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Abstract 

The thesis entitled “Study of the morphology effect of MnO2 on Carbon dot-based 

nanosensor for the detection of biomolecules” is divided into six chapters. 

Chapter-1. It describes the background of sensor, nanosensor, and fluorescent nanomaterials 

along with literature survey and scope of the work. This Chapter explains the detail information 

about the carbon dots (Cdots) with its synthesis approaches, fluorescence mechanism, optical 

properties, and effect of heteroatom doping. The different fluorescence quenching mechanisms 

of Cdots in the presence of quencher and different photophysical parameters were also 

discussed in this Chapter. The exceptional properties of MnO2 and its different morphologies 

available were also described in this chapter. The importance of biomolecules in living beings 

and their need for detection by fluorescent probe was explained.  

Chapter-2. A fluorescent nanosensor based on carbon dots and different-size MnO2 

nanospheres has been synthesized for rapid detection of glutathione (GSH). Water-soluble and 

highly fluorescent Cdots were prepared by the microwave method using ascorbic acid as the 

precursor. MnO2 nanospheres of different sizes (large, medium, and small) were prepared by 

varying the concentration ratio of methionine and KMnO4 at room temperature, which was 

confirmed by HRTEM analysis. The different sizes of MnO2 nanospheres in Cdots result in 

quenching of the fluorescence intensity, quantum yields, and average lifetime values, which 

suggest that the fluorescence resonance energy transfer mechanism occurs between the Cdots 

and MnO2 nanospheres. The variations of all the photophysical parameters and fluorescence 

turn off properties of Cdots are significantly tuned depending on the size of the nanospheres. 

Moreover, detection of GSH in the presence of different-size Cdots@MnO2 systems has been 

explored. GSH causes the redox reaction in the presence of MnO2, which leads to 

transformation from MnO2 to Mn2+. As a result, fluorescence restoration (turn-on) of Cdots 

was observed. The large MnO2 nanospheres showed the lowest detection limit of 15 µM for 

GSH. The synthesized sensing system was very fast, simple, economical, and environmentally-

friendly for the detection of the GSH level. 

Chapter-3. A facile, sensitive, and selective fluorescent nanosensor for the detection of GSH. 

In this protocol, Cdots with a high quantum yield were synthesized by a microwave-assisted 

pyrolysis technique. Moreover, different shapes of the MnO2 nanostructure were also prepared 

by the hydrothermal technique. A comparative photophysical study of different morphology-

dependent Cdots@MnO2 nanostructure-based biosensors was explored, which showed 
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different results for the quenching values of (“turn-off”) fluorescence intensity, quantum yields, 

electron transfer rate, and average lifetime. The structure, property, and performance of 

nanomaterials are interdependent. Therefore, the different shapes of MnO2, that is, nanoflowers 

(NFs), nanorods (NRs), and a mixture of NFs/NRs was prepared by the hydrothermal method 

owing to different specific areas (23-69 m2g-1) which put the impact on their sensing activity. 

It was observed that the variation in the different photophysical parameters of fluorescent Cdots 

such as quantum yield (𝜙), average lifetime values [τav (ns)], radiative (kr) rate constant, non-

radiative (knr) rate constant, rate of electron transfer (kET), the efficiency of electron transfer 

(𝜙EET), FRET efficiency (E), and Förster distance (R0) were dependent on the different shapes 

of the MnO2 nanostructure. These results indicate that the transfer of energy occurs between 

the Cdots and different shapes of MnO2 nanostructures based on fluorescence resonance energy 

transfer at different charge-transfer rates. The recovery rate (“turn-on”) of fluorescence of 

Cdots with the addition of GSH was obtained best for the NF structure by conversion of MnO2 

to Mn2+, and the limit of detection was obtained as ~19 µM for GSH. The developed sensing 

probes were rapid, easy, cheap, and eco-friendly for the determination of GSH. 

Chapter-4. Heteroatom doping on Cdots is developed as an efficient approach to modify its 

optical and electronic properties. Herein, nitrogen-sulfur doped Cdots (N, S-Cdots)-MnO2 

nanospheres was used as “on-off-on” biosensor for the selective detection of glutathione (GSH) 

and also for intracellular imaging. N, S-Cdots have been synthesized through high-temperature 

treatment for 5 min. The value of quantum yield was evaluated to be high for the N, S-Cdots 

i.e., 73.42 %. N, S-Cdots showed very high fluorescence quenching efficiency in the presence 

of MnO2 nanospheres due to the inner filter effect (IFE) and also showed the highest 

fluorescence recovery rate after the addition of GSH in the prepared system. N, S-Cdots-MnO2 

nanospheres as a sensing system satisfy the Parker equation to confirm the IFE as a quenching 

mechanism. No variation in the average lifetime values of N, S-Cdots after the addition of 

MnO2 nanospheres confirms the IFE. MnO2 nanospheres and GSH involves a redox reaction 

between them which leads to the removal of Cdots from MnO2 nanosphere’s surface and 

further, the fluorescence restoration of the Cdots was achieved. The limit of detection (LOD) 

for GSH was determined to be 80 nM. The heteroatom doping in the structure of Cdots has a 

significant role in the sensitive detection of GSH. The prepared-sensor is rapid, economical, 

less toxic, and highly applicable in diagnosing diseases.   

Chapter-5. Structural versatility of MnO2 nanostructures plays a significant role in biosensing 

applications. So, we have prepared simple and selective “turn-off-on” sensing probes for the 
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detection of GSH, based on nitrogen, sulfur co-doped carbon dots (N, S-Cdots) and different 

morphologies of one dimensional (1-D) MnO2 nanostructures. N, S-Cdots with a high 

fluorescence quantum yield (73.42 %) were prepared by a green approach through high-

temperature pyrolysis in just 5 min. The different morphologies of 1-D MnO2 nanostructures 

(nanowires with varying aspect ratios and nanorods) were synthesized through a hydrothermal 

method by varying the reaction period (8, 10, and 12 h). MnO2 nanowires prepared at 8 h 

showed a high specific surface area (34 m2g-1) with a large aspect ratio. They showed 

significant fluorescence quenching, Stern-Volmer constants, and binding constants in the 

presence of N, S-Cdots. Further, ultraviolet-visible absorption, zeta potential, and time decay 

studies showed that the quenching mechanism of the developed sensing system was the inner 

filter effect, which was further confirmed by using the Parker equation. The N, S-Cdots-MnO2 

nanowire (with a high aspect ratio) sensing system showed the best limit of detection, i.e., 28.5 

µM for GSH. This fast, simple, eco-friendly, and cost-effective sensing system can be further 

used for real-time biosensing and bio-imaging application. 

Chapter-6. MnO2 nanostructure has a unique light absorption ability and redox feature, due to 

which it is mainly used as a fluorescence quencher. However, its quantum dots can also act as 

a self-fluorescent nanomaterial with exclusive properties for sensing applications. Therefore, a 

cheap and straightforward route for fabricating citric acid-functionalized MnO2 quantum dots 

(CA-MnO2 QDs) was proposed through one-step ultrasonication of bulk MnO2 in the presence 

of citric acid as acidifying and stabilizing agent. The prepared CA-MnO2 QDs exhibited high 

photostability, good water solubility, high photoluminescence (PL) stability from pH range 5 

to 9, and significant fluorescence quantum yield value, i.e., 13.3 %. Further, CA-MnO2 QDs 

was used for the detection of Fe3+ ions with a detection limit of 43 nM, based on dynamic 

quenching. The fluorescence quenching mechanism was confirmed by determining different 

photophysical parameters such as fluorescence quantum yield, average lifetime values, 

radiative constants (kr), non-radiative rate constants (knr), rate of electron transfer (kET), and 

electron transfer efficiency (EET). The CA-MnO2 QDs in the presence of Fe3+ was used for 

the detection of ascorbic acid with a detection limit of 90 nM based on the redox reaction 

between Fe3+ ions and AA. Furthermore, the developed sensing probe was also used to detect 

Fe3+ ions and AA in real samples, i.e., iron and AA supplements, respectively. 
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Chapter-1 

Introduction and Literature 

1.1 Background 

1.1.1 Sensor 

 The sensor is a device that can sense the physical changes and alter them into signals 

(such as optical, electrical, and mechanical) that can be measured.1 Sensor can be mainly 

divided based on the types of transducer used. The transducer is defined as a device that 

converts one type of energy into a readable signal.2 There are majorly three kinds of transducers 

which are electrochemical, optical, and mechanical.3 Figure 1.1 represents the working scheme 

of the sensor. 

 
 

Figure 1.1: The working scheme of the sensor.4 

 
1.1.2 Nanosensor 

 Advancements in the period of nanotechnology result in the construction of 

nanosensors. Nanosensor is a kind of sensor based on nanomaterials that can measure the 

change (such as physical, biological, chemical).5,6 Nanosensors show specific behavior due to 

the presence of targeted ligands on the nanomaterials.7 The functional groups present in the 

ligand attract the particular analyte and the nanomaterials participate in the sensitivity and alter 

the signals from one type to the another.3 Nanomaterials can be defined as a material with 

having the smallest dimension in the range of 100 nm.1 Nanomaterial showed very 

extraordinary properties in comparison with bulky ones. The natural intermolecular spacing 

and interaction between the molecules at the nanoscale level can be used in various sensing 

applications. There are many biological organisms like antibodies, viruses, proteins, bacteria, 

etc. in the nanometer range and they are called as nano-biological materials.8 Nanomaterials 

can easily enter to the cells to resolve many problems. Nanosensors are also further classified 
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as electrochemical, optical, and mass nanosensors based on the type of transducer used. 

Nowadays, optical nanosensors are in great demand owing high sensitivity, good selectivity, 

and excellent detection capability. The optical nanosensor is based on the different optical 

techniques which are fluorescence, colorimetry, chemiluminescence, photoelectrochemistry, 

and resonance Rayleigh scattering.9 Optical nanosensor measures absorbance, fluorescence, 

and Raman scattering. In case of optical techniques, study of samples can be recorded through 

the particular emission and excitation wavelengths of the exact target analytes.10,11 Fluorescent 

nanosensors have many advantages such as exceptional sensitivity, rapid response, and simple 

operations, which enable their application in environmental monitoring, biological research, 

and diagnosis of diseases.12 

1.1.3 Fluorescent nanosensor 

 A fluorescent nanosensor is based on the fluorescence optical detection technique. 

Many nanomaterials such as quantum dots, gold nanoparticles, fluorescent conjugated polymer 

nanoparticles, upconversion nanoparticles, etc. are used for the development of fluorescent 

nanosensors. The quantum dots based on semiconductors like CdSe and CdTe are synthesized 

by complicated methods and they have high toxic nature, poor stability, and very less 

biocompatibility. Metal nanoparticles like gold nanoparticles are highly expensive and less 

stable. There are different organic dyes available such as rhodamine, fluorescein, cyanine, and 

coumarin used in fluorescence nanosensors. These organic fluorescent dyes have many 

disadvantages such as low solubility, less biocompatibility, and high photobleaching.13 Also, 

the fluorescent dyes have a narrow range of excitation which unsatisfied the requirement for 

different excitation wavelengths. Therefore, there is a need to develop environment-friendly 

material with excellent fluorescence properties, cheap, high stability, and good 

biocompatibility for the construction of fluorescent nanosensors. In recent times, carbon-based 

nanomaterials with significant properties are used as fluorescent probe for sensing applications. 

1.1.4 Carbon dots (Cdots) 

 In recent times, Cdots are carbon nanomaterials that act as a proficient substitute for 

other fluorescent nanomaterials due to having exceptional biocompatibility, good water 

solubility, photo-stability, and tunable photoluminescence (PL).14,15 Cdots are very small size 

fluorescent carbon nanomaterials with diameter below 10 nm.16 The structure of Cdots contains 

mainly two parts including carbon core and surface defects (Figure 1.2).17 Among many 

quantum dots (QDs) and fluorescent organic dyes, the Cdots showed high water solubility, 

good confront to photobleaching, strong chemical inert behavior, and simple modification.18 

Cdots show extraordinary physical, electronic, optical, and chemical properties due to their 
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specific structure which contains nanocrystalline cores with sp2 carbon domains and further 

contains an amorphous carbon matrix (sp3 hybridized).19 

 

Figure 1.2. The structural depiction of Cdots. 

The synthesis of Carbon dots can be divided into two methods i.e., “top-down” and “bottom-

up”. The “top-down” method includes the cutting of large carbonaceous resources like carbon 

nanotubes (CNTs), carbon black, graphite, carbon fibers, and many others. into small Cdots 

through different methods such as electrochemical, solvothermal treatment, acid treatment, and 

chemical oxidation. In contrast, the “bottom-up” method includes the carbonization or 

pyrolysis of small carbon sources for example citric acid, ascorbic acid, glucose, etc. by using 

hydrothermal treatment, microwave irradiations, and high-temperature treatment. The 

purification of the developed product can be done to obtain the Cdots with high purity and 

mono-dispersity through centrifugation, filtration, and dialysis bags.20 The “top-down” 

approach produces the Cdots at a large scale but it shows many limitations like non-uniform 

size, severe synthesis method, low yield, and need for special conditions. While, the “bottom-

up” approach showed high control on the different intrinsic properties such as size, lattice 

dimensions, the morphology of Cdots and also leads to the development of a large number of 

Cdots having an environmentally friendly nature. Cdots have unique electronic properties due 

to which they can donate and accept the electrons. This results in producing 

chemiluminescence and electrochemical-luminescence which make them applicable in 

different fields such as optronics, sensors, and catalysis.  

1.1.5 Photoluminescence (PL) mechanism of Cdots  

 The origin of PL of Cdots depends upon various factors, for example, QCE, surface 

chemical group, and molecular fluorescence.21 Cdots with many emissive colors were 
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developed by different routes till now, but their fluorescence mechanism is under debate. 

Generally, the fluorescence of Cdots is dependent upon the relationship between the sp2 

domains in the carbon core and surface functional groups. The size of quantum dots should be 

less than the exciton Bohr radius for QCE to be occur.22 The QCE denotes the conversion of 

the valence band and the conduction band from the continuous energy band into discrete energy 

levels. Further, the band gap gets enhanced with the reduction in the size of nanomaterial which 

leads to the band gap transition in the range of ultraviolet-visible and also effectively modifies 

the fluorescence quantum yield. Cdots with large conjugated sp2 domains and a smaller number 

of surface chemical groups, the fluorescence depends upon the QCE of conjugated sp2 

domains.23,24 As the size of Cdots conjugated sp2 domain increases, the band gap decreases, 

and the redshift in the emission peak is occur (Figure 1.3).  

 Another factor responsible for the fluorescence of Cdots is surface defect states. The 

surface defects correspond to the boundary or surface region of the Cdots which is different 

from carbon core. The boundary region of Cdots consists of many functional groups with 

sp2 and sp3 hybrid carbons. 

 

 

Figure 1.3. The structure of carbon dots and their fluorescence mechanisms.22,25 

The surface defect fluorescence is based on the relaxation of radiations from ES to GS.  

When the radiations of a particular wavelength irradiate the Cdots, the photon with equivalent 
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optical band gap energy will undergo transition and get assembled in the traps of surface defects 

and then come back to the ground state (GS) with visible light emission. The increase in the 

surface oxidation of the Cdots results in a greater number of surface defects which leads to red 

shift in the emission peak (Figure 1.3).25  

 The molecular fluorescence mechanism is originated from the fluorescence center 

which consists of organic fluorophores developed through the carbonization of small 

molecules. Several small fluorescent molecules get attached to the surface or inside the carbon 

skeleton and display emissions directly. 

1.1.6 Optical and photophysical properties of Cdots  

 The absorption and PL properties of Cdots are dependent upon the different particle 

sizes and distribution of surface defects.26 Generally, carbon dots exhibit a strong absorption 

spectrum in the UV region and also extended in the visible range. Mostly, the prepared Cdots 

in the literature represent the absorbance with a range of 280-360 nm owing π-π* as well as n-

π* transitions. The optical absorption band can be modified by surface modifications or 

functionalization.27 The PL spectra provide evidence for the number of emitted photons from 

the excited state (ES). The excitation-dependent and excitation-independent PL behavior of 

Cdots are still in debate. In the excitation-independent, the sample represents the same PL 

emission spectra at different excitation wavelengths, whereas in the excitation-dependent, the 

PL emission spectra get varied with the change in the excitation wavelengths.  In the literature, 

different mechanisms were described for both excitation-dependent and independent PL 

emission of Cdots. The excitation-dependent PL emission can be modified by changing its 

excitation wavelength only and with no requirement to control the structure of Cdots. Thus, 

this can be useful in various applications. The energy band gap variation because of the size 

distribution of Cdots, results in excitation-dependent PL emission correlated with the QCE.28 

But, excitation-independent PL emission was found in the case of large size distributions of 

Cdots. This proves that size is not only the factor for the excitation-dependent PL emission.29 

Among the different sizes, shapes, or surfaces of Cdots developed by different methods, some 

of them still have the same excitation-dependent PL properties.30 The excitation-dependent PL 

properties of Cdots are due to their different sizes, surface defects, QCE, conjugated sp2 π-

domains, and zig–zag edge sites.31 Also, the presence of many functional groups on the edges 

of Cdots lead to introduce many ESs which result in radiative recombination of excited 

electrons and further lead to PL emission at different wavelengths.32 The surface defects are 

also responsible for the excitation-dependent PL emission in Cdots. But there is no united 
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agreement for surface state defects on the excitation-dependent PL emission due to having non-

radiative traps. Generally, the fluorescence average lifetime as well as quantum yield 

parameters are one of the significant features of Cdots. The fluorescence properties of Cdots 

increases when the radiative rate constant (kr), quantum yield (𝜙) enhances and the non-

radiative rate (knr) constant decreases. The ratio of the no. of photons emitted and no. of photons 

absorbed is known as Quantum yield. The fluorescence quantum yield (𝜙) of Cdots was 

determined w.r.t. reference solution by using equation 1.1:  

 𝜙𝑆 =  𝜙𝑅 ×
AS

AR
×

(Abs)R

(Abs)S
×

η𝑆
2

η𝑅
2                                                (1.1) 

Where, subscripts “S” indicates the parameters for sample and “R” for reference. “Abs” 

denotes absorbance while “A” and “η” are the well-known parameters represents the area under 

fluorescence emission and refractive index of solvent.  

 The average lifetime of Cdots governs the time spent in ES as well about their emission 

feature. The average time, a molecule spent in the ES former to come back to the GS through 

radiative and non-radiative deactivation pathways depicts its lifetime. The fluorescence 

average lifetime for the Cdots can be represented as 

     kr =  
𝜙𝑓

t𝑓
                                                                                                    (1.2) 

1

t𝑓
 = kr+ knr                                                               (1.3) 

Where, the parameters ‘kr’ and ‘knr’, represents radiative and non-radiative rate constant while 

‘𝜙f’ and ‘𝜏f’ measures fluorescence quantum yield and average lifetime value, respectively.  

1.1.7 Effect of heteroatom doping on carbon dots 

 In recent times, PL emission efficiency can be improved or modified effectively by 

heteroatom doping with different elements like nitrogen, sulfur, and many others.33 Heteroatom 

doping of Cdots affects the size and surface functionalization of Cdots, which put an impact 

on its PL properties.34 The heteroatom doping of Cdots can be achieved by two main 

approaches which are one-step method and multi-step method.35 In the one-step method, there 

is one pot reaction between carbon source and heteroatom source by hydrothermal method, 

high-temperature treatment, microwave irradiations, or chemical vapor deposition. The major 

requirement of one-step methods is the presence of a doping source in the starting material to 

obtain doped Cdots. While, the multi-step method includes the synthesis of Cdots from a 
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carbon source as a first step and further, the second step includes the doping of heteroatoms by 

specific chemical and physical methods. The doping of heteroatom in the structure of Cdots 

modulates their electrical properties by decreasing band gap and enhancing optical 

absorption.36 Therefore, it desires to study the emissive states present in doped Cdots and the 

role of doped heteroatoms in the emissive mechanism.37 Many researchers have significantly 

varied the electronic structure and optical properties of Cdots by mono-doping or co-doping 

non-metallic elements.38 Co-doped Cdots with heteroatoms like N, B, S, and P improve the 

quantum yield of undoped or mono-doped Cdots by generating additional coordination sites 

and providing more defects in the structure of prepared Cdots.39 It was reported that heteroatom 

doped GQDs with large size atoms like N, S, or small size atoms like P, B as compared to C 

showed exceptional properties.40 Co-doped Cdots have extraordinary electronic structures due 

to the synergistic effect among the different heteroatoms.41 The modification in the PL 

properties of Cdots by heteroatom doping leads to enhancing its application in the field of 

sensing. 

 

 
Figure 1.4: Different fluorescence quenching mechanisms of Cdots. 

 
1.1.8 Fluorescence quenching mechanisms of Cdots  

 The sensing application of Cdots is based on the interactions between the Cdots and 

different analytes in which PL intensity gets quenched or enhanced by suppressing the effect 

of quenching.42 There are different fluorescence quenching mechanisms of Cdots such as static 

or dynamic quenching, inner filter effect (IFE), fluorescence resonance energy transfer 
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(FRET), and photoinduced electron transfer (PET) (Figure 1.4).43 The static and dynamic 

fluorescence quenching mechanisms are based on complexation and collisional deactivation, 

respectively.44 The static quenching occurs when the interaction between Cdots and quencher 

results in the formation of the non-fluorescent complex. When the light gets absorbed by a non-

fluorescent complex then it instantly comes back to the GS with no photon emission.45 In the 

case of the static quenching, the ratio of PL lifetime of the ES to the GS is equal to unity 

(τ0/τ = 1) and also the GS complex formation leads to varying the absorption spectra of Cdots. 

