-N-CD at 562 nm band pass filter.

3.3.3 FT-IR and XPS:

The presence of complex surface functionalities of r-Mg-N-CD, investigated
using the FT-IR and XPS. The FT-IR spectra (Figure 3.3a) of r-Mg-N-CD shows the
several stretching vibrations associated with bonded hydrogen as O-H (3401-3200
cm™ (broad)), =C-H and —C-H at, 3035 cm™ (weak) and 2923 and 2859 cm™
(weak, doublet). A few merged peaks of C=0 and C=C stretching vibrations were
found at 1728 and 1624 cm™, respectively. The merged peaks at 1400 cm™ arise
because of unsymmetrical stretching vibrations of —CH, group and aryl C-N
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stretching vibrations, respectively, confirming the embedding of nitrogen. The
merged peaks at 1114 and 1067 cm™ correspond to the —C—O- stretching and —CH
bending vibrations, respectively. Importantly, a peak situated at ~516 cm™ was due
to the metal-ligand bending vibrations (confirming the presence of Mg) [62]. The
embedding of Mg and N in r-Mg-N-CD were confirmed by XPS analysis and
described in Figure 3.3b—g. A survey XPS scan confirms the existence of the C, N,
O and Mg, within the r-Mg-N-CD. The XPS survey scan showed the peaks at 284.0,
531.4, 399.1, 56 and 89 eV associated with the presence of Cis (76.7%), Ois
(11.4%), Nis (6.9%), Mg2,(2.9%) and Mgy (2.1%) as displayed in Figure 3.3b,c
where Figure 3.3c is the zoomed image of Figure 3.3b showing the presence of Mgy,
and Mgy. Moreover, the high-resolution XPS spectra over the deconvolution
showed the presence of different metal-binding sites of C, N and O. The high-
resolution XPS short scan of C;5 as shown in Figure 3.3d on deconvolution displays
the several C-binding sites at 282.5 eV (C-Mg), 283.4 ¢V (C=C), 284.1 eV (C-C),
285.1 eV (C-0/N), 286.5 eV (C=0) and 291.5 eV (n—n* satellite). Similarly, for the
others, the O;5 deconvolution shows different binding with C and Mg at 528.9 eV
(O-Mg), 531.2 eV (C-0) and 532.9 eV (C=0) (Figure 3.3e) [63]. The deconvolution
of Njs show peaks at 397.1 eV (Mg—N), 398.2 eV (pyrrolic N), 399.2 eV (pyridinic
N) and 400.5 eV (graphitic N) (Figure 3.3f) [47]. Figure 3.3g showed the
deconvolution peaks of Mgy, at 49.3 eV (Mg-0) and 47.3 eV (Mg-C) [64, 65].

a) ’\ /‘A\ "'q‘\v/ b) cC 767% o. c) Mga. Mgy, d)
Bd: \ / \ , Mg-L 0 11.4% |
e | [ . N 69% | !
| A \[\/ :
I= J = Mgy bW AU M s\
g | | | " " LRURTURRNT
g |/ - . il Sl il
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Figure 3.3: (a) FTIR spectra; (b) Survey scan of r-Mg-N-CD; (c) zoomed image of;
(b) and its corresponding short scan; (d) Cis; (€) Ous; (f) Nis and (g) Mgap.
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3.3.4 Sunlight-Induced Photocatalytic Degradation of MB

The presented finding deals with the newer application of r-Mg-N-CD, used
for the photodegradation of MB under the influence of natural sunlight, apart from
the long-known conventional applications of CD [40,45-49,51,53,54,57]. The
significant influence of the sustainable sunlight can be better explained by a
comparative analysis using an artificial light (100 W tungsten bulb). The continuous
decrease in the concentration of MB by the r-Mg-N-CD interaction under the
influence of the different sources of light plotted as the relative change in the
concentration of the MB with a function of time (Figure 3.4a). As shown in Figure
3.44, the results indicate that the as-synthesized r-Mg-N-CD under the 120 min of
sunlight irradiation achieves the highest photocatalytic activity (99.1%), compared
with the 100 W tungsten bulb (45%). As a control, the degradation efficiency of MB
alone was also checked under the presence of sunlight and showed no significant
change. The same figure also includes the data of the experiment that was performed
in the dark. Therefore, comparing the result as shown in Figure 3.4a explicitly
indicates the significant influence of sunlight on the aqueous-phase
photodegradation of MB by r-Mg-N-CD. Figure 3.4b shows the corresponding rate
constant values obtained from fitting the experimental data with the Langmuir-
Hinshelwood model for the apparent first-order kinetics model and t;, values
obtained for MB degradation at different condition using r-Mg-N-CD. The small
value of ty, under the sunlight indicates the high photocatalytic activity of r-Mg-N-
CD with high values of the rate constant for the photodegradation of MB, compared
with other conditions (dark and in the light of 100 W tungsten bulb). The interaction
of r-Mg-N-CD under irradiation with different light sources investigated by UV-vis
DRS [35,67-69]. Figure 3.4c shows the absorption edge near ~673 nm, which
corresponds to the band gap of r-Mg-N-CD. Figure 3.4d shows the Tauc plots
((Oth))2 vs hv) and indicates the measured band gap for r-Mg-N-CD were 1.45 eV,
whereas their values decreased when sensitized with 100 W bulb light (1.42 eV) and
1.38 eV sunlight[70]. The experimental observation (Figure 3.4d) based on diffuse
reflectance are consistent with the photodegradation rate constant and t;, values as
shown Figure 3.4b. That shows the decrease in band gap, particularly toward an

efficient visible light range enhanced the photocatalysis process for MB degradation.
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Figure 3.4: (a) Plot of (C/C,) for MB photodegradation by r-Mg-N-CD under

different condition; (b) Comparative data of first order rate constant and half-life
(t2) In minutes obtained from experimental data; UV-vis diffuse reflectance
absorption spectra (¢) and Tauc plots (ochv)2 versus photo energy (hv) (d) of r-Mg-N-
CD in different light sources.

Further, the most valuable prospect regarding the plausible degradation
mechanism of the MB by r-Mg-N-CD under the presence of sunlight can be easily
explained on the basis of the trapping experiment (Figure 3.5a—d). In aqueous
medium, a photocatalyst under sunlight irradiation generates three types of reactive
species as superoxide, holes and hydroxyl radicals, which are responsible for
photodegradation of the organic compounds [28,43,71-74]. To understand the
specific roles of reactive species, the trapping experiment (including the control set
(0.0 mM concentration of scavengers)) was performed using three different types of
scavengers: like the p-BZQ as a scavenger for the trap of O,"; Na,-EDTA for the
trapping of h*; and t-BA for the trapping of HO- radicals as shown in (Figure 3.7a—
c) respectively [43,71-73]. The molar concentration of the scavengers varied from
0.0, 0.5, 1.0 and 5 mM in an aqueous system of MB-r-Mg-N-CD, as shown in
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Figure 3.7. Figure 3.7a shows that the photodegradation activity significantly
reduced by ~55% in the presence of 0.5 mM of p-BZQ. However, in the same
Figure 3.5b, c), the photocatalytic efficiency was reduced ~by 25% (Figure 3.5b, c)
in the presence of Na,-EDTA and t-BA having the same concentration of scavenger
as 0.5 mM, advocating the relatively strong influence of superoxide radicals in the
process of photodegradation. Although from Figure 3.5d, it was notable to observe
that on further increasing the concentration of respective scavenger, a marginal
decrement was noticed for MB degradation by r-Mg-N-CD in sunlight. Therefore,
the data supports that holes and hydroxyl radicals also participate with superoxide
for MB degradation; however, it is relatively less dominant than that of superoxide.
Overall, the superoxide radicals are not solely responsible toward the complete
breakdown of the MB, nevertheless, its influence is more prominent compared with
the other two reactive species.
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Figure 3.5: Influence on the photodegradation efficiency of MB is shown by
trapping the different reactive species in the presence of scavengers; (a)
benzoquinone (p-BZQ) for superoxide; (b) Na,-EDTA for holes; (c) (t-BA) for
hydroxyl including error bars and; (d) tabular image shows the overall influence on
photodegradation of MB at different concentration of the scavengers including
control (0 mM of scavenger).
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The plausible photoreaction mechanism steps and pathways for the
photodegradation are schematically shown in Figure 3.6a. That describes a long-
known theory regarding the uses of surface functionalities regarding surface defects
[75,76] located over the surface of r-Mg-N-CD were being utilized here for the
capturing of photo excited electrons (highlighted as path I). Photoexcitation of
electrons in the graphitic phase of r-Mg-N-CD retards the electron—hole pair
recombination and generates the reactive oxygen radicals as shown in path Il as
reaction intermediates on the surface of r-Mg-N-CD. The generated oxygen radical
species further react with water to form hydroxyl radical as shown in path I1l. The
MB molecules adsorbed on the r-Mg-N-CD surface react with active oxygen species
(hydroxyl radicals) and holes generated on the r-Mg-N-CD surface as shown in path
IV-V and decomposed into smaller hydrocarbons as discussed in detail by NMR
analysis in the next section. To check the utility and stability of the photocatalyst,
recycling study was carried out as displayed in Figure 3.6b and showed a loss of
~38% in the photodegradation efficiency of the photocatalyst material after the use

of four cycles.

100

MB degradtion (%)
B [=2] (o]
TP P

)
o
1

o
f

1 2 3
Number of cycles

Figure 3.6: (a) Schematic representation of mechanism of photodegradation of MB
by r-Mg-N-CD showing several possible pathways (I-V) for dye degradation and;
(b) photocatalyst performance of r-Mg-N-CD up to 4 cycles of recycling testing with

standard error bar.

3.3.5 Photodegradation Analysis of MB by NMR Spectroscopy

A H NMR analysis showing the complete degradation of the aromatic frame
of MB (Figure 3.7a) described in Figure 3.7. A comparative NMR analysis of (i)
MB; (ii) r-Mg-N-CD and (iii) MB-r-Mg-N-CD (supernatant of r-Mg-N-CD
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interacted with MB after the 180 min sunlight irradiation was shown in Figure 3.7b—
d. The simplest *H NMR of MB showed the existence of four different types of
protons, appeared at different 6 values and were labeled as Ha, Hb, Hc and Hd
(Figure 3.7a) in the structural formula of MB. The & values of MB (for 12 protons)
were further divided into two different regions; an aliphatic (for six protons) and an
aromatic region (having three separate chemical shift values). To analyze the
possible degraded product of MB by r-Mg-N-CD from the pool of MB-r-Mg-N-CD,
under the influence of sunlight, the samples collected after the 180 min. As collected
samples centrifuged at high speed and the supernatant, containing the photodegraded
products dried on a water bath for the NMR analysis [43,74]. Figure 3.7b (i) shows
'H NMR of the six aliphatic protons (Ha) (s) of MB at the & value of 2.96 ppm. On
the other side, six aromatics protons Hb, Hc and Hd showed signals at three different
d value, (two protons as Hb (s) at 6.56 ppm and two protons as Hc (d) at 6.79 to 6.91
ppm and for the last two protons as Hd at 6.98 to 7.00 ppm. For the *H NMR spectra
of r-Mg-N-CD Figure 3.7 (b (ii)), several proton signals were noticed in the aliphatic
region (at 1.26,2.19,2.82,2.97,3.55 and 3.70 ppm) in addition to the few aromatic
protons (at 6.83,6.91,7.40,8.03,8.78 and 9.08 ppm), supporting the presence of
complex surface functionalities as discussed earlier in the section of FT-IR and XPS
analysis. The photodegraded products of MB-r-Mg-N-CD after 180 minutes of the
sunlight irradiation as shown in Figure 3.7b (iii) confirmed the degradation. Figure
3.7b further zoomed to two different regions: aliphatic (Figure 3.7¢) and aromatic
(Figure 3.7d), which showed complete degradation of the aromatic framework of
MB. As there is no significant character of degraded molecules left in the
supernatant water sample that shows the protons signal. Figure 3.7e shows the
photographic image of vials containing the MB (before the photodegradation) and

clear solution (after the photodegradation).
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Figure 3.7: (a) Chemical structure of MB showing the different protonic
environment; (b) *H NMR spectra of the photodegradation of MB while interacting
with r-Mg-N-CD; (i) 'H NMR of MB; (ii) *H NMR of r-Mg-N-CD; and (iii) *H
NMR of MB with r-Mg-N-CD after 180 min of sunlight irradiation; (c) Zoomed
image of panel; (b) showing the 'H NMR spectra (between 4 ppm to 0 ppm); (d)
Zoomed image of Figure 3.7b showing the *H NMR spectra (between 10 ppm to 6
ppm) and; (e) Effect of r-Mg-N-CD in sunlight on MB blue color (left side blue vial)
to colorless (transparent solution in right vial).

3.4  Conclusion

The present finding describes in this chapter discusses the possibilities for
fabricating low-cost, high-quantum-yield, red-emitting r-Mg-N-CD in an
environment-friendly (without using any externally added chemical reagent). Red-
emitting r-Mg-N-CD were used as a novel photocatalytic material for the aqueous
phase photodegradation of MB under the presence sunlight. The vast potential of
sunlight explored was compared with an artificial tungsten bulb by the use of r-Mg-
N-CD, which showed many folds of increase in the rate of photodegradation under
the influence of sunlight. Higher in value of QY, solubility in aqueous media and
emission in the red wavelength region along with the ability to photodegrade the
pollutant dyes within the ~120 min of sunlight irradiation, makes r-Mg-N-CD a
potential nanomaterial for its applications in the field of aqueous-phase
photodegradation. As well, the embedded Mg can also been replaced from some
other metal for enhancing its optical properties [77].
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4.1 Introduction

CD/GQD are potent material for applications including bioimaging [1-8].
These imaging application were earlier done in blue —green region but red and NIR
region [9-13] seems to lesser harmful for biological entities[14,15]. Only few reports
are available for red emitting CD/GQD.[16-22] Sun et al. report the synthesis of
metal-doped green fluorescent ZnO and ZnS-doped/-decorated CD by the doping of
zinc acetate on the surface of CD via hydrolysis by NaOH and precipitation with
Na,S, respectively [23]. Cheng et al. report the synthesis of yellow fluorescent Czno-
Dots via a one-step hydrothermal synthesis by mixing citric acid and zinc chloride in
toluene and used them in bifunctional photonic crystal films, fluorescent microfibers
and patterns [24]. Xu et al. synthesized blue-light-emitting Cz,0-Dots by mixing
sodium citrate and zinc chloride via the hydrothermal method and used them as a
biosensor [25]. ZnO/graphene quasi-core shell QD were synthesized by Son et al.,
who used them in white-light-emitting diodes [26]. Apart from the above-mentioned
applications, CD and doped-CD are used in the field of sensing (gas [27], heavy
metals [28-30], microbes [31,32] etc.), optical displays [33], tunable
photoluminescence [4,34], biocompatibility [33] and competitive QY values [7] and
in the field of bioimaging (presently being explored in the red and NIR regions)
[9—13]. Based on their vast levels of applicative sustainability CD/doped-CD can be
expected to show their potential toward world’s most serious concern, that is,
contamination of water [35] which increases at a very high rate because of the
increase in world population and industrialization. A huge amount of wastewater is
discharged routinely which contains a large amount of heavy inorganic metal ions
and organic compounds generally known as dyes that subsequently degraded the
overall environmental and human health. Few reports are available for the
photodegradation of the organic dyes by the waste derived nano-carbons [36—39].
The removal of heavy metals from wastewater has been carried out by different
techniques [40—44]. Red-emitting CD can be a significant material, simply because
of their lower working levels of energy which can be used for the applications

related to water treatment.
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Under the influence of sunlight, this chapter describes a new prospect of
using red-emitting zin oxide doped carbon dots (Czno-Dots) apart from their routine
application. Concerning its successful usage for the aqueous-phase photoreduction
of 100 ppm of Cr(VI) in dichromate water. The as-obtained Czno-Dots showed
excellent solubility and stability in aqueous media along with excellent
photostability and exhibited excitation-independent red emissions with high QY
(~50%). The most significant prospect of the present finding is the utilization of
Czno-Dots as a novel photocatalyst material for the aqueous-phase photo-reduction
of 100 ppm Cr(VI).

4.2  Experimental Section
4.2.1 Materials and Reagents
All chemical reagents were of analytical grade, procured from Merck India

and used without further purification.

4.2.2 Instrumentation

TEM, fluorescence microscopy, XPS, FTIR, UV-Vis and fluorescence
spectroscopy instrumentation were same as described in Chapter 2 and 3. Cyclic
Voltammetry (CV): the CV studies (K-Lyte 1.2 model of Kanopy Techno Solution
Pvt. Ltd.) were performed using a three-electrode cell in sunlight; a glassy carbon
electrode was used as the working electrode, Pt wire and Ag/AgCl (in 0.1 M KCI)
electrodes were used as counter and reference electrodes, respectively. The scan rate
was 10 mV/sec and the resting potential has been 1.15 V to start the scan to sweep till -
0.8V maintaining the scan window between +1.15 V to —0.8V (vs Ag/AgCl) using
0.1M KCI as supporting electrolyte. 100 ppm K,Cr,O; as probe was added with the
photocatalyst.

4.2.3 Synthesis of Czno-Dots

Czno-Dots were synthesized using Bougainvillea plant leaves as pristine
materials via the green synthesis process. Prior to use, the leaves were cleaned with
DI water to remove soluble impurities and were dried at ~30°C. Next, an extract of
leaves was obtained by blending the chopped leaves (~1 cm-sized pieces) using a

hand blender. After this, the extract (~10 g) was mixed in 100 mL of ethanol/water
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mixture [(1:1) (V/V)] solution. Zinc acetate by the 10 wt % of the extract was added
into the solution and sonicated for another 10 min. The final mixture was then
carbonized at 90% power of a domestic microwave oven of 1400 W for 10 min. The
mixture was collected and centrifuged at ~6000 rpm for 30 min. The residual
supernatant solution was transferred to a Petri dish and dried on a water bath. The
dried powder was named as red color-emitting Czno-Dots. The QY was measured
[7] for both the samples, as prepared and highly centrifuged sample separated 11000
rpm centrifuge with reference to NB [45,46]. The photographic image was taken in
the ethanol:water (1:1) solution as shown in the inset of Figure 4.2(b) [12]. A control
sample without zinc doping was prepared under conditions similar to those for Czno-

Dots from the same plant leaves.