 In dynamic quenching, the Cdots come back to GS from ES due to the collision of the 

quencher and Cdots in which transfer of energy occurs. The average lifetime decay of the Cdots 

gets varied with and without the addition of a quencher. In dynamic quenching, the ES of Cdots 

is affected by the addition of a quencher while there is no significant variation in the UV-vis 

absorption spectrum of Cdots. To further confirm the static or dynamic quenching the Stern-

Volmer equation is used.34 

𝐹0

𝐹
= 1 + 𝐾𝑆𝑉[𝑄]                                                        (1.4) 

where, the PL intensity of Cdots without and with the addition of quencher are corresponding 

to F0 and F. KSV signifies the Stern-Volmer quenching constant while [Q] stands for 

concentration of quencher. In case of dynamic quenching, KSV is equal to Kqτ0, where τ0 

represents the lifetime of emissive ESs of Cdots and Kq signifies the biomolecular quenching 

rate constant.71 Furthermore, to understand the stoichiometry and the interaction strength 

between the Cdots with quencher, the binding constant values were evaluated based on the 

changes in the fluorescence intensity using the 1:1 linear Benesi−Hildebrand method according 

to the following equation:46 

1

𝐹0−𝐹
=

1

𝐹0−𝐹1
+

1

𝐾[𝑄 ](𝐹0−𝐹)
                                                       (1.5) 

where, F0 and F are the PL intensities without and with the addition of quencher. F1 denotes 

the PL intensity for the 1:1 stoichiometric Cdots-quencher. The parameter K represents the 

binding constant values for Cdots and quencher. In case of energy transfer, kET signifies the 

rate of electron transfer which has been estimated using the following equation: 

𝑘𝐸𝑇 =
1

𝜏𝐷𝐴
−

1

𝜏𝐷
                                                        (1.6) 

where τDA and τD represent the average lifetime values of Cdots with the addition and without 

addition of quencher.  

The efficiency of the electron transfer (𝜙EET) is determined using the following equations: 
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𝜙𝐸𝐸𝑇 = 1 −
𝜙𝐷𝐴

𝜙𝐷
= 1 −

𝜏𝐷𝐴
𝜏𝐷

                                                                 (1.7) 

where the parameters 𝜙DA and 𝜙D are the quantum yields of the Cdots in the presence and 

absence of quencher.  

 PET is a deactivation process in which electron transfer occurs between the Cdots and 

quencher with the formation of cation and anion radicals, respectively.18 In the case of PET, 

the Cdots can behave as electron donor or electron acceptor and similarly, the quencher can 

also act as electron acceptor or electron donor. An internal redox reaction occurs between the 

ES of Cdots and quencher which can act as electron donor or electron acceptor. In this 

quenching mechanism, the complex of electron donor and acceptor come back to the GS with 

no photon emission. 

 FRET is an electrodynamics phenomenon based on long-range dipole-dipole 

interactions among the Cdots and quencher.43 It happens only if the emission spectrum of Cdots 

(donor) present in ES merges with the absorption spectra of Q (acceptor) present in the GS. 

The separation in the donor and acceptor should lies between 1-10 nm for the occurrence of 

the FRET mechanism. In the FRET mechanism, the average lifetime reduces with enhancing 

the concentration of quencher.47 The spectral overlap integral [J(λ)] of Cdots-quencher was 

calculated using the following equation: 

𝐽(𝜆) =
∫ 𝐹𝐷(𝜆)

∞
0 𝜀𝐴(𝜆)𝜆4𝐷𝜆

∫ 𝐹𝐷(𝜆)
∞

0 𝑑𝜆
                                                  (1.8) 

The parameter FD(λ) represents the normalized PL intensity of donor (only Cdots) in the 

wavelength range λ + dλ, and εA(λ) denotes the molar extinction coefficient of the acceptor 

(quencher). Further, the FRET efficiency (E) of the Cdots in the presence of quencher has been 

estimated using the following equation:45 

𝐸 =
𝑘𝐸𝑇

𝑘𝑟+𝑘𝐸𝑇+𝑘𝑛𝑟
                                                           (1.9) 

where, kET corresponds to rate of electron transfer, kr corresponds to radiative constant and knr 

corresponds to nonradiative rate constant. Moreover, we have also estimated the Förster 

distance (R0) for Cdots and quencher by using the following formula:45 

R0 = 0.211[2-4ΦDJ()]1/6                                           (1.10) 
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R0 represents the distance from the center of donor (Cdots) to acceptor (quencher), where the 

energy transfer efficiency becomes 50%. κ2 denotes the relative orientation factor of the 

transition dipoles of the donor and the acceptor in isotropic solution, η demonstrate the 

viscosity of medium, and 𝜙D and J(λ) are the fluorescence quantum yield of the donor and the 

spectral overlap integral, respectively. Moreover, the separable distance (r) among Cdots and 

quencher can be evaluated from the respective FRET efficiency values by using the following 

formula:45 

𝐸 =
1

1+(
𝑟

𝑅0
)6                                                        (1.11) 

 IFE arises if absorption spectra correspond to quencher inhibits all transition by Cdots. 

As a result, the spectral overlapping has been observed across the absorption spectra of the 

quencher and transition states of Cdots. Mostly, IFE-based sensing platform does not involve 

covalent bonding or intermolecular interactions among the fluorescent material and quencher.48 

The separation among fluorescent material and quencher must be greater than 10 nm. 

Significantly, the IFE cannot relate to static or dynamic quenching due to the same response 

governed by absorption spectrum of Cdots in the variable concentration of quencher, result in 

lack of formation of new material.  

 

 

Figure 1.5. The parameters used in Parker equation. 

Furthermore, to clarify the IFE process the following Parker equation (1.12) can be used.43  

                                       
𝐹𝑐𝑜𝑟

𝐹𝑜𝑏𝑠𝑑
=  

2.3𝑑𝐴𝑒𝑥

1−10−𝑑𝐴𝑒𝑥
 10𝑔𝐴𝑒𝑚

2.3𝑠𝐴𝑒𝑚

1−10−𝑠𝐴𝑒𝑚
                                  (1.12)                                         

where “Fobsd” and “Fcor” refer to observed PL intensity and corrected PL intensity after 

eradicating IFE from “Fobsd”. “Aex” and “Aem” denotes the absorbance values at maximum 
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excitation and emission wavelength, respectively. “s” corresponds to the width of the excitation 

beam (Figure 1.5). The distance from the excitation beam’s edge to the edge of the cuvette is 

signified as ‘g’ and the width of the cuvette is denoted as ‘d’ (Figure 1.5). 

1.1.9 Strategy for detection of biomolecules using Cdots  

 There are major two types of strategies for detection of biomolecules including the 

“turn-off” and “turn-off-on” strategies. In the “turn-off-on” strategy, the quencher firstly 

deteriorates fluorescence properties of Cdots and then, these are recovered by the addition of 

target analyte. It was found that the “turn-off-on” strategy is much more selective and sensitive 

in comparison to the “turn-off” strategy because there are more chances for the interference of 

other analytes with target molecules in the case of “turn-off” strategy as compared to the “turn-

off-on” strategy. Therefore, we choose “turn-off-on” strategy for the detection of biomolecules 

using various quenchers.  

1.1.10 Detection of biomolecules 

 There are various biomolecules such as GSH, uric acid (UA), dopamine (DA), AA, 

glucose, Cys, choline, etc., which help in maintaining the metabolism of the human body.49 For 

example, glutathione (GSH), the major nonprotein thiol, is present in mammalian and 

eukaryotic cells and regarded as a tripeptide, which is composed of three amino acids, i.e., 

glycine, L-cysteine, and L-glutamic acid.50 Among all small intracellular molecular thiols, 

GSH assists in many cellular functions such as protection of intracellular redox reactions, 

xenobiotic metabolism, intracellular signal transduction, gene regulation, damage of liver, 

etc.51,52 Similarly, ascorbic acid (AA, also called vitamin C) acts as an antioxidant and also 

plays a great role in different biochemical processes in living organisms and its quantitative 

detection is very helpful in pharmaceutical analysis.53,54 But, the imbalance in the amount of 

these biomolecules in the human body creates many diseases such as AIDS, mental disorders, 

cancer, Parkinson’s, and many others. Therefore, sensing of biomolecules plays an important 

role across wide range applications likely medical analysis, drug delivery, environmental 

science, as well in the food industry which leads to raising the demand for developing easy, 

highly sensitive, extremely selective, and economical biosensors.55 Nowadays, there are many 

techniques for the detection of various biomolecules such as surface-enhanced Raman 

spectroscopy (SERS),56,57 the colorimetric method,58–60 electrochemical method,61 surface 

plasmon resonance,62,63 high-performance liquid chromatography, etc. However, these 

techniques have many limitations such as expensive equipment, less sensitivity, time-

consuming, and difficult handling, which decrease their use in the repetitive detection of 

biomolecules. Fluorescence spectroscopy is a dominant optical technique and is a non-
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destructive, highly sensitive, and simple detection technique.64,65 The metal-carbon 

nanocomposite are highly used for the sensing application.66 Biomolecules have great affinity 

for metal surfaces.67 So, the combinations of Cdots and metal oxide-based quenchers used as 

promising sensor for the detection of biomolecules. There are various sensing probes reported 

in the literatures for the detection of biomolecules (Table 1.1). 

 

Table 1.1: Detection of several biomolecules based on different sensing probes with specific 

sensing methods. 

Sr. 

no. 

Sensing Probe Sensing 

Method 

Bio-

molecule 

Detection 

Range 

LOD Ref. 

1. MnO2NSPs@ 

GNR 

composites 

Electrochemical Glucose 0.1-1.4 mM 50 μM 68 

2. MnO2 NWs-

ErGO/GCE 

Electrochemical DA 0.01-80 μM 1.0 nM 69 

3. BSA-templated 

MnO2NPs 

Chemilumine- 

scence 

Glucose 50 μM-15.8 

mM 

44.7 μM 70 

4. Ag2SQD/MnO2 

nanosheet 

Fluorescence GSH 0.3-1.2 mM 60 μM 71 

5. CoOOH 

nanosheets 

Colorimetric GSH 33 μM- 1.3 

mM 

13.7 μM 72 

6. N-GQDs-V2O5 

nanosheet 

Fluorescence Cys 0.1-15 μM 50 nM 73 

7. AuNCs@BSA-

MnO2NSs 

Fluorescence GSH 0-0.5 mM 20 μM 74 

8. Carbon dot-KI3 Fluorescence L-Tyrosine 0.931-

5.35 μM 

2.614 μM 75 

9. N-rGO-

Co(OH)2 

Electrochemical 

 

DA 

UA 

50 µM-

15.8mM 

10 nM 

100 nM 

76 

10. MnO2NFs/N-

rGO 

Electrochemical DA 

UA 

6-100 μM 

 

0.036 μM 

0.029 μM 

77 

11. AgNPs-BSA-

MnO2 NSs/GCE 

Electrochemi-

luminescence 

Cholesterol 0.21-1667 

μM 

0.07 μM 78 

12. MnO2 NSs@ 

Biotin-QDs 

Fluorescence GSH 0.05-1.5 

mM 

 

16.3μM 79 

13. Naphthalene 

derivate 

containing 

piazselenole 

(NDP) 

Colorimetric 

 

GSH 0-80 mM 0.178 mM 80 

14. Cobalt 

phthalocyanine 

(CoPc) and 

multiwalled 

carbon 

nanotubes 

Differential 

pulse 

voltammetry 

GSH 0.5-7 mM 100 μM 81 

https://www.sciencedirect.com/topics/chemistry/tyrosine
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functionalized 

with carboxyl 

groups 

(MWCNTf) 

15. Disposable 

paper-based 

printed 

electroanalytical 

strip 

Cyclic 

voltammetry 

GSH 0-10 mM 60 μM 82 

16. Carbon 

dots@MnO2 

NSs 

Fluorescence AA 0−80 μM 2.89 μM 83 

 

1.1.11 Manganese Oxide (MnO2) nanomaterial as a quencher 

 Among various transition metal oxides, MnO2 has been broadly considered an active 

material for the detection of biomolecules because of its unique physical, optical, and 

electrochemical properties. MnO2 has obtained a great interest in various research fields due to 

its unique electrochemical properties, high charge transfer rate, large active surface area, non-

toxic nature, and inexpensive cost.84 Moreover, various applications of MnO2 nanostructures 

are due to their structural versatility, different oxidation states such as +2, +3, or +4 of Mn 

present in these nanostructures, and their simultaneous existence of distinct valance states 

across same crystallite.85,86 MnO2 nanostructures are extensively used as highly capable 

biosensors and photochemical and supercapacitor materials in biofuel-based biosensors and 

semiconductors.87,88 MnO2 nanoparticles of large surface area have great ability to absorb light 

due to which it can be used as an effective fluorescent quencher, which further got tremendous 

attraction in the rise of “turn off−on” fluorescence sensing platforms.89 MnO2 or MnO2-based 

nanomaterials with different morphology have variations in their properties. Therefore, they 

were considered for a highly sensitive sensing platform to detect different biomolecules.  

 Shape control is one of the most significant techniques for enhancing the quality as well 

as the catalytic activity of nanomaterials. The different shapes of MnO2 include NR, NT, NW, 

NS, NF, Nanosheets, and various other shapes can be synthesized, and also their properties are 

changed with the variation in shape or morphology.90,91 Figure 1.6 represents various 

morphologies of MnO2 with four dimensions including all 0-D to 3-D. Various methods for the 

preparation of different morphologies of MnO2 have been reported which include lithography, 

the electron beam method, templates, the precipitation method, the sol−gel method, 

electrospinning, as well as the electrodeposition method.92 All these methods were reported as 

most acceptable due to their simplicity, biocompatibility, economical, and versatility points of 
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view. The variations in crystal parameters, phase structure, and surface morphology of MnO2 

showed high catalytic activity and oxidative reactivity.87 The activity of the nanomaterials is 

dependent upon the structure of the surface and active sites present on it.  

 Moreover, various reductive biomolecules can be oxidized by MnO2 nanostructure due 

to its oxidizing property that will confine the selectivity of sensing platforms.93 Hence, the 

synthesis of a self-fluorescent MnO2 nanomaterial with particular functional groups is also 

great filed of research. The morphology or shape associated with the crystal phase of the MnO2 

nanostructure may have an impact on its sensing activity, and therefore, examining the 

relationship between the morphologies of MnO2 materials and their sensing activities under the 

same crystalline phase has become a great field of interest. 

 

 

Figure 1.6. Different morphologies or shapes of MnO2 nanostructure with four different 

dimensions (0-D, 1-D, 2-D, and 3-D).4 

1.2 Lacunae and possibilities 

Based on the literature review some research gaps are outlined and given below: 

• There are only a few studies found on the study of all photophysical parameters of 

Cdots. 

• The impact of variation in shape/size of MnO2 nanostructure on all photophysical 

parameters of Cdots has not been explored. 

• Mostly MnO2 nanosheets were used as quencher with Cdots for the detection of 

biomolecules. 

0-D 1-D 2-D 3-D 

nanospheres

nanowires nanotubes

nanorods nanosheets nanoflowers
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• Few studies were done related to the selectivity and sensitivity of different shapes and 

sizes of MnO2 nanostructure by fluorescence spectroscopy for the detection of 

biomolecules. 

 

1.3 Objectives 

The main purpose of this work is to prepare different shapes/sizes of MnO2 for the sensitive 

and selective detection of biomolecules. The specific objectives are as follows: 

• Synthesis of fluorescent carbon dots (Cdots) and MnO2 nanostructures with varying size 

and shape.  

• Studying the different photophysical parameters of Cdots-MnO2 composites. 

• Optimization the limit of detection of biomolecules by Cdots-MnO2 composite 

nanosensors. 
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Chapter-2 

Carbon Dot−MnO2 Nanosphere Composite Sensors for Selective Detection 

of Glutathione 

 

 

Highlights 

➢ Role of methionine to prepare different sizes of spherical MnO2 nanoparticles. 

➢ Investigation of binding efficacy between Cdots and different size MnO2 nanospheres. 

➢ Confirmation of FRET mechanism by quenching of the PL intensity, quantum yields and 

values of average lifetime. 

➢ Variations of all the photophysical parameters depending upon the size of MnO2 

nanospheres. 

➢ Examination of different Cdots-MnO2 nanocomposites as turn-off/on sensor to detect GSH.  
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2.1 Introduction 

 GSH plays a key part in many biological systems like antioxidants to fight against free 

radicals and toxins, modulation of cell proliferation, regulate the suitable thiol-disulfide status 

of proteins, and many others.1,2 Moreover, due to its significant physiological properties, GSH 

has many applications in health foods, cosmetics industries, and pharmaceuticals. As a result, 

currently, selective and sensitive detection of GSH becomes a great field of interest. In recent 

times, fluorescent nanomaterials have also been broadly used for GSH detection for instance 

quantum dots,3 silver nanoparticles,4 gold nanoparticles,5 up-conversion nanoparticles,6 and 

graphitic C3N4.
7 A range of methods have been proposed for preparing Cdots such as arc 

discharge, calcinations, electrochemical oxidation, laser ablation, hydrothermal approaches, 

ultrasonic, and microwave pyrolysis approaches, etc.8 From all the above methods, microwave 

pyrolysis is an easy, fast, and green approach for the preparation of Cdots.9  

 MnO2 nanoparticles exhibits a great specific surface area in addition to high capacity 

to absorb light due to which they are efficient fluorescence quenchers and have great demand 

for the designing of “turn off−on” fluorescence sensing platforms.10 Wang et al. designed a 

FRET-based fluorescent probe which consists of Cdots (energy donor) and MnO2 nanosheets 

(energy acceptor) for the selective and sensitive sensing of GSH in human whole blood 

samples.11 Among all transition metal oxides, MnO2 nanostructures are in great demand 

because of having efficient physical and chemical properties.12  

 Kainth et al., have synthesized four different-size gold nanoparticles (AuNPs) and 

found that variations of the increment of the particle size led to a bathochromic shift in the SPR 

peak from 521 to 535 nm. They also observed that the intensity of the existing peak was 

quenched along with time, and the larger size of AuNPs was extra sensitive for detecting 

different purines.13 Zuber et al., synthesized AuNPs of three different sizes, and they performed 

both absorption and fluorescence techniques. They determined that the limit of quantification 

of AuNPs was dependent on the size of nanoparticles.14 From the aforesaid literature 

observations, it was found that the variation of the particle size affects the sensitivity for the 

detection of biomolecules. Therefore, there is need to study the role of different sizes of MnO2 

nanospheres with carbon dots for the detection of GSH. 

 In this present work, the Cdots were synthesized from ascorbic acid (carbon source) 

and a microwave synthesizer. In addition, MnO2 nanospheres of different sizes were 

synthesized at room temperature by changing the ratio of methionine as the stabilizer and 
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potassium permanganate (KMnO4) as the precursor. The reaction between KMnO4 and 

methionine is a simple one-step 2e− oxidation−reduction redox reaction leading to the 

formation of MnO2 nanospheres.15 The Cdots-MnO2 nanocomposites were formed by mixing 

Cdots and MnO2 nanospheres. The PL spectrum of Cdots (donor) and absorption spectra of 

different-size MnO2 nanospheres (acceptor) were obtained and found an effective overlap 

region between these two spectra, which suggests that the FRET mechanism took place in 

Cdots-MnO2 nanocomposites.16 Addition of GSH into the Cdot-MnO2 sensing system would 

cause a redox reaction among GSH and MnO2, which turns on/enhances the fluorescence 

properties of Cdots. In this redox reaction, MnO2 nanospheres were reduced to Mn2+ ions, and 

GSH was oxidized via the thiol-disulfide exchange reaction to glutathione disulfide.17 In the 

present study, the different-size MnO2 nanospheres were prepared and observed that the 

efficiency of electron transfer, rate of PL quenching, and PL recovery of Cdots in the presence 

of GSH gradually enhances as the size of nanospheres rises. The different-size MnO2 

nanospheres also modulate the sensitivity and specificity of the Cdots in the presence of GSH. 

2.2 Experimental section 

2.2.1 Materials and reagents 

 L-methionine (99%) and KMnO4 (99%) were utilized for synthesis of water-soluble 

MnO2 nanospheres which were bought from Loba Chemie (India). Ascorbic acid (99%, Loba 

Chemie, India) as a carbon source and kollicoat-IR with molecular weight 45,000 Da as a 

stabilizer were used in the preparation of Cdots. Ultrapure deionized water was prepared using 

a double distillation unit, and it was used for cleaning the apparatus and for solution 

preparations.  

2.2.2 Synthesis of Cdots  

 Initially, 0.1 M ascorbic acid as a precursor and 0.1 M kollicoat as a stabilizing agent 

were mixed in distilled water (10 mL) with constant stirring (30 min.). After that, the sample 

was poured into a glass reaction vessel and placed into a Multiwave300 microwave reaction 

system (Anton Paar, USA) for heating at 130 °C (300 W) for 30 min. The color conversion of 

sample from colorless to pale yellow indicated the development of Cdots.18 

2.2.3 Synthesis of different-size MnO2 nanospheres 

 The MnO2 nanospheres were formed through mixing of equivalent stoichiometry of L-

methionine (2×10−4 mol dm−3) and KMnO4 (2×10−4 mol dm−3) in distilled water with 
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continuous stirring of 20 min at room temperature (RT). The reaction was very fast, and the 

variation in the color from light pink to brown indicated the formation of MnO2 nanospheres. 