4.2.4 Photocatalytic Activity Measurement

The photocatalytic activity of the Czno-Dot samples was determined by the
photoreduction of Cr(VI1) in aqueous dichromate solution under direct sunlight. A
stock solution of K,Cr,O7 containing 100 ppm of Cr(VI) was prepared in DI water
for photocatalytic reduction, 1.414 g wt of K,Cr,O7; was dissolved in 250 mL DI
water to make 1000 ppm of Cr(V1) and further concentration were made by dilution.
In a typical process, 150 mg of Czno-Dots was added in 50 mL of the prepared
Cr(VIl) solution and was stirred for 30 min in the dark to attain the
adsorption/desorption equilibration. The solutions were then exposed to direct
sunlight. During the photocatalytic test, a fixed amount of the photoreacted solution
was collected at a fixed time interval of 30 min. The collected solution was
centrifuged and the supernatant solution was analyzed for the concentration of
Cr(VI) and a pink color was obtained on mixing with the standard DPC assay [47].
The photocatalyst were regenerated by initial washing with 0.1M ascorbic acid and
then repeatedly washing with DI water till the yellow color of supernatant solution

disappear.

4.3  Results and Discussion
The simple methodology illustrated in Scheme 4.1 presents a low-cost
fabrication approach for the synthesis of surface-passivated, brightly fluorescent
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zinc-oxide-decorated, red-emitting Czno-Dots showing excitation-independent red
emission at ~661 nm, with excellent photostability and high QY.

Photoreduction of Cr (VI) to Cr (lll)
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Scheme 4.1 Schematic representation and illustration showing the simple synthesis

and the application of red-emitting C,y.-dots in the aqueous-phase photoreduction of
Cr(V1) to Cr(l11), under the influence of sunlight.

4.3.1 Microscopic Analysis

The morphology of Czno-Dots was analyzed by TEM and HRTEM. Figure
4.1a shows the TEM image of Czno-Dots with well-dispersed particles. Inset of
Figure 4.1a shows the photographic image of Cz,o-Dots. The average size of Czo-
Dots is ~2—6 nm as observed from the size distribution shown in Figure 4.1b. Figure
4.1c displays the HRTEM image of Czno-Dots showing the presence of graphitic
dots of different shapes and sizes (red circles) and the inset of Figure 4.1c shows
SAED, confirming the polycrystalline characteristic of the sample. Figure 4.1d
shows XRD spectrum of Czno-Dots, confirming the doping of zinc in Czyo-Dots.
The 26 at 27.6°, 30°, 33.04°, 39.6°, 43.36° and 44.94° is compared with the JCPDS
of PDF card number 00-021-1486 for ZnO and that at 23.8° for graphitic carbon.
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Figure 4.1: (@) TEM image showing well-dispersed Cz,o-Dots; inset of (a)
photographic image of the Cz,o-Dots in the daylight; (b) corresponding size
distribution; (¢) HRTEM image marked with red circles showing Cz,o-Dots with
graphitic fringes; the inset of (c) shows the SAED pattern and (d) powder XRD
spectrum of the Cz,0-Dots sample.

4.3.2 UV-visible and XPS Analysis

The absorption spectrum of Czho-Dots versus the control sample (without
ZnO-doped) is shown in Figure 4.2a. Both the Cz,0-Dots and the control samples
showed almost similar absorption characteristics except for an increase in the
absorption peak intensities at their respective wavelength. As observed, the Czno-
Dots exhibited a higher absorption intensity compared to the control samples (the
hyperchromic effect) and the highest intensity peak at 430 nm corresponds to n—m*
compared to other peaks. The inset of Figure 4.2a shows the photographic image of
the control samples and Cz,0-Dots in daylight clearly show the changes in the color
of the solution after the doping of ZnO. The shift toward the lower wavelength and
higher intensity of absorption peaks supports the doping of ZnO within the
carbogenic surface of the control sample to yield highly emissive red-emitting Czno-
Dots. The surface attachment of the zinc material as a dopant in Cz,o-Dots was
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investigated by the XPS analysis, as described in Figure 4.2(b—e). The XPS survey
scan shows the peaks at 284.8, 532.8, 1024 and 1045 eV associated with the
presence of Cys (81.0%), O1s (13.4%) and Zny, (5.6%), as displayed in Figure 4.2b,
confirming the existence of C, O and Zn, within the Cz,0-Dots. Moreover, the high-
resolution XPS spectra over the deconvolution showed the presence of different
binding sites for C, Zn and O as displayed in Figure 4.2(c—€). The high-resolution
XPS short scan of C;s deconvolution displayed several C-binding sites at 282.6 (C—
Zn), 283.6 (C=C), 284.5 (C-C), 285.2 (C-0), 286.1 (C=0) and 288.4 eV (COO-)
[48,49] (Figure 4.2c). The short scans of Zn are shown in Figure 4.2d. Similarly, for
the O5 deconvolution, different binding sites for C and Zn are shown in Figure 4.2e
at 529.5 (0O-Zn), 530.9 (C-0), 531.8 (C=0) and 532.9 eV (COO"). [50]

C. - 81%
a) ——Control b} 011, - 13.4%
——C,,,-Dots Zny, -56%

Absorbance

e
300 400 500 600 700 800 O 200 400 600 800 1000
Wavelength (nm) Binding Energy (eV)
c) d) e)

200 288 286 284 282 1050 1045 1040 1035 1030 1025 1020 534 532 530 528
Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)

Figure 4.2: (a) UV-vis spectra of the control and Czno-Dots; the insets of (a) show
the photographic images of the control and Czno-Dots in daylight; (b) survey scan of
Czno-Dots; and its corresponding short scans of () Cs, (d) Zny, and (€) Os.

Figure 4.3 shows the optical property of Cz,o-Dots via fluorescence
spectroscopy. Figure 4.3a shows almost similar characteristic fluorescence spectra
for Czno-Dots and the control sample. The Cz,0-Dots exhibited a relatively higher
fluorescent intensity with a slight blue shift (~17 nm) in the fluorescence spectra
compared to the control. The emissive fluorescence spectra are in accordance with
the observations noticed in the absorption studies (Figure 4.2a). The brightly
fluorescent and prominent aspect concerning the excitation-independent red-

emitting Czno-Dots is shown in Figure 4.3b. The inset of Figure 4.3b displays the
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photographic image of Czno-Dots under UV light illumination. Regarding the
excitation-independent red emission of Cz,o-Dots can be explained based on
documented reports ascribed because of the incorporation/doping of heteroatoms
[51,52]. Figure 4.3c displays the optical fluorescence microscopy image of Czno-
Dots with a 562 nm band-pass filter and Figure 4.3d shows the excellent
photostability of Czno-Dots toward a photobleaching experiment performed for 5 h
at continuous irradiation with excitation at 430 nm. The QY of the as-prepared Czno-
Dots was ~50% (compared to NB) and this can be increased up to ~72% by
centrifuging it on high rpm (11000) for the isolation of most fluorescent fraction. All
the photoreduction experiments were carried out by using the as prepared Czno.Dots.

4.3.3 Czno-Dots in Photocatalytic Reduction of Cr(VI) to Cr(I11)

The sunlight-induced photocatalytic activity of Czno-Dots was assessed for
the agqueous-phase photoreduction of the toxic Cr(VI). The continuous decrease in
the concentration of Cr(VI) ( in terms of C/Cy) as shown in Figure 4.4a under the
influence of sunlight was determined by the absorption analysis at the 540 nm
wavelength by following the DPC assay [43]. Prior to the photoreduction
experiment, 3 mg mL™ of Czno-Dots was mixed in a 100 ppm Cr(VI1) stock solution
and stirred continuously in the dark for 30 min, to achieve the adsorption—desorption
equilibrium. The adsorption data (Figure 4.4a) for Cz,o-Dots in the dark (black line)
and sunlight (red line) including the control (blue line) showed that only 27% of
Cr(VI) reduction was achieved in the 300 min dark condition. Moreover, the
photocatalytic influence of sunlight in the presence of Cz,0-Dots showed the highest
reduction of Cr(VI) (~99%) in 300 min, which was 75.7% higher as compared to the
control sample. The increase in photoreduction efficiency for Cz,0-Dots could be
attributed to the high catalytic activity of ZnO that facilitates the reduction in
recombination of photogenerated charge carriers [53]. Moreover, another plausible
reason for the high photocatalytic activity of Cz,o-Dots for Cr(VI) reduction is
ascribed to their high adsorption values. Czno-Dots showed a higher Cr(VI)
adsorption efficiency (~25%, red line) compared to that of the control (~8%, blue
line), as shown in Figure 4.4a, which can significantly enhance the availability of

Cr(VI) at the active sites of the used catalyst material as Czno-Dots. During the
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process of photocatalysis, the photogenerated electrons from the photocatalyst can
readily access surface-adsorbed Cr(VI1) ions and thereby stimulate the reduction

process [reduce Cr(VI) to Cr(I11)] [54,55].
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Figure 4.3: (a) Fluorescence spectra of Cz,o-Dots and the control sample; (b)
Fluorescence spectra excited at different wavelength for Czo-Dots; the inset of (b)
shows the photographic image of Czno-Dots under UV light in a UV chamber; (c)
Fluorescence imaging of Cz,o-Dots under the excitation of a 562 nm band-pass

filter; and (d) photostability of Czo-Dots excited continuously at 430 nm

wavelength for 5 h
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Figure 4.4: (a) Plot of Cr(V1) photoreduction [(C/Cop)] by Czno-Dots under different
conditions; the inset of (a) shows the comparative data of first-order rate constant
and correlation coefficient obtained from fitting the experimental data; (b) the final
concentration of Cr(VI) and Cr(VI + I11) in the aqueous phase after photoreduction
at different initial Cr(VI) concentration based on UV—vis and AAS analysis. (C)
UV-vis absorption spectra and (d) Tauc plots of (ahv)? vs photo energy (hv) of
Czno-Dots in the dark and sunlight-exposed samples.

The experimental data are well-fitted with a first-order kinetic model and the
rate constant values as well as the correlation coefficient are shown in the inset of
Figure 4.4a. However, the experimental data do not fit well with the zero-order and
second-order models. Figure 4.4b shows the percentage of Cr(VI) and Cr(VI + 1II)
remaining in the aqueous phase after the photoreduction process at different initial
Cr(VI) concentration (10,20,50 and 100 ppm) as determined from UV-vis and AAS,
respectively. To further investigate the influence of sunlight irradiation on Czno-
Dots, the change in the band gap value was analyzed by using the DRS compared to
that in the dark [56—58]. Figure 4.4c shows the absorption edge near ~661 nm,
which corresponds to the band gap of Cz,0-Dots. Figure 4.4d shows the Tauc’s plot
[(ehv)? vs hv] [59]; the band gap for Czno-Dots was 1.54 eV while their values
decreased to 1.43 eV when sensitized with sunlight. The results show that the band
gap energy decreases and particularly shifts toward an efficient visible light range
that enhanced the photocatalysis process for Cr(VI) reduction. The high rate
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constant values under sunlight irradiation as discussed earlier (Figure 4.4a) are
consistent with the experimental observation based on diffuse reflectance.
Furthermore, the effects of percentage (%) doping and the amount of photocatalyst
(Czno-Dots) loading had been studied to understand their effects on the rate of
photoreduction. A separate study was performed by varying the experimental
conditions related to the percentage doping of zinc (Figure 4.5a) and the amount of
catalyst (Figure 4.5b). The results are shown in Figure 4.5, which illustrates that the
maximum photoreduction [100 ppm Cr(VI)] under the influence of sunlight was
obtained at 3 mg/mL amount of Czno-Dots when they were doped with 10 wt % Zn
salt as a dopant. Thus, it was inferred that the introduction of ZnO as a dopant can
significantly improve the catalytic activity of Czno-Dots and play a vital role in the
photoreduction reaction on the catalyst surface.

a) b)
100 100
32 804 2 80
© ©
3 3
£ 60 £ 60+
g ol
S 40 > 404
G o
20 -j 204
0- . T 0" T T T
0 5 10 15 1.5 2 3 45
% doping of Zn Amount of loaded photocatalyst (mg)

Figure 4.5: Effect of (a) % doping and (b) loading amount of the photocatalyst on
the photoreduction of 100 ppm Cr(V1) in the presence of sunlight.

4.3.4. Photocatalytic Mechanism for Photoreduction

Figure 4.6a shows the plausible mechanism based on the experimental
results. The electrons and holes in Czno-Dots could be generated under sunlight
illumination, as shown in equation (i). Then, the photogenerated hole in the valence
band produced O, and H* as a result of reduction of H,O, as shown in equation (ii)
[60]. Afterward, the photogenerated electrons and H* approach Cr(V1) present in the
surrounding of Cz,0-Dots, for the photoreduction of Cr(\V1) to Cr(lll) as shown in
equation (iii). Certainly, as expected, the solubility is enhanced because of the
presence of defects in Cz,o-Dots, which plays a critical role in the photoreduction
process in approaching Cr(VI1) to the active site of the Cz,0-Dots surface for the
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redox reaction. The valance state transformation of Cr or photoreduction of Cr(VI)
to Cr(111) under the influence of sunlight irradiation using Cz,o-Dots was supported
by a CV study. The CV data presented in Figure 4.6b showed the cyclic
voltammograms for the control and Cz,0-Dots samples. The Czno-Dots accelerate
Cr(VI1) to Cr(I1l) reduction under sunlight as observed from increase in the peak’s
current at ~ —0.11 V, however, such reduction did not occur under the dark
condition. The increase in peaks current attributes to the decomposition of Cr,0; >
which normally did not occur, at such a low potential, but Cz,o-Dots under
conjugation may tune and enhance the overall process. On the other side in the case
of the control sample (without doping) very insignificant reduction current occurred
even under the influence of sunlight. The appearance of a single peak, broad in
nature confirmed that the said reduction is a complex process for which a detailed
electrochemical study is planned in the future. The reusability and stability of Czno-
Dots were also studied under sunlight irradiation, as shown in Figure 4.6¢c. The
results indicate that the Czno-Dots photocatalyst is stable up to seven cycles with the
efficiency more than 90%.
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Figure 4.6: (a) Schematic representation of the plausible photoreduction mechanism
of Cr(V1); (b) comparative CV response of the Cz,0-Dot and control samples with a
100 ppm Cr(VI) solution in the dark and under sunlight irradiation; and (c)

photocatalyst performance of Cz,o-Dots up to seven cycles of recycling testing.
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44  Conclusions

The doped-CD with inorganic salts can apparently form a newer platform
among the existing class of fluorescent optical materials such as QD and organic
dyes. The doped-soluble CD with a higher QY value can provide solutions to many
newer emerging and existing problems. The aqueous solutions of red-emitting
brightly fluorescent Czno-Dots with excellent photostability could compete with the
already existing commercially available QD and organic dyes for similar types of
applications. Such as related to the deeper penetration ability of the fluorescent
probe could directly relate the excellence of instructive image analysis. Beyond
these, brightly fluorescent Czno-Dots do have the potential for use as an excellent
photocatalytic material because of their working window, which is situated in the
lower wavelength region. Interestingly, further studies could reveal a vast
prospective future of these soluble brightly fluorescent Cz,0-Dots in the field of
photocatalysis and water treatment.
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5.1 Introduction

Till now, only a few reports have been available on the investigation of
biological applications of CNO and it is still necessary to understand in detail their
non-toxic nature[1-6] and tunable PL properties [1,2,7,8]. To make these soluble in
organic solvents various adducts of CNO were formed based upon simple organic
chemistry [9,10]. Recently Giordani et al. investigated various routes for the
modification of CNO surface using diverse functional groups for potential
applications in biomedical imaging [7,8,11]. Low toxicity with biocompatibility and
ease in cellular uptake with good penetration capability are the important aspects for
bioimaging [1,2,5,12]. Readily achievable tunable PL in the green-red region with a
slight extension in the NIR have added an additional advantage [7,13] in contrast to
the blue-green emissions of other fluorescent nanocarbons. Imaging in the NIR
region is of huge significance as it offers high biological transparency [14] because
of low light scattering, deeper penetration and low background signal [15]. Sensing
of blood glucose has gained extensive attention worldwide because diabetes mellitus
is one of the major health problems [16]. It has become a global issue and according
to the WHO, approximately 300 million people suffering from diabetes and this
figure will increase up to 600 million by 2030 [17]. So glucose detection is highly
significant in the clinical diagnosis and biochemical study of this illness. Most of the
sensors used for glucose detection are either, based upon an electrochemical method,
enzyme-based techniques (glucose oxidase) or microdialysis probes [17,18].
However, many of these methods suffer from instability, environmental sensitivity,
cytotoxic effect of the probe and require sophisticated, expensive instrumentation,
chemicals (enzymes) and the complex synthetic procedures are time consuming. In
this chapter a traditional pyrolysis route was adopted for the synthesis of CNO using
vegetable ghee as low cost available carbon source. To separate the most fluorescent
fraction of wsCNO from the bulk as-produced wsCNO, gel filtration was done and
this fraction was used for the imaging of E. coli and P. putida cells. The wsCNO
possess a high density of carboxylic and hydroxyl groups on their surface making
them a stable species in aqueous solution and thus, they can readily diffuse into the
cell without causing any cell damage [1,2] and ultimately excreted from the body

[1]. Furthermore, this most fluorescent fraction can be utilized as the non-enzymic

94



Chapter-5

sensor for selective and immediate sensing of “glucose” via a fluorescent “turn-

off”/“turn-on” [19] mechanism.

5.2.  Experimental section
5.2.1. Materials

All the experiments were performed in DI. Vegetable ghee (Dalda), was
procured from a local market in Jaipur, India. All the chemicals and solvents were of
analytical grade and used as-obtained without any further purification. MB, glucose,
dopamine and amino acids were purchased from Sigma-Aldrich (India).

5.2.2. Instrumentation

TEM, fluorescence microscopy, XPS, FTIR, UV-Vis and fluorescence
spectroscopy instrumentation were same as described in Chapter 2 and 3. Raman
spectrometer with 532 nm laser excitation. TGA was conducted under a nitrogen
atmosphere with a Mettler thermal analyzer at a heating rate of 10°C min™. Weight
loss versus temperature were recorded starting from room temperature up to 900°C.
Surficial charge analysis for wsCNO in aqueous medium was done with zeta

potential measurement on a Beckman Coulter Delsa™ Nano.

5.2.3. Synthesis of wsCNO

The CNO were synthesized using simple and traditional pyrolysis of
vegetable ghee as a low cost source of carbon with a cotton wick. The soot was
collected in an inverted borosilicate glass beaker to avoid any chance of metal
impurities. The as-collected soot was purified using a Soxhlet extraction technique
[12,21] in which soot was washed with different boiling solvents (acetone,
methanol, acetonitrile and petroleum ether) to remove any unburnt hydrocarbons
and impurities. The water solubility for the Soxhlet purified soot was achieved by
refluxing it with 60% HNOg3 solution for 12 h and the excess nitrate was removed by
repeatedly washing with DI in a water bath according to a previously reported
method [22-24]. The vyield of the water soluble product (as wsCNQO) was 87%
(based on the CNO used for oxidation). To isolate the most fluorescent fraction of
wsCNO with a narrow size distribution, high-speed centrifugation was performed

followed by a gel filtration separation method using a Sephadex G-100 column as
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described earlier [25,26]. The overall yield of the light yellow colored fraction of
wsCNO was 17% (based on the amount of CNO used for oxidation) having the QY
value of 1.9% and this was used further for cell imaging and selective detection of

glucose molecules.

5.2.4. Cell staining

Cells of the DH5a strain of E. coli and the MTCC 2445 strain of P. putida
were incubated with the wsCNO (100 ppm) in 20 mL of freshly prepared food
medium (Luria-Bertani media for E. coli and minimal media for P. putida cells), as
described earlier [1,12,22,27]. Then, the cells with the remaining broth containing
wsCNO, were washed thoroughly, three times, with phosphate buffered saline. The
sample for cellular imaging was prepared by dropping a droplet of bacterial

suspension (8-10 pL) on a glass slide.

5.2.5. Fluorescence detection of glucose

Glucose sensing was performed at room temperature in aqueous solution.
Initially 1 mL of MB (6.2¥10* M) was added to an aqueous solution of wsCNO
(1.5%10* g mL™) by continuous addition of 0.1 mL MB solution in 10 steps. After
adding MB, the fluorescence emission spectra were recorded immediately. DI was
added to make the final volume up to 3 mL in each step. Glucose solution (0.1 mL;
1.8*102 M) was added to the MB-wsCNO solution to restore the fluorescence
intensity. Interferences which originated from other protein, or amino acids were
investigated individually. All the fluorescence spectral measurements were done at

ambient conditions at the same excitation wavelength of 460 nm.

5.3.  Results and discussion

The strong oxidizing nature of HNOs; assists the incorporation of —-COOH
and —OH groups on to the surface of CNO. These groups impart its solubility in
aqueous media with multi-colored emissive tunable photoluminescent properties,
which represented the characteristic features of FNC [28,29]. Furthermore, the size
selective separation was achieved using high-speed centrifugation followed by gel
filtration to achieve the most fluorescent fraction of wsCNO having the QY value of
1.9%. Most importantly, the high-density surface of carboxylated wsCNO exhibited
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a broad range of tunable PL emissions across a wide range of the visible spectrum
with a very slight extension in the NIR region.

5.3.1. FTIR/Raman/XPS/powder XRD/TGA analysis

The FTIR spectra of CNO and wsCNO are shown in Figure 5.1(a). The FTIR
spectrum of CNO (Figure 5.1(a)-solid line) shows a sharp peak around 2930 cm™
which is because of the presence of sp® (C—H) stretching vibrations and a strong
peak at around 1654 cm™ shows the presence of (C=C) stretching vibrations. The
FTIR spectrum of wsCNO (dotted line) as displayed in Figure 5.1(a) shows the
characteristic peaks of —OH (broad) at 3402 cm™, -C=C- at 1578 cm™ and -C=0 at
1716 cm™ (a sharp peak), which confirms the presence of surficial carboxylic and
hydroxyl type hydrophilic groups [20,12]. It also shows the presence of sp® carbon
because of the existence of a characteristic C-H peak at 2915 cm™. A peak at 1214
cm™ showed the presence of a —-C-O group in the wsCNO. To investigate the
negative surface functionalities, zeta potential analysis was performed, which
showed a high negative value of 40.04 mV, confirming the presence of high density
negatively charged surface groups. [30] To quantify the sum of negative surface
carboxyl groups present on the surface of wsCNO, a very simple acid—base titration
was performed to calculate its weight percentage and was found to be in the range of
15-16.7% (varied batch-to-batch) [20,22,31]. This high density carboxylation leads
to high solubility and stability of wsCNO in aqueous solution. As well as the
solubility, high density “self-passivated” wsCNO generated by surface
carboxylation will be useful for performing a huge range of functionalization
chemistry of wsCNO with [4,32,33] or without biomolecules (such as oligomeric
[25,32,33] and monomeric amines) [29] based upon the simple amide linkage
chemistry. Raman spectra were used to understand the extent of derivatization
concerning the ratio of intensities of the G and D bands (Ic/lp) and for structural
elucidation of graphitic materials regarding band positions[34]. Figure 5.1(b) shows
the Raman graphs of Soxhlet purified CNO (solid line) and its water soluble version
(dotted line). Both Soxhlet purified soot and wsCNO exhibited two prominent
characteristic bands for carbon atoms present in the graphitic framework. The
graphitic (G-band) at 1600 cm™ and disordered (D-band) at 1349 cm™ corresponds
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to the E;g mode of graphitic carbon in a two dimensional hexagonal lattice and a
dangling bond in the disordered graphitic shells present in CNO, respectively [35].
Both D and G bands show the downward shift at 1330 cm™ (from 1349 cm™ )
and 1582 cm™ (from 1600 cm™ ), which corroborate the weakening of the graphitic
structure in the form of bending and destructions of bonds influenced by the
oxidative treatment [1,2,12,22,36], inferring the introduction of a high-density
surface defect [1,2,12]. Incorporation of high-density defects in the outermost shell
of the nano-onions containing higher number of shells resulted in a disordered like
spectrum as reported by Choucair et al [34]. Incorporation of high-density surface
functionalization is calculated using the Ig/Ip ratio. The wsCNO Ig/lp ratio (0.18)
was found to be much smaller in comparison with the Soxhlet purified CNO Ig/Ip
ratio (0.43). The decrease in the values of Ig/lp ratio for wsCNO strongly supports
the formation of high degree of surface defects which arise from the transformation
of sp? clusters of graphitic carbons in disordered functionalized sp* hybridized
carbon atoms [37,22]. The presence of negative hydrophilic groups as surface
elements and chemical composition was determined using XPS measurements. The
XPS spectrum of wsCNO shown in Figure 5.1(c) clearly shows that carbon (C;s) and
oxygen (Ois) are present on the surface of wsCNO at 286 eV and 535 eV,
respectively. Figure 5.1(d) and (e) describes the high-resolution short scanned XPS
spectra of Cys and Oy, respectively. Short scanned carbon, C;s analysis as displayed
in Figure 5.1(d) shows the presence of three different peaks located at 285.8 eV,
286.7 eV and 287.6 eV, which corresponds to the presence of C=C, C-0O and C=0
respectively and indicates the presence of carboxylic acid functionalities.[38] The
short scan high-resolution XPS survey for the O;5 region shows the presence of three
major peaks at 533.7 eV, 535.1 eV and 536.2 eV corresponding to the presence of
C-0, C=0 and COQO/, respectively [39]. The results of surface functionality analyses
using XPS are in agreement with the results from FTIR analysis [40]. TGA analysis
was carried out to understand the thermal stability of wsCNO [12]. The comparative
TGA analysis for both the samples, Soxhlet purified CNO (solid line) and wsCNO
(dotted line) are displayed in Figure 5.1(f). Both the samples show a gradual
degradation in weight starting from 35°C. TGA analysis shows that wsCNO are

thermally less stable in comparison with Soxhlet purified soot because of the
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presence of a high degree of surficial oxygen species (-COOH/-OH) generated from

the destruction of surficial graphitic framework of wsCNO during its oxidative

process [22]. A weight loss of 24.1% was observed for wsCNO in comparison with

a loss of 8.1% for Soxhlet purified CNO under the same temperature conditions.

Figure 5.1(g) shows the XRD spectra of wsCNO having the characteristic peaks of

graphitic carbon with an inter-planar distance of 0.32 nm [41].
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Figure 5.1: (a) FTIR spectra of CNO (solid line) and wsCNO (dotted line); (b)
Raman spectra showing D and G band of Soxhlet purified soot (before derivatization
solid line) and wsCNO (after derivatization, dotted line); (c) XPS spectrum showing
elemental C and O in the wsCNO; (d and e) shortscan high-resolution XPS for
carbon and oxygen; (f) TGA graphs of Soxhlet purified (solid line) and wsCNO
(dotted line); (g) powder XRD showing two prominent peaks corresponding to the

graphitic carbon in wsCNO.

5.3.2. Microscopic studies

The physical appearance and internal detailed microstructure
characterization of soluble nano-onions were carried out using FESEM, TEM and
HRTEM. Figure 5.2(a) shows a high magnification FESEM image, without presence
of any amorphous type carbon. Figure 5.2(b) illustrates the well dispersed and
spherical nature of wsCNO showing some opacity because of the overlapping of the
nanoparticles. Based on Figure 5.2(b), the average size distribution of wsCNO was
calculated statistically and the size distribution of wsCNO (diameter ranging from
10-50 nm) in the form of a histogram is shown in Figure5.2(c). The size range of the
majority of the wsCNO were 20-40 nm. HRTEM images of nano-onions as shown
in Figure 5.2(d) and (e) illustrate the presence of a closed quasi-spherical shape
having graphitic inter-planer fringes with a lot of defects. HRTEM images show the
presence of well-resolved lattice fringes with 0.32 nm lattice spacing, which is
indicative of their graphitic nature [42]. HRTEM images clearly reveal the closed
cage structure of well-defined concentric shells and their crystallized structure.
Surficial defects as marked by black arrows are in good agreement with the Raman

analysis regarding Ia/lp ratio.
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Figure 5.2: (a) High resolution FESEM image of wsCNO; (b) Low magnification
TEM image showing the nearly monodispersed wsCNO; (c) Diameter distribution
histogram; (d, €) HRTEM image of wsCNO and; (e) Shows the identified crystalline
lattices planes of wsCNO with lot of surficial defects (marked by black arrows).

5.3.3. Absorption, PL emission—excitation study and photostability test under
high ionic conditions:

The wsCNO are highly soluble in water and remain soluble for several
months. The absorption spectrum as demonstrated in Figure 5.3(a) exhibits a
characteristic absorption band which is attributed to the typical absorption of
conjugated p-plasmons of sp? domains [12,43,22]. The excitation dependent tunable
PL was studied at room temperature in an aqueous solution. wsCNO emits in a
broader region of the visible spectrum with its extension to NIR (from 550 nm to
800 nm), as displayed in Figure 5.3(b), when excited from 400 to 660 nm with a
progressive increment of 20 nm. The emission maximum is centered in the greener
region of spectrum at about 550 nm (excitation at 400 nm) with the QY value of
1.9%. [18] Figure 5.3(c) shows the magnified image of Figure 5.3(b), revealing the
tunable shifting of emissions towards the redder region of the spectrum with its NIR
extension. The characteristics of the multi-colored tunable excitation dependent
emission profiles of wsCNO continuously shifted towards the redder region of the
spectrum which is the characteristic features of FNC [44,45]. The possible

mechanism of a multi-colored tunable PL emissive profile from the single particle of
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wsCNO involves the radiative recombination of quantum confinement effects of
excitations [46,1,2,25,29,47], emissive surface traps, dipole emitted centers and the
coupling of electron—phonons present over the defective surfaces of wsCNO [48,49].
Full width at half maximum measurements have the value of 65.23nm, showing the
small size distribution of wsCNO. Figure 5.3(d) shows the excitation (PL) spectrum
at 460 nm emission wavelengths for wsCNO with four absorptions centered at 220
nm (5.63 eV), 239 nm (5.18 eV) and 285 nm (4.35 eV) and 307 nm (4.0 eV) which
confirms the presence of various types of light emitting centers [47,50]. Not only is
the tunable PL important, but photostability is also another important issue related to
its various uses in biological applications, because of the very different ionic
environmental conditions of biological cells. To understand better the photostability,
two different sets of experiment were performed: continuous photo-excitation and
testing its stability in the presence of high ionic strength solutions. wsCNO exhibits
excellent photostability and no sign of reduction in PL intensity was observed after
5h of continuous excitation with 400 nm wavelength as displayed in Figure 5.3(e).
Additionally, the PL emission remains unaffected in the presence of high
concentrated solutions of Na(l) and Ba(ll) ions (1*10® to 0.1 M) (Figure 5.3(f) and
(9)), respectively. The fluorescence microscopic images of wsCNO under excitation
at 488 nm and 562 nm are demonstrated in Figure 5.3(h) and (i), respectively. High
photostability towards long-term continuous excitation and in a high ionic strength
solution indicates its significant potential for fluorescent cell imaging and it could

also be used for sensing purposes.
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Figure 5.3: Multi-colored emissive tunable emissions profile of wsCNO; (a)
Absorbance spectra of wsCNO in aqueous solution; (b) Excitation-dependent
emission from 400-660 nm with the progressive increments of 20 nm; (c) Zoomed
image of (b) showing NIR emission profiles; (d) PL excitation spectrum of wsCNO
at 640 nm excitation wavelength; (e) Time dependence photostability test of wsCNO
on continuous excitation with 400 nm wavelength for 5h; (f-g) Photostability test in
the presence of high ionic strength of NaNO3; and BaCly; (h) and (i) Fluorescence
microscopic images of wsCNO under 488 nm (green) and 562 (red) nm bandpass

filter respectively. Scale bar: 10 um.

5.3.4. Fluorescence imaging of E. coli and P. putida cells

E. coli and P. putida cells were used for the imaging purposes. A sample of
wsCNO with a concentration of 100 ppm was mixed with 20 mL of the specific food
media of E. coli and P. putida, in comparison with the control media (media without
wsCNO). Cell imaging experiments were performed with three replicates each time,

with and without the presence of wsCNO. Figure 5.4 shows the fluorescent images of
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wsCNO labelled E. coli (a and b) and P. putida (c and d) under the green and red
channel of fluorescence microscope, respectively. This simple and easy labelling of
wsCNO via oral ingestion (mixing with food only) will be researched further for
specified imaging of different parts of cell based upon the attachment of different

surface functionalities which can selectively attach inside the different regions of cells.

a) b)

Figure 5.4: Fluorescence microscopy images of E. coli (a) and (b); P. putida (c) and

(d) under 488 nm (green) and 562 nm (red) band pass filters respectively.

5.3.5. Glucose sensing

The most fluorescent fraction of “self-passivated” wsCNO, was used for the
development of selective sensing of glucose based upon the simple fluorescence
“turn-off/turn-on” mechanism [22]. Fluorescence intensity of wsCNO was
efficiently quenched by MB to its maximum (fluorescent turn-off) and would be
“turn on” after the addition of glucose. The mechanistic illustration for the
development of wsCNO (fluorescence “turn-off/turn-on) based glucose biosensor is
shown in Figure 5.5(a). When wsCNO interacted with MB, the fluorescent emission
profiles of wsCNO were quenched to its maximum by the stepwise addition of MB.
Because of the efficiency of high density, negatively charged wsCNO interacted
with MB molecules via surficial charge transfer and hydrophilic interactions [22]
that resulted in the fluorescence “turn off” for wsCNO as illustrated in Figure 5.5(b).
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The intensity of the 623 nm center emission peak of wsCNO (1.5 *10™* g mL™) was
completely quenched by MB within 20 minutes by the gradual addition of 1 mL MB
(6.2 * 10™*M) in 10 steps (0.1 mL in each step) (Figure 5.5(b)). The maximally
quenched fluorescence intensity of wsCNO (Figure 5.5(c) blue trace) was recovered
by the addition of glucose (0.1 mL, 1.8¥10 M). The photoluminescent emission in
wsCNO occurred because of the recombination of the electron—hole pair via photo-
generation on the surface [1,2,12,20,37,46]. After the adsorption of MB on the
wsCNO surface, electron transfer from wsCNO to MB diminished the
recombination of electron-hole pair and resulted in fluorescence quenching. The
interaction of surficial hydrophilic groups with MB and better availability of the
CNO surface for adsorption of MB act as the driving force for the fluorescence “turn
off”. The possible mechanism for the fluorescence “turn-on” could be because of H-
bonding interaction between primary alcoholic group of glucose and nitrogen of the
center ring of surface adsorbed MB. This causes the replacement of surface
adsorbed MB molecules by glucose from the wsCNO and ultimately leads to its
fluorescence restoration, termed as fluorescence “turn-on” as shown in Figure 5.5(c)
(red trace) [51-55]. Glucose has two types of —OH groups, four similar types of
secondary alcoholic groups and a single primary alcoholic group which is a bit more
acidic in comparison with other four [52]. This primary alcoholic group has the
tendency to bind with MB via H-bonding [51-55] and ultimately causes the
reduction of MB. This simple reduction chemistry of MB by the protonation from
glucose is very well known and is described in the literature [51-55]. The emission
intensity continuously decreases with MB addition until a maximum is reached as
shown by the Stern—Volmer plots in Figure 5.5(d). Also, wsCNO have a unique
morphology and a significant number of defects in the forms of dangling bonds [56]
which can also lower the activation energy of desorption of MB and selective
sensing of glucose by fluorescence “turn-on”. In addition to sensing, it is known that
selectivity is a prime parameter for developing a sensor for biological applications in
order to utilize its maximum potential inside very complicated cellular environments
[57]. A non-enzymatic, wsCNO-based sensor was developed for the selective
detection of glucose molecules. The selectivity of glucose, was explored with some
common interferants, such as dopamine, uric acid and amino acids (cysteine,
methionine, aspartic acid, tryptophan and valine; 2.4 *10%M) at identical
experimental conditions. Figure 5.5(e), shows the selective detection of glucose by
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comparison with other methods based on the fluorescence “turn-off”/”turn-on”
mechanism of wsCNO. The comparison between wsCNO and various fluorescence
sensors from the literature review for the detection of glucose are presented in Table
5.1. Although, a few materials have a lower detection limit than wsCNO (1.3* 107
M) but the cost effective nature and simplicity of the detection process with wsCNO
used here are advantageous in terms of immediate response time (restoration of
maximally quenched fluorescence intensity) within a few seconds [17,58-61].

a)

b)

0 e R o 580 600 620 640 660 680 00 50x10* 10x10° 1510° 2.0x10"

ty (@u)

Intensity (a.u.)

Wavelength (nm) Wavelength (nm) Concentration of MB

Figure 5.5: (a) A schematic presentation depicted the mechanism based on
fluorescence “turn-off” and “turn-on” method via the adsorption of MB and glucose
molecules on wsCNO respectively for sensing glucose; (b) PL emission spectra
from stepwise addition of 0.1 mL aqueous solutions of MB showing maximal
quenched solution; (c) Fluorescence “turn on” after the replacement of MB
molecules with glucose from wsCNO surface; (d) Relationship between the PL
intensity of wsCNO and MB concentration and (e) Selectivity of wsCNO based

fluorescence sensor for glucose.
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Table 5.1 Performance comparison between various fluorescence sensors toward

glucose molecule.