The reaction was a one-step, two-electron redox reaction between methionine and Mn(VII).19 

Different-size MnO2 nanospheres (large (L-Mn NS), medium (M-Mn NS) and small (S-Mn 

NS)) were synthesized by changing the ratio of concentration of L-methionine and KMnO4 

(Table 2.1). Scheme 2.1 shows the synthesis of fluorescent Cdots, different-size MnO2 

nanospheres, and Cdot-MnO2 composites (by simply mixing Cdots and MnO2 nanospheres) 

and the effect of GSH in the synthesized composites. 

Table 2.1. MnO2 nanospheres of different sizes developed by changing the ratio of KMnO4 

and methionine and different LOD Values for GSH. 

Sr. No. KMnO4 

(mol dm-3) 

Methionine 

(mol dm-3) 

Approx. Size (nm)  

L-Mn NS 2×10-4 1×10-4 61±5 

M-Mn NS 2×10-4 1×10-3 35±5 

S-Mn NS 2×10-4 1×10-2 15±5 

 

 

Scheme 2.1. Schematic representation of the synthesized fluorescent Cdots, different size-

MnO2 nanospheres, Cdot-MnO2 composite, and the effect of GSH in the prepared composite. 

2.2.4 Characterization  

 The absorption spectra of the synthesized materials were noted via a UV−vis 

spectrophotometer (Analytik Jena, Specord, India), and the fluorescence emission spectra were 
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also recorded using a spectrofluorometer instrument (PerkinElmer LS-55, USA). The 

fluorescence lifetime decays were recorded by time-correlated single-photon counting 

(TCSPC) measurements via a Deltaflex modular fluorescence lifetime system (HORIBA 

Scientific) through an excitation source at 340 nm (nano-LED pulse diode light). The 

instrument response function (IRF) of the set-up was 200 ps. The morphology and the size of 

MnO2 were examined through a transmission electron microscope (TEM, FEI TecnaiG2 F20). 

IR spectra were recorded by AT-IR spectroscopy (Agilent Resolution Pro-carry 660). 

2.2.5 Preparation of Sample Solutions 

 Cdots stock solution (100 μL) was pipetted out using a cuvette with the successive 

addition of 1900 μL of distilled water. Then, the respective amount of solution of MnO2 

nanospheres of different sizes was added in the cuvette for examining the quenching studies of 

Cdots at pH 6.5. Furthermore, respective amount of GSH was added to determine the 

fluorescence recovery of Cdots (Scheme 2.1). The fluorescence quantum yield of Cdots with 

the addition of different-size MnO2 nanopsheres and GSH was determined w.r.t. quinine 

sulfate20 as the reference solution (𝜙R = 0.546) by using equation 1.1.  

2.3 Result and discussion 

2.3.1 Characterization 

 The morphology, shape, and size of the Cdots and MnO2 nanospheres were analyzed 

by TEM analysis. The TEM images (Figure 2.1(a-c)) show the sizes of different MnO2 

nanospheres, which were synthesized by using different concentrations of methionine.  

Figure 2.1. TEM image of (a) L-Mn NS, (b) M-Mn NS, and (c) S-Mn NS. 

The formation of MnO2 nanospheres was confirmed by EDS analysis (Figure 2.2). It has been 

observed that amino acids act as reducing and capping agents for the reduction and stabilization 

200 nm200 nm200 nm

(a) (b) (c)
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of metal ions and their nanoparticles, respectively.21 The concentration of methionine controls 

the size as well as shape of the nanoparticles.15 The increase in the concentration of methionine 

decreases the rate of nucleation due to which the MnO2 nanosphere size decreases. From the 

TEM images (Figure 2.1(a-c)), it is confirmed that, the sizes of L-Mn NS, M-Mn NS, and S-

Mn NS were 61 ± 5, 35 ± 5, and 15 ± 5 nm, respectively (Table 1). 

 

 

Figure 2.2. The EDS spectra of MnO2 nanospheres. 

 

Figure 2.3. (a) TEM image of Cdots, (b) individual particle size of Cdots, and (c) lattice fringes 

of Cdots. 

 The morphology and the size distribution of Cdots were characterized by TEM, shown 

in Figure 2.3(a). The HRTEM result showed that the prepared Cdots have uniform dispersed 

and spherical features, having an approximate diameter of 2.8 nm (Figure 2.3(b)). In Figure 

2.3(c), the HRTEM image shows the lattice fringes having 0.21 nm d-spacing value.  

2.3.2 Optical properties  

 To determine the optical properties of Cdots and MnO2 nanoparticles, their UV−vis 

absorption spectra were examined. The absorption spectrum of Cdots displayed a significant 

Element      Weight%     Atomic%

Mn 58                29 

O               42                71 
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absorption peak at 263 nm, which corresponds to the n−π* transition due to C=O band and the 

π−π* transition due to conjugated C=C band (Figure 2.4(a)).22 Upon excitation wavelength of 

340 nm (λex = 340 nm), the maximum PL emission intensity of Cdots was observed at 420 nm 

(λem = 420 nm).  

Figure 2.4. (a) UV-Visible spectrum of Cdots, (b) Spectral overlap of the UV−vis absorption 

spectrum of different size-MnO2 nanospheres at the equal concentration i.e., 5 μM and the PL 

emission spectrum of Cdots, and (c) IR spectra of Cdots, Cdots@L-Mn NS system, and 

addition of GSH in Cdots@L-Mn NS sensing system.  

Figure 2.4(b) displays the level of the spectral overlap area among the absorption spectra of 

different-size MnO2 nanospheres (L, M, and S-Mn NS) at an identical concentration of 5 μM 

and the fluorescence emission spectra of Cdots (λex = 340 nm). The spectral overlap integral 

[J(λ)] of Cdots-MnO2 nanospheres was calculated using the equation 1.8 in which Cdots act as 

donor and different sizes of MnO2 nanospheres act as acceptor. From the values of J(λ) and 

Figure 2.4(b), it was observed that the level of the spectral overlap integral between the 

emission of Cdots and the extinction enhances with the increase in the size of the MnO2 

nanospheres. It can also be recommended that the FRET takes place from the Cdots (donor) to 

MnO2 nanospheres (acceptor), and the extent of FRET enhances upon increasing the size of 
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the MnO2 nanospheres. In Figure 2.4(c), the IR spectra of the Cdots show a C=O stretching 

frequency at 1685 cm−1, which got diminished with the addition of MnO2 nanospheres due to 

the interaction between the Cdots and MnO2 nanospheres. It was also observed that the 

presence of GSH in the Cdots-MnO2 sensing system, the diminished peak at 1685 cm−1 

recovered by the removal of Cdots from the surface of the MnO2 nanospheres.  

2.3.3 Fluorescence quenching of Cdots by MnO2 nanospheres 

The synthesized Cdots exhibited high fluorescence intensity. The different-size MnO2 

nanospheres were added in the Cdots and results in quenching of their fluorescence intensity. 

Figure 2.5. Fluorescence quenching spectra of Cdots with different concentrations of (a) L-

Mn NS, (b) M-Mn NS, and (c) S-Mn NS and (d) Stern-Volmer quenching plot of S-, M-, and 

L-Mn NS with Cdots. 

The fluorescence quenching mechanism can be attributed to the FRET from the electron-rich 

Cdots to the electron-deficient MnO2 nanospheres.11,17 To understand the fluorescence 

quenching of Cdots, the concentration of different-sized MnO2 nanospheres varied in the range 

of 5 to 100 μM. It was observed that the PL intensity of Cdots was reduced maximum for 100 
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μM concentration of all three different-size MnO2 nanospheres (revealed in Figure 2.5 (a-c)). 

The quenching mechanism can be explained on the basis of holes, and electrons are trapped 

between of the Cdots and MnO2 nanospheres, which causes their low availability for the 

radiative recombination, resulting in fluorescence quenching.21,23 To comprehend the 

quenching efficiency level of different-size MnO2 nanospheres, the graph (Figure 2.5(d)) 

between F0/F and different concentration of MnO2 nanospheres (L, M, and S-Mn NS) were 

plotted according to the Stern-Volmer equation (1.4). From the slope, the respective KSV values 

were calculated. The values (KSV) are 77,108, 26,377, and 8831 M−1 for large- (L), medium- 

(M), and small (S)-size MnO2 nanospheres, respectively. 

 

Figure 2.6. (a) Variation of fluorescence quenching efficiency with different sizes of MnO2 

nanospheres and (b) B−H binding plot of S-, M-, and L-Mn NS with Cdots. 

 Moreover, it was also found from Figure 2.6(a) that the quenching efficiencies of the 

Cdots in the presence of L, M, and S-Mn NS are 96, 75, and 48%, respectively. From the values 

of KSV and the quenching efficiency, it can be demonstrated that the extent of PL quenching of 

Cdots gradually enhances with the increase in the size of the nanospheres. Alternatively, it can 

also be inferred that the rate of electron transfer from Cdots to MnO2 nanospheres gradually 

enhances by the increase in the size of the acceptor. Furthermore, to understand the 

stoichiometry and the interaction strength between the Cdots with different size MnO2 

nanospheres, the binding constant values were evaluated based on the changes in the 

fluorescence intensity using the 1:1 linear Benesi−Hildebrand method according to the 

equation (1.5). The graph of (1/F−F0) vs 1/[Q] shows a linear plot (Figure 2.6(b)). From the 

values of slope and intercept, the respective binding constant values (K) of Cdots and different-
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size MnO2 nanospheres were found. It has been observed that the binding efficiency of Cdots 

gradually enhances upon increasing the size of the MnO2 nanospheres. The binding constant 

values of the Cdots in the presence of L, M, and S-Mn NS are 8.2 × 104, 1.8 × 104, and 6.7 × 

103 M−1, respectively. The result also demonstrated that upon increasing the size of the 

nanospheres (S → M → L), there is a greater extent of interaction/electron transfer among the 

Cdots and MnO2 nanospheres, which causes variation of the binding constant values of Cdots. 

The binding constant value of Cdots in the presence of L-Mn-Ns becomes the maximum, which 

clearly suggests that the electrons are more easily transferred from electron-rich Cdots to 

electron-deficient large-size particles. 

2.3.4 Restoration mechanism of Cdots and detection of GSH 

 Furthermore, addition of GSH to the different-size Cdots-MnO2 nanocomposites (L, M, 

and S-Mn NS) results in restoration of the fluorescence properties (turn on) of Cdots (Figure 

2.7(a), (b) and (c)). This kind of fluorescence recovery/ turn on behavior of Cdots is mainly 

ascribed to the occurrence of redox reaction among MnO2 and GSH. Upon adding the GSH, 

there is reduction of MnO2 to Mn2+ ions, while the oxidation of GSH to glutathione disulfide 

(GSSG),7,16,24 as shown in the following equation: 

2GSH + MnO2 + 2H+ → GSSG + Mn2+ + 2H2O                        (2.1) 

As a result, Cdots are removed from the surface of MnO2 nanospheres, which causes 

fluorescence recovery of Cdots. In this proposed sensing platform, the Cdots act as the 

fluorometric reporter, MnO2 nanospheres as the quencher, and GSH as the detector.10 

Therefore, due to the restoration of the fluorescence properties of Cdots, different-size MnO2 

nanospheres (L, M, and S-Mn NS) were used to form Cdots-MnO2 nanocomposites, and this 

system was used for the selective and specific GSH sensing. The fluorescence recovery of 

Cdots were examined by mixing different amounts of GSH with a fixed amount of (100 μM) 

different-size Cdots-MnO2 nanocomposites (L, M, and S-Mn NS). It was investigated that, 

with enhancing the GSH concentration, the fluorescence intensity of the Cdots-MnO2 

nanocomposites gradually increases (Figure 2.7(a), (b) and (c)). On a very closer look, the 

binding constant values of Cdots-MnO2 nanocomposites in the presence of GSH were also 

evaluated by using the Benesi−Hildebrand method.25 It was found that the presence of GSH 

leads to a reduction of the binding constant value of the Cdots-MnO2 nanocomposites (Figure 

2.7(d)). 
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Figure 2.7. Fluorescence restoration of the (a) Cdots-L-Mn NS, (b) Cdots-M-Mn NS, and (c) 

Cdots-L-Mn NS sensing platform upon addition of 100 μL of GSH (10−3 M), respectively and 

(d) B-H binding plot of S-, M-, and L-Mn NS with GSH. 

The binding constant values of the Cdots in the presence of L, M, and S-Mn-NS are 2.7 × 103, 

1.5 × 103, and 5.3 × 102 M−1, respectively. This result clearly confirms that the addition of GSH 

results in elimination of Cdots from the surface of MnO2 nanosphere. It was also examined that 

rise in the size of MnO2 nanospheres leads to steadily enhance the fluorescence intensity 

(restoration/turn on) of the Cdots and follows the order L-Mn NS > M-Mn NS > S-Mn NS. 

This result clearly confirms that GSH undergoes a redox reaction with MnO2 nanospheres and 

results in removal of Cdots from the surface of MnO2 nanospheres. Increasing the size of the 
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sucrose (suc), AA, and GSH. The significant fluorescence responses were shown only by Cys, 

AA, and GSH, while the rest of the species showed nominal responses (Figure 2.8(a)). 

However, GSH showed the maximum fluorescence intensity, which clearly confirms that 

Cdots-MnO2 nanocomposites were highly specific and sensitive for the detection of GSH. 

Figure 2.8. (a) Fluorescence response (at 340 nm) of the Cdots-MnO2 system toward various 

species, Relationship between fluorescence responses [(F−F0)/F0] of (b) Cdots-L-Mn NS, (c) 

Cdots-M-Mn NS, and (d) Cdots-S-Mn NS systems with different concentrations of GSH, 

respectively.   

 For all different-size Cdots-MnO2 nanospheres (L, M, and S-Mn NS), a good linear 

range was obtained from the plot of (F−F0/F0) vs GSH concentration in which, F and F0 are the 

PL intensities with and without addition of GSH, respectively.26 The limit of detection for 

prepared sensing systems was evaluated by using formula 3 𝜎 /K (𝜎 denotes standard deviation 

and K denotes the slope of the regression equation). It was observed that L-Mn NS, M-Mn NS, 
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effectiveness of the prepared sensing probe was justified by comparing with current literature 

approaches and detecting the probes mentioned in Table 1.1.  

2.3.5 Fluorescence quantum yield measurements 

 The fluorescence quantum yield values of Cdots in different systems were calculated 

by using equation (1.1) and are tabulated in Table 2.2. From Table 2.2, it has been found that 

the fluorescence quantum yield (𝜙) values of Cdots are significantly reduced with the addition 

of different-size MnO2 nanospheres and follows the order L-Mn NS > M-Mn NS > S-Mn NS. 

In the presence of L-Mn NS, M-Mn NS, and S-Mn NS, the fluorescence quantum yield values 

of Cdots are quenched ∼17, ∼3.4, and ∼2 times, respectively. Furthermore, the 𝜙 values of 

different Cdots-MnO2 nanocomposites in the presence of GSH were also calculated, which are 

tabulated in Table 2.2. It was found that the presence of GSH results in a significant 

enhancement of the 𝜙 value for Cdots. In the presence of GSH, the extent of the 𝜙 value of 

Cdots is also dependent on the size of the MnO2 nanospheres. For L, M, and S-Mn-NS, the 

restoration of the 𝜙 values of the Cdots in the presence of GSH is ∼12, ∼2.3, and ∼1.3 times, 

respectively, compared to the respective size of the Cdots-MnO2 nanocomposites. The 

restoration of the 𝜙 value of Cdots follows the order L-Mn NS > M-Mn NS > S-Mn NS. 

2.3.6 Time-resolved emission studies 

 Cdots showed an average lifetime value of 4.40 ns. Addition of different-size MnO2 

nanospheres results in significant quenching of the lifetime values (Figure 2.9).  

Figure 2.9. Fluorescence lifetime study of Cdots in (a) L-Mn NS, (b) M-Mn NS, and (c) S-Mn 

NS and with the addition of GSH. 

Table 2.2 depicts the average lifetime values of Cdots with the different-size MnO2 

nanospheres. It was observed that the percentage of quenching of Cdots for L-Mn NS, M-Mn 

NS, and S-Mn NS was 27, 14, and 7%, respectively. The quenching of the average lifetime 

values of Cdots with MnO2 nanospheres clearly demonstrated that electron transfer takes place 
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from the electron-rich surface of the Cdots (donor) to the electron-deficient surface of MnO2 

nanospheres (acceptor). Addition of GSH to the Cdots-MnO2 nanospheres (L, M, and S-Mn-

NS) results in restoration of the fluorescence properties (turn on) of Cdots. The average lifetime 

values of the Cdots with the addition of GSH significantly are enhanced compared to those of 

the respective different-size Cdots-MnO2 nanospheres (Table 2.2). 

Table 2.2. Photophysical parameters of Cdots, different size-MnO2 nanospheres, and GSH.a 

Systems 𝝓 av 

(ns) 

kr 

(109 s-1) 

knr 

(109 s-1) 

kET 

(109 s-1) 

𝝓EET 

(D) 

𝝓EET 

(𝝓D) 

Cdots 0.68 4.40 0.155 0.07 - - - 

Cdots+ L-Mn NS 0.04 3.17 0.01 0.30 0.09 0.28 0.94 

Cdots+ L-Mn NS 

+GSH 

0.48 4.32 0.11 0.12 410-3 0.02 0.29 

Cdots+ M-Mn NS 0.20 3.78 0.05 0.21 0.04 0.14 0.71 

Cdots+ M-Mn NS 

+GSH 

0.46 4.32 0.11 0.12 410-3 0.02 0.32 

Cdots+ S-Mn NS 0.34 4.07 0.08 0.16 0.02 0.08 0.50 

Cdots+ S-Mn NS 

+GSH 

0.45 4.32 0.10 0.13 410-3 0.02 0.34 

aExperimental error ±5 % 

 The rate of electron transfer gradually increases by increasing the size of MnO2 

nanospheres (Table 2.2). Moreover, by the addition of GSH, the average lifetime value 

enhances up to 4.32 ns for all Cdot-MnO2 nanospheres, and the percentage of turn on values 

was 26, 12, and 5% for L-Mn NS, M-Mn NS, and S-Mn NS, respectively. This result also 

clearly depicts that restoration of fluorescence properties also enhances upon increasing the 

size of MnO2 nanospheres. From the τav values and 𝜙, the different kr and knr values were 

examined via the equations (1.2 and 1.3). The values of kr and knr are listed in Table 2.2. It was 

found that the knr values of Cdots increase by a factor of 4.3, 3, and 2.29 times, respectively, 

while kr values decrease by a factor of 0.06, 0.32, and 0.52 times, respectively, in the presence 

of L-Mn NS, M-Mn NS, and S-Mn NS. These results clearly suggested that the quenching 

phenomenon of Cdots is attributed to the excited-state electron transfer, which is further 

dependent on the size of the nanospheres. kET has been estimated using the equation (1.6) in 

which different-size MnO2 nanospheres act as quencher. The calculated kET values are 0.09 × 

109, 0.04 × 109, and 0.02 × 109 s−1 for L-Mn NS, M-Mn NS, and S-Mn NS, respectively, which 

demonstrated that the rate of electron transfer of Cdots enhances upon increasing the size of 
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the nanospheres. 𝜙EET is determined using the equation (1.7). The estimated EET from both 

the quantum yield [𝜙EET(𝜙D)] and lifetime values [𝜙EET (τD)] gradually increases upon 

increasing the size of the nanospheres (Table 2.2).  

Table 2.3. Förster distance, efficiency and separation distance of Cdots and different size 

MnO2 nanospheres.b 

bExperimental error ±5 % 

The FRET efficiency (E) of the Cdots with the addition of different-size MnO2 nanospheres 

was estimated using the equation (1.9). It can be seen from Table 2.3 that the FRET efficiency 

of Cdots significantly enhances upon increasing the size of the MnO2 nanospheres. Similarly, 

from the kET and 𝜙EET values, it has been clearly concluded that the FRET mechanism is more 

favorable in the case of large-size MnO2 nanospheres. Moreover, the R0 values for Cdots and 

different-size MnO2 nanospheres were estimated using the following equation (1.10) in which 

R0 represents the distance from the centre of the donor (Cdots) to the center of the acceptor 

(different-size MnO2 nanospheres). The estimated R0 values for Cdots and large, medium, and 

small MnO2 nanospheres are 32.90, 54.50, and 74.70 Å, respectively, which confirms that the 

interaction among the Cdots and MnO2 nanospheres obeys the classical FRET theory (Table 

2.3).27 Moreover, the separation distance among the Cdots and different-size MnO2 

nanospheres from the respective FRET efficiency values by using the equation (1.11). The r 

values gradually decrease upon increasing the size of the MnO2 nanospheres (2.53, 3.88, and 

5 nm for L, M, and S-M MnO2 nanospheres, respectively), which confirms that the FRET 

efficiency is the maximum in the case of large-size MnO2 nanospheres due to their shorter 

distance (Table 2.3). 