Methods Response Time | Detection limits Ref.

i-motif DNA 30 min. 4 uM [58]

APBA-CulnS; QD 40 min. 1.2 uM [17]

Optical fiber 10 min. 0.05 pg/ml [62]

CdTe-QD 15 min. 50 nm [59]

BSA-Au nanoclusters 60 min. 5.0x10°M [60]

GOx immobilized on 5 min. 58uM [61]

Bamboo inner cell

membrane

wsCNO Immediate 1.3X10° M this
study

5.3.5.1 Calculation of detection limit(LD) of glucose
The detection limit of glucose was calculated with the help of following
equation:
3*SD
K

LD =

K represents the slope of liner fit curve of the fluorescence turn on values
(1/10) vs.glucose concentration and SD denoted the the standard deviation. As
demonstrated in Figure 5.6, the K value is obtained to be 234.46, whereas SD is
1.05. The LD was thus calculated to be 1.3 X 102 M.
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423277

Figure 5.6: Calibration curve for fluorescence turn on by glucose

5.4. Conclusion

Glucose Concentration (M)
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Large-scale fabrication of pure wsCNO via a simple and convenient route is

described in this chapter. The highly defective outer surfaces impart tunable PL

properties to “self-passivated” wsCNO and make them a promising candidate for

use in biological imaging and sensing applications. The most fluorescent fraction

was separated using gel filtration and applied as the fluorescent probe for the

imaging of E. coli and P. putida cells. Furthermore, the same fraction of wsCNO

was used in this research for the selective and immediate sensing of glucose

molecules, based upon the fluorescence “turn-off”/“turn-on” technique (detection

limit = 1.3* 10 M). The ease of synthesis of wsCNO by using vegetable ghee as a

carbon precursor could lead the way for the fabrication of large scale, pure and NIR-

emissive wsCNO for multi-functional applications.
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6.1 Introduction

Presently agricultural science need to adopt the sustainable strategies
concerning the most serious global issue of continuously increasing food demand
[1,2]. Related to boosting the crop productivity, along with preserving the nutritional
values of food [1,3-5]. As a possible measure to increase the crop productivity,
exploration of diverse nanoparticles as fertilizers/nanofertilizers in plants has
increased in recent years [6-11]. To stimulate physiological and biochemical
changes in plants. The long term and safer use of nanoparticles in agricultural
science, requires the adaptation of sustainable strategies [3,12] precisely related with
improved productivity. That directly depends on the nutrition’s provided to the
plants and can help to resolve the problem of increased food demand [7,13,14]. To
be prepared in advance, we need to explore and optimize the use of advanced
organic based fertilizers like sustainable nanocarbons [3,12,15-17] compared to
synthetic chemical fertilizers. For increasing the productivity and nutrient contents
in plants. Stimulating the healthier makeup of micronutrients contents in plants in an
environmentally friendly manner could hold great future promises. Because of the
significant role of micronutrients in all the metabolic and cellular functions of plants
[18] such as in plant growth, production of chlorophyll, synthesis of growth
hormones, gene expressions, cell division, photosynthetic activities, root
development, N, and CO, fixation etc [19,20]. Deficiency of micronutrients in plant
lead to retarded growth, deferred flowering, chlorosis of matured leaves, reduction
in protein expressions, total protein synthesis and consequently, decrease in
productivity [19-22]. However, the accumulation of nanoparticle/nanocarbons
mainly in edible parts (seeds) of plants is a major concern and needs in-depth and

detailed analysis [23].

Why the use of nanocarbons are very important to plant system? This idea is
completely based on the age-old practice of charring crop wastes for the fabrication
of biochar [24,25] just after harvesting and before sowing the next crop [21].
Biochar are scientifically explored carbon rich substances with porous structures,
fabricated with biowaste, which provide sustainable benefits as fertilizers,
possessing a high level of chemical and biological activity, capable of exchanging
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various cations in the form of nutrients. Additionaly larger active surface area leads
to increased adsorption capacity of biochar [26-30]. Likewise, nanocarbons as
carbon nano-onion (CNO) have very high aspect ratio and tunable chemical and
physical characteristics based on size and surface properties [31] that makes them
very significant materials to be explored as nanofertilizers like biochar. Sarkar and
co-workers reported the positive impact of biochar to increase the growth of wheat
plants and control the flow of nutrients [16]. Several other reports are available to
explore the positive prospects of plant-nanocarbon interactions [3,9,12,15-17,32-
52]. SWCNT [15,47] and MWCNT [3,15,51] stimulated the overall growth of
tomato plants by penetrating inside the thick seed coat in tomato seeds. wsSCNT
showed growth stimulating effects in gram [17] and wheat plants [44]. CSCNT were
equated with the biosynthesis of lignin in Arabidopsis thaliana [49]. Recently,
SWCNT in plant nanobionics are reported; which increase the total efficiency of
photosynthetic machinery of chloroplasts in spinach [50]. Other reports discussed
the use of nanocarbons with varied plants such as mustard [32], bitter melon [46],
alfa-alfa [45], barley [39], cotton [34], maize [41], cucumber [48], onions [37], rice
[36], grape [48] and soybean [39].

The aforementioned studies have focused on the short-term effects of
nanocarbons in plants from the stage of seedlings to matured plants. Considering the
numerous applications of nanocarbons in plants and lack of study related with the
impact of stored nutrients for next (first) generation seeds, herein, we investigated
the potential variations in micronutrients, protein and electrolytic contents of FGS
obtained from wsCNO treated gram plants compared to control. Significant
differences were observed in the stored contents of proteins, electrolytes and
micronutrients in FGS obtained from wsCNO treated plants compared to the control
plants. Our approach presented here is very basic and straightforward describing a
simple finding, focused on the simple conversion of wood waste to wsCNO and
utilizing these wsCNO for the long-term sustainable application in agricultural

sciences as a nanofertilizer.
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6.2  Experimental Section
6.2.1 Materials and Reagents

Wood wool is collected from the local market (free of cost). Common gram
(Cicer arietinum) seeds were purchased from a local market. Sodium hypochlorite
(4% (w/v) available chlorine), hydrogen peroxide (30%), nitric acid (65%) and
hydrochloric acid (35%) were bought from Merk Chemicals India. Bradford
reagents were purchased from the Sigma-Aldrich. All other chemical reagents were
of analytical grade and used without further purification. DI water was used
throughout, for the preparation of solutions and analysis, except watering of soil in
the green house.

6.2.2 Instrumentation

TEM, fluorescence microscopy, XPS, FTIR, UV-Vis and fluorescence
spectroscopy instrumentation were same as described in Chapter 2, 3 and 5. ICP-MS
analysis of micronutrients was performed by PlasmalLab ICP-MS (Thermo
Scientific, XSERIES 2) equipped with a one-piece quartz torch. The instrument for
micronutrient analysis was operated under standard hot plasma conditions. The
accuracy of ICP-MS instrument was found to be + 0.1 mg L™ with lower than 10%
RSD precisions and spike recovery data was ~75-125%. Calibration was carried out
with freshly prepared metal standard solutions prior to the analysis. AAS analysis
was carried out by an Analyst 400 Autosampler model.
6.2.3 Cicer arietinum Seed Germination

The seeds of common gram plants were placed at a sterile place under
normal conditions before use. The surface sterility of gram seeds was taken care by
soaking those in 10% sodium hypochlorite solution for 10 min and consequently

soaked in water for germination for 1 day and used afterward [17].

6.2.4 Synthesis of wsCNO

wsCNO were synthesized by a slightly modified method reported earlier
from the pyrolysis of wood wool at 650°C [55] [wood wool is completely packed in
covered quartz crucible to utilize minimum oxygen during pyrolysis) in a muffle
furnace to obtain black powdered mass [12,54,55]. 10 g of wood-wool after

pyrolysis lead to 7.5 g of carboneous materials as black powder. In a typical
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synthetic procedure ~3 g of black powdered mass was placed in a Whatman thimble
for subsequent washing with Soxhlet purification with acetone to remove unburnt
organic contaminations. Here we used only acetone to minimize the use of various
organic solvents [57,61]. Simple oxidation as described in earlier reports with nitric
acid under reflux conditions for 12 h was performed to convert Soxhlet purified soot

into its as prepared water-soluble version [69].

6.2.5 Exploration of wsCNO of Gram Plant for Obtaining the FGS

Different concentration of as prepared wsCNO ranges from 10, 20 and 30 pg
mL™ in comparison with control (0 ug mL™ (without wsCNO) were used for the
experiment. Sprouted seeds were placed (inverted) on the mouth of test tubes as
reported earlier [17] (mouth of the test tubes were covered with paraffin film to prevent
the seeds from falling down inside the test tube), for the initial 10 days to obtain the
growth stimulating effects. Afterward, to complete their natural life cycle which is of
~4 months without adding any further extra doses of wsCNO. These 10 days old baby

plants were transferred to natural soil under standard greenhouse conditions.

6.2.6 Statistical Analysis

Statistical study was performed to observe the significant changes in growth
parameters (weight and dimensions) of FGS grown with wsCNO in comparison to
control FGS. Moreover, similar study is performed to check remarkable changes in
plant yield, protein concentration, electrical conductivity and micronutrient
concentration values of FGS treated with wsCNO. The Tukey test in conjugation
with analysis of variance (one-way ANOVA) was performed using Microsoft Excel

software, on the basis of p-value measured at the 5% significance level [6,70].

6.2.7 Analysis of Protein Content in FGS

FGS were obtained from the parent plants after harvesting and used for the
analysis of protein content. Samples for analysis of protein concentration were
prepared using acid digestion. Quantification of total protein in treated and untreated
gram seeds was done by using Bradford assay (Amax 595 nm) [66]. The samples were

diluted six times using DI water. A 40 pL portion of the Bradford reagents was added
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in 160 pL of the sample and absorbance measurements were made after 20 min at 595
nm. For analyzing the protein contents, we perfomed the experiment in triplicate.

6.2.8 Conductivity Measurements of FGS

A simple electrical conductivity measurement [32] of the electrolytes that
leached out from the FGS when placed in DI water for 24 h were done to analyze
the impacts of wsCNO on stored electrolyte contents. FGS (15 in number) obtained
from wsCNO treated and control plants were immersed in 25 mL DI water for 24 h.
After the filtration, the electrical conductivity of the filtrate solutions containing
leached electrolytes was measured by a conductivity meter (SensoDirect CD 24) in

mS.

6.2.9 Sample Preparation for ICP-MS and AAS Analysis

The air-dried FGS were finally hand ground with a mortar and pestle. One
gram of this powder sample was digested using 20 mL 1:1 HNO; and H,0, and
heated for 15 min at 95°C and was allowed to naturally cool down to room
temperature [71]. In a second step 3 mL conc HNO3 was added to it and heated until
the volume of solution reduced to half and then allowed to cool at 80°C. Then 3 mL
conc HCI was added to it and again heated for 15 min. In a third step, 10 mL H,0;
was dropwise added in solution until effervescence subsidized followed by the
addition of 10 mL H,O and was reflux for 15 min. Such prepared digested samples
were filtered with 0.22 pym membrane and made up to 50 mL by adding DI water.
Analysis of Fe was not possible by our ICP-MS instrument; so we analyzed the

concentration of Fe by the AAS method.

6.2.10 FGS Sample Preparation for the Microscopic Analysis

The samples for TEM analysis of FGS were prepared as described in our
earlier protocol [12]. FGS after harvesting were cut down into small pieces using
surgical sharp blades. These small pieces were put into the sylgard coated petri dish
and shifted in fixing solution (2.5% glutaraldehyde for 6 h at room temperature (in
0.1 M cacodylate buffer solution of pH 7.4)), followed by sequential washing with
cacodylate buffer with 4% sucrose solution. Then small pieces of FGS were

immersed in 1% osmium tetraoxide (aqueous) at pH 7.4 for 3 h at room temperature
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and finally washed with buffer. The dehydration process was carried out in
ascending order of ethanol series (70%, 90% and absolute ethanol) twice for 20 min.
After the completion of the fixation process, small pieces of FGS were dewaxed in
100% xylene for a minute followed by incubating in 50:50 xylene:paraffin (40 min)
[17]. Then FGS were transferred to 100% paraffin wax and allowed to stand for 15
h. After that, thin sections were cut down by using microtome (Leica microtome
RM225). Thin sections were further washed with xylene followed by ethanol to
remove the excess of wax from the sample. After complete drying, they were

mounted on carbon film coated copper grids (200 mesh size) for TEM analysis.

6.3  Results and discussion
6.3.1 Spectroscopic characterization

A long known conventional oxidative treatment method was used for the
water solubilization of Soxhlet purified soot under refluxing conditions (~12 h), that
led to the introduction of negative functionalities like carboxylic and hydroxyl
groups on the surface of CNO [53-56]. The aqueous solution of wsCNO was quite
stable against an extended period even after the ~10 months from its initial
solubility. Figure 6.1a shows the absorbance spectrum of wsCNO, with a band ~270
nm, that was attributed due to involvement of n—n* transitions. Comparative FTIR,
TGA, Raman and XPS analyses were carried out to investigate the surface
functionalities of wsCNO and Soxhlet purified soot. Figures 6.1 and 6.2 show the
detailed comparative spectroscopic analysis regarding the nature and degree of
functionalization of wsCNO. The FTIR spectrum of Soxhlet purified soot (blue line
Figure 6.1b) shows the presence of vibrational bands associated with sp? and sp®
carbon atoms and the emergence of additional negative surface functionalities in the
case of wsCNO (black line) [57,58]. The Soxhlet purified soot (Figure 6.1b blue line)
shows the stretching bands at 2924 cm™ and 2853 cm™ (weak, sp> —C-H), 1593 cm™
(strong, C=C), 1384 cm™ (medium, phenyl —C-H) and 1280 cm™ (medium, —CH
bending). Oxidative treatment of the Soxhlet purified soot shows the additions of few
new stretching bands ((black line Figure 6.1b), at 3428 cm™(broad, O-H), 2925 cm™
(weak, C-H), 1721 cm™ (strong C-0), 1606 cm™ (strong, C=C), 1339 cm™ (medium,
phenyl C-H), 1242 cm™ (medium, O-H bending) and 1130 cm™ (weak, C-O).

121


javascript:void(0);
javascript:void(0);
https://pubs.acs.org/doi/full/10.1021/acssuschemeng.6b01937#fig1
https://pubs.acs.org/doi/full/10.1021/acssuschemeng.6b01937#fig1
https://pubs.acs.org/doi/full/10.1021/acssuschemeng.6b01937#fig1
https://pubs.acs.org/doi/full/10.1021/acssuschemeng.6b01937#fig1
https://pubs.acs.org/doi/full/10.1021/acssuschemeng.6b01937#fig2
https://pubs.acs.org/doi/full/10.1021/acssuschemeng.6b01937#fig1
https://pubs.acs.org/doi/full/10.1021/acssuschemeng.6b01937#fig1
javascript:void(0);
https://pubs.acs.org/doi/full/10.1021/acssuschemeng.6b01937#fig1
https://pubs.acs.org/doi/full/10.1021/acssuschemeng.6b01937#fig1
https://pubs.acs.org/doi/full/10.1021/acssuschemeng.6b01937#fig1
https://pubs.acs.org/doi/full/10.1021/acssuschemeng.6b01937#fig1

Water Soluble Carbon Nano-onions Imposed the Sustainable Changes in the ...

1000 1500 2000 2500
Wavenumber (cm'Al )

1.0
a) b)
ek - .
0.8
:
E 0.6 8
G E
w 0 .
< 0.4 S [ 3
F— )
0.2 l“-.‘ 7. ‘r;‘ F"?_.IJ y
00 T T T T T T T T T T T
300 400 500 600 700 800 4000 3500 3000 2500 2000 1500 1000 500
Wavelength (nm) Wavenumber (cm™ )
1
c) : =
90
f;’f\\* i e 80
> / ‘\ v |
= / \ @ 70
g [ | £ &0
— .'II o
= g'-"\J' 2
,‘ | =< 50
/ \
/ \ 40+
rd
-MMW 30
500

150 300 450 600 750 900
Temperature (°C)

Figure 6.1: (a) Absorption spectrum of wsCNO. (b) FTIR spectra. (¢c) Raman and
(d) TGA spectra of Soxhlet purified soot (blue line) and wsCNO (black line)

respectively.

Raman spectroscopy is quite significant for the characterization of graphitic
(G band) and disordered (D band) carbon structures in nanocarbons. G band
attributed due to the first-order scattering of E»q phonons by sp® carbon and D band
results from the breathing mode of j-point phonons of Ay symmetry [59].
Significant differences concerning peak positions and intensities were observed
between Soxhlet purified soot (blue line) and wsCNO (black line) as illustrated in
Figure 6.1c. The shifting of both D (1346 cm™ from 1357 cm™) and G bands (1582
cm™* from 1588 cm™) toward lower wavenumber, in wsCNO (in comparison with a
Soxhlet purified soot) confirm weakening of the carbon framework during the
oxidation process. The increase in surface defects concerning the number of sp
carbons during oxidation led to the increased D band area as compared with G band.
The degree of functionalization can be quantified by a relative Ig/lp intensity ratio.

Decrease in Ig/lp ratio from 0.52 (Soxhlet purified soot) to 0.44 (for wsCNO) was
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attributed due to considerable augment in the active area of D-band (from the
destruction of sp°carbon clusters during oxidation) [60,61]. Surface defects in the
form of sp® carbons in sp® islands of wsCNO were crucial regarding
functionalization and further their water solubilization. Further, the Zeta potential
measurements were performed to analyze the surface charge of wsCNO. The
negative zeta potential value (~—56 mV ) of wsCNO supporting the high degree of
negative surface functionalization [62]. This negative zeta potential value can be
extended upto ~—76 mV (for the most soluble fraction achieved by gel separation
compare to the as prepared wsCNO) [63]. The extent of thermal stability of wsCNO
compared to Soxhlet purified soot was analyzed with TGA measurements. Figure
6.1d shows the comparative weight loss versus temperature plots of Soxhlet purified
soot and wsCNO. It is evident that wsCNO exhibited less thermal stability with a
significant weight loss of ~67% in contrast to Soxhlet purified soot, which showed
only ~32% weight loss at 900°C. Weight loss in the case of wsCNO was more
prominent due to the decomposition of surface oxygen groups incorporated during
oxidation along with weakening and destruction of the surface graphitic framework
[61]. wsCNO showed 35% more weight loss than Soxhlet purified soot, which
justifies the surfacial functionalization of thermally labile groups as evidenced by
FTIR and Raman spectroscopy.

XPS analysis was performed to get a detailed analysis of wsCNO
composition and the chemical nature of the negative surface functionalities of
wsCNO. Figure 6.2a shows the full XPS survey scan of the wsCNO. Quantification
of carbon (Cys) and oxygen (Ois) by XPS shows ~45% oxygen groups over the
surface. The detailed analysis shows the presence of Cis at 285.6 eV and O;s at
534.5 eV in wsCNO. Over the deconvolution of the Cys short scan, we can easily
differentiate the four different modes of carbon binding with oxygen and carbon as
—C-C- (284.4 eV), —C=C- (286.5 ¢V), —-C-O- (287.2 eV) and —C=0 (288.8 ¢V).
Similarly, for Ojs deconvolution a short scan shows the differential binding of
oxygen with carbon as —C-O- (531.1 ¢V), —C=0 (533.1 eV) and COO™ (534.2¢eV)
[61,64,65].
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Figure 6.2: (a) XPS full scan of wsCNO and (b) its Cys short scan. (c) Oy short scan

6.3.2 Microscopic Studies

Morphological and microstructural characterization of wsCNO was carried
out with FESEM, AFM, TEM and HRTEM analyses. FESEM and AFM (Figure
6.3a and b) images illustrate the spherical morphology of wsCNO, along with the
AFM height profile (inset of Figure 6.3 b) of wsCNO. The low-resolution TEM
image. Figure 6.4a confirms the spherical and homogeneous distribution of wsCNO
without accompanying any other morphological impurities. The diameter
distributions of wsCNO were mostly range from 20 to 40 nm and analyzed

statistically as illustrated in Figure 6.4b.

200 o’ Mag = T183K X

WD = 4mm

Figure 6.3: (a) FESEM image of wsCNO. (b) AFM image of wsCNO. (inset)
Height profile analysis of wsCNO.
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Diameter (nm)

..., 5
Figure 6.4: (a) TEM image of wsCNO corresponding to its (b) size distribution
histogram. (c-e) HRTEM images of wsCNO. (f) HRTEM images of wsCNO
showing an interlayer distance of 0.26 nm in the graphitic plane.

HRTEM images displayed in Figure 6.4(c—e) reveal the spherical onion like
arrangements of concentric graphitic rings. Extensive surface derivatization via the
impregnation of negative surface functionalities render the defective outer surface as
shown in Figure 6.4d marked by black arrows. A red box in Figure 6.4f shows the
missing graphitic planes in wsCNO and marked white arrows demonstrate the

distance between interlayer graphitic planes (0.26 nm).

6.3.3 Effect of wsCNO on the Growth of FGS

Compared to the previous reports showing the accumulations of nanocarbons
inside the fruits/flowers[3]. At present, we are concerned about the contamination of
fresh fruits/seeds by the used nanocarbons. As the healthier seeds and fruits are the
only medium that can store a sustainable future in agricultural sciences. In contrast
to our previous finding that addressed the impact of wood wool derived wsCNO
only on the phenotype of gram plants starting from the germination of seeds to
harvesting of FGS, i.e. “seed to seed cycle”. We deliberately attempt to restrict the

accumulation of wsCNO inside the FGS and that can be possible by reducing the
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dose. At the preliminary phase of our experiments we treated the seeds with wsCNO
for 10 days only, under laboratory conditions in DI water (without using any growth
medium) [12,17]. Subsequently, we placed the same 10 days old baby plants in soil
under optimal conditions in a greenhouse to complete their life cycle [12,17] to yield
FGS. The positive impact gained in our former work were again observed here in
terms of the improved stored micronutrients, protein and the electrolytic contents of
FGS harvested from wsCNO treated plants, compared to control plants. This can be
related to the internalizations of wsCNO into the plants where they mostly works

within water transport channels (xylem vessels) [12,17,40].

6.3.4 Phenotypical Analysis of FGS Obtained from wsCNO Treated and

Control Plants

The phenotype of FGS was significantly affected by the interactions of
wsCNO. Figure 6.5(a—d) illustrated the comparative digital camera images of FGS
(20 in number) obtained from control 0,10,20 and 30 pg mL™ wsCNO treated
plants, just after the 15 days of harvesting. The weight and dimensions (length,
width and height) of FGS obtained from control and treated plants were measured
with microbalance and with a standard micrometer. It was observed that weight of
FGS was remarkably increased by using wsCNO concentration of 10, 20 and 30 pg
mL™" which were significantly higher in comparison to control FGS (p-value < 0.05)
(Figure 6.5e). Similarly, the dimensions of FGS obtained from wsCNO treated
plants were found to be significantly higher than the FGS obtained from the control
plants (p-value < 0.05) (Figure 6.5(f-h)). The maximum growth was observed from
the plants treated to 30 pug mL™ wsCNO that produced healthier seeds with an
increase of ~35% in weight, ~24% in length, ~17% in diameter and ~16% in height
over the control FGS. The as-obtained results are quite significant but the most
important observation is that wsCNO exposure to plants, even for a shorter time
period may follow the same trend in the form of increased growth rate, what they
initially gained under laboratory conditions and that consequently led to the
harvesting of healthier FGS.
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Figure 6.5: Digital camera images showing the visible difference in the phenotypes of
FGS obtained from the plants treated with different concentration of wsCNO (a) 0 ; (b)
10; (c) 20; (d) 30 pg mL™. Histograms (e—h) showing significantly higher values for
(e) weight per seed; () length; (g) width; (h) and height of individual seeds treated with
different concentration of wsCNO in comparison to control FGS and presented with +

SE (number of seeds 50) along with significance (p-value < 0.05).
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6.3.5 Effect on Yield Per Plant/Protein Content

FGS obtained from both control and wsCNO treated plants were sampled (15
days after harvesting) and analyzed for yield and stored protein contents. A
comparative analysis of yield per plant is shown in Figure 6.6a that confirmed the
significant increase in plant productivity. Plant treated to 30 pg mL™ wsCNO
produced ~1.7 times more seeds over control plants (p-value < 0.05). As we know,
gram seeds have been used everywhere as an enriched energy source due to their
high content of proteins. So we investigated the effect of wsCNO on the stored
protein content of FGS and observed that wsCNO exposure considerably increased
the stored protein content in FGS. Additionally, increase in protein concentration[3]
in plants is a significant response toward wsCNO. Quantification of total protein
content of FGS was determined by using Bradford assay (Amax 595 nm)[66] to
measure the physiological effect and is shown in Figure 6.6b. Plants treated with 10
and 20 ug mL™ of wsCNO did not show significant differences (p-value < 0.05), but
in the case of 30 pg mL™ wsCNO, protein level was ~1.75 times higher than control
FGS. Enrichment of FGS with higher protein content is a feasible, sustainable and a
meaningful solution to meet the daily nutrient requirements of humans, especially in
East Asian countries where protein-rich seeds and pulses supplement the vital
nutrition. The mechanism for the increased protein concentration by wsCNO is still

at an infant stage and requires a separate detailed investigation.
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Figure 6.6: Histograms represent the effect of wsCNO concentration (a) on the yield
of FGS per plant and (b) total protein contents of FGS with £ SE (number of seeds

25) along with the given significance (p-value < 0.05).
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6.3.6 Effect on Electrical Conductivity of Stored Electrolytes

We performed a simple electrical conductivity test, to find out the effect of
wsCNO on the stored electrolyte contents of FGS.[32] Conductivity of the solutions
was measured to understand the contents of stored electrolytes within the FGS that
leached out from them when placed in DI water. FGS (15 in number) from the
control and wsCNO treated plants were placed in 25 mL of DI water for 24 h.
Further the electrical conductivity of the solutions containing leached electrolytes
was measured. The conductivity of the solution was found to be increased in ~1.5
times (p-value < 0.05) in case of FGS obtained from 30 pg mL™ of wsCNO treated

plants in comparison to control as shown in Figure 6.7
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Figure 6.7: Histogram showing the electrical conductivity from stored electrolytes
in FGS with = SE (number of seeds 15) along with the given significance (p-value <
0.05).

6.3.7 Effect on the Concentration of Micronutrients

The significant increase in the protein and electrolyte contents in FGS
insisted us to analyze the concentration of stored micronutrients in FGS with a real
hope that their levels should increase. As an increase in micronutrient content can
directly be associated with their critical functionalities needed for the
physiochemical process, further growth and yield of seeds. The micronutrient levels

were found to increase
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for all the six tested metallic micronutrients (Mo, Cu, Mn, Ni, Zn and Fe) in the FGS
obtained from the wsCNO treated plants as illustrated in the histograms, shown in
Figure 6.8(a—f). From the all six micronutrient contents, Fe, Mn, Mo and Ni in FGS
were more affected than Cu and Zn. Fe content in FGS was increased by ~3 times in
the case of 30 pug mL™ wsCNO treated plant than control (p-value < 0.05).
Similarly, the contents of Mo, Mn and Ni experienced many fold increases for the
FGS obtained from 30 pg mL™ wsCNO treated plant in comparison with control (p-
value < 0.05). We observed increase in the Mo level in FGS, which is related to
plant productivity and a shortage of which effected the size of seeds, seeds per plant
and the total protein synthesis [18]. Similary, a shortage of Ni depresses the grain
growth [67]. Fe and Mn are the critical components of various enzymatic systems
and are significantly required for protein synthesis; their deficiency causes decreased
growth of plants [68]. Mn is required for germination and maturity. Zn is required
for healthy flowering and fruiting. Cu is essential for the fertilization purposes that
ultimately lead to plant productivity [17,18]. After analyzing the histogram plots
shown in Figure 6.8 we can easily conclude the positive impacts of wsCNO on FGS
of gram plants and could try to optimize these interactions more precisely in our
future studies with different seeds, flowers and crops.
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Figure 6.8: Histogram showing the effect of wsCNO on micronutrient concentration
present inside the FGS in terms of + SE, along with the given significance (p-value
< 0.05) (Fe samples were analyzed by AAS and the rest, all by ICP-MS).

6.3.8 Raman and TEM Investigations of FGS

There have been conflicting reports related to the contamination of
nanocarbons on the next generation’s flowers and edible parts of plants based on
their continuous dose [3,15,23]. Khodakovskaya et al. showed that tomato plants
treated with MWCNT demonstrated a significant increase in the overall growth of
plants [3]. That included an increase in plant height, number of leafs/flowers/fruits
and also the overall size of the fresh fruits. But the next generation flowers got
contaminated with MWCNT because of continuous dosing. The presence of
MWCNT was detected by the presence of Raman G-band (~1587 cm™) in treated
plants. Nalwade et al. showed almost similar results with cotton plants when
interacting with oxidized MWCNT [34]. It was proposed that plants reproductive
systems were activated by the use of MWCNT, which ultimately resulted in overall
increased productivity. These increases in yield have been correlated with the
increased uptake of water [12] nutrients and physiological environmental stress[35].
To avoid the accumulations of nanocarbons in next generation fruits[15], flowers[3]
or seeds[23], we decided to reduce the dose. We used wsCNO for initial 10 days
only and subsequently discontinued the dose and transferred these 10 days olds baby
plants in soil to complete their natural life cycle. To better examine the precised
information related to the accumulations of any wsCNO inside FGS, Raman and
TEM analyses were performed to explore the presence or absence of wsCNO.
Raman spectroscopy is one of the best detection methods for analyzing the wsCNO
inside the desired plant parts, based on the unique spectroscopic signature of
nanocarbons associated with D (~1350 cm™) and G bands (~1600 cm™). We did a
comparative Raman analysis of the seed in two separate parts: cotyledon and the
seed coat, associated with the 10 days old baby plants (Figure 6.9a) versus the
cotyledon and seed coat of FGS (Figure 6.9b and ¢). Raman analysis of the seed
(cotyledon and the seed coat) of 10 days old baby plants treated with wsCNO
showed the D and G bands associated with the presence of wsCNO and the same
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was absent in the case of the control seed (cotyledon and the seed coat) as presented
in Figure 6.9a. Likewise, Raman analysis on FGS as illustrated in Figure 9b and c
did not exhibit any characteristic D and G band signature peaks for all the four
tested FGS (seed coats and cotyledons) and supported the absence of wsCNO.
Similarly, the search of wsCNO as a contaminant inside the FGS was performed by
TEM analysis. Samples were prepared according to the earlier reported prescribed
protocols [12,17]. A clear TEM image of FGS obtained from the control (Figure
6.9d) versus wsCNO treated (Figure 6.9(e—g)) plants without having any
characteristic image [12,17] of wsCNO, confirming the complete absence of
wsCNO.

Raman Analysis of the cotyledon/seed Raman Analysis of cotyledon/seed coat of FGS
coat of 10-days old baby plants ) c
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Figure 6.9: Comparative Raman spectra of (a) the seed (cotyledon and the seed
coat) associated with 10 day old baby plants, control (0 pg mL™) versus the wsCNO
(30 ug mL™) treated plants, showing the presence of D and G bands (marked with
green line (for D band) and blue line (for G band) in FGS seeds obtained from
wsCNO treated plants which were absent in control FGS. (b and ¢) Raman analysis
of FGS: (b) cotyledon; (c) seed coat. These show the absence of wsCNO in FGS
based on the absence of D and G bands. (d—g) TEM image of FGS from the control
(0 pg mL™) (d) and treated (10; 20; and 30 pug mL™ (e—-g) plants, respectively,

confirming the complete absence of wsCNO inside the FGS.

132


https://pubs.acs.org/doi/full/10.1021/acssuschemeng.6b01937#fig9
https://pubs.acs.org/doi/full/10.1021/acssuschemeng.6b01937#fig9
https://pubs.acs.org/doi/full/10.1021/acssuschemeng.6b01937#fig9
https://pubs.acs.org/doi/full/10.1021/acssuschemeng.6b01937#fig9
javascript:void(0);
https://pubs.acs.org/doi/full/10.1021/acssuschemeng.6b01937#fig9
https://pubs.acs.org/doi/full/10.1021/acssuschemeng.6b01937#fig9
https://pubs.acs.org/doi/full/10.1021/acssuschemeng.6b01937#fig9
https://pubs.acs.org/doi/full/10.1021/acssuschemeng.6b01937#fig9
https://pubs.acs.org/doi/full/10.1021/acssuschemeng.6b01937#fig9
javascript:void(0);

Chapter-6

Raman and TEM analysis of FGS are in excellent agreement with a possible
sustainable approach and need to explore more precisely for their practical and real-
world applications. Initial findings confirm the absence of any wsCNO
accumulation inside the FGS. Other parts of plants were excluded for now; this
could involve the detailed analysis of roots, shoot and leaves and remains an
intriguing question in the future of what could be the fate of these FGS when they

would be planted in soil.

6.4. Conclusion

A primary plant/wsCNO interaction study based on the simpler experiments
for the isolation of the healthier FGS obtained from the wsCNO treated plants
compared to control plants under natural soil conditions was investigated. The
positive effects of the exposure of wsCNO (at different concentration) were
described, which showed the significant increase in the stored contents of FGS as
protein, electrolytes and metallic micronutrients. As well, wsCNO treated plants
yielded a greater quantity of FGS with improvement in overall seed size and weight.
Thus wsCNO can be used as nanofertilizers based on their small quantites needed
for stimulating the growth effects. The most meaningful and sustainable impact of
the present finding is the exposure of limited amounts of wsCNO with plants, for the
initial 10 days only just for the stimulating the positive growth of seedlings. These
10 days old baby plants were transferred to natural conditions to complete their life-
cycle, seed to seed. We exclusively focused on the plant productivity, but not at the
cost of next generation seed contamination with nanocarbons. This is being
confirmed by Raman and TEM analysis. Moreover, large scale and precise field
studies are of future concern to determine a more realistic approach concerning
nanocarbon exposure for plants, with a positive note related to the age-old technique
of charring biowaste, or using different versions of functionalized nanocarbons for

the betterment of plant productivity.
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Future Scope

7.1

Conclusion

This thesis presented a facile, cost effective methodology for the fabrication

of fluorescent doped-CD and wsCNO and their multi-functional application in the

field of photocatalysis, imaging, sensing and in agriculture as fertilizer material.

In chapter 2 doped-CD show the strong affinity to work under the presence
of natural sunlight towards the photoreduction of Cr(VI) to Cr(l1l), followed
by its simpler removal via the precipitation method. Most significantly, it
could reach up to the 2,000 ppm of Cr(VI). The doped-CD can work as an
efficient photocatalyst as the regeneration ability shows that these doped-CD
show a recyclability of more then 6 cycles with the efficiency more than
90%.

In chpater 3 the red fluorescent doped-CD were first time used as a
photocatalyst material and show photocatalytic degradation of pollutant dye
MB. The red emitting fluorescent doped CD show a quantum yield of ~40%.
In chapter 4 the use of doped-CD can play an essential role in the areas
contaminated with heavy metal ions and the pollutant dyes. Additionally, the
usage of the natural sunlight makes the whole process sustainable. The doped
CD show enhanced quantum yield ~72%.

In chapter 5 a simple non-invasive, fluorescence-based technique for
imaging Escherichia coli (E. coli) and Pseudomonas putida (P. putida) cells
using the wsCNO is described. The photoluminescent properties of wsCNO
are being used for the selective sensing of glucose based on the fluorescence
turn-off-on mechanisms.

In chapter 6 wsCNO treated plants showed a significant increase in their
yield and health with respect to their individual weight, overall dimensions,
enhanced protein, stored electrolytes and metallic micronutrient contents in

their first generation seeds.
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7.2

Future Scope

Doped-CD reported in chapter 2 can be further used for the removal of these
other toxic metal ions like Hg(ll), Pb(ll), Cd(ll) etc. Additionally these
doped-CD can also be used as electrochemical sensor for the detection of
heavy toxic metal ions. The photocatalytic ability and reusability makes
these doped-CD a strong photocatalyst for purpose of water remediation.
Doped-CD reported in chapter 3 can be used for degradation of other
cationic and anionic dyes which was abundantly found in effluent waste
water from the many industries/laboratories. The photocatalytic degradation
of pollutant dye and reduction of metal ions by the doped-CD can act as a
better alternative for the water remediation and the use of Sunlight makes the
whole process more sustainable.

The red fluorescent doped-CD reported in chapter 4 show a high QY ~72%
after separating the most fluorescent fraction so these can be used for a better
imaging probe with high resolution imaging for the safer in depth analysis of
cells, tissues and organs.