Conclusion 

 In this Chapter, a rapid fluorometric nanosensor is designed by combining carbon dots 

(Cdots) and MnO2 nanoparticles of different sizes for the detection of GSH. The bottom-up 

approach includes the microwave method for the preparation of the water-soluble and highly 

fluorescent Cdots by using ascorbic acid as a precursor. MnO2 nanospheres of different sizes 

Systems R0 (Å) E (%) r (nm) 

Cdots - - - 

Cdots+ L-Mn NS 32.90 Å 22.5 2.53  

Cdots+ M-Mn NS 54.50 Å 13 3.88  

Cdots+ S-Mn NS 73.70 Å 7.7 5.0  
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(large, medium, and small) were prepared by varying the ratio of the concentration of 

methionine and KMnO4 at room temperature, which was confirmed by HRTEM analysis. The 

successive addition of MnO2 nanospheres in Cdots results in fluorescence quenching. From the 

fluorescence intensity data, Stern−Volmer quenching constant values (KSV) were determined, 

which depicts that the extent of fluorescence quenching gradually increases with the increase 

in the size of the MnO2 nanospheres. Moreover, the fluorescence quantum yield and lifetime 

studies of Cdots in the presence of different-size MnO2 nanospheres were also conducted, 

which clearly demonstrated that the FRET mechanism occurred from the electron-rich surface 

of Cdots to the electron-deficient MnO2 nanospheres. From the fluorescence intensity and 

lifetime analysis, it was found that the degree of fluorescence quenching of Cdots follows the 

order: large > medium > small. Moreover, fluorescence recovery studies were also performed 

in the presence of GSH and follows same trend. A redox reaction between GSH and MnO2 is 

the strategy of the proposed sensing system, which includes the decomposition of the 

Cdots@MnO2 nanocomposite and results in the fluorescence restoration (turn on) of Cdots due 

to the transformation from MnO2 to Mn2+. The limits of detection of GSH in the presence of 

Cdots were also evaluated, and the values were 15, 36, and 56 μM for large, medium, and small 

MnO2 nanospheres. Hence, the variation in the size of MnO2 nanospheres in the developed 

sensing system put a great impact on the sensing of GSH. 
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Chapter-3 

Morphology-Dependent Performance of MnO2 Nanostructure Carbon 

Dots-Based Biosensors for the Detection of Glutathione 

 

Highlights 

➢ Synthesis of different morphologies of MnO2 nanostructure by hydrothermal method. 

➢ Study of comparative photophysical parameters of Cdots@different morphologies of 

MnO2. 

➢ Variations in the energy transfer rate among Cdots and different morphologies of MnO2 

nanosensor. 

➢ Different specific surface area of MnO2 nanostructure effect the sensing efficacy of GSH. 

➢ Comparative analysis of fluorescence recovery rate among different nanosensors in 

presence of GSH. 
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3.1 Introduction  

 The properties of nanomaterials can be tuned by controlling their size, shape, 

crystallographic orientation, and morphology.1,2 Shape control becomes the most important 

technique for improving the activity of nanomaterials.3 An interdependent relationship has 

been observed between the structure, property, and performance of nanomaterials.4 MnO2 has 

become an active material in the field of biosensing among different transition-metal oxides 

due to its attractive properties.5 Currently, a variety of approaches (e.g., solid-state, refluxing, 

hydrothermal treatment, and sol−gel) have been reported for the preparation of different-

shaped MnO2 nanostructures along with their changed crystal structures from either the 

reduction of MnO4− or oxidation of Mn2+.6 Different kinds of reaction conditions like pH, 

concentrations of the substrate, temperature, reactants, counter cations, and anions are also 

responsible for the variation of different morphologies of nanostructures and their crystalline 

phases.7 Wu et al.3 synthesized MnO2 nanoparticles of different morphologies such as NW, 

NR, and NT. They found that the sensing activity was dependent on the different shapes or 

morphologies of MnO2 nanoparticles. Li et al.8 synthesized nanohybrids of nitrogen-doped 

graphene (NG) and four MnO2 nanostructures of different morphologies which include NW, 

NR, NT, and NF. The electrochemical measurements showed that MnO2NFs@NG system act 

as best for detection of DA and UA as compared to other morphologies owing great surface 

area, extraordinary porous structure, many active sites, etc. Therefore, there is need to study 

the impact of different morphologies of MnO2 with Cdots as a fluorescent sensing probe for 

the GSH detection.  

 In this study, ascorbic acid (carbon precursor) was used for the preparation of Cdots 

through a one-pot microwave-assisted method. Also, different shapes of MnO2 nanostructures 

were prepared via an optimized hydrothermal method.8 Three different shapes of MnO2 

nanostructures, that is, NF, NF + NR, and NR, were synthesized and characterized by TEM 

analysis. The nanocomposites of Cdots with MnO2 nanostructures were prepared by mixing the 

two solutions with sonication. The synthesized different-shape Cdot-MnO2 nanostructures act 

as turn-off sensors with PL quenching. Furthermore, the GSH sensing was studied in the 

presence of synthesized various shapes of Cdot-MnO2 nanostructures which were rationalized 

as a turn-on sensor with an enhancement of the fluorescence. A redox reaction would occur 

among MnO2 and GSH in the presence of GSH in the Cdot-MnO2 sensing solution. This redox 

reaction increases the fluorescence of Cdots by the conversion of MnO2 to Mn2+ ions, and GSH 



48 
 

gets oxidized to GSH disulfide through a thiol-disulfide exchange reaction.9 The different 

shapes of the MnO2 nanostructure had a great impact on their interaction with Cdots and GSH. 

Also, it was found that the variation in the shape of the MnO2 nanostructure modulates the 

sensitivity of GSH. 

3.2 Experimental section 

3.2.1 Materials and reagents 

 Hydrated manganese sulfate (MnSO4·H2O) (99%) and KMnO4 (99%) were bought 

from Loba Chemie (India) and these were utilized to prepare different morphologies of MnO2 

nanostructures. GSH was purchased from Hi-media and was further used for sensing. Ultrapure 

deionized (DI) water was prepared by the double-distillation unit and further used for preparing 

all stock solutions. 

3.2.2 Synthesis of Cdots  

The Cdots were synthesized by same method as reported in Chapter 2 (section 2.2.2). 

 

 

Scheme 3.1. Schematic diagram of the synthesis of MnO2 nanostructures with different 

morphologies. 

3.2.3 Method for preparation of different morphologies of MnO2 nanostructure 

 Different morphologies of MnO2 nanostructure were synthesized from MnSO4·H2O 

and KMnO4 solutions through the hydrothermal method. Further, 0.2 and 0.5 g of MnSO4·H2O 

and KMnO4, respectively, were well dissolved in 100 mL of DI water. The dissolved solution 

of KMnO4 and MnSO4 was poured into a Teflon-lined pressure vial and then placed in furnace 
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at 140 °C for three different reaction times, that is, 2, 10, and 18 h (Scheme 3.1). The pressure 

vial was cooled down to normal temperature with the completion of the reaction. The 

precipitates of MnO2 formed were further washed with DI water so that the pH of the 

supernatant becomes neutral, and at last, MnO2 precipitates were dried at 100 °C.10 According 

to their morphology, the MnO2 nanostructures were named Mn NF, Mn NF + NR, and Mn NR 

for the dwell times of 2, 10, and 18 h, respectively. 

3.2.4 Characterization  

 Absorption and emission spectra of Cdot-MnO2 nanostructures were recorded via a 

UV−visible spectrophotometer (Analytik Jena, Specord, India) and fluorescence 

spectrofluorometer (Shimadzu, RF-6000). The different morphologies or shapes of the MnO2 

nanostructure were examined through TEM (FEI TecnaiG2 F20). The phase identification of 

the prepared MnO2 nanostructure was studied by XRD (PANalytical X’Pert PRO) in which Cu 

Kα (λ = 1.540 Å) used as the radiation source (0 ≤ 2θ ≤ 90°). The surface areas of the different 

morphologies of MnO2 nanostructures were recorded via the Brunauer−Emmett−Teller (BET) 

surface area analyzer of BEL-miniII, Microtrac Corp. Pvt. Ltd., Japan. The fluorescence 

lifetime decays were recorded by TCSPC measurements using the Deltaflex modular 

fluorescence lifetime system (manufacturing unit HORIBA Scientific) with an excitation 

source at 340 nm (nano-LED pulse diode light). 

3.2.5 Preparation of Sample Solutions 

 The stock solutions of MnO2 nanostructure (different morphologies) of specific 

concentrations were prepared. The sensing solutions (Cdot-MnO2 nanostructures) were formed 

by the addition of the respective shape of the MnO2 nanostructure to the solution of Cdots in 2 

mL of distilled water. The detection of GSH was evaluated by mixing different concentrations 

of GSH (0−150 μM) with Cdot-MnO2 nanocomposites. The sample was further placed for the 

incubation time of 10 min. Finally, the solution was transferred to a 3 mL glass cuvette. The 

emission spectra of the above prepared samples were recorded at the λex = 340 nm. 

3.3 Result and discussion 

3.3.1 Characterization 

 The morphology of the MnO2 nanostructure prepared at 2, 10, and 18 h was observed 

as NF (Figure 3.1(a)), a mixture of NFs and NRs (Figure 3.1(b)), and only NRs (Figure 3.1(c)) 

by TEM analysis. It was found that the ratio of NFs to NRs and the crystalline nature of the 
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MnO2 nanostructure enhanced with an increment of the time duration of the reaction. 

Therefore, the final morphology formed of the MnO2 nanostructures was strongly correlated 

with the dwell time. An average d-spacing, that is, 0.35 nm, was determined in the lattice-

resolved high-resolution TEM (HR-TEM) images of MnO2 NF (Figure 3.1(d)), MnO2 NF + 

NR (Figure 3.1(e)), and MnO2 NF (Figure 3.1(f)), which was indexed to the separation between 

(220) lattice planes.8 It shows that all three different shapes of the MnO2 nanostructure have 

the same d-spacing value and correspond to (220) lattice planes. The morphology and the size 

of Cdots were characterized by TEM, shown in Chapter 2 (Figure 2.3). 

 

Figure 3.1. TEM and HR-TEM images with an inset image of a specific d-spacing value of (a, 

d) Mn NF, (b, e) Mn NF + NR, and (c, f) Mn NR. 

 The crystal phase identification of MnO2 nanostructures prepared at various reaction 

times was characterized by XRD analysis. The existence of a broad peak showed that the 

synthesized nanomaterials contain both amorphous as well as crystalline phases. Figure 3.2(a) 

displays that the crystallinity of the MnO2 nanostructure increased with the increment in the 

reaction time from 2 to 18 h, that is, from NF to NR. The MnO2 nanostructure prepared at 2 h 

(Mn NF), 10 h (Mn NF + NR), and 18 h (Mn NR) showed diffraction peaks at 2θ ∼13°, ∼26°, 

∼38°, and ∼65° related to the (110), (220), (211), and (002) lattice planes, respectively. It 
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showed similarity to those of α-MnO2 (ICDD-JCPDS no. 04−0141) with a tetragonal unit cell 

having lattice parameters of a = b = 9.78 Å and c = 2.86 Å.11 It was observed that upon 

increasing the reaction time, the crystalline nature of the nanostructure enhances from Mn NF 

to Mn NR with the appearance of sharper and narrower peaks. The energy-dispersive X-ray 

spectroscopy (EDX) study also confirms the formation of the pure MnO2 nanostructure without 

any impurities as revealed in Figure 3.2(b).  

 

Figure 3.2. (a) XRD pattern of different MnO2 nanostructures and (b) EDX spectra of MnO2 

NFs. 

Table 3.1: Specific surface area, total pore volume, and mean pore diameter of different shapes 

of MnO2 nanostructures. 

Sample Specific surface area 

(m2g-1) 

Total pore volume 

(cm3g-1) 

Mean pore diameter 

(nm) 

Mn NF 69 0.374 20.05 

Mn NF+NR 53 0.340 28.17 

Mn NR 23 0.139 24.00 

Figure 3.3(a) shows BET N2 adsorption-desorption curves for the different shapes of the MnO2 

nanostructure (Mn NF, Mn NF + NR, and Mn NR), and these curves showed the Type IV 

adsorption isotherm that indicates the mesoporous nature. The specific surface areas of each 

shape of the MnO2 nanostructure, that is, Mn NF, Mn NF + NR, and Mn NR, were observed 

as 69, 53, and 23 m2g−1, respectively. The specific surface areas, total pore volumes, and mean 

pore diameters of different shapes of MnO2 nanostructures are mentioned in Table 3.1. Mn NF 

showed the maximum specific surface area consist of many active sites present on its surface 

and provides a high charge-transfer rate. 

Element   Weight %   Atomic%
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Figure 3.3. (a) BET N2 adsorption−desorption isotherms of different MnO2 nanostructures and 

(b) Spectral overlap between the UV−vis absorption spectra of different MnO2 nanostructures 

and the emission spectra of Cdots. 

3.3.2 Optical properties  

 The optical properties of Cdots and MnO2 nanostructures were investigated by their 

UV−vis absorption spectra. It was already reported that Cdots show a sharp peak of absorption 

at 263 nm, which corresponds to n−π* and π−π* transitions due to C=O and the conjugated 

C=C band, respectively in Chapter 2. Figure 3.3(b) reveals the UV−vis absorption spectra of 

Mn NF, Mn NF + NR, and Mn NR in which a broad peak ranging from 250 to 500 nm overlaps 

with the emission spectrum of Cdots. This result confirms that the FRET mechanism occurs 

between electron-donor Cdots and different morphologies of the electron-acceptor MnO2 

nanostructure. It was also found that the overlap region of the Cdot-MnO2 nanostructure 

becomes maximum in the Mn-NF shape and minimum in the Mn-NR shape. From this result, 

it can be concluded that different shapes of the MnO2 nanostructure have a different role in the 

FRET mechanism between Cdots and the MnO2 nanostructure. The spectral overlap integral 

[J(λ)] values among Cdots and MnO2 nanostructures were evaluated by using equation (1.8). 

It was observed from the values of J(λ) and also from Figure 3.3(b) that the variation in the 

shape of the MnO2 nanostructure from Mn NF to Mn NR leads to a decrease in the spectral 

overlap integral.  

3.3.3 Fluorescence quenching of Cdots by different MnO2 nanostructures 

 The FRET mechanism of the Cdot-MnO2 nanostructure was also confirmed by the 

fluorescence quenching study.12,13 The prepared Cdots showed high fluorescence intensity, 

which was effectively quenched in the presence of different morphologies of the MnO2 

nanostructure. The level of quenching of the Cdots was different in the presence of different 
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morphologies of the MnO2 nanostructure. The mechanism of fluorescence quenching of Cdots 

is based on holes and electrons which get trapped in Cdots and the MnO2 nanostructure and 

result in low availability used for radiative recombination.14 The different concentrations of the 

MnO2 nanostructure were varied from 0.912 to 6.384 mM for investigating the fluorescence 

quenching of Cdots. It was observed that the PL intensity of Cdots was reduced by different 

MnO2 nanostructures up to a 6.384 mM concentration, as revealed in Figures 3.4(a), (b), and 

(c). To figure out the level of quenching efficiency by different shapes of quenchers [Q], the 

graph of F0/F against the [Q] was plotted based on the resulting Stern-Volmer equation (1.4). 

The plot of F0/F against the [Q], that is, Mn NF, Mn NF + NR, and Mn NR, is shown in Figures 

3.4(d), (e), and (f), respectively. From the slope values of these plots, the KSV value have been 

evaluated of the respective shape of the MnO2 nanostructure. Cdots show two different KSV 

values, which are 423 and 5829 M−1, respectively, at lower- and higher-concentration regions 

of Mn NF as a quencher. In the case of Mn NF + NR and Mn NR, the KSV values were estimated 

as 656 and 264 M−1, respectively. Therefore, the extent of quenching efficiency of Cdots 

follows the order of Mn NF > Mn NF + NR > Mn NR.  

Figure 3.4. Fluorescence quenching spectra of Cdots with different concentrations of (a) Mn 

NF, (b) Mn NF+NR, and (c) Mn NR, and Stern−Volmer quenching plot of different MnO2 

nanostructures i.e., (d) Mn NF, (e) Mn NF+NR, and (f) Mn NR with Cdots. 

It can be seen in Figure 3.5(a) that Mn NF showed a significant increment in F0/F value as the 

concentration of Q increases as compared to the other shapes, that is, Mn NF + NR and Mn 

NR. Mn NF has a larger specific surface area (69 m2g−1) as well as a high pore volume (0.374 
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cm3g−1) compared to other shapes of the MnO2 nanostructure (23 and 53 m2g−1) represented in 

Figure 3.3(a) and Table 3.1. The normal open structure of Mn NF reduces the transport distance 

between electrons and cations, and they showed the maximum quenching because of having a 

huge surface area and a reduced amount of charge-transfer resistance.7 Therefore, it can be said 

that the variation in the specific surface area and pore structure of MnO2 shows a vital role and 

significantly alters the variation of electron transfer rate in the ES of Cdots. On the other hand, 

it can also demonstrate that the electron transfer rate from Cdots (electron donor) to the MnO2 

nanostructure (electron acceptor) gradually decreases as the shape changes from Mn NF to Mn 

NR. 

Figure 3.5. (a) Bar graph of fluorescence quenching efficiency of different shapes of the MnO2 

nanostructure at various concentrations, and (b) B−H binding plot of different MnO2 

nanostructures with Cdots. 

 Further, to comprehend the nature of stoichiometry and interaction among Cdots and 

various shapes of MnO2 nanostructures, the excited-state binding constant values have been 

estimated by using their respective fluorescence intensity data using the 1:1 linear 

Benesi−Hildebrand equation (1.5). The plot between (1/F0 − F) and 1/[Q] gives a straight line 

for all shapes of the MnO2 nanostructure (Figure 3.5(b)). From this plot, the binding constant 

values (K) of Cdots have been estimated, which are 2.1 × 108, 1.7 × 108, and 1 × 108 M−1 in 

the presence of Mn NF, Mn NF + NR, and Mn NR, respectively. From these data, the binding 

constant values were observed to be gradually decrease as the shape of the MnO2 nanostructure 

changes from Mn NF to Mn NR. Therefore, it can be demonstrated that the variation in the 

shape of the MnO2 nanostructure had an impact on their interaction or electron transfer with 

Cdots, which results in deviation in the value of the binding constant of Cdots. Mn NF showed 

the maximum value of binding constant for Cdots due to large quantity of active sites on its 



55 
 

surface (due to a high surface area) as compared to other shapes of MnO2 nanostructures. It 

can be demonstrated that electrons get transferred easily from Cdots (donor) to Mn NF 

(acceptor) as compared to the other two shapes. 

3.3.4 Restoration mechanism of Cdots and detection of GSH  

 The addition of GSH in MnO2 nanostructures with different morphologies, that is, Mn 

NF, Mn NF + NR, and Mn NR, leads to recovery of fluorescence (turn-on) of Cdots which was 

observed in Figures 3.6(a), (b) and (c), respectively.  The restoration of fluorescence of Cdots 

depends upon the redox reaction among the MnO2 nanostructure and GSH as discussed in 

Chapter 2 (equation (2.1)). In the above reaction, MnO2 gets converted to Mn2+ in the presence 

of GSH and itself gets oxidized to GSH disulfide (GSSG).15  

Figure 3.6. Fluorescence recovery of the Cdots with the successive addition of 50 μL of GSH 

(1 mM) in (a) Cdots-Mn NF, (b) Cdots-Mn NF+NR, and (c) Cdots-Mn NR sensing probes, and 

(d) B−H binding plot of Mn NF, Mn NF + NR, and Mn NR with GSH. 

 This results in the exclusion of Cdots from the huge surface of the MnO2 nanostructure 

and leads to the recovery of fluorescence of Cdots. Cdots, MnO2 nanostructures, and GSH play 
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a significant role as a fluorometric reporter, quencher, and detector in this prepared sensing 

probe. The prepared Cdot-MnO2 nanocomposites were used as sensing nanoprobes for GSH 

detection in which different concentrations of GSH were mixed with specific concentrations 

(6.384 mM) of different shapes of the MnO2 nanostructure (Mn NF, Mn NF + NR, and Mn 

NR). It was determined that the fluorescence intensity of the Cdot-MnO2 nanostructure 

enhances with the increase in the concentration of GSH. The binding constant values of the 

Cdot-MnO2 nanostructure with the addition of GSH were evaluated through the 

Benesi−Hildebrand method (1.5). It has been observed that the addition of GSH considerably 

changes the values of binding constant for Cdots, which are 3.5 × 107, 2.3 × 107, and 1.6 × 107 

M−1 in the case of Mn NF, Mn NF + NR, and Mn NR, respectively (Figure 3.6(d)). The decrease 

in the values of binding constants of Cdots in the presence of GSH confirmed the elimination 

of Cdots from the surface of MnO2 nanostructures in the order of Mn NF > Mn NF + NR > Mn 

NR. The fluorescence intensity of Cdots gets more recovered with the addition of GSH in the 

case of Mn NF as compared to other shapes of the MnO2 nanostructure, probably because of 

the larger specific surface area and mesoporous nature of Mn NF. The variation in the shape of 

the MnO2 nanostructure in the developed sensing nanoprobe affects the restoration (turn-on) of 

fluorescence of Cdots.  

 The fluorescence studies were performed with different amino acids to interpret that 

the developed sensing platform is selective for GSH. A particular concentration of different 

amino acids such as Asp, Arg, AA, glutamine (Gln), Gly, Cys, glutamic acid (Glu), His, Leu, 

Met, GSH, and other biomolecules like glucose and sucrose was mixed with Cdot-MnO2 

systems. It found that GSH showed a significant response as compared to other species (Figure 

3.7(a)). It showed that different shapes of Cdot-MnO2 nanostructures showed extreme 

selectivity and sensitivity for the GSH sensing. A fine linear range of the plot between 

(F−F0/F0) and [GSH] was found for all three different shapes of the MnO2 nanostructure in 

which F0 and F are represented as the PL intensities without and with the presence of GSH, 

respectively. It was found that Mn NF, Mn NF + NR, and Mn NR corresponded to distinct 

values of the limit of detection (LOD), that is, 19, 23, and 42 μM, respectively (Figures 3.7(b), 

(c) and (d)). It was observed the best LOD value for Mn NF in comparison with Mn NF + NR 

and Mn NR. Table 1.1 lists the LOD values for the detection of GSH by using different sensing 

platforms and techniques reported in the literature. These studies showed that the prepared 

sensing platform and technique are simple, cheap, and green as compared to other expensive 

sensing platforms and different techniques. 
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Figure 3.7. (a) Fluorescence response of the Cdot-MnO2 nanostructure as a sensing system 

toward different species and Fluorescence responses of the [(F − F0)/F0] vs GSH concentration 

for (b) Cdot-Mn NF, (c) Cdot-Mn NF+NR, and (d) Cdot-Mn NR systems. 

3.3.5 Fluorescence quantum yield measurements 

 The values of 𝜙 of Cdots with various systems were evaluated by using equation 1.2 

and are tabulated in Table 3.2. It was found that the values of 𝜙 for Cdots are considerably 

quenched with the addition of specific concentrations of different shapes of the MnO2 

nanostructure. The fluorescence quantum yields of Cdots are quenched ∼9.7, ∼6.8, and ∼2.7 

times in the presence of Mn NF, Mn NF + NR, and Mn NR, respectively. As a result, the extent 

of 𝜙 value of Cdots follows the trend of Mn NF > Mn NF + NR > Mn NR. The values of 𝜙 of 

different shapes of the Cdot-MnO2 nanostructure with the addition of GSH was evaluated 

(Table 3.2). For different shapes of the MnO2 nanostructure, the 𝜙 restorations of Cdots with 

the specific amount of GSH are ∼5 (Mn− NF), ∼3 (Mn−NF + NR), and ∼1.3 (Mn-NR) times. 

The recovery of fluorescence of Cdots follows the trend of Mn NF > Mn NF + NR > Mn NR. 

This result clarified that the change in the shapes of the MnO2 nanostructure from Mn NF to 

Mn NR in the Cdot-MnO2 nanoprobe results in less efficient elimination of Cdots from the 
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surface of MnO2. Hence, a strong redox reaction takes place among Mn NF and GSH as 

compared to other shapes. 

Table 3.2. Photophysical parameters of Cdots with different shapes of MnO2 nanostructures 

and GSH.c 

Systems Φ τav  

(ns) 

kr 

(109 s-1) 

knr 

(109 s-1) 

kET 

(109 s-1) 

ΦEET 

(τD) 

ΦEET 

(ΦD) 

Cdots 0.68 4.40 0.15 0.07 - - - 

Cdots+ Mn NF 0.07 1.26 0.04 0.74 0.57 0.71 0.89 

Cdots+ Mn NF+GSH 0.35 3.85 0.09 0.16 0.03 0.12 0.49 

Cdots+ Mn (NF+NR) 0.10 2.33 0.05 0.38 0.20 0.47 0.85 

Cdots+ Mn (NF+NR) + 

GSH 

0.30 3.76 0.08 0.19 0.04 0.14 0.56 

Cdots+ Mn NR 0.25 3.55 0.07 0.21 0.06 0.19 0.63 

Cdots+ Mn NR+GSH 0.33 3.86 0.09 0.17 0.03 0.12 0.52 

cExperimental error ±5 % 

3.3.6 Time-resolved emission studies 

 To get more insight into the interaction of different shapes of the Cdot-MnO2 

nanostructure and their impact on the detection of GSH, the fluorescence time-resolved 

emission studies were performed for the respective samples at λex = 340 nm with their 

respective emission wavelengths. An average lifetime (τav) value of prepared Cdots is 4.40 ns, 

and the addition of a specific concentration of different shapes of the MnO2 nanostructure leads 

to significant variation in quenching of the values of lifetime decay of Cdots (Figure 3.8). From 

Table 3.2, it was found that the average lifetime values of Cdots were quenched 71, 47, and 

19% in the presence of Mn NF, Mn NF + NR, and Mn NR, respectively. From this analysis, it 

is confirmed that Cdots show maximum quenching in the presence of Mn NF while minimum 

in Mn NR. Astonishingly, in the presence of GSH as a sensing agent, the average lifetime 

values of different shapes of the Cdot-MnO2 nanostructure showed an increment of their 

respective lifetime values. This result confirms that Cdots exhibited recovery of PL with the 

particular amount of GSH. The increment of the lifetime of Cdots in the presence of GSH is 

solely depends upon the different morphologies of MnO2 nanostructure. The fluorescence 

restorations of Cdots in the presence of GSH were found to be 67, 38, and 8% for Mn NF, Mn 

NF + NR, and Mn NR, respectively.  
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Figure 3.8. Fluorescence lifetime decays of Cdots in (a) Mn NF, (b) Mn (NF + NR), and (c) 

Mn NR and in the presence of GSH. 

 The kr and knr rate constant values were further estimated via equations 1.2 and 1.3. The 

kr and knr values are tabulated in Table 3.2. It was found that the knr values of Cdots get 

increased by 10.5, 5.4, and 3 times, whereas the values of kr decreased by 0.26, 0.33, and 0.46 

times, respectively, in the existence of Mn NF, Mn NF + NR, and Mn NR. The decrease of kr 

values and the increase of knr values of Cdots confirm that Cdots get less fluorescence in the 

presence of different shapes of the MnO2 nanostructure (maximum for Mn-NF and minimum 

for Mn-NR). Further, it was found that the presence of GSH to the Cdot-MnO2 system 

considerably increases kr values and decreases knr values, which confirms that GSH has the 

propensity to drive out Cdots from different shapes of the MnO2 nanostructure. Finally, it was 

observed fluorescence restoration (turn-on), which implies that Cdots get more fluorescence in 

GSH.  To rationalize the clear idea on excited-state dynamics of Cdots, the kET in the presence 

of MnO2 nanostructures with different morphologies and also in the presence of GSH were 

calculated by using equation (1.6). The electron-transfer rate considerably changes with the 

variation in shapes of the MnO2 nanostructure. From Table 3.2, it was found that the electron-

transfer rate from electron-donor Cdots to different shapes of the electron-acceptor MnO2 

nanostructure followed the order of Mn NF > Mn NF + NR > Mn NR. This result confirms that 

the electron-transfer process of Cdots solely depends on the shape of the MnO2 nanostructure. 

Moreover, the existence of GSH results as interruption of the electron-transfer process of Cdots 

as GSH shows redox reaction with the MnO2 nanostructure. This results as release of Cdots 

from the surface of the MnO2 nanostructure. The values of 𝜙 EET are estimated by the equation 

1.7. The calculated values of EET (Table 3.2) by using both the values of quantum yield [𝜙 EET 

(𝜙 D)] and lifetime [𝜙 EET (τD)] also signify that the electron-transfer efficiency for Cdots 

considerably changes and depends on the shapes of the MnO2 nanostructure, which follows the 

order of Mn NF > Mn NF + NR > Mn NR. Moreover, the presence of GSH diminishes [𝜙 EET 

(𝜙 D)] and [𝜙 EET (τD)] values of Cdots, which approves that the presence of GSH results as 
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exclusion of Cdots from the MnO2 nanostructure’s surface. The FRET efficiency (E) of Cdots 

with the addition of MnO2 nanostructures were estimated by using the equation 1.9. It was 

found from Table 3.3 that “E” of Cdots exclusively depends on the variant shapes of the MnO2 

nanostructure, which follows the order of Mn NF > Mn NF + NR > Mn NR. This result 

confirms that the FRET mechanism of Cdots is more pronounced in Mn NF as compared to 

other shapes. Furthermore, the R0 between Cdots and different shapes of MnO2 nanostructures 

were determined through the equation (1.10). The relative orientation factor is denoted by κ2 

for the transition dipoles of the electron donor and the electron acceptor in isotropic solution. 

The other parameters “η”, “𝜙”, and “J(λ)” are represented as the viscosity of the medium, the 

fluorescence quantum yield of the donor (Cdots), and the spectral overlap integral, respectively.  

Table 3.3. Förster distance, efficiency percentage, and separation distance of different Cdots-

MnO2 systems.d 

Systems R0 (Å) E (%) r (nm) 

Cdots  
 

- 

Cdots + Mn NF 4.97 42 1.53 

Cdots + Mn NF+NR 8.50 32 2.95 

Cdots + Mn NR 12.52 18 6.14 

dExperimental error ±5 % 

The calculated R0 values are tabulated in Table 3.3, which approves that the interaction among 

Cdots and different morphologies of the nanostructure fulfills the classical FRET theory.16 

Further, the separation distance (r) between the MnO2 nanostructures and Cdots were also 

calculated by using the equation (1.11). The “r” between the different shapes of the MnO2 

nanostructure and Cdots steadily increases with the variation in the shape of the MnO2 

nanostructure from Mn NF to Mn NR (1.53, 2.95, and 6.14 nm for Mn NF, Mn NF + NR, and 

Mn NR, respectively). Mn NF has the shortest separation distance with Cdots as compared to 

other shapes, which confirms that the Mn NF has the maximum FRET efficiency. 

Conclusion 

 In this Chapter, the role of different morphology (shape) of MnO2 nanostructure in the 

fluorescent sensing system based on Cdots-MnO2 nanostructure for GSH sensing was studied 

in detail. The specific surface area of different MnO2 structures is determined by BET and 

follows the order Mn NF> Mn NF+NR> Mn NR. Mn NF showed maximum fluorescence 
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quenching of Cdots and a higher value of KSV owing high specific surface area and high kET 

values. There was a decrease in the values of Φ and τav (ns) which confirms the occurrence of 

FRET mechanism from Cdots (electron-donor) to Mn NF (electron-acceptor). The decrease in 

kr and increase in knr rate constants showed that the Cdots get less fluorescence in presence of 

different shapes of MnO2 nanostructure (maximum for Mn NF and minimum for Mn NR). The 

prepared sensing systems showed fluorescence recovery of Cdots due to the occurrence of 

redox reaction between GSH and MnO2 which results in the conversion of MnO2 to Mn2+. The 

highest limit of detection (19 μM) for GSH was observed in the case of Cdot-Mn NF sensing 

systems. Hence, the variation in the morphology of MnO2 nanostructure in the developed 

sensing system put a great impact on the sensing of GSH. 
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Chapter-4 

Deciphering the Mechanism of Inner Filter Effect on Heteroatom Doped 

Carbon dots-MnO2 Nanoprobe for Selective Detection of Glutathione  

 

Highlights 

➢ Improvement of the electronic and optical properties of Cdots by doping with different 

heteroatoms. 

➢ To investigate the role of heteroatom doping in Cdots@MnO2 nanosensors.  

➢ N, S-Cdots-MnO2 nanospheres showed best nanosensor in terms of different photophysical 

investigations.  

➢ Confirmation of fluorescence quenching between Cdots@MnO2 nanosensor by inner filter 

effect mechanism.  

➢ Study the fluorescence restoration of N, S-Cdots-MnO2 nanospheres for GSH with best 

detection limit of 80 nM. 
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4.1 Introduction  

 Cdots are highly attractive fluorescent nanomaterials in recent years as compared to 

other conventional fluorescent materials due to having exclusive optical properties.1–3 The 

post-surface functionalization and intrinsic heteroatom doping are mainly two effective 

approaches to improving the properties of Cdots by tuning their band gap.4,5 Nowadays, 

heteroatom doping has become a highly efficient method to obtain coupling between optical 

and electronic features of Cdots.6 The nitrogen and carbon atoms have a nearly similar size 

which results in effective nitrogen doping along with high quantum yield.7 Doping of nitrogen 

into the structure of Cdots makes them electron-donor by modifying their electronic structure.8 

While doping of sulfur offers emissive traps to the photoexcited electrons which lead to 

modification of the fluorescence towards a higher wavelength.9 According to the diagonal rule, 

sulfur shows some similar properties to the nitrogen atoms which is further considered a 

feasible doping atom with nitrogen atoms.10 Doping or co-doping provides large active sites 

and the synergistic effect between individual elements which leads to radiative recombination 

of trapped electron-holes pairs.11 Recently, many researchers are focused on N, S- doping due 

to its attractive properties. Cdots are mostly employed as fluorescence sensors for detecting 

specific molecules. These applications are dependent on the interactions between analytes and 

Cdots.12 Therefore, the functional groups or heteroatoms located on the surface of Cdots 

significantly affect the aforesaid interactions and also enhance its applications as a sensor.  

 Nowadays, sensing platforms based on the combination of fluorescent probes and 

nanomaterials are highly used for the ultrasensitive detection of GSH. Li et al.13 prepared a 

sensing platform consisting of N, S-doped Cdots, and gold nanoparticles (AuNPs) for GSH 

sensing. They found that the N, S-doped Cdots increase the sensitivity of the prepared sensor 

10 times as compared to N-doped Cdots. In comparison with N-doped Cdots, the N, S-doped 

Cdots showed high energy transfer efficiency due to their easy accumulation on the surface of 

AuNPs which further resulted in compact N, S- doped Cdots shell. Among various transition 

metal oxides, MnO2 is considered an active material in sensors for detecting multiple 

biomolecules due to its extraordinary physical and chemical properties.14 The broad absorption 

spectra for MnO2 nanoparticles depicts the huge spectral overlapping in excitation/emission 

spectra of different fluorescence materials for occurrence of IFE.15 The fluorescence quenching 

mechanism of carbon dots in the presence of MnO2 could be due to the IFE.16 The precise 
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quenching mechanism of carbon dots caused by transfer of electrons in the ES is confirmed by 

investigating the lifetime studies.17 

In this study, the heteroatom doping of Cdots with different elements like nitrogen and 

sulfur has been carried out. The synthesis of N, S-Cdots by using CA (as carbon source), and 

Cys (as nitrogen and sulfur source) was done at high-temperature treatment i.e., 200o C for 5 

min. N, S-Cdots-MnO2 nanospheres (NS) act as a sensor for sensing selective GSH. The 

introduction of nitrogen and sulfur atoms in the structure of Cdots was confirmed from IR 

spectrum, XPS spectra, and elemental mapping. The shape and size of Cdots and MnO2 NS 

were examined by TEM. The maximum quenching efficiency of N, S-Cdots was evaluated by 

the introduction of MnO2 NS. Further, the recovery of N, S-Cdots-MnO2 NS was investigated 

by adding GSH. The PL quenching of N, S-Cdots accompanied by MnO2 NS occurs due to 

IFE. The restoration of fluorescence of Cdots was based on a redox reaction among the MnO2 

and GSH. Similarly, other three different types of Cdots i.e., undoped Cdots (U-Cdots), N-

doped Cdots (N-Cdots), and S-doped Cdots (S-Cdots) by using CA only, CA with glycine, CA 

with thioacetic acid, and CA with cysteine, respectively were synthesized by the same method.  

4.2 Experimental section 

4.2.1 Materials and reagents 

 L-methionine (99%), as well as potassium permanganate (KMnO4) (99%) were bought 

from Loba Chemie, India, and a fixed ratio of both was used to prepare MnO2 NS soluble in 

the aqueous medium. Citric acid, cysteine, thioacetic acid, and glycine with 99% purity were 

bought from Loba Chemie, India, and were further used for the synthesis of different types of 

Cdots. Ultrapure distilled water was prepared through a double distillation unit and which was 

further used for preparing the solutions. 

4.2.2 Synthesis of heteroatom doped Cdots 

 Four different types of Cdots were prepared by using CA (as carbon precursor) and 

glycine, thioacetic acid, and cysteine (as dopants). CA (2g) only, CA (2g) with glycine (200 

mg), CA (2g) with thioacetic acid (200 mg), and CA (2g) with cysteine (200 mg) without any 

solvent were heated at 200o C for 5 min. for preparing U-Cdots, N-Cdots, S-Cdots, and N, S- 

Cdots. The mixture gets liquified and the solution becomes yellow from colorless and further 

turns into orange color, which results in the development of Cdots.18 The highly soluble orange 

color solution of Cdots is dispersed in an aqueous medium after the solution gets cool down.   
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4.2.3 Synthesis of MnO2 nanospheres 

 The MnO2 NS were prepared by mixing an equal ratio of L-methionine and KMnO4 in 

ultrapure distilled water at room temperature by constant stirring (20 minutes). The color of 

the reaction mixture turns brown from light pink in a few minutes, which confirms the 

development of MnO2 NS. The 2e--redox reaction occurred between Mn (+7) and L-

methionine.19 

4.2.4 Characterization 

 The absorption spectra of developed nanomaterials were recorded with the use of a 

UV−vis spectrophotometer (Shimadzu, UV-2600). The PL emission spectra were carried out 

via spectrofluorometer (Shimadzu, RF-6000). The morphology, shape, and size of MnO2 NS 

and Cdots were observed by using a (TEM, TALOS F200S G2). IR spectra were examined by 

FT-IR spectroscopy (Shimadzu, IRTracer-100). The elemental composition of prepared Cdots 

was determined by XPS (PHI 5000 VersaProbe III). The fluorescence lifetime decays were 

recorded by TCSPC measurements using a Deltaflex modular fluorescence lifetime system 

(HORIBA Scientific) with an excitation source at 340 nm (nano-LED pulse diode light). 

4.2.5 Preparation of Sample Solutions 

 Stock solution (20 μL) of each Cdots was transferred into a cuvette and further diluted 

with 1980 μL of distilled water. Further, there was the addition of a specific amount of MnO2 

NS solution in the cuvette for determining the fluorescence quenching studies of each Cdots. 

Moreover, the fluorescence restoration of each Cdots was examined by the addition of a 

particular quantity of GSH. 

4.3 Result and Discussion 

4.3.1 Characterization  

 TEM images of prepared MnO2 NS show the spherical morphology of nanoparticles 

with an approximate diameter of 65 nm (Figure 4.1). It has been found in the literature that N 

and S doping in the framework of Cdots has a high impact on their PL properties.20 Cysteine 

as a precursor used for N, S-doping onto the Cdots. The carboxyl and hydroxyl groups 

significantly enhance the quantum yield of Cdots.21 CA has both carboxyl and hydroxyl groups 

and therefore, it was used as the main precursor for the preparation of Cdots. The synthesis 
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process of N, S-Cdots was based on the condensation of CA and cysteine and further 

carbonization.  

 The morphology and lattice spacing of the N, S-Cdots were determined by a HRTEM 

image. Figure 4.2(a, b) shows TEM images of the N, S-Cdots in which particles are spherical 

and uniformly dispersed. The inset image of Figure 4.2(b) showed an HRTEM image of N, S-

Cdots that have lattice space value of 0.224 nm indicating (100) graphitic lattice. Figure 4.2(c) 

displays the histogram distribution of N, S-Cdots with a fine range of particle size from 4 to 8 

nm (average dia. 6 nm). The EDS elemental mapping of N, S-Cdots shows the uniform 

distribution of C, N, O, and S (Figure 4.3).  

 

Figure 4.1. TEM image of MnO2 NS. 

Figure 4.2. TEM images (a, b) of N, S-Cdots at different measuring scale of 20 nm and 10 nm, 

respectively. Inset image of (b) represent the HRTEM image, and (c) particle size histogram of 

N, S-Cdots. 
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Figure 4.3. (a) HAADF and EDS elemental mapping of N, S-Cdots representing (b) overlap, 

(c) carbon, (d) nitrogen, (e) oxygen, and (f) sulfur. 

 The analysis of various functional groups was done by IR spectroscopy. Figure 4.4(a) 

shows the FTIR spectrum of U-Cdots, N-Cdots, S-Cdots, and N, S-Cdots. A broad absorption 

band at 3400 cm-1 designates the existence of O-H bond in FTIR spectrum. The peak at about 

1720, 1630, 1400, and 1210 cm-1 reflect C=O stretching vibrations, C=C bonds, C-N bonds, 

and O-C-O stretching vibrations, respectively.22 The medium peak at 2550 cm-1 refers to S-H 

stretching vibrations.21 The peaks from 980 to 1200 cm-1 related to the presence of C-O-C and 

C-S-C bonds.23   

 

Figure 4.4. (a) FTIR spectrum of U-Cdots, N-Cdots, S-Cdots, and N, S-Cdots, (b) Survey 

spectrum of U-Cdots, and (c) High-resolution spectrum of C1s. 
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Figure 4.5. Survey spectrum of (a) N-Cdots and (d) S-Cdots, High-resolution spectrum of C1s 

of (b) N-Cdots and (e) S-Cdots, (c) High-resolution spectrum of N1s of N-Cdots, and (f) High-

resolution spectrum of S2p of S-Cdots.   