The treated wastewater (as described in chapter 2, 3 and 4) obtained from the
degradation of pollutant dye or by the reduction of metal ions can be further
used for watering the gardens, parks and playground.

wsCNO reported in chapter 5 may load with specific drugs can be used for
the drug transport in biomedical applications, and the whole delivery process
could be monitored throughout the visible region by the mean of
fluorescence.

A sustainable approach based on the utilization of wood waste derived
wsCNO (reported in chapter 6) as a nanofertilizer could provide a possible
approach in agricultural science to overcome the shortage of stored nutrients
inside the seeds and also to limit the excessive use of fertilizers.

The PL properties of wsCNO can also be enhanced by the means of doping.
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7.3  Perspectives and takeaways

After completed the research work, | have learned a lot of understanding,
concerning the effective performance of the basic research in chemistry using the
basic concept of natural science. As well, understand the importance of the
teamwork to finish the time-bounded task and learned the positive insights from the
failed experiment. How to answer to the quires raised by the expert reviewer, which
always help me to understand the merits of our findings better. Being very much
happy to be worked as a reflexive researcher, this is always a challenging,

advantageous and rewarding.

Based on the presented findings, and the utilization of the sunlight, in future
sunlight induced photocatalysis can be extended to real-world applications like
moving from the batch reactions in small scale to the bulk reactor for treating the
industrial waste. Additionally, the usage of the natural carbon sources like green
bougainvillea leaves for the photocatalysts applications would be a sustainable
approach for the removal of toxic heavy metal and dyes in large scale. These can
directly mix with the industrial residual waste effluents and could work naturally in
the presence of sunlight to obtain the treated wastewater (free from the toxic metal
and dyes). In the preparation of CNOs waste wood wool is being used as an
enhancer for the growth of gram plant and these CNO are absent in the first
generation seeds, so our purpose of best out of waste is being fulfilled in the present
work. In the future, these biocompatible CNO may prove to be a non-expensive,
green nano-fertilizer for increasing the overall plant productivity in some other

plants.
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Sunlight-induced photoreduction of Cr(VI) to Cr(IIl) in
wastewater by nitrogen-phosphorus-doped carbon dots
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T

Cr(V1) is a known toxic and non-biodegradable pollutant that results from multiple industrial processes, and can cause significant
environmental damage if it is not removed from wastewater. However, it can be reduced to Cr(lll), which is less toxic and can be
readily precipitated out and removed. Here, a fast and facile single-step technique is reported for the synthesis of
nitrogen-phosphorus doped fluorescent carbon dots (NP-CD) using a domestic microwave, as a potential photocatalytic material.
Under natural sunlight, a simple photocatalytic experiment reveals that the NP-CD are highly efficient for the quantitative reduction
of Cr(VI) to Cr(lll) in synthetic contaminated water, in a linear range from 10 ppm (in approximately 10 min) to 2000 ppm (in
approximately 320 min) by increasing the sunlight irradiation time followed by its removal by precipitation. NP-CD exhibit high
recyclability of up to six cycles without any apparent loss in photocatalytic activity, demonstrating NP-CD as a potential

photocatalyst material for Cr(VI) water treatment.
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INTRODUCTION

Since their discovery, photoluminescent carbon dots (CD)' are
being researched all over because of their sustainable-
advantageous applications and ease of fabrication.”®> CD are
presently offering a vast viable platform for many potential
applications, such as bioimaging, sensing, photocatalysis, LED, and
photovoltaic.>* The elemental compositions of CD modified with
the long-known method of “doping” that involves the use of
heteroatoms and metallic salts as dopants. Doping is a well-
established method for articulating the optical and electrical
properties of semiconductor nanoparticles.>* Many reports are
available stating that the doped-CD show remarkable results in
terms of better quantum vyield over the blue-green® and red®’
region of the visible spectrum along with its novel applications.
Few groups have reported the doping of nitrogen (N) and
phosphorus (P) to form nitrogen-phosphorous doped carbon dots
(NP-CD), using hydrothermal,a‘10 solvothermal,’” and micro-
wave'?™" assisted methods with the different precursor materials.
NP-CD used for several applications such as for sensing Hg*",'° as
a nano-carrier of anticancer drug'®, imaging purpose®'? %16,
oxygen reduction,’” intercellular Fe>" sensor?® fluorescence
sensing of living cells,”®> and in the flourescence sensing of
reactive oxygen and nitrogen species.’ Presently, the doping of
the CD are used to articulate its potential properties, with a huge
expectation of the exploration of its newer prospects. For instance,
in the field of water treatment'®'® via aqueous phase photo-
catalysis,>”*° which has been barely investigated. As per the
general understanding, the heavy-metal-ion contamination in
water is a severe threat, which indeed demands a viable,
sustainable approach for its efficient sensing followed by its
removal. For the same, sunlight-induced photocatalysis can be
considered as a promising approach for the photodegradation of
environmental pollutants.>'** The fabrication of novel nano-
structured-materials with unique physical/chemical properties

along with high efficiency towards the photocatalysis are the
crucial step and required much attention.>”'%3

Beyond the conventional existing applications of CD, the
present work investigate a newer perspective of NP-CD, using
the natural sunlight for photoreduction of toxic Cr(VI) to Cr(lll),
followed by precipitation of Cr(lll) salt. The toxic non-
biodegradable®* pollutant Cr(Vl) is a well-known by-product of
many industrial processes, like electroplating, paint making,
leather tanning, and others, was discarded in the wastewater.*®
Cr(VI) is continuously damaging the aquatic system and shows
devastating consequences.”® Compared to the Cr(VI), Cr(lll) is less
toxic and can easily be precipitated out or adsorbed by the
already existing methods.?” So the conversion of Cr(VI) to Cr(lll)
followed by its simple precipitation is always in high demand.
Nevertheless, it could be a sustainable approach, if the same can
be performed under the presence of natural sunlight®” %23,

RESULTS AND DISCUSSION

A single-step process presented here describe the facile synthesis
of the NP-CD from the pool of imidazole (source of nitrogen (N)),
phosphoric acid (source of phosphorus (P)) and polyethylene
glycol (source of carbon (C)), via the simplest method of
microwave charring for ~4 min. The as-synthesized blue fluor-
escent NP-CD utilized for the aqueous phase photoreduction of Cr
(VI) to Cr(lll) under the presence of natural sunlight. Compared to
artificial light, natural sunlight shows its significant contribution
towards the photoreduction of the Cr(VI) to Cr(lll) concerning the
time required for the photoreduction is shown in Table 1, which
also includes synthesis time for the fabrication of nano-carbons in
comparison with the existing reports. Furthermore, the Cr(lll) was
also precipitated out by the NaOH solution to get treated water
from the synthetic contaminated water.
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Soluble Graphene Nanosheets
for the Sunlight-Induced
Photodegradation of the Mixture

s of Dyes and its Environmental

Rt Assessment

Gunture!, Anupriya Singh(®?, Anshu Bhati(®?, Prateek Khare?!, Kumud Malika Tripathi? &
Sumit Kumar Sonkar®?

© Currently, the air and water pollutions are presenting the most serious global concerns. Despite the

. well known tremendous efforts, it could be a promising sustainability if the black carbon (BC) soot can

. be utilized for the practical and sustainable applications. For this, the almost complete aqueous phase
photodegradation of the three well-known organic pollutant dyes as crystal violet (CV); rhodamine
B (RhB); methylene blue (MB) and their mixture (CV + RhB + MB), by using water-soluble graphene
nanosheets (WsGNS) isolated from the BC soot under the influence of natural sunlight is described. The
plausible mechanism behind the photocatalytic degradation of dyes and their mixture has been critically
analyzed via the trapping of active species and structural analysis of photodegraded products. The
impact of diverse interfering ions like Ca?*, Fe3*, SO,2~, HPO,2~, NO;~, and CI~ on the photodegradation
efficiency of wsGNS was also investigated. Importantly, the environmental assessment of the whole
process has been evaluated towards the growth of wheat plants using the treated wastewater. The
initial studies for the fifteen days confirmed that growth of wheat plants was almost the same in the

. photodegraded wastewater as being noticed in the control sample, while in case of dyes contaminated

. water it showed the retarded growth. Using the natural sunlight, the overall sustainability of the

: presented work holds the potential for the utilization of pollutant soot in real-practical applications
related to the wastewater remediation and further the practical uses of treated water.

The ever-growing desire to improve the quality of human lifestyle significantly promoted the rapid industriali-
zation and urbanization'~*. Primarily, associated with the accelerating advancement of the automotive industri-
alization, which can directly link to the release of dirty-dangerous pollutant black soot as black carbon (BC)*~”
. particulate matter in the environment. BC is closely related with global warming and at present is continuously
. deteriorating the environmental and human health”$. Along with air pollutions, industrialization have also
- brought the another important concern related to the water pollutions®. So, the most demanding aggravated con-
. cerns of the present world is to significantly reuse the waste products (it could also be the dangerous-dirty-BC)"
and the treatment of wastewater!""!2. From the standpoint of the overall environmental health, the discharge
of the BC’ in air and the effluents of industrial wastewater'>-!* (containing hazardous, carcinogenic and
non-biodegradable organic dyes) in the water-bodies are unceasingly deteriorating the ecological balance'®',
. and causes many serious diseases'S~2. At present, few groups have explored the recent-promising approaches
. related to the adaptation of pollutant soot as freely available carbon precursor for the synthesis/isolation of the
* value-added nano-carbons?'-%. Such as carbon dots (CD)?, graphene nanosheets (GNS)**?>%, single-walled car-
. bon nanotubes (SWCNT)?, carbon nanoparticles® used for the diverse applications***>? including the photode-
: gradation of the pollutant dyes**?*. In the same context, the visible-light photocatalysis using the nano-carbons,

!Department of Chemistry, Malaviya National Institute of Technology, Jaipur, Jaipur, 302017, India. 2Department
of Bio-nanotechnology, Gachon University, Gyeonggi-do, South Korea. Gunture and Anupriya Singh contributed
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Antibacterial Nitrogen-doped Carbon Dots as a Reversible

“Fluorescent Nanoswitch” and Fluorescent Ink
Neetu Chauhan, Prateek Khare,

Satyesh Raj Anand, Anshu Bhati, Deepika Saini, Gunture,
and Sumit Kumar Sonkar™

Department of Chemistry, Malaviya National Institute of Technology, Jaipur, Jaipur 302017, India

ABSTRACT: The present finding describes an efficient facile approach for the
fabrication of nitrogen-doped carbon dots (N-CDs) as a “fluorescent nanoswitch”.
Highly fluorescent blue-light-emitting N-CDs have been synthesized via a simpler
hydrothermal method using 2,2'-(ethylenedioxy)-bis(ethylamine) and malic acid as
the precursors. N-CDs showed excitation-dependent and pH-independent emission
along with a quantum yield of ~25%. The blue fluorescent emission of N-CDs has
been selectively “turned off” (quenching of fluorescence (FL)) during the sensing of
Cr(VI) with 0.02 uM limit of detection and further been selectively “turned on”
(restoration of FL) on sensing ascorbic acid, compared with other metal cations and
biomolecules tested. For testing the practical applicability of N-CDs, the switchable
reversibility of the fluorescent nanoswitch has been tested for up to four cycles on
the basis of FL “on—off—on”. Furthermore, the toxicological test showed the
antibacterial effect of the N-CDs on the tested Gram-positive Staphylococcus aureus
and Gram-negative Escherichia coli cells. Additionally, these N-CDs can also be used

R
Fluorescent Ink
4

Contiol 10y 25,L 50 754
N-CDs amount (uL mL)

as a fluorescent ink for imaging purposes.

1. INTRODUCTION

Fluorescent carbon dots (CDs)'™® are zero-dimensional
carbon materials consisting of variable composition of spz-/
sp>-hybridized carbon atoms with abundant functional groups
over the shell, due to which they exhibit unique fluorescence
(FL) properties.” Since their discovery,” CDs have triggered a
great interest in a wide range of applications, from
bioimaging,3’7 sensing,g’9 drug delivery,m’11 photocatalysis,12
energy storage,”> and fluorescent ink'*"® to disease diag-
nosis,'*"” and also in the field of agriculture]8 because of their
superior unique properties such as the biocompatibility, robust
chemical inertness, nontoxicity,"* and stability.”*°~** How-
ever, to accomplish more, presently the long-known method of
doping has been articulating the optical properties of CDs as in
the form of emergent doped-CDs.”**** The doping of
heteroatoms significantly affects the physicochemical and
photochemical properties of CDs.””* Of all of the dopant
materials, the doping of N has been a bit more feasible
concerning its easier insertion in the carbonaceous matrix of
CDs because of its comparable size to that of carbon along
with the extra valence electron. Additionally, the emphasis on
escaping the complicated synthesis methodologies also has
been in demand, such as the exploration of newer sustainable
approaches based on the hydrothermal,* solvothermal®®*’
and microwave-assisted””*® methodologies for the facile
fabrication of doped CDs as these are easier and scalable
methodologies with an extra advantage of ease in reproduci-
bility. From the many potential applications, currently, N-CDs
are being used for sensing the heavy metal ions like Cr(v1),”
Hg(11),” Fe(111),>° Cu(II),*" Zn(I),** Cd(I1),**** and

-4 ACS Publications  © 2019 American Chemical Society
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Co(I1)** especially because of their FL emission properties,
“turn-off” and “turn-on”.

Cr(VI) is highly toxic in nature as compared to its lower
valent state Cr(IIl), causing several adverse impacts on the
environment as well as on the human health.***” Thus, their
discharge into the environment through industrial and other
anthropogenic activities needs to be monitored thoroughly.
Therefore, it is essential to continuously observe the level of
Cr(VI) in water media, which needs to be up to 0.9 uM,
possibly via using simpler techniques with accuracy even at its
lower level.” In addition, the detection of ascorbic acid (AA)
(generally known as vitamin C) also has been important for
human health as AA is protecting us from many diseases.
Although a few reports have already been documented for the
detection of Cr(VI) and AA in the literature,”®*’ the
development of simpler and economic methodologies has
always been in demand. For this, fluorescent properties of the
CDs**** and doped CDs like N-CDs have been explored on
the basis of their abilities of FL sensing.

The present finding depicts a simpler methodology for the
fabrication of N-CDs and their use as a reversible “fluorescent
nanoswitch” for selective sensing of Cr(VI) and AA. N-CDs
show excellent stability and solubility in aqueous medium, and
their fluorescent properties do not change on addition of
various other ions (interference study) and with the variation
in the pH of the solution, which may offer the practical
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Mg—-N-embedded carbon dots for imaging,
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Presently, the doping of carbon dots (CD) with heteroatoms and metal-salts as external dopant is a
common practice for enhancing its optical efficiency. This approach can involves the use of biomaterials
such as plant leaves since they already possess metals inside as an essential element. In this study, the
simple process of carbonization of a leaf extract yielded red-emitting magnesium—nitrogen embedded
(self-doped) CD, which were denoted as r-Mg—-N-CD, possessing a quantum yield value of ~41%.

Received 18th September 2018, Importantly, r-Mg—-N-CD was proven to be a biocompatible probe based on the bacteriological test

Accepted 17th October 2018 performed on two different bacterial strains, Escherichia coli (E. coli) and Proteus vulgaris (P. vulgaris).
DOI: 10.1039/c8nj04754e In addition to the conventional imaging application, r-Mg—N-CD could also be used for the fluorescence-

based selective sensing of Cu(i) metal ions among various heavy metals with a detection limit as low as

rsc.li/njc

1. Introduction

The advances in the field of optical bio-imaging'™ using the
biocompatible fluorescent probes have increased tremendously
over the past few years. In the search for biocompatible fluores-
cent probes, nanocarbon such as CD* and graphene quantum
dots (GQD)® have been significantly used for several applications®
and mostly explored for in vivo and in vitro imaging applica-
tions.”*° The increase in the number of reports on the wide
exploration of CD''™"* may be based on an economic viewpoint.
Nanocarbons,'*® particularly CD,>”""*° are inexpensive
sometimes free, and even can be isolated from waste materials.
CD exhibit almost similar characteristic with the metal-based
semiconductor quantum dots (QD) as the stable photolumines-
cence properties.””*! The ease of their availability and surface
modification, which make them soluble in aqueous media, are
the two most important characteristics of CD.?** These charac-
teristics significantly enhance their efficacy and make them better
candidates compared to QD.>*** Presently, high-performance CD
are being used as compatible bio-markers; however, their applica-
tion is limited by their emissive profile, which is situated in the
blue and green region.>*" This restricts their application in the

“ Department of Chemistry, Malaviya National Institute of Technology, Jaipur,
Jaipur-302017, India. E-mail: sksonkar.chy@mnit.ac.in

b Centre of Material Sciences, Institute of Interdisciplinary Studies (IIDS),
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50 nM and as red-emitting fluorescent ink.

low energy wavelength region (red and near-infrared regions),
particularly for imaging applications since the low energy wave-
length is considered as the most suitable region for optical
imaging applications in biological systems.**** The deeper pene-
tration of soluble fluorescent probes can directly combine the
advantages of instructive image analysis (such as real-time visua-
lization and differentiating between normal and abnormal cells)
with minimal damage to living cells during in vivo studies. Several
groups have reported red-emitting and near infra-red (NIR)-
emitting CD for various applications, including imaging,**®
sensing,’>*® fingerprint detection,*’ nano-thermometry,
theranostics,’>** photocatalytic degradation of dyes,** and
photocatalytic reduction of toxic metal ions.*” The important
aspect observed while summarizing the above reports is that most
reports are in the support of the well-known process of doping that
can be performed by the addition of external materials as hetero-
atoms*** or inorganic metal salts,"® so that CD could function in
the low-wavelength region for bioimaging applications.
Additionally, CD have also been explored for sensing appli-
cations based on their emissive fluorescence profiles, including
the sensing of biomolecules, heavy metal ions, and organic
pollutant dyes. Among the heavy metal ions, we focus on copper
ions here. Sensing copper in aqueous media is important because
it is the third most abundant trace element in the human body
after iron and zinc,® and is responsible for participating in many
enzymatic activities in biological systems. A deficiency and the
deregulation of copper result in many severe diseases such as
Alzheimer’s, Menke’s, Parkinson’s, and Wilson’s disease and
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Exploration of nano carbons in relevance to
plant systems
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The effects of nano-carbon interactions on plant growth have recently been the subject of much scientific
research. In the past, the use of insoluble nano-carbons on plants led to physical damage to the plant cells
due to biochemical incompatibility; at present, the availability of dispersible or soluble forms of several nano-
carbons avoids unnecessary physical damage, which could be a possible solution to the continuous increase
in the demand for food. These interactions provide a feasible approach that is backed by the long-known
results from age-old practices related to the simple addition of charred bio-waste as a carbon source, known
as "biochar,” to the soil as a promoter of nutrients. The purposeful use of biochar significantly increases the
rate of development of the next generation crop along with the retention of soil fertility. It is known that
biochar contains a significant amount of nano-carbons along with micro carbon with oxo-functionality; these
are hydrophilic and are readily passed through the plant roots. As such, the potential application of charred
carbons/biochar in the growth of plant systems is a time-tested process, and the same can be expected with
the nano-carbons. This perspective article provides a summary of the recent advances in the agricultural
applications of nano-carbons. In particular, the cellular uptake, translocation, and accumulation of nano-
carbons inside the plant, and their significant impacts on the plant physiological parameters are studied.
Like plant growth, water uptake and protein expression properties, increasing crop productivity and
disease prevention are correlated. The present perspective article also addresses the negative aspects that
arise, based on a few reports showing the toxicity of nano-carbons; most of these are physical in nature
and care is needed to determine the quality of the nano-carbons, which should be biocompatible.
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Sunlight-Induced Photocatalytic Degradation of Pollutant Dye by
Highly Fluorescent Red-Emitting Mg-N-Embedded Carbon Dots

Anshu Bhati," Satyesh Raj Anand,” Gunture,’ Anjali Kumari Garg,_l_ Prateek Khare,*"
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ABSTRACT: A straightforward and simpler use of an age-old
technique was utilized for the fabrication of “red-emitting
magnesium-nitrogen-embedded carbon dots” (r-Mg-N-CD)
from the leaves extract of Bougainvillea plant as a natural
source of carbon. This technique is similar to the solvent-based
technique, which is used for the extraction of fragrances and
essential oils from flowers and leaves. The as-derived leaves
extract was further carbonized using a simple domestic
microwave to obtain the small-sized red-emitting carbonaceous
material as r-Mg-N-CD. The r-Mg-N-CD showed excitation-
independent emissions at ~678 nm with excellent photo-
stability and a high quantum yield value (~40%). Moreover,

o
o.g
iy °
Sun ¢ *
A

—%— MB-Sunlight
g @ MB-r-Mg-N-CD Bulb
~ A~ MB-r-Mg-N-CD Sunlight

Time (min)

Sunlight Induced Photodegradation

the important perspective of the present finding is to use this r-Mg-N-CD as a potential photocatalyst material for the
degradation of pollutant dye (methylene blue) under the presence of sunlight. To infer the significant influence of using natural
sunlight in the process of dye degradation, a comparative analysis was performed, demonstrating the higher rate of
photodegradation (~6 times faster) under the influence of sunlight compared to the artificial visible-light from a 100 W tungsten

bulb.