 

 

Figure 4.6. (a) XPS survey spectrum of N, S-Cdots and High-resolution spectrum of (b) C1s, 

(c) N1s, and (d) S2p of N, S-Cdots. 
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Further, the composition and oxidation state of four different Cdots i.e., U-Cdots, N-Cdots, S-

Cdots, and N, S-Cdots were analyzed by XPS spectra. The hydroxyl, carboxyl, and amine 

groups present on the surface of prepared Cdots enhance their water solubility. The XPS survey 

spectrum of four different Cdots exhibited major peaks at approximately 531.2, 400.5, 284.6, 

and 164.7 eV refer to O1s, N1s, C1s, and S2p, respectively (Figure 4.4(b), 4.5(a), 4.5(d), and 

4.6(a)).24,25 The high-resolution C1s spectrum consists of prominent peaks at about 288.4, 

286.7, 284.3, 282.7 eV ascribed to the O-C=O, C-OH, C=C, and C-C, respectively (Figure 

4.4(c), 4.5(b), 4.5(e), and 4.6 (b)).20,26,27 The N1s spectrum displays major peaks at 400.2, 

398.7, and 398.3 eV suggesting the existence of pyrrolic N, pyridinic N, and C=N (Figure 

4.5(c), 4.6(c)).25 The high-resolution spectrum of S2p exhibited two peaks at 163.0 and 161.6 

eV related to the C-S2p3/2 and C-S2p1/2 (Figure 4.5(f), 4.6(d)).28  

4.3.2 Optical properties  

 Figure 4.7(a) displays the UV-visible absorption spectra of prepared N, S-Cdots. The 

UV-visible spectra represent two predominant peaks, the first peak at about 245 nm correlated 

to the π-π* transition because of sp2 aromatic domains and the second peak at 340 nm refers to 

n-π* transition due to the C=O group.  

 

Figure 4.7. (a) UV-Visible absorption spectra of N, S-Cdots and (b) PL spectra of N, S-Cdots 

when excited at different wavelengths. 
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dependent PL behavior, which is further dependent upon its surface. The presence of distinct 

functional groups on the N, S-Cdots results in the number of emissive traps among π-π* 

transition due to C-C of functionalities existing on its surface.24 There have been different PL 

mechanisms of C-dots reported in the literature, for example, excitons of carbon core, quantum 

confinement effect, emissive traps, surface defects, etc.29 In the case of heteroatom-doped C-

dots, the presence of many functional groups leads to introduce novel excitation energy traps, 

and the passivation of surface defects can change the PL properties of Cdots.30 From the above 

investigation, it can be concluded that the synergistic effects of these mechanisms led to tunable 

PL emission of N, S-Cdots. 

 

Figure 4.8. PL quenching with MnO2 nanospheres (Mn NS) and further PL restoration with 

GSH of different Cdots i.e., (a) U-Cdots, (b) N-Cdots, (c) S-Cdots, and (d) N, S-Cdots. 
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systems of four Cdots with MnO2 NS used for the detection of GSH. Figure 4.8 displays the 

PL spectra of all four different types of Cdots in which the fluorescence of Cdots was quenched 

differently for a particular amount of MnO2 NS. Also, the PL intensity of all Cdots gets restored 

differently by adding a specific amount of GSH in each Cdots-MnO2 system (Figure 4.8).  

Further, the percentage of “turn off” (i.e., quenching) and “turn on” (i.e., restoration) of PL 

intensity for all Cdots by addition of MnO2 NS and GSH are represented as bar graph in Figure 

4.9(a) & 4.9(b), respectively. It was found that the N, S-Cdots show maximum turn off (%) 

i.e., 77 % and maximum turn on (%) i.e., 68 % of PL intensity.  

 

Figure 4.9. (a) Bar graph representing “turn off” (%) of PL intensity of different heteroatom 

doped Cdots with the addition of specific concentration of MnO2 NS and (b) Bar graph showing 

“turn on” (%) of PL intensity of different Cdots-MnO2 system with the addition of GSH.  

 

Figure 4.10. (a) PL quenching spectra of N, S-Cdots with varying MnO2 NS and (b) Stern-

Volmer quenching plot of MnO2 NS with N, S-Cdots. 
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4.3.4 Fluorescence quenching of N, S-Cdots by MnO2 nanospheres   

The prepared N, S-Cdots exhibited high PL intensity when excited at 340 nm. The MnO2 

nanosphere ranging from 0.25 mM to 2.75 mM decreased the fluorescence value of N, S-Cdots 

(Figure 4.10(a)). The maximum quenching efficiency i.e., 90% was evaluated in the presence 

of 2.75 mM MnO2 NS. The range of quenching efficiency of MnO2 NS has been evaluated via 

Stern-Volmer equation (1.4). Figure 4.10(b) represents the Stern-Volmer plot between PL 

responses (F0/F) and different concentrations of MnO2 NS. The above Stern-Volmer plot shows 

a linear equation with slope i.e., KSV equal to 2644 M-1 and value of R2 equal to 0.994.  

 

Figure 4.11. Spectral overlap between UV-Visible absorption spectrum of MnO2 NS and PL 

emission spectra of N, S-Cdots.  

 The quenching mechanism followed by N, S-Cdots-MnO2 NS system was also 
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lacking the generation of a photon.15 The zeta potential of N, S-Cdots and MnO2 NS was 
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Table 4.1. The zeta potential values of different carbon dots and MnO2 NS. 

System Zeta Potential (mV) 

U-Cdots +2.90 

N-Cdots +0.40 

S-Cdots -0.80 

N, S-Cdots -1.23 

MnO2 -0.22 

 

 

Figure 4.12. The fluorescence lifetime studies of N, S-Cdots in the presence of MnO2 NS and 

GSH. 

Table 4.2. The different parameters for the evaluation of IFE on the fluorescence quenching of 

N, S-Cdots. 

MnO2 

(mM) 

Aex Aem CF Fobsd Fcor Eobsd Ecor Fcor/ 

Fcor,0 

0 0.023 0.001 1.025 535314 549223 0.000 0.000 1.00 

0.25 0.092 0.067 1.187 454668 539875 0.150 0.017 0.98 

0.50 0.208 0.105 1.400 369609 517512 0.309 0.057 0.94 

0.75 0.357 0.189 1.780 297283 529214 0.444 0.036 0.96 

1.00 0.444 0.252 2.069 248726 514623 0.535 0.063 0.93 

1.25 0.572 0.305 2.462 207300 510398 0.612 0.070 0.92 

eExperimental error ±5 % 
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across lifetime of N, S-Cdots in the presence of Mn NS, which confirmed the IFE quenching 

mechanism.16 Further, the following Parker equation (1.12) was examined to verify the IFE 

process.15 The investigation of different parameters based on equation (1.12) for the 

confirmation of IFE was evaluated and summarized in Table 4.2. The ratio of Fcor/Fobsd is 

expressed as the correction factor (CF). The values of CF were calculated at different 

concentrations of MnO2 NS. 

 

Figure 4.13. (a) The plot between the CF and different concentrations of MnO2 NS and (b) 

Observed suppressed efficiency (Eobsd) and corrected suppressed efficiency by removing IFE 

(Ecor) in the presence of various concentrations of MnO2 NS. 

The increase in CF value has been obtained with MnO2 NS (Figure 4.13(a)) and this result fit 

in the Parker equation (1.12). This confirmed that the quenching mechanism followed by the 
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corrected ones was also investigated (Figure 4.13(b)). The value of E was determined by using 
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addition of MnO2 NS, respectively. It showed that the IFE has a significant impact in 

suppressing the fluorescence intensity of N, S-Cdots.  
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redox reaction among the MnO2 NS and GSH in which reduction of MnO2 to Mn2+ occurs and 

GSH gets oxidized to GSH di-sulfide (GS-GS) as shown in the equation (2.1).33 This shows 

that there was the removal of N, S-Cdots from large surface of MnO2 NS which leads to 

recovery of PL intensity of N, S-Cdots. Figure 4.14(b) displays a good linear plot of the F-

F0/F0 i.e., PL responses of N, S-Cdots-MnO2 sensing system against different concentration of 

0.1 µM to 0.5 µM with F-F0/F0 = 2.04[GSH]-0.118 linear equation and R2 = 0.995. The LOD 

was found to be 80 nM. The prepared N, S-Cdots-MnO2 system showed high selectivity for 

detecting GSH. The obtained sensor is superior compared to other sensing probes based on the 

fluorimetry technique (Table 1.1). 

 

Figure 4.14. (a) PL recovery of N, S-Cdots-MnO2 sensing system in the addition of varying 

GSH (10 µM-90 µM) and (b) Relation among PL responses (F-F0/F0) of N, S-Cdots-MnO2 

sensing system and different concentrations of GSH.   

 

Figure 4.15. Selectivity bar graph illustrating the interference studies of N, S-Cdots-MnO2 

sensing system in presence of various amino acids at the fixed concentration (50 µM). 
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To study the selectivity of N, S-Cdots-MnO2 sensing system, the different amino acids such as 

Asp, Arg, Met, Lys, Gly, Cys, glutamic acid (Glu), His, Leu, AA, Val, Trp, and GSH was used. 

The specific concentration i.e., 50 µM of all amino acids, was added to the prepared sensor. It 

was found that the prepared sensing probe had high selectivity for GSH as compared to other 

amino acids (Figure 4.15). 

Table 4.3. The values of quantum yield for the different types of Cdots in the presence of MnO2 

NS and GSH.f 

Systems Quantum Yield (%) 

U-Cdots 9.65 

U-Cdots+MnO2 2.09 

U-Cdots+MnO2+GSH 4.78 

S-Cdots 22.31 

S-Cdots+MnO2 6.75 

S-Cdots+MnO2+GSH 12.73 

N-Cdots 28.49 

N-Cdots+MnO2 4.17 

N-Cdots+MnO2+GSH 15.60 

N, S-Cdots 73.42 

N, S-Cdots+MnO2 9.19 

N, S-Cdots+MnO2+GSH 52.57 

                                             fExperimental error ±5 % 

4.3.6 Fluorescence quantum yield measurements 

 Co-doped Cdots exhibit high quantum yield, different coordination sites, and additional 

surface defects in their structure compared to single heteroatom doped Cdots.34 Therefore, co-

doped Cdots (N, S-Cdots) consider as best Cdots as compared to the other three single 

heteroatom doped Cdots for further detection of GSH by using MnO2 NS. Further, the quantum 

yield of each carbon dots was evaluated in the lack and inclusion of MnO2 NS and GSH (Table 

4.3). It was found that the N, S-Cdots showed the highest quantum yield i.e., 73.42 %. The 

value of quantum yield is highly quenched (~ 87%) in the presence of MnO2 NS and highly 

recovered (~ 82 %) for N, S-Cdots as compared to other carbon dots. It demonstrated that the 

N, S-Cdots showed the best results in comparison with other carbon dots. 
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Conclusion 

 In summary of this chapter, four different heteroatom doped carbon dots (Cdots) have 

been synthesized, including undoped Cdots (U-Cdots), nitrogen-doped Cdots (N-Cdots), and 

sulfur-doped Cdots (S-Cdots) by high-temperature treatment for 5 min. N, S-Cdots showed a 

high value of the quantum yield and attractive properties as compared to others due to 

synergistic effect of nitrogen and sulfur. The prepared all heteroatom doped Cdots with MnO2 

NS were used as nanosensors for the sensing of GSH. N, S-Cdots-MnO2 NS demonstrated the 

best performance for the detection of glutathione (GSH). The negative values of zeta potential 

for N, S-Cdots and MnO2 NS displayed repulsion between them. The significant spectral 

overlap among the absorption spectra of MnO2 NS with excitation/emission spectra of N, S-

Cdots showed the inner filter effect between them. N, S-Cdots shows no change in the average 

lifetime values after the addition of MnO2 NS, which confirms the IFE. The addition of GSH 

in the N, S-Cdots-MnO2 NS cause the redox reaction between MnO2 and GSH, result in 

conversion of MnO2 to Mn2+ ions and restoration of PL intensity of N, S-Cdots. N, S-Cdots-

Mn NS acted as a good sensor for GSH and showed high selectivity.  
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Chapter-5 

Morphology Effect of 1-D MnO2 Nanostructure on Heteroatom Doped 

Carbon Dots Based Biosensor for Selective Detection of Glutathione  

 

Highlights 

➢ Different morphologies of 1-D MnO2 nanostructures were prepared via the hydrothermal 

method. 

➢ N, S-Cdots with different 1-D MnO2 nanostructures were used as sensor for GSH detection. 

➢ Study of all the photophysical parameters based on the morphology of 1-D MnO2 

nanostructure. 

➢ Developed sensors were based on inner filter effect, confirmed via the Parker equation. 

➢ Specific surface area and aspect ratio of 1-D MnO2 nanostructures effect sensing activity. 
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5.1 Introduction 

 Heteroatom doped Cdots showed high fluorescence efficiency and good sensing 

activity.1 The nitrogen-doped Cdots contain terminal amine groups due to which they have 

high fluorescence quantum yield and can be used in several sensing applications.2 Recently, it 

has been discovered that the co-doping of Cdots with different heteroatoms leads to the 

introduction of more active sites, and the synergistic effect between individual elements 

showed exclusive sensing selectivity.3 The fluorescent sensors based on heteroatom doped 

Cdots depend upon various quenching mechanisms, viz., FRET, static or dynamic quenching, 

IFE, PET, etc.4 MnO2 has extraordinary light absorption ability, a large surface area, and a fast 

electron transfer rate, which makes it an efficient fluorescence quencher in the preparation of 

a “turn-off-on” detection probe.5,6 

 The modification in the properties of nanomaterials can be achieved by monitoring their 

shape, size, morphology, and orientation.7,8 The morphology and the surface-active sites of 

MnO2 play a great role in the sensing activity of materials.9 1-D nanostructures such as 

nanotubes, nanowires, and nanorods have been employed in varied applications ascribed to 

outstanding optical, mechanical, magnetic, and electronic properties because of their size.10,11  

 In this report, N, S-Cdots have been synthesized through high-temperature treatment 

without using an acid or a solvent. The different morphologies of 1-D MnO2 nanostructures 

were prepared through the hydrothermal treatment by changing the reaction duration at a 

particular temperature. The morphology of prepared 1-D MnO2 nanostructures was examined 

by TEM analysis. The role of different morphologies of 1-D MnO2 nanostructures was studied 

for the fluorescence quenching of N, S-Cdots and then fluorescence restoration in the presence 

of GSH.  

5.2 Experimental Section 

5.2.1 Materials and reagents 

Potassium permanganate (KMnO4) with a 99% purity, sodium nitrite (NaNO2) (99%), 

Citric acid (99%), L-cysteine (99 %) and sulfuric acid (H2SO4) (98%) were purchased from 

Loba Chemie (India) for the development of MnO2 nanostructures. L-glutathione (GSH) was 

bought from Hi-media. The stock solutions were prepared by the use of ultrapure deionized 

(DI) water which was collected from a double distillation unit.  
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5.2.2 Synthesis of N, S-Cdots 

The synthesis of N, S-Cdots was already explained in Chapter 4.  

5.2.3 Synthesis of MnO2 nanostructures 

 1-D MnO2 nanostructures were prepared by using KMnO4 (5 mM) and NaNO2 (7.5 

mM) mixed in 40 mL DI water, and further, the gradual addition of 2 mL of H2SO4 (0.5 M) 

was done with constant stirring.12 The prepared solution was shifted to an autoclave with a 

Teflon line, and further, it was treated at 170o C by using the hydrothermal method. After the 

treatment, the solution was cool down to room temperature and centrifuged for obtaining 

precipitate after washed with water and ethanol followed by dried at 60o C. MnO2 

nanostructures with different morphologies were prepared by the same method by varying the 

hydrothermal reaction time. 

5.2.4 Characterization 

The absorption spectra of prepared Cdots and MnO2 nanostructure were recorded 

through a UV−visible spectrophotometer (Analytik Jena, Specord, India). The 

photoluminescence (PL) emission spectra were obtained via a fluorescence spectrofluorometer 

(Shimadzu, RF-6000). The morphology, approximate aspect ratio, size, and shape of Cdots and 

MnO2 nanostructures were examined via TEM analysis (TALOS F200S G2). The functional 

groups of the synthesized Cdots were also recorded by FT-IR spectroscopy (Shimadzu, 

IRTracer-100). The crystal structure of the developed MnO2 nanostructures was investigated 

through XRD (PANALYTICAL X’Pert PRO) using Cu Kα (λ = 1.540 Å) as a source of 

radiation (0◦≤ 2θ≤ 90◦). The surface areas of 1-D MnO2 nanostructures were obtained through 

a BET surface area analyzer (BEL-miniII, Microtrac Corp. Pvt. Ltd., Japan). The zeta 

potential was examined through the dynamic light scattering method (DLS, Zetasizer, 

Malvern). 

5.2.5 Preparation of the sample solutions 

 A 20 μL stock solution of N, S-Cdots was pipetted inside fluorescence cuvette followed 

by 2 mL DI water. The gradual addition of a particular volume of each 1-D MnO2 nanostructure 

solution was done to the cuvette for the measurement of fluorescence quenching efficiency of 

N, S-Cdots. Moreover, PL recovery for N, S-Cdots was restored by successive addition of 

GSH.  

https://www.sciencedirect.com/topics/chemistry/zeta-potential
https://www.sciencedirect.com/topics/chemistry/zeta-potential
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5.3 Result and Discussion 

5.3.1 Characterization  

 

Figure 5.1. (a) TEM images (a, b), (d, e), and (g, h)) of MnO2 and inset images of (a, d, and g) 

prepared at 8 h, 10 h, 12 h and SAED pattern (c, f, and i) of Mn 8h, Mn 10h, and Mn 12h, 

respectively. 

 The preparation of 1-D MnO2 nanostructures involved the redox reaction between 

nitrite and permanganate ions, which was described as follows:  

                           2MnO4
- + 3NO2

- + 2H+           2MnO2 + 3NO3
- + H2O                           (5.1) 

In the above reaction, permanganate ions are used both as an oxidant as well as a precursor for 

the Mn element, and on the other hand, nitrite ions act as reducing agents.12 The stoichiometric 
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molar ratio involved in this reaction between permanganate and nitrite ions is 2:3. Based on Le 

Chatelier’s principle, the participation of the proton is present in the above reaction. Moreover, 

the variation in the reaction time (8, 10, 12 h) was done for obtaining 1-D MnO2 nanostructures 

with different morphologies. The morphology and shape of 1-D MnO2 nanostructure 

synthesized through the hydrothermal method at different reaction times, i.e., 8, 10, and 12 h, 

was analyzed by TEM images. TEM images (Figure 5.1(a, b) and 5.1(d, e) of MnO2 

nanostructures prepared at 8, and 10 h confirm the formation of MnO2 nanowires of different 

aspect ratios. TEM images (Figure 5.1(g, h)) of MnO2 nanostructures prepared at 12 h 

confirmed the formation of MnO2 nanorods. The detailed structural data of the MnO2 

nanostructures were determined by the HRTEM study and SAED patterns. The inset images 

of Figure 5.1(a), (d), and (g) present a lattice space of 0.310 nm referring to the (310) plane of 

α-MnO2.
13 The SAED images (Figure 5.1(c), (f), (i)) of all three samples Mn 8 h, Mn 10 h, and 

Mn 12 h manifest the single-crystal structure of α-MnO2.
14 After 10 h of the reaction, the 

nanorods growth start progressing, and at a  reaction time of 12 h, uniform nanorods with a 

length of >1µm and a diameter of 100-300 nm were formed.  

 

Figure 5.2. XRD pattern of different 1-D MnO2 nanostructures. 

The crystal phase of 1-D MnO2 nanostructures synthesized at different reaction times 

was investigated by their XRD patterns as depicted in Figure 5.2. It reveals the crystallinity 

increases in different MnO2 nanostructures with reaction time from 8 to 12 h. The 1-D MnO2 

nanostructure developed at 8 (Mn 8 h), 10 (Mn 10 h), and 12 (Mn 12 h) exhibited different 

diffraction peaks at 2θ ~12.78, 18.10, 28.80, 37.52, 41.22, 41.96, 47.37, 56.92, 60.27, 65.10, 

69.71, and 72.71o corresponding to the (110), (200), (310), (211), (420), (301), (510), (431), 

(521), (002), (541), and (312) lattice planes, respectively. It matched with α-MnO2 (ICDD-
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JCPDS No. 04-0141) having a tetragonal unit cell with a=b=9.78 Å and c=2.86 Å.15 It was 

found that the reaction time from 8 to 12 h causes the narrower as well as sharper peaks. The 

XRD peak of the (310) lattice plane steadily converts to a stronger and narrower one by 

increasing the reaction period from 8 to 12 h. This demonstrated the formation of the α-MnO2 

along with the growth of the (310) plane direction. It was demonstrated that the ratio of the 

length to the diameter, i.e., the aspect ratio of MnO2 nanostructures, increases with the reaction 

time. The specific surface area for prepared materials was assessed through BET analysis and 

observed 34, 16, and 3 m2/g for Mn 8 h, Mn 10 h, and Mn 12 h, respectively (Figure 5.3(a)) 

(Table 5.1).  

Table 5.1: Specific surface area, total pore volume, and mean pore diameter of different aspect 

ratios of 1-D MnO2 nanostructures. 

Sample Specific surface 

area (m2g-1) 

Total pore volume 

(cm3g-1) 

Mean pore diameter 

(nm) 

Mn 8 h 34 0.670 70.52 

Mn 10 h 16 0.210 42.92 

Mn 12 h 3 0.038 24.00 

 

 The MnO2 nanowires formed at 8h showed the highest surface area as they had the 

highest aspect ratio. Therefore, the morphology and the specific surface area of 1-D MnO2 

nanostructures were dependent upon the reaction time and might have an impact on the sensing 

of GSH. TEM images depicted the shape and size of the N, S-Cdots, and their lattice spacing 

was examined through HRTEM image. TEM images (Figure 5.3(b, c)) of N, S-Cdots 

demonstrated the particles uniform distribution as well its quasi-spherical shape. Lattice 

spacing for N, S-Cdots was found to be 0.224 nm, which refers to (100) lattice spacing of 

graphitic carbon (inset image of Figure 5.3(b)).16 The particle size histogram distribution for 

N, S-Cdots is displayed in the inset of Figure 5.3(c), which shows a particle size of the order 

of 2.5 to 6.5 nm (avg. dia. 4.5 nm). 

 The functional groups present on the surface of N, S-Cdots were analysed by FTIR 

spectra as shown in Chapter 4 (Figure 4.4(a). It depicts the presence of hydroxyl, carboxyl, 

thiol, and amine groups present on the surface of prepared Cdots. The N, S-Cdots were 

synthesized by using CA as a carbon source and cysteine as a nitrogen and sulfur source 

through high-temperature treatment. The preparation method of N, S-Cdots includes the 

condensation of CA + cysteine and further carbonization. The chemical state of N, S-Cdots and 
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their surface composition were investigated by XPS spectra reported in Chapter 4 (Figure 4.6) 

showing the presence of O1s, N1s, C1s, and S2p, respectively.  

 

Figure 5.3. (a) BET N2 adsorption–desorption isotherms of different MnO2 nanostructures, (b) 

and (c) represent the TEM image of N, S-Cdots, inset image of (b) shows the lattice spacing of 

N, S-Cdots, inset image of (c) shows histogram distribution of different particle sizes of N, S-

Cdots. 

 

Figure 5.4. UV-vis absorption spectrum of prepared N, S-Cdots. 
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5.3.2 Optical properties  

 Figure 5.4 displays the UV-visible absorption spectrum of synthesized N, S-Cdots. The 

UV-visible spectrum showed a dual peak; one peak at 245 nm representing the π-π* transition 

corresponds to sp2 aromatic domains, and the other one at 340 nm representing the n-π* 

transition corresponds to the C=O functional group. The introduction of different emissive 

traps and the surface passivation defects because of various functional groups present in the 

heteroatom-doped Cdots resulted in the modification of the PL properties.23 N, S-Cdots showed 

a maximum fluorescence intensity at 427 nm with an excitation wavelength (λex) of 340 nm. 

The synthesized N, S-Cdots showed a high quantum yield value of 73.42 % by using equation 

(1.1). 

5.3.3 Fluorescence quenching of N, S-Cdots by different 1-D MnO2 nanostructures 

 The fluorescent behavior of N, S-Cdots was observed to be reduced with the gradual 

addition of different nanostructures of 1-D MnO2, i.e., Mn 8 h, Mn 10 h, and Mn 12 h (Figure 

5.5(a), (b), (c)). The maximum PL quenching of N, S-Cdots was observed for Mn 8 h with 

concentrations ranging from 2 to 20 µM (Figure 5.5(a)).  

Figure 5.5. Fluorescence quenching spectra of N, S-Cdots in the presence of the successive 

amount of (a) Mn 8h, (b) Mn 10h, and (c) Mn 12h, and Stern-Volmer quenching plot of (d) Mn 

8h, (e) Mn 10h, and (f) Mn 12h with N, S-Cdots. 
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the Stern-Volmer plot between PL intensity (F0/F) and various concentrations of Mn 8 h, and 

from their values of slopes, the KSV value were estimated for Mn 8 h, i.e., 0.250 µM-1. Similarly, 

the plots between PL intensity (F0/F) and concentrations of different Q, i.e., Mn 10 h, and Mn 

12 h are displayed in Figure 5.5(e) and 5.5(f), respectively. The KSV values were evaluated to 

be 0.233 µM-1 and 0.041 µM-1 for Mn 10 h and Mn 12 h, respectively. So, the rate of the 

quenching efficiency of N, S-Cdots follows the trend, i.e., Mn 8 h > Mn 10 h > Mn 12 h. Mn 

8 h with a nanowire morphology has a high aspect ratio and a great specific surface area along 

with a large pore volume in comparison with other morphologies of 1-D MnO2 nanostructures 

(Table 5.1). Therefore, it can be demonstrated that the change in the specific surface areas, 

aspect ratio, and the morphologies of MnO2 nanostructures shows a great part in the PL 

quenching efficiency of N, S-Cdots. 

 

Figure 5.6. The B-H binding plot of different MnO2 nanostructures with N, S-Cdots. 

Furthermore, to understand the exact stoichiometry and interactions between the N, S-

Cdots, and different 1-D MnO2 nanostructures, the values of the binding constant in the excited 

state were evaluated by using the 1:1 linear Benesi−Hildebrand equation (1.5) in which 

different 1-D MnO2 nanostructures (i.e., Mn 8h, Mn 10h, and Mn 12h) act as quencher. A linear 

plot among (1/F−F0) and 1/[Q] for all morphologies of 1-D MnO2 nanostructure was observed 

(Figure 5.6). These plots were used to evaluate the binding constants (K) for N, S-Cdots that 

are 0.312 ×105, 0.258 × 105, and 0.993 × 104 µM-1 with the addition of Mn 8 h, Mn 10 h, and 

Mn 12 h, respectively. It was found that the values of the binding constant steadily reduce as 

the morphologies and aspect ratio of 1-D MnO2 nanostructures decrease from Mn 8 h to Mn 

12 h. Thus, it can be concluded that the change in the morphologies of 1-D MnO2 

nanostructures, played a great role in the interaction or electron transfer of N, S-Cdots and 

MnO2 nanostructure which further led to the change in the binding constant of N, S-Cdots. Mn 
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8 h represented the maximum binding constant value for N, S-Cdots owing to a high number 

of surface-active sites, a great specific surface area, and a high aspect ratio in comparison with 

other morphologies of 1-D MnO2 nanostructures. Further, the exact PL quenching mechanism 

followed by the as-prepared N, S-Cdots-MnO2 nanostructure sensing system was also explored 

in detail. There are generally different  PL quenching mechanisms of carbon dots on which it 

depends, i.e., static or dynamic quenching, IFE, FRET, and PET.4,26 

 Generally, the ground-state complex formation leads to the occurrence of static 

quenching with the variation of UV-visible absorption spectra of fluorescent material while no 

change in the decay time has observed due to the presence of an analyte.27,28 However, the 

change in the decay time of the fluorescent material with the addition of a quencher results in 

dynamic quenching. Further, PET is a redox process in which fluorescence quenching occurs 

when a molecule can accept or donate the electrons of fluorescent material present in the 

excited state.4 Furthermore, the IFE and FRET quenching mechanisms depend upon the 

transfer of energy, but they still have many significant differences.29 FRET arises due to 

effective spectral overlap between the PL emission spectrum of the fluorescent material (donor) 

and the UV-visible spectra of the quencher (acceptor).30 There must have appropriate dipole-

dipole interactions among donor and acceptor, as well as the separation between them, should 

be less than 10 nm.4  

 

Figure 5.7 (a) UV-visible absorption spectrum of N, S-Cdots, MnO2 nanostructure, and N, S-

Cdots in the presence of MnO2 nanostructure and (b) spectral overlap between the PL 

emission/excitation spectra of N, S-Cdots with absorption spectra of different 1-D MnO2 

nanostructures (Mn 8h, Mn 10h, and Mn 12h).  

In the case of IFE, there is significant spectral overlap among the UV-Visible absorption 

spectra of the quencher and the excitation and/or emission band of the fluorescent material.31 
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Mostly, the IFE-based sensing platform does not involve covalent bonding or intermolecular 

interactions among the fluorescent material and the quencher.27 The distance between the 

fluorescent material and the quencher must be greater than 10 nm; thus, the FRET between 

them is not possible. Significantly, the IFE cannot relate to the static or dynamic quenching. 

Therefore, it becomes very important to conclude the exact quenching mechanism followed by 

a prepared sensing system.  To infer the quenching mechanism, UV–vis absorption spectra and 

PL emission spectra were measured (Figure 5.7(a) & (b)). The effective spectral overlap of the 

broad UV-visible absorption spectra of different MnO2 nanostructures with the 

excitation/emission spectra of N, S-Cdots is shown in Figure 5.7(b). Therefore, the chances of 

the IFE mechanism of N, S-Cdots is maximum in Mn 8 h, and it follows the order Mn 8 h>Mn 

10 h> Mn 12 h. However, at the same time, one can conclude that the FRET mechanism is also 

possible, which occurs due to the spectral overlap among the emission spectrum of carbon dots 

and the absorption spectrum of the quencher.32   

 

Figure 5.8. Zeta potentials of N, S-Cdots, Mn 8h, N, S-Cdots-Mn 8h, and N, S-Cdots-Mn 8h 

in the presence of GSH.  

To understand the proper mechanism between the IFE and FRET, the zeta potential values 

were also evaluated which are -0.3 and -12.2 mV for N, S-Cdots and Mn 8 h, respectively 

(Figure 5.8, Table 5.2). Thus, the adsorption of Mn 8 h on the surface of the N, S-Cdots via 

electrostatic interactions might not occur due to the existence of negative charge on both of 

them. This demonstrates that the FRET quenching mechanism is not possible between 

them.26,33 Furthermore, the fluorescence decay time studies were also performed to infer the 

exact mechanism. It was observed there has no significant effect in the PL lifetime of N, S-

Cdots with the addition of Mn 8 h.  
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Table 5.2. The values of quantum yield and zeta potential of different systems. 

System Zeta Potential 

N, S-Cdots -0.3 

N, S-Cdots + Mn 8h -19.6 

N, S-Cdots +Mn 8h + GSH -3.9 

Mn 8h -12.2 

N, S-Cdots + Mn 10h -18.8 

N, S-Cdots + Mn10h + GSH -7.8 

Mn 10h -17.5 

N, S-Cdots + Mn 12h -19.0 

N, S-Cdots + Mn 12h + GSH -12.2 

Mn 12h -23.7 

 

Table 5.3. The different parameters for the estimation of IFE on the PL quenching of N, S-

Cdots by Mn 8h.g 

Mn 8h   

(µM) 

Aex Aem CF Fobsd Fcor Eobsd Ecor Fcor/ 

Fcor,0 

0 0.050 0.004 1.060 219185 232336.100 0.000 0 1 

2 0.144 0.101 1.301 168421 219115.721 0.231 0.056 0.94 

4 0.260 0.223 1.671 129796 216889.116 0.407 0.066 0.93 

6 0.362 0.329 2.067 103310 213541.770 0.528 0.080 0.92 

8 0.491 0.457 2.673 81239 217151.847 0.629 0.065 0.93 

10 0.621 0.585 3.435 65789 225985.215 0.699 0.027 0.97 

gExperimental error ±5 % 

Furthermore, to clarify the IFE process the Parker equation (1.12) was used.4 The study of 

various parameters by using Parker equation for the validation of the IFE was examined and is 

tabulated in Table 5.3. The ratio of Fcor/Fobsd is denoted as the CF. The CF values were evaluated 

at various concentrations of Mn 8 h. It was found that the CF value enhances with Mn 8 h 

(Figure 5.9(a)), and this result follows the Parker equation (1.12). This demonstrated that the 

IFE quenching mechanism was followed by the prepared sensing system. The suppressed 

efficiency for the PL emission of N, S-Cdots with the addition of Mn 8 h was estimated by a 

PL spectrophotometer, and further, the corresponding corrected values were explored (Figure 
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5.9(b)). The value of E was examined via the equation E = 1-F/F0, where F0 and F are the PL 

intensities of N, S-Cdots without and with the addition of Mn 8 h, respectively. It demonstrated 

that the IFE has a great influence in suppressing the fluorescent behavior of N, S-Cdots. Also, 

the maximum spectral overlap among the excitation or emission spectra of N, S-Cdots and the 

absorption spectra of Mn 8 h was observed as compared to Mn 10 h and Mn 12 h. This shows 

that the rate of the IFE could be maximum for Mn 8 h in comparison with other MnO2 

nanostructures. 

 

Figure 5.9. (a) The plot among the correction factor (CF) and various concentrations of Mn 8h 

and (b) observed suppressed efficiency (Eobsd) and corrected suppressed efficiency by 

eliminating IFE (Ecor) with the addition of Mn 8h. 

5.3.4 Restoration mechanism of Cdots and detection of GSH  

The quenched PL intensity of N, S-Cdots was restored with GSH concentration to the prepared 

sensing systems. The different concentrations (50-250 µM) of GSH were added to different 

sensing systems based on the N, S-Cdots, and different morphologies of 1-D MnO2 

nanostructures, i.e., Mn 8 h, Mn 10 h, and Mn 12 h, has demonstrated in Figure 5.10 (a), (b), 

and (c), respectively. The recovery of PL intensity of N, S-Cdots enhances by increasing the 

concentrations of GSH in the developed sensing platforms. It was observed that Mn 8 h 

presents the maximum fluorescence recovery of N, S-Cdots as compared to other prepared 

MnO2 nanostructures. The fluorescence restoration of N, S-Cdots depends upon the redox 

reaction among MnO2 nanostructures and GSH in which MnO2 gets reduced to Mn2+ while 

GSH gets oxidized to GSH di-sulfide as presented in the equation (2.1). This displays the 

exclusion of N, S-Cdots from the high surface of the different 1-D MnO2 nanostructures, which 

results in restoration of the PL intensity of N, S-Cdots.  
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Figure 5.10. PL restoration of (a) N, S-Cdots-Mn 8h, (b) N, S-Cdots-Mn 10h, and (c) N, S-

Cdots-Mn 12h sensing systems with addition of varying GSH concentration (50 - 250 µM) and 

(d) The B-H binding plot of MnO2 nanostructures with different aspect ratio in the presence of 

GSH.  

 To study the interaction between N, S-Cdots-MnO2 nanostructure as a fluorescent probe 

and GSH, they were investigated via the Benesi-Hildebrand method.35 The addition of GSH to 

the prepared system significantly varies the binding constant values for N, S-Cdots, which are 

250.0, 212.2, and 192.3 µM-1 in the case of Mn 8 h, Mn 10 h, and Mn 12 h, respectively (Figure 

5.10(d)). It was observed that the binding constants get reduced with the addition of GSH, 

which shows that the N, S-Cdots get eliminated from the surface of MnO2 nanostructures and 

follow the trend Mn 8 h > Mn 10 h > Mn 12 h. Among the three different MnO2 nanostructures, 

Mn 8 h showed a maximum restoration of PL intensity of N, S-Cdots with the addition of GSH 

because of having large surface area. The variation of the morphology of different MnO2 

nanostructures in prepared sensing systems has an impact on the PL recovery of N, S-Cdots. 

For investigating selectivity of N, S-Cdots-MnO2 nanostructures, different amino acids 

like Asp, Lys, Gly, Arg, Cys, glutamic acid (Glu), Met, Leu, AA, His, Val, Trp, GSH were 

used. A particular concentration of the above amino acids was added to the developed sensing 
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platform. It was observed that the developed sensor had a great selectivity for GSH in 

comparison with other amino acids (Figure 5.11(a)). The prepared sensor showed high 

selectivity and sensitivity for GSH as compared to other sensing probes based on the different 

detection methods (Table 1.1). Figure 5.11(b) shows a straight line between the F-F0/F0 (PL 

responses of developed sensing platform) and various concentrations within the range of 0 to 

250 µM with F-F0/F0 = 0.053[GSH]-0.490 linear equation and R2 = 0.992. The limit of 

detection (LOD) was evaluated to be 28.5 µM. Similarly, a linear plot between the F-F0/F0 and 

the different concentrations (0-250 µM) was observed for Mn 10 h (Figure 5.11(c)) and Mn 12 

h (Figure 5.11(d)). The developed N, S-Cdots-Mn 8 h system exhibited great selectivity for 

GSH sensing. The prepared sensing system is efficient in comparison with sensors based on 

the different methods reported in the literature (Table 1.1).  

 

Figure 5.11. (a) The PL responses of the N, S-Cdots-MnO2 nanostructure as sensor with the 

addition of several analytes and plot between PL responses (F-F0/F0) of prepared different 

sensing probes (b) N, S-Cdots-Mn 8h, (c) N, S-Cdots-Mn 10h, (d) N, S-Cdots-Mn 12h with 

various concentrations of GSH. 
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5.3.5 Fluorescence quantum yield measurements 

The Φ values for N, S-Cdots with the addition of different 1-D MnO2 nanostructures 

were also examined (Table 5.4). The change in morphology of 1-D MnO2 nanostructures from 

Mn 8 h to Mn 12 h resulted in the reduction of Φ values ∼7.2, ∼4.5, and ∼2.6 times for Mn 8 

h, Mn 10 h, and Mn 12 h, respectively. The fluorescence quenching of N, S-Cdots depends 

upon the following order, i.e., Mn 8 h > Mn 10 h > Mn 12 h. Therefore, Mn 8 h showed a 

maximum fluorescence quenching of N, S-Cdots as compared to other MnO2 nanostructures. 

The Φ values for different sensing systems with the addition of GSH were also estimated (Table 

5.4). For a different morphology of 1-D MnO2 nanostructures, the value of Φ was recovered in 

the presence of particular amounts of GSH that are ∼5.0, ∼2.8, and ∼1.4 times for Mn 8 h, Mn 

10 h, and Mn 12 h, respectively. The fluorescence restoration of N, S-Cdots follows the trend 

Mn 8 h > Mn 10 h > Mn 12 h. This demonstrated that the variation in the aspect ratio of 1-D 

MnO2 nanostructure from Mn 8 h to Mn 12 h in N, S-Cdots-MnO2 sensing probe leads to less 

significant removal of N, S-Cdots from the surface of 1-D MnO2 nanostructures. Therefore, 

Mn 8h and GSH showed a strong redox reaction between them in comparison with other MnO2 

nanostructures.  

Table 5.4. The values of quantum yield of different systems. 

System Quantum Yield (%) 

N, S-Cdots 73.4 

N, S-Cdots + Mn 8h 10.1 

N, S-Cdots +Mn 8h + GSH 51.4 

Mn 8h - 

N, S-Cdots + Mn 10h 16.3 

N, S-Cdots + Mn10h + GSH 45.7 

Mn 10h - 

N, S-Cdots + Mn 12h 27.7 

N, S-Cdots + Mn 12h + GSH 38.4 

Mn 12h - 

                                    hExperimental error ±5 % 

Conclusion 

 The as-prepared N, S-Cdots showed high water solubility, excellent quantum yield, and 

significant fluorescence properties. Further, N, S-Cdots were used as a fluorescent material in 
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the presence of 1-D MnO2 nanostructures for the detection of GSH. The different morphologies 

of 1-D MnO2 nanostructures were prepared by using a hydrothermal method by varying the 

reaction time (8, 10, and 12 h). The variations in the morphology and the aspect ratio of the 

different 1-D MnO2 nanostructures were determined by TEM images. The surface area of 

different 1-D MnO2 nanostructures was estimated by BET and shows the following trend in 

the surface area: Mn 8 h > Mn 10 h > Mn 12 h. Mn 8 h had a nanowire-like morphology along 

with a large specific surface area, a high surface-to-volume ratio, and a high aspect ratio, which 

will make it a better quencher as compared to other morphologies. Further, Mn 8 h exhibited 

maximum fluorescence quenching of N, S-Cdots and a large Stern-Volmer quenching constant 

(KSV) value attributed to the specific surface area. The values of fluorescence quenching, Stern-

Volmer constants, binding constants, and quantum yields for different MnO2 nanostructures 

showed that Mn 8 h was the best fluorescence quencher for N, S-Cdots. The quenching 

mechanism between the N, S-Cdots and 1-D MnO2 nanostructures was the IFE, which was 

confirmed by using the Parker equation, UV−vis absorption studies, and lifetime studies. The 

developed sensing platform displayed the fluorescence restoration of N, S-Cdots based on the 

redox reaction among GSH and MnO2, which resulted in the transformation of MnO2 to Mn2+. 

The lowest value of the limit of detection, i.e., 28.5 μM, for GSH was determined for N, S-

Cdots-Mn 8h sensing platform. Thus, the change in the morphology of 1-D MnO2 

nanostructures in the prepared sensor plays a great role in the determination of GSH. 
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Chapter-6 

Transformation of Bulk MnO2 to Fluorescent Quantum Dots for Selective 

and Sensitive Detection of Ferric ions and Ascorbic acid by Turn-Off-On 

Strategy  

 

Highlights 

➢ Synthesis of fluorescent CA-MnO2 QDs using bulk MnO2 and CA by simple 

ultrasonication. 

➢ Synthesized QDs show high photostability, good water solubility, and highly fluorescence 

behaviour. 

➢ Development of fluorescent nanosensor for the detection of Fe3+ ions and ascorbic acid. 

➢ Study of different photophysical parameters to confirm dynamic quenching mechanism.  