KEYWORDS: Carbon dots, Red-emitting carbon dots, Quantum yield, Pollutant dye, Photodegradation, Methylene blue

B INTRODUCTION

Presently, advances to explore the nontoxic-biocompatible
probes working in the long-wavelength region of the spectrum
(red and near-infrared (NIR)) for the in vivo photoluminescent
imaging have gained a lot of interest." These probes are
expected to enable safer in-depth imaging of cells, tissues, and
organs. The red and the NIR regions constitutes the most
suitable part of the spectrum that showed minimally intrusive
absorption and self-fluorescence from the biological samples.”’
For this, significant efforts are already being taken for
developing the highly fluorescent semiconductor quantum
dots (QD) and organic dyes as a fluorescent probe for
bioimaging applications.”” However, the long-known biological
constraint for the use of QD is its lower solubility and toxicity
as well as the photobleaching effects associated with the
fluorescent organic dyes, which certainly limit their long-term
uses for biological applications.”” Concerning the biocompat-
ibility, photostability, and the high competitive quantum yield
values of highly photoluminescent probes, carbon dots (CD)*’
and graphene quantum dots (GQD)'®'' can be a better
alternative. Since their discovery,lz’13 they have worked as an
excellent alternative candidate'*'” to the QD and organic dyes.
They can be widely used and have a lower cost'®™"? (compared
with QD/organic dyes). Additionally, the most important
characteristic is its ease in surface functionalization, which
imparts higher solubility-stability in aqueous media and tunable
photoluminescence of CD," which makes them a promising

-4 ACS Publications  © 2018 American Chemical Society 9246

material for multiple applications.””™*® Nevertheless, being
explored everywhere, including the few reports on its
photocatalytic applications.””*™>’ The tunable emissive
profiles of CD and the other fluorescent nanocarbons are
mostly limited between the blue and green regions. This
emissive limit of blue and green CD makes them a limited
probe for imaging in the lower wavelength region. The red and
NIR emission of CD/GQD can be further explored on the
basis of surface modifications and choosing a different carbon
precursor.”*™** A few groups have investigated the synthesis of
red emitting CD/GQD, based on hydrothermal,*~*" solvo-
thermal,”® and microwave* ™" assisted methods using different
synthetic precursor materials. These precursor materials have
included o-phenyldiamine and phosphorous acid,** thiourea
and citric acid,”” lemon pulp,*® mango leaves,” and they have
been used these red-emitting CD/GQD for the multipurpose
applications.**>"*37>> The most common observation noted
for the emission in the higher-wavelength region in the
published reports****~**133757 yyas the influence of the
incorporation/doping of heteroatoms.*¥>' %>

The present finding describes an easier approach for the
fabrication of water-soluble “red-emitting magnesium-nitrogen-
embedded carbon dots (r-Mg-N-CD)” from the leaves of a
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Brightly Fluorescent Zinc-Doped Red-Emitting Carbon Dots for the
Sunlight-Induced Photoreduction of Cr(VI) to Cr(lll)
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ABSTRACT: The present finding deals with a simple and low-cost fabrication of surface-passivated, brightly fluorescent zinc-
oxide-decorated, red-emitting excitation-independent ultrafluorescent CDs, denoted as “Cz,o-Dots”. Surface doping of zinc oxide
significantly improved the quantum yield by up to ~72%, and these brightly fluorescent red-emitting C,,o-Dots have been
employed for the aqueous-phase photoreduction of 100 ppm hexavalent chromium(VI) to trivalent chromium(III) under the
influence of sunlight irradiation. The overall utility of the prepared C,, o-Dots can be ascertained by their recyclability over seven

cycles.

B INTRODUCTION

Since their discovery, carbon-based fluorescent materials as
carbon dots (CDs)' and graphene quantum dots (GQDs)*
have been explored a lot because of their wide range in the
applicative sustainability.”~® Their biocompatibility with higher
values of quantum yield” has made CDs/GQDs significantly
better candidates when compared with the long-known
quantum dots (QDs), especially in the field of bioimaging
applications.”® However, at present, they are facing a few issues
because of the emissive profiles situated in the narrower region
of the visible spectrum (in between the blue and green
regions).*>® A limited number of reports state that their
emission lies in the higher wavelength region [red and near-
infrared (NIR) regions].”"'* The energy associated with the
red and NIR regions of the spectrum is less, which can directly
relate to them being lesser harmful to biological systems.'*"
Work is already in progress for the fabrication of red-emitting
CDs/GQDs with higher quantum vyield via the hydro-
thermal,"®"” solvothermal,""'® and microwave'*'?*° methods
using different precursors such as carbon™''™'*'%'%72! and the
heteroatoms”” (as the dopant material) to achieve red-
imaging.lz’16 Sun et al. report the synthesis of metal-doped
green fluorescent ZnO and ZnS-doped/-decorated CD by the
doping of zinc acetate on the surface of CD via hydrolysis by
NaOH and precipitation with Na,S, respectively.”” Cheng et al.
report the synthesis of yellow fluorescent C,,o-Dots via a one-
step hydrothermal synthesis by mixing citric acid and zinc
chloride in toluene and used them in bifunctional photonic
crystal films, fluorescent microfibers, and patterns.”* Xu et al.
synthesized blue-light-emitting C,, o-Dots by mixing sodium

-4 ACS Publications  © 2018 American Chemical Society
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citrate and zinc chloride via the hydrothermal method and used
them as a biosensor.”” ZnO/graphene quasi-core shell QDs
were synthesized by Son et al, who used them in white-light-
emitting diodes.”® Apart from the above-mentioned applica-
tions, CD and doped CD are used in the field of sensing (gas,27
heavy metals,”*™>° microbes,’** etc.), optical displays,”
tunable photoluminescence,”** biocompatibility,”® and com-
petitive quantum yield values’ and in the field of bioimaging
(presently being explored in the red and NIR regions).” "
Based on their vast levels of applicative sustainability CDs/
doped CDs can be expected to show their potential toward
world’s most serious concern, that is, contamination of water>
which increases at a very high rate because of the increase in
world population and industrialization. A huge amount of
wastewater is discharged routinely which contains a large
amount of heavy inorganic metal ions and organic compounds
generally known as dyes that subsequently degraded the overall
environmental and human health. Few reports are available for
the photodegradation of the organic dyes by the waste derived
nano-carbons.’*™*” The removal of heavy metals from
wastewater has been carried out by different techniques.”"™**
Red-emitting CDs can be a significant material, simply because
of their lower working levels of energy which can be used for
the applications related to water treatment.

Under the influence of sunlight, the present work describes a
new prospect of using red-emitting C,,o-Dots apart from their
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Nanocarbons in Agricultural Plants: Can be a Potential
Nanofertilizer?
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6.1 Introduction

At present, the need of opting for sustainable materials such as organic-based
fertilizers is of great interest because of their better efficiencies [1-8] and
biocompatibility [9—-11], which makes them suitable for long-term use in agri-
cultural sciences, compared to synthetic fertilizers [12—18]. The present situation
demands [19-26] sustainable and newer techniques [2,27-32] that can be
employed for increasing crop/plant productivity to meet the future challenges
of global food crises. Owing to concerns about the toxicity issues and the long-
term sustainable uses, switching from the synthetic fertilizers [12-18] to
organic [33,34], carbon-based [28,35-41], and nanocarbon-based fertil-
izers [2,42—-48] could be a worthy option. The increase in productivity [2,29,43]
associated with growing food requirements using environment-friendly and
simpler methods should be free from toxicity issues. We have been using
synthetic fertilizers for decades to increase agricultural production [12-18],
but they have brought on wus adverse outcomes in the long run
[16-18,49-53], such as destruction of valuable microorganisms [12,13,54]
(responsible for conversion of plant and animal remains into nutrient-rich
organic matter), water pollution [49], methemoglobinemia [49], soil contamina-
tions [50], and so on, and significantly disturbing the natural constitution of
soil [50-53]. Among all other types of organic fertilizers, charred carbon-based
fertilizers deal with both the classical (additions of black carbon as biochar) and
the modern techniques (applications of nanocarbons) used for increasing the crop
productivity. This is very simple to understand based on the important and
precise information taken from the long-known ancient practice in agricultural
sciences, concerned with the deliberate additions of biochar [7,8,35—-37] to the
soil for increasing fertility [55—57], sequestration [56—58], restoration [59] of soil
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Ajay Kumar Mishra.
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ABSTRACT: Herein, a potential approach is described for assessing the ecological importance of the graphitic nanocarbons
isolated from dirty, dangerous black pollutant particulate material. A simple experiment of photodegradation and a toxicological
test were done using the natural sunlight as a source of energy and the pollutant petrol soot derived water-soluble graphene
nanosheets (wsGNS) as photocatalyst to achieve complete degradation of pollutant organic dye as methylene blue (MB).
Compared to the artificial source of visible light (60W tungsten bulb), the sunlight-induced photodegradation using wsGNS
show ~1.5 times higher rate of photodegradation. The toxicological test confirmed the nontoxic behavior of wsGNS against the
two different types of bacterial strains: Gram-negative and Gram-positive cells, Escherichia coli and Staphylococcus aureus,
respectively. Moreover, wsGNS are precisely used for the selective photodegradation of MB without harming the bacterial
growth from the pool of MB-bacterial strains. Nontoxicity and selectivity along with the improved in photodegradation
efficiencies by wsGNS under the influence of sunlight are the most significant and sustainable perspectives of the present finding.

KEYWORDS: Pollutant soot, Toxic dye, Water-soluble graphene nanosheets, Methylene blue, Nontoxic, Selective photodegradation,

Dye degradation

Bl INTRODUCTION

Advances in the field of light-induced photocatalysis,"”
particularly in aqueous-phase photocatalytic degradation®* of
various toxic and hazardous water-soluble organic pollutant
dyes have shown tremendous development.”® The prime focus
for the aqueous-phase photodegradation of organic dyes is
associated with their partial or complete degradation to
relatively nontoxic constituents such as low molecular weight
hydrocarbons that can ultimately end up to carbon dioxide and
water.””'" Moreover, the use of sunlight as a freely available
renewable light source under the natural conditions can offer an
additional advantage for searchin% the newer sustainable
alternatives of water remediation.'""” In the recent past years,
the extent of the use of pollutant dyes like methylene blue
(MB) in different industrial applications'>'* followed by their

-4 ACS Publications  © 2017 American Chemical Society
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subsequent discharge as a waste in water stream is continuously
increasing. Once released into the water bodies as contami-
nants, these were causing serious issues for both humans and
the environment such as heart disease, lung and urinary bladder
cancer, chromosomal fractures, mutagenesis, and respiratory
toxicity in humans.”~"® From the environmental perspective,
organic dyes are well-known for their ability to significantly
damage the aquatic biota of the water system.'” So tremendous
effort for the photodegradation of these pollutant dyes,”
especially using metal-based nanomaterials, are gained a lot
attention”' ~** because of their higher photodegradation
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ABSTRACT: The findings presented here offer a new approach for the
environmental application of pollutant soot somewhat like utilizing a pollutant
material for degrading the other pollutant material. Herein, a simpler approach is
described for the isolation of two-dimensional graphitic materials as water-soluble
graphene nanosheets (wsGNS) from the globally identified dirty—dangerous black
pollutant particulate matter as black carbon (BC) from the petrol soot. The as-
isolated wsGNS are further employed for the photocatalytic degradation of toxic dye
such as methylene blue (MB) under the influence of visible light irradiation. The
photodegradation performance of wsGNS compared to insoluble graphene
nanosheets (GNS) showed ~11 times faster degradation rate within ~90 min of
visible light exposure (60 W tungsten bulb). The insights of the aqueous phase
photodegradation of MB by the system of MB-wsGNS were studied by different
chemical characterization techniques including nuclear magnetic resonance spec-
troscopy, high-performance liquid chromatography, Raman, and fourier transform
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infrared spectroscopy. Furthermore, we have checked the regeneration efficiency of wsGNS, which was still at its higher value

even after five cycles of recycling testing.

KEYWORDS: Pollutant soot, Toxic dye, Water-soluble graphene nanosheets, Methylene Blue, Photodegradation, Dye degradation

B INTRODUCTION

The globally generated black particulate matter black carbon
(BC) soot has, at present, shown dramatic negative impacts on
human and environmental health. These include cancer,'
dysfunctions of heart and lungs,” and mental retardation that
are consequently responsible for the loss of millions of lives every
year as well as significantly contributing toward global warming.’
Similarly, like BC for air pollution, the contamination of water
bodies arising from the discharge of water-soluble organic dyes*
from various textiles and printing industries has also become a
crucial environmental issue due to the fast growth in
industrialization.” The considerable sources of nonaesthetic
pollutants in water are potentially damaging the aquatic biota and
life® In reaction to the overall concern related to water
pollution,” different techniques (adsorption, advanced oxidation
process, flocculation, ultrafiltration, coagulation by chemical
agents, etc.) have been employed in the past,® for the remediation
of soluble toxic dyes.” From all the techniques, photocatalysis is
very attractive and currently in high demand, since it provides a
clean and cost-effective method for water purification. Addition-
ally, visible light driven photocatalysis employs renewable and
abundant energy to promote dye degradation under mild
conditions. It can be a sustainable approach if we could utilize

-4 ACS Publications  ©2017 American Chemical Society
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the nanocarbons derived from the pollutant BC'*™"* for the
photocatalytic removal of organic dyes from wastewater via a
single step that resolves two contaminant issues at the same time.
The idea is very simple and purely based on the age-old practice
of using carbon for water filtration because of its high adsorption
efficiency.'® The scientific insights about the conversion of
pollutant soots into nanocarbons could open a new sustainable
and potential window to mitigate climate change to some extent.
Few groups have already been reported'' ™" the isolation (via
the simplest processes from the bulk) of nanocarbons of different
shapes from BC as carbon dots (CDs), single walled carbon
nanotubes (SWCNT), and graphene nanosheets (GNS) for their
multiple applications in the field of bioimaging,'"'® sensing of
heavy metal ions,"” and sensing biomolecules.'" Composition-
wise (graphitic/amorphous structures) nanocarbons isolated
from BC''™" and from other black charred carbonaceous
materials'”~** are similar to the nanocarbons fabricated from
sophisticated instruments.”* >’
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ABSTRACT: A simple and realistic approach to the utilization of

waste “black carbon particulates of petrol soot” for the fabrication
of few-layer water-soluble photoluminescent graphene nanosheets
(wsGNS) is described herein. Direct transformation of pollutant
soot to fluorescent nanocarbons can be a promising approach for
providing some economic benefits along with a clean atmosphere.
Oxidation of petrol soot resulted in the isolation of the water-
soluble version of graphene nanosheets (GNS). Oxidative
treatment is a key step in preventing the aggregation of the
GNS and rendering them water-soluble. A high degree of “self-
passivation” on wsGNS provides evidence of the tunable
photoluminescent emissions over a broad range of the visible
spectrum with slight extension in the near-infrared region. The
photoluminescent properties of wsGNS are used here for the

Few layered
fluorescent wsGNS

Sensing
- Cr(VI)
—

)
4

Waste pollutant (
as “petrol soot”

selective detection of hexavalent chromium ions with a detection limit of 0.51 M and for imaging HeLa cells.

KEYWORDS: Pollutant soot, Water-soluble, Few-layer graphene nanosheets, Self-passivation, Photoluminescent, Chromium sensing

1. INTRODUCTION

Globally generated black particulate matter, known as black
catbon (BC), is recognized as a major air pollutant.
Alternatively, this BC holds significant potential to be used as
a free carbon precursor for the synthesis of valuable
nanocarbons.' ™ Considerable efforts and evidence of the role
of air pollution caused by BC and its adverse impacts on the
radiation budget of Earth have been documented.” To prevent
its negative impacts, the quantity of BC should be decreased
alternatively by its utilization in value-added products. To
provide a clean environment along with some economic
benefits, waste management of BC and identifying its second-
life uses can be a possible approach to the synthesis of well-
developed nanocarbons.”™” Recently, a few groups reported the
presence of graphitic nanoparticles in the pollutant waste soot
of diesel®**” and petrol engines,” along with the prospects of
its application.”®’ For example, Uchida et al. synthesized
single-walled carbon nanotubes from diesel soot using a laser
vaporization technique.” Tripathi et al. used diesel soot for the
practical isolation of multiemissive water-soluble carbon dots
(wsCD)> for multicolored imaging of Escherichia coli and
sensing cholesterol. Wang et al. reported the synthesis of
fluorescent water-soluble carbon nanoparticles (wsCNP)® for
the selective sensing of Mn(II). Remarkably, Tripathi et al.” and
Wang et al® did not synthesize any nanocarbons. In contrast,

-4 ACS Publications  © 2016 American Chemical Society
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they synthesized only the soluble version of nanocarbons that
was routinely manufactured during the burning process inside
the engine chambers and discharged globally into the
atmosphere as BC.*”'" On the basis of these findings, we
need to use these “freely available carbon precursors”~ for the
isolation of nanocarbons from pollutant soot. A few reports
about the structural or nanostructural characterization of
pollutant soot are also available.”'"'* The burning process in
a diesel engine is very much similar to the burning of
conventional hydrocarbon flames, whereas petrol engines
typically need a “spark” for the ignition of fuel, which is
premixed with atmospheric air.” Therefore, differences in
morphologies of synthesized nanocarbons are expected.””*
Like diesel soot particulates, petrol soot particulates also cause
environmental pollution,10’13 but in comparison to diesel
particulates, petrol soot particulates are a bit less harmful
when they interact with the proteins of the cell membranes'’
but still cause several cardiopulmonary diseases."*

The findings presented in this paper are associated with the
isolation of graphene nanosheets (GNS) from the petrol soot
to provide some commercial and environmental benefits. GNS
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ABSTRACT: Plant—nanocarbon interactions have been mostly explored
for enhanced germination, cell growth, and plant growth, with a limited
study on the productivity of seeds under controlled conditions. The present
finding reports the sustainable impacts of biowaste (wood wool) derived
nanocarbons as carbon nano-onions (CNOs) on the entire life cycle of gram
plants to obtain the first generation seeds (FGSs) as “seed to seed”. A water-
soluble version of CNOs as water-soluble carbon nano-onions (wsCNOs) at
0 (control), 10, 20, and 30 ug mL™" were used for the germination of gram
seeds, for the initial 10 days only. Followed by transferring of 10 days old
baby plants into the soil to complete their natural life cycle (~4 months).
FGSs harvested from the wsCNOs treated plants showed a significant
increase in their yield and health with respect to their individual weight,
overall dimensions, enhanced protein, stored electrolytes and metallic
micronutrient contents. The protein content increased from 96 to 170 ug
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mL™’, and the level of electrolytic conductivity increased from 2.2 to 3.4 mS in the FGSs, harvested from the plants treated with 0
(control) to 30 ug mL™" of wsCNOs, respectively. wsCNOs used here were presumably acting as a stimulant to increase the
contents of metallic micronutrients (Mn, Mo, Cu, Zn, Fe, and Ni) in FGSs without showing its inside accumulations as a
contaminant examined by transmission electron microscope (TEM) and Raman spectral analysis. In the future, a sustainable
approach for the utilization of wood waste as a nanofertilizer could provide a possible approach in agricultural science to
overcome the shortage of stored nutrients inside the seeds and also to limit the excessive use of fertilizers.

KEYWORDS: Waste wood wool, Water-soluble carbon nano-onions, First generation seeds, Micronutrients, Protein content,

Conductivity, Enhanced productivity, Nanofertilizer

B INTRODUCTION

Presently agricultural science need to adopt the sustainable
strategies concerning the most serious global issue of
continuously increasing food demand."” Related to boosting
the crop productivity, along with preserving the nutritional
values of food."*™> As a possible measure to increase the crop
productivity, exploration of diverse nanoparticles as fertilizers/
nanofertilizers in plants has increased in recent years.””'' To
stimulate physiological and biochemical changes in plants. The
long term and safer use of nanoparticles in agricultural science,
requires the adaptation of sustainable strategies,”'” precisely
related with improved productivity.That directly depends on
the nutrition’s provided to the plants and can help to resolve
the problem of increased food demand.”"*'* To be prepared in
advance, we need to explore and optimize the use of advanced
organic based fertilizers like sustainable nanocarbons, !5
compared to synthetic chemical fertilizers. For increasing the
productivity and nutrient contents in plants. Stimulating the

-4 ACS Publications  © 2017 American Chemical Society
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healthier makeup of micronutrients contents in plants in an
environmentally friendly manner could hold great future
promises. Because of the significant role of micronutrients in
all the metabolic and cellular functions of plants."® Such as in
plant growth, production of chlorophyll, synthesis of growth
hormones, gene expressions, cell division, photosynthetic
activities, root development, N, and CO, fixation, etc.'”?°
Deficiency of micronutrients in plant lead to retarded growth,
deferred flowering, chlorosis of matured leaves, reduction in
protein expressions, total protein synthesis, and, consequently,
decrease in productivity.""~>* However, the accumulation of
nanoparticle/nanocarbons mainly in edible parts (seeds) of
plants is a major concern and needs in-depth and detailed
analysis.”
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Water-soluble graphitic hollow carbon nanorods (wsCNRs) are exploited for their light-driven photochemical activities under
outdoor sunlight. wsCNRs were synthesized by a simple pyrolysis method from castor seed oil, without using any metal catalyst
or template. wsCNRs exhibited the light-induced photochemical degradation of methylene blue used as a model pollutant by
the generation of singlet oxygen species. Herein, we described a possible degradation mechanism of methylene blue under the
irradiation of visible photons via the singlet oxygen-superoxide anion pathway.

1. Introduction

Carbon nanorods (CNRs) [1, 2] are representing a unique
class of one-dimensional carbon nanostructures, which may
offer some advantageous properties in comparison with car-
bon nanotubes (CNTs) [3, 4] since CNRs offer straight,
aligned, and hollow graphitic morphology [2]. CNRs are
more or less similar to CNTS, except their straightness. Spa-
ghetti type arrangements of CNTs restrict their many poten-
tial applications [5] that can be explored via the use of these
CNRs. Till now, CNRs are the least explored in comparison
with other members of nanocarbon family [3, 4, 6-17]. All
these allotropic nanocarbons such as multiwalled CNTs [3]/
single-walled CNTs [4], fullerenes [6], carbon nanoonions
[7-9], carbon nanodiamonds [10], graphene [11], graphene
quantum dots [12], carbon dots [13-15], carbon nanofiber
[16], and carbon nanocubes [17] have attracted a great con-
cern in the diverse fields of science and technology because
of their potential applications [5, 18-21]. Based on the few
published reports, CNRs exhibited impressive electrical, ther-
mal, and mechanical properties and are promising for field
emission devices [22], energy storage devices [23], composite
materials [24], and sensing applications [2]. The primary
barrier for the successful commercialization of CNRs is its

typical synthetic procedures, such as chemical vapor deposi-
tion (CVD), arc discharge methods, solvothermal synthesis,
electrodeposition, catalytic copyrolysis, and soft and hard
template methods [2]. All these synthetic methods involve
expensive instruments, metallic particles for growing the
CNRs, high-temperature, multistep fabrication protocols,
and sophisticated techniques that notably restrict their eco-
nomic viability. A metal-catalyst-free synthesis of CNRs can
be a significant approach.

Particularly for the biological application of CNRs [2],
aqueous solubility is the most important parameter, which
requires the surface modifications like chemical functional-
ization with electrophilic groups (oxygen-rich species) [25]
and bioactive groups [26]. Tripathi et al. [2] described a new
viable method for the catalyst-free synthesis of multicolored
emissive wsCNRs from the pyrolysis of castor seed oil. The as-
synthesized CNRs after Soxhlet purification were oxidized via
simple oxidative method yielded photoluminescent water-
soluble form as wsCNRs. The photoluminescent properties
of wsCNRs were further utilized to construct a selective, spe-
cific, and active sensor for DNA sensing based upon fluores-
cent “turn-oft/turn-on” technique [2]. The possible reasons
for multicolored emissions from the single nanoparticle were
attributed to the radiative recombination of photoinduced
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The traditional pyrolysis of vegetable ghee leads to the fabrication of graphitic photoluminescent, water
soluble carbon nano-onions (wsCNO) with tunable photoluminescence without using any metal catalyst.
Simple oxidative treatment by nitric acid fabricated a high density “self-passivated” water soluble version.
As-synthesized wsCNO possessed tunable photoluminescence behavior from the visible-to-near
infrared region. Further small sized wsCNO separated from the bulk as-synthesized wsCNO via gel
filtration achieved a highly fluorescent colored fraction, used for cell imaging (Escherichia coli and
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1. Introduction

Nano-sized fluorescent nanocrystals, generally referred as
quantum dots (QDs), have attracted a lot of interest for imaging,
especially in the biomedical sciences."” However, being metallic
in nature their toxicity significantly challenges the excellent
optical advantageous performances.’>* Tremendous efforts have
been made to find a non-toxic alternative of QD-type photo-
luminescent probe with comparable optical properties. The
outcome of these significant efforts has resulted in the
discovery of a new class of fluorescent nano-carbons (FNCs),**>
referred as a non-toxic fluorescent probe, having optical prop-
erties comparable with QDs. FNCs predominantly consist of
carbon dots (CD),***'* carbon nano-diamonds,” graphene
quantum dots,**>** carbon nano rods'®’” and carbon nano-
onions (CNO).'**>'®* Among all of these, the CD have been
studied the most®****>* as a fluorescent probe for non-toxic

biological imaging purposes, whereas CNO have been
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fluorescence “turn-off’/“turn-on" technique.

investigated least.'®'"**” Because of the presence of a well-
defined band gap, QDs shows quantum confinement effects
as a result of which, its size dependent electronic and optical
properties can easily be tuned. However, FNCs do not have any
theoretically defined band gap based fluorescence color related
size distributions of nanoparticles. Because of this, these are
different from QDs and have the advantageous, significant
properties of tunable photoluminescence from the single
particle’®'*?%2° together with high solubility, stability, and non-
toxicity. Among the FNCs, CNO is an emerging class of quasi-
spherical nano carbon, which typically consists of successive
layer of graphene around a filled or hollow core and they offer
a high aspect ratio and conductivity.** Morphologically,
graphitic structures of CNO are in between fullerene and
graphitic nanotubes having closed graphitic shells which are
placed on one on another."*"** So far, less attention have been
given to CNO even though the prospective applications have
already discussed. CNO exhibited the characteristic, onion-like
morphology and small domains of graphitic sp> carbons with
localization of the 7t electrons and dangling bond defects in the
periphery.®® As a consequence, it could be envisioned as an
enclosed graphitic shell with excellent optical and electro-
chemical properties that render them a potential nanomaterial
for industrial, biomedical and electronic applications.**~** From
the time of their discovery'” until the present date, only
a limited number of synthetic methods for CNO have been
available and it can be synthesized mainly by using high energy
techniques. Such as the arc-discharge method, in which two
graphite electrodes are arced under water for the synthesis of
CNO on the water surface.*> Annealing of nano-diamond for

RSC Adv., 2016, 6, 37319-37329 | 37319
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A simple and low-cost pyrolytic carbonization method has been performed for the easy synthesis of carbon
quantum dots from soya-nuggets under an insufficient amount of oxygen. Furthermore, hydrothermal
functionalization of the carbonized black material after Soxhlet purification with nitric acid leads to the
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Introduction

In the past few years, fluorescent nano-carbons (FNCs),"®
comprising carbon dots (CDs),** carbon nano-diamonds
(CNDs),® carbon nano-onions (CNOs),*” and graphene
quantum dots (GQDs),** have drawn immense interest, partic-
ularly for biological cell imaging®*'*** with several benefits in
comparison with conventional metal-based quantum dots
(QDs).****  In terms of bio-compatibility (non-toxic
nature),*'>'*"” their high values of quantum yield,**>*
combined with their excellent solubility and stability,"** make
these QDs an effective fluorescent probe for long-term use for
biological purposes.** FNCs are mostly composed of spherical
nano-carbon possessing a high surface area to volume ratio,
and have further been utilized for surface passivation purposes
via simple surface modification (attaching surface functional-
ities). Surface modification is mainly achieved via the simple
organic chemistry of oxidation, followed by the addition of
polymeric*>*®* and monomeric amines™ to achieve high quantum
yield values,***'® comparable with those of conventional metal-
based QDs.**** Metal-based QDs show classical quantum
confinement effects’ in their size-dependent multi-colored
emission. Theoretically, in comparison with QDs, FNCs do
not have any defined band gap for fluorescence emission,™ and
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this is an advantageous property for multi-colored emission
from the same nano-carbon.?*>

Among the FNCs, CDs are widely used fluorescent nano-
carbons because of their simpler synthetic methodologies
with easy reproducibility. It has been widely accepted that the
presence of high density surfacial defects (defective centers) on
FNCs is responsible for their tunable multi-colored emission
profiles.’” Emission from the defective centers of surfacial
defects was first noticed from the surfacial defects of single-
walled and multi-walled carbon nanotubes passivated with
polymeric amines.**** Since the first report of CDs from laser
ablation of a graphitic target,' many more top-down'*"**-3? and
bottom-up**° synthetic techniques have been explored for their
easy production. Along with exciting sophisticated techniques,
such as arc-discharge,** abundant progress has been reported in
the past few years for the cost-effective green synthesis of pho-
toluminescent CDs by using bio-mass/waste bio-mass as a low-
cost, compatible and easily available carbon precursor material,
including ascorbic acid,* banana juice,* candle soot,* chicken
egegs,* citrate,” chitosan,*® diesel soot,” gelatin,*® glucos-
amine,* saccharides,” juices (orange, sugar cane, and straw-
berry),**** pomelo,* and watermelon peel.”* Because of their
simplicity and straightforward synthesis, most of the synthetic
approaches involve either hydrothermal or microwave-assisted
green methods. As synthesized, CDs and their functionalized
versions have shown immense potential for a wide variety of
applications, such as bio-imaging agents,'>*® biosensors,*”*
chemical sensors,*® drug delivery,* electro-catalysts,* photo-
catalysts,** and photodynamic therapy.®* Low-cost synthetic
protocols with easy reproducibility and bio-compatibility make
these CDs best suited for imaging purposes.***¢%¢3

This journal is © The Royal Society of Chemistry 2015
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Large-scale synthesis of soluble graphitic hollow
carbon nanorods with tunable photoluminescence
for the selective fluorescent detection of DNA7

Kumud Malika Tripathi, Amit Kumar Sonker,® Anshu Bhati,“ Jagannath Bhuyan,?
Anupriya Singh,© Ajay Singh,® Sabyasachi Sarkar*® and Sumit Kumar Sonkar*®

Photoluminescent water-soluble hollow carbon nanorods were synthesized by the pyrolysis of castor oil
seeds (Ricinus communis) without the use of a catalyst. Oxidation of the pyrolysed soot produced
a water-soluble form of graphitic hollow carbon nanorods. These showed excitation-dependent
multicoloured photoluminescent emission from the green to red region of the visible spectrum and
extending to the near-infrared region. This photoluminescent behaviour was used to produce a
fluorescent turn-off/turn-on sensor for the specific, sensitive and rapid determination of DNA with a
detection limit of ~1.14 nM.

Introduction

Many different types of nanocarbon have been reported in recent
years, such as fullerenes,! multiwalled carbon nanotubes,”
single-walled carbon nanotubes,’ carbon nano-onions,* carbon
nanorods (CNRs),” carbon nanofibres,® graphene,” carbon nano-
diamonds,® and the recently discovered photoluminescent
carbon dots (CDs)”'® and graphene quantum dots."* These
have attracted much interest as a result of their diverse applica-
tions."’ > Morphologically, CNRs are similar to 1D, multi-
walled carbon nanotubes except they show less bundling and
aggregation as a result of their linear shape and aligned
graphitic inter-planar structure.”*>' However, CNRs have
not been studied very much because of the lack of a simple
and reproducible method for synthesis. CNRs have potential
applications in various field such as lithium ion batteries,*?
supercapacitors,* electrochemical applications***> and in bio-
logically important reactions like the electrocatalytic oxidation
of NADH, uric acid®*® and dopamine.?” Conventional synthetic
procedures such as arc discharge,* chemical vapour deposition,***>
solvothermal methods,**** template-assisted synthesis,****44>
electrodeposition®® and catalytic co-pyrolysis*” have been used to
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obtain CNRs. Li et al.**” synthesized CNRs in an arc discharge
experiment using an anode made from fullerene soot and iron
particles. Wang et al.*° fabricated plasma-enhanced CNRs with
Au nanoparticles as a catalyst using hot filament chemical
vapour deposition. Thién-Nga et al*® used BSYCO (Bi, St, Y,
Cu, O) as a substrate for the synthesis of CNRs by chemical
vapour deposition. Wang et al*® synthesized CNRs at low
temperatures using tetrachloroethylene and potassium to obtain
a C, infrastructure. An Ag catalyst has been used to synthesize
CNRs via calcination.”® Li et al.** synthesized CNRs using a
soft template (a tri-block polymer) and phenolic resin by the
combination of a hydrothermal method and annealing. Yu
et al®® and Orikasa et al.** synthesized template-assisted CNRs
using an Ni-hydrazine complex and aluminium substrate,
respectively. Zou et al.*’ fabricated CNRs via pyrolysis using C¢Hg
and CsHg with Fe and Mg catalysts in an autoclave. All these
synthetic approaches required multi-step fabrication protocols,
expensive instruments, high-temperature synthetic conditions,
toxic chemicals, metallic particles and sophisticated techniques
that restricted their economic viability. In contrast, the method
reported here is an economically viable and catalyst-free process
for the synthesis of CNRs in an almost quantitative yield.

We report the simple synthesis of CNRs at low cost without
the use of a template or catalyst by the pyrolysis of castor seeds
oil (Ricinus communis) used as a green carbon precursor. The
method could be used on a large scale. Castor oil is composed
~87% fatty acid (ricinoleic acid) and is extensively used in
medicine as an antiviral, antibacterial, antifungal and analgesic
agent; it is also used in cosmetics.*®*° The soot generated by
burning castor oil in lamps was cleaned to remove any unburnt
and volatile impurities. A simple nitric acid treatment of the

New J. Chem., 2016, 40, 1571-1579 | 1571
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