➢ CA-MnO2 QDs as a nanosensor for application in real sample analysis. 
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6.1 Introduction 

 Among various inorganic materials, MnO2 has gained large attention in different 

research fields such as electrocatalysis, supercapacitors, drug delivery, photothermal treatment, 

and optical sensing due to exceptional large charge transfer rate, high active surface area, non-

toxicity, and cost-effectiveness.1 MnO2 has been largely used as a dynamic material for the 

optical sensing of biomolecules (such as GSH, AA, Cys, etc.) due to its exceptional physical, 

electrochemical, and optical properties.2 The exclusive light absorption capability and redox 

features of MnO2 nanostructure lead to consider it as fluorescence quenchers and further, used 

in the preparation of “turn off−on” fluorescence sensing probes.3,4 The “turn off−on” 

biosensors for the detection of glutathione were already reported in previous chapters, based 

on carbon dots-MnO2 nanostructure in which carbon dots act as a fluorescent probe and MnO2 

nanostructure act as a recognizer. The combination of fluorescent probes and MnO2 

nanostructure as sensing platforms with synergistic properties are reported in the literature for 

the detection of different biomolecules. These biosensors need a fluorescent probe such as 

carbon quantum dots, graphene quantum dots, and dyes which are highly responsible for their 

sensing activity. Moreover, various reductive biomolecules can be oxidized by MnO2 

nanostructure due to its oxidizing property that will confine the selectivity of sensing 

platforms.5 Hence, the synthesis of a self-fluorescent MnO2 nanomaterial with particular 

functional groups is highly needed. 

 Quantum dots (QDs) are a type of quasi-0-D semiconductor nanocrystal having a radius 

lesser than or near to their exciton Bohr radius.6,7 Fluorescent QDs have several exclusive 

optical properties, like excellent brightness, good photostability, broad excitation spectrum, 

tunable fluorescence emission spectrum, nanoscale size, etc.8,9 The luminescent quantum dots 

like  CdSe, CdS, and CdTe QDs are reported in the literature with many practical applications 

due to their excellent electronic and optical properties. But these QDs are toxic, due to which 

they cannot be used for optical and biological detection.10 MnO2 QDs have good 

biocompatibility and a less toxic nature which makes them a good alternative for other QDs.5 

 Fluorescence detection of metal ions is one of the application that has gained significant 

attention.11 Fe3+ ions play an essential part in various biological processes in living organisms, 

such as oxygen storage, development of red cells, enzyme catalysis, oxygen transportation, 

etc.12 The irregular range of Fe3+ ions in the human body can become a reason for several 

diseases, for example, anaemia, malaria, cancer, Parkinson’s disease, and Alzheimer’s 
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disease.13 Thus, the sensitive determination of Fe3+ ions has been seeking great attention for 

the safety of human health. Similarly, ascorbic acid (AA, also called vitamin C) acts as an 

antioxidant and also plays a significant role in different biochemical processes in living 

organisms and its quantitative detection is very helpful in pharmaceutical analysis.14,15 

Different methods have been reported for the detection of both metal ion and biomolecule, such 

as electrochemical, high-performance liquid chromatography, electrochemiluminescence, 

surface-enhanced Raman scattering, etc. Still, they are complicated, expensive, and lengthy 

detection processes. Fluorescence spectroscopy is simple, cost-effective, and very sensitive for 

the sensing of metal ions and biomolecules.16  

 Herein, MnO2 QDs functionalized with citric acid (CA-MnO2 QDs) from bulk MnO2 

were synthesized. The obtained CA-MnO2 QDs showed high photoluminescence (PL) 

intensity, good water solubility, and excellent photostability. Citric acid act as an acidifying 

agent which helps in the exfoliation and breaking of bulk MnO2 to MnO2 QDs. Therefore, the 

presence of citric acid is responsible for the exclusive optical properties of the prepared CA-

MnO2 QDs. The PL intensity of CA-MnO2 QDs was highly quenched in the presence of Fe3+ 

ions based on a dynamic quenching mechanism which was confirmed by determining the 

various photophysical parameters. Further, the PL intensity of the CA-MnO2 QDs-Fe3+ system 

was recovered with the addition of AA based on the redox reaction. 

6.2 Experimental Section 

6.2.1 Material and reagents 

 Potassium permanganate (KMnO4) (99%), sodium nitrite (NaNO2) (99%), and sulfuric 

acid (H2SO4) (98%) were obtained from Loba Chemie, India, for the preparation of bulk MnO2. 

For the functionalization of MnO2 QDs, citric acid (99%), glutathione (99%), ascorbic acid 

(99%), and L-cysteine (99%) were used and purchased from Loba Chemie, India. Ferric nitrate 

(Fe(NO3)3) with 99% purity was also obtained from Loba Chemie, India. All the stock solutions 

were formed in the ultrapure deionized (DI) water. 

6.2.2 Synthesis of bulk MnO2  

 Bulk MnO2 was synthesized by using KMnO4 (5 mM) and NaNO2 (7.5 mM) as 

precursors via mixing both in 40 ml of water. Then, the gradual addition of 2 ml of H2SO4 (0.5 

M) in the above solution along with constant stirring was done.17 The color of the solution 

changes to brown which confirms the formation of MnO2. Further, the solution was 
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centrifuged, and the obtained brown precipitates were washed with water and ethanol. The final 

obtained product was dried in an oven at 60o C.  

 

Scheme 6.1: Schematic illustration of the synthesis of citric acid functionalized MnO2 QDs. 

6.2.3 Synthesis of Citric acid-MnO2 quantum dots (CA-MnO2 QDs) 

 CA-MnO2 QDs were prepared by using bulk MnO2 as a precursor by using the ultra-

sonication method. In detail, 10 mg of bulk MnO2 and 10 mg of citric acid were mixed in 10 

ml of distilled water. Further, the above solution was sonicated for 10 h and then centrifuged 

for a continuous 30 min. at 10,000 rpm and the supernatant was collected as CA-MnO2 QDs 

(Scheme 6.1).  

6.2.4 Characterization 

The UV-visible absorption spectrum of prepared CA-MnO2 QDs was obtained by a 

UV−vis spectrophotometer (Shimadzu, UV-2600). The PL emission spectra were recorded via 

a spectrofluorometer (Shimadzu, RF-6000). The morphology and size of bulk MnO2 were 

obtained by field emission scanning electron microscopy (FESEM). The morphology, shape, 

and size of CA-MnO2 QDs were obtained by TEM analysis (FEI TecnaiG2 F20). The crystal 

structure of the prepared CA-MnO2 QDs was examined via XRD (PANALYTICAL X’Pert 

PRO) in which Cu Kα (λ = 1.540˚A) acts as a source of radiation (0◦≤ 2θ≤ 90◦). Average lifetime 

studies were performed by TCSPC spectrometer (Horiba Jobin Yvon IBH) with an excitation 

laser source at 375 nm. 

6.3 Result and Discussion 

6.3.1 Characterization 

 The morphology and shape of prepared bulk MnO2 were investigated by FESEM 

analysis. Figure 6.1(a, b) showed the aggregated nanowires-like morphology of bulk MnO2. 

Figure 6.1(c) shows the EDS spectrum of the bulk MnO2, which confirms the formation as well 
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as purity of MnO2. Further, the prepared CA-MnO2 QDs from bulk MnO2 was characterized 

by different analysis. The morphology, shape, and size of the prepared CA-MnO2 QDs were 

analyzed by using TEM analysis.  

Figure 6.1: (a) and (b) shows the FESEM images of bulk MnO2, and (c) EDS spectra of bulk 

MnO2. 

CA-MnO2 QDs were developed by using bulk MnO2 as a precursor and citric acid as an 

exfoliating agent through the ultra-sonication method. The preparation method of CA-MnO2 

QDs includes the exfoliation of bulk MnO2 into QDs in the presence of citric acid, which acts 

as an acidifying agent and stabilizing agent.18 

  Figure 6.2(a, b) shows the TEM images of CA-MnO2 QDs in which particles are 

dispersed uniformly and nearly in a spherical shape. Figure 6.2(c) shows the histogram 

(a) (b)

(c) Element Atomic (%) Weight (%)

O 46 20

Mn 54 80
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distribution of particle size with a range of 1 to 4 nm and the average particle size was measured 

to be 3.5 nm. 

 

Figure 6.2: (a) and (b) represents the TEM images of CA-MnO2 QDs and the inset image of 

(a) shows its lattice fringes with d-spacing value, (c) particle size distribution, (d) SAED 

pattern, and (e) EDS spectrum of CA-MnO2 QDs. 

Figure 6.2(d) displays the SAED ring pattern of CA-MnO2 QDs, which shows that they are 

crystalline. The diameter of the diffraction rings present in the SAED pattern is related to 

(h2 + k2 + l2)2 in which (hkl) corresponds to Miller indices of the lattice planes, which are 

measured from the center of the ring. The major rings represent the (201), (401), (002), and 

(312) planes of MnO2 corresponding to the ICDD-JCPDS No. 72-1983. Figure 6.2(e) shows 

the EDS spectra of CA-MnO2 QDs, which exhibit the presence of Mn, O, and C elements. 

Figure 6.3(a) shows the XRD spectra of the prepared CA-MnO2 QDs, which exhibit the major 

peaks at 36.1o, 50.5o, and 65.4o corresponding to (201), (401), and (002) planes of MnO2 

(ICDD-JCPDS No. 72-1983). A broad peak was also observed in the XRD pattern due to the 

overlapping of the 19.0o and 22.0o which indexed to the (200) and (110) planes of MnO2, 

respectively. Further, the composition and chemical state of CA-MnO2 QDs was confirmed by 

the XPS analysis. The survey spectrum of CA-MnO2 QDs shows prominent peaks which 

validate the presence of C, O, and Mn (Figure 6.3(b)). Figure 6.3(c) shows two major peaks at 

639.5 eV and 651.4 eV, corresponding to Mn 2p3/2 and Mn 2p1/2 and their energy gap is 11.7 

eV which confirmed the formation of MnO2. Figure 6.3(d) shows the peak at 529.9 eV 

attributed to the O1s.    
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Figure 6.3: (a) XRD pattern, (b) XPS survey spectrum, (c) XPS graph of Mn2p and (d) O1s 

of CA-MnO2 QDs.   

6.3.2 Optical properties 

 CA-MnO2 QDs were prepared from bulk MnO2 nanomaterial in the presence of citric 

acid by continuous ultrasonication of 10 h.  Similarly, MnO2 QDs were also prepared in the 

presence of other reductive biomolecules such as Cys, GSH, and AA. The influence of citric 

acid and other biomolecules on the photophysical properties of MnO2 QDs was analyzed by 

UV-visible spectrum and PL emission spectra. Figure 6.4(a) shows the bar graph of MnO2 QDs 

functionalized with different biomolecules. Among all different functionalized MnO2 QDs, the 

CA-MnO2 QDs showed a high PL intensity (Figure 6.4(b)). This indicates that citric acid 

provides a more stabilizing environment in the enhancement of fluorescence of MnO2 QDs as 

compared to the other biomolecules. Figure 6.4(c) displays the UV-Vis absorbance, excitation, 

and emission spectra of CA-MnO2 QDs, which consist of peaks near about 245 nm, 300 nm, 
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and 420 nm, respectively. Figure 6.4(d) shows the PL emission spectra of CA-MnO2 QDs when 

excited at different wavelengths (280-380 nm). The maximum PL emission intensity of CA-

MnO2 QDs was observed with an excitation wavelength of 300 nm. The PL emission peak gets 

red-shifted from 418 nm to 460 nm, with the variation in the excitation wavelength ranging 

from 280 to 380 nm. Therefore, CA-MnO2 QDs showed an excitation-dependent PL emission 

behaviour which may be due to the quantum confinement effect and surface defects of CA-

MnO2 QDs.19 The PL quantum yield of the prepared CA-MnO2 QDs was evaluated to be 13.3 

% using equation (1.1), in which quinine sulphate was used as a reference solution.  

Figure 6.4. (a) Bar graph representing the PL intensity of MnO2 QDs in the presence of 

different biomolecules, (b) PL emission spectra of different types of MnO2 QDs in the presence 

of various biomolecules, (c) UV-visible absorbance, excitation, and emission spectra of CA-

MnO2 QDs, and (d) PL emission spectra of CA-MnO2 QDs at different excitation wavelengths. 

 Further, the PL emission of CA-MnO2 QDs was observed in the different 

concentrations of citric acid (Figure 6.5(a)). The PL emission intensity was maximum observed 

when an equal ratio of MnO2 and citric acid was added for the preparation of CA-MnO2 QDs. 

The PL stability of CA-MnO2 QDs was also investigated by recording the PL intensity at 

different irradiation times (Figure 6.5(b)). This shows that the prepared CA-MnO2 QDs have 
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high photostability. The PL intensity of prepared CA-MnO2 QDs was measured at different pH 

range from 2 to 12 (Figure 6.5(c)). It was found that the PL intensity gets increased from the 

pH value of 2 to 4, further, it becomes constant up to 9 pH value, and then it gets decreased 

from 10 to 12.  

Figure 6.5. (a) PL intensity of CA-MnO2 QDs with different concentrations of citric acid, (b) 

bar graph showing the PL intensity of CA-MnO2 QDs at different irradiation times, and (c) PL 

intensity of as-prepared CA-MnO2 QDs at different pH values. 

The increase or decrease in the pH values was because of protonation or deprotonation of 

different emissive traps of CA-MnO2 QDs, which leads to a change in the PL intensity. 

Therefore, the pH ranges from 5 to 9 correspond to the buffer zone of the prepared sensing 

system, which was used for further application. The prepared CA-MnO2 QDs have shown good 

photophysical properties, due to which they can be further used for sensing applications.  

 

Figure 6.6. PL emission spectra of CA-MnO2 QDs in the presence of different metal ions. 

6.3.3 Sensing of Fe3+ ions by CA-MnO2 QDs 

 The PL intensity of CA-MnO2 QDs was measured in the presence of different metal 

ions (Fe2+, Fe3+, Zn2+, Ni2+, Cu2+, Mn2+, Co2+, Cr3+, Hg2+) with a specific concentration (Figure 
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6.6). The PL intensity of the prepared fluorescent probe gets effectively quenched in the case 

of Fe3+ ions. Further, the relative percentage change in the PL intensity of CA-MnO2 QDs with 

the addition of different metal ions was also estimated (Figure 6.7(a)). It was observed that the 

CA-MnO2 QDs-Fe3+ system has 4.7 % PL intensity w.r.t. CA-MnO2 QDs (100 %). This may 

be due to the formation of a coordination complex between CA-MnO2 QDs and Fe3+ ions.  

Figure 6.7. (a) Relative percentage change in PL intensity of CA-MnO2 QDs in the presence 

of different metal ions, (b) variation of PL intensity of CA-MnO2 QDs in the presence of 

different concentrations of Fe3+ ions, (c) Stern-Volmer plot between F0/F and different 

concentrations of Fe3+ ions, and (d) a linear relationship between PL responses (F0-F/F0) and 

various concentrations of Fe3+ ions (0-10 µM) with inset image of a linear relationship between 

PL responses (F0-F/F0) and various concentrations of Fe3+ ions (0-0.6 µM). 

 To demonstrate the sensitivity of prepared CA-MnO2 QDs for Fe3+ ions the different 

concentrations (0.1 µM to 10 µM) of Fe3+ ions were added to the prepared fluorescent probe. 

Figure 6.7(b) represents that the PL intensity of CA-MnO2 QDs was reduced by increasing the 

concentration of Fe3+ ions in the sensing system. The Stern-Volmer graph was plotted to 

examine and comprehend the PL quenching behavior of the prepared fluorescent sensing probe 

(CA-MnO2 QDs) with the addition of Fe3+ ions as a quencher. Figure 6.7(c) shows a linear 
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Stern–Volmer plot between the PL responses (F0/F) and different concentrations of Fe3+ ions 

based on the relation in which F0 and F are PL intensities of CA-MnO2 QDs without and with 

the addition of Fe3+ ions. The Stern-Volmer constant was calculated to be 4.2 × 106 M-1 with 

the R2 value of 0.983 from Figure 6.7(c). Figure 6.7(d) shows a linear plot between PL 

responses (F0-F/F0) and various concentrations of Fe3+ ions (0 µM to 10 µM) with the R2 value 

of 0.989. The inset image of Figure 6.7(d) shows a linear relationship between the PL responses 

(F0-F/F0) and different concentrations of Fe3+ ions (0 µM to 0.6 µM) with the value of R2 i.e., 

0.997. From the above plot, the limit of detection (LOD) for Fe3+ was calculated to be 43 nM. 

The prepared CA-MnO2 QDs show an outstanding LOD value in comparison with other 

sensing platforms (Table 6.1). 

Table 6.1: The different sensing platforms for the detection of Fe3+ ions and AA with LODs 

values. 
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F
e3

+
 

  

Sensing Systems Detection Range LOD Ref. 

Nitrogen, Sulfur-doped Carbon dots 0-500 µM 0.2 µM 20 

Cranberry Beans Derived Carbon Dots 30-600 µM 9.55 µM 21 

Nitrogen, Phosphorous-doped Carbon 

dots 

20–200 µM 20 µM 22 

MoS2 quantum dots 0-50 µM 1 µM 23 

D-Penicillamine functionalized GQDs 0.004-1.8 mM 1.2 µM 24 

Boron, Nitrogen, Sulfur-doped Carbon 

dots 

0.3–546 µM 0.09 µM 25 

 

Rhodamine B derivative-

functionalized GQDs 

0-65 µM 0.02 µM 26 

Citric acid functionalized MnO2 

quantum dots 

0-10 µM 43 nM Present 

work 

D
et

ec
ti

o
n

 o
f 

A
A

 

 

 

Nitrogen, Sulfur-Carbon dots 10-200 µM 4.69 µM 27 

rGO-SnO2/GCE 400-1600 µM 38.7 µM 28 

Pt/CeO2 0.5-30 µM 80 nM 29 

Flake hexagonal boron nitride 30-1000 µM 3.77 µM 30 

Microporous sulfur-doped carbon 

microspheres 

10-50 µM 1 µM 31 

Ferrocene derivative stabilized Au 

NPs/carbon dots nanocomposite with 

graphene glassy carbon electrode 

8-180 µM 1 µM 32 

Carbon dots-MnO2 nanosheet 0-80 µM 2.89 µM 33 

Citric acid functionalized MnO2 

quantum dots 

0-25 µM 90 nM Present 

work 
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6.3.4 Sensing of Ascorbic acid 

 Ascorbic acid act as a brilliant natural antioxidant and a good reducing agent for the 

reduction of Fe3+ to Fe2+.16 It was observed from the above studies that the PL intensity of CA-

MnO2 QDs gets quenched highly in the case of Fe3+ as compared to Fe2+. Therefore, CA-MnO2 

QDs can become an efficient sensing platform for the detection of AA based on the “turn-off-

on” approach. The quenched PL intensity of the CA-MnO2 QDs-Fe3+ sensing system was 

recovered by the addition of AA. Figure 6.8 shows the PL intensity of the CA-MnO2 QDs-Fe3+ 

sensing system in the presence of different analytes such as AA, GSH, diphenylcarbzide 

(DPC), DA, Potassium hydrogen phosphate (monobasic) (M-PO4), Potassium dihydrogen 

phosphate (dibasic) (M-PO4), ethylenediaminetetraacetic acid (EDTA), sodium fluoride (NaF), 

Glu, Cys, Met, melamine (Mel), Glu acid, and thiourea.  

 

Figure 6.8. Selectivity graph of CA-MnO2 QDs-Fe3+ sensing system. 

 Figure 6.9(a) exhibits a bar graph in which the PL intensity of CA-MnO2 QDs-Fe3+ gets 

highly recovered in the presence of AA as compared to the other analytes. The fluorescence 

restoration of CA-MnO2 QDs was obtained by the addition of different concentrations of AA 

in the CA-MnO2 QDs-Fe3+ sensing system (Figure 6.9(b)). This shows that the increase in the 

concentration of AA in the CA-MnO2 QDs-Fe3+ sensing system results in gradual fluorescence 

enhancement (“turn-on”) of CA-MnO2 QDs. The PL intensity was 80% recovered with the 

addition of 25 µM of AA and further, no change was observed in PL intensity of CA-MnO2 

QDs by increasing the concentration of AA. Figure 6.9(c) shows a linear fit plot of PL 

responses (F-F0/F0) with concentration of AA (0-25 µM) with a linear equation F-F0/F0 = 

0.124[AA] + 0.828 (R2 = 0.989). The inset image of Figure 6.9(c) illustrates a linear 

relationship between PL responses (F-F0/F0) and at lower concentrations of AA (0-1.0 µM) 
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with the linear equation F-F0/F0 = 1.126[AA] + 0.016 (R2 = 0.996). It shows an excellent LOD 

value, i.e., 90 nM for AA. In comparison with various sensing probes, the prepared sensing 

system showed the best LOD value (Table 6.1). 

 

Figure 6.9. (a) Selectivity bar graph of CA-MnO2 QDs-Fe3+ sensing system for the detection 

of AA, (b) The variation in PL intensity of CA-MnO2 QDs-Fe3+ with the addition of AA, (c) A 

linear relationship of PL responses (F-F0/F0) vs concentration of AA (0-25 µM) and inset image 

of shows a linear plot of PL responses (F-F0/F0) and different concentrations of AA (0-1.0 µM), 

and (d) Fluorescence lifetime decays of CA-MnO2 QDs in the presence of Fe3+ ions and AA. 

Table 6.2: The average lifetime values of different systems. 

Systems a1 1 a2 2 a3 3 #<av> 

CA-MnO2 QDs 0.14 0.89 0.30 3.35 0.56 9.21 6.29 

CA-MnO2 QDs+Fe3+ 0.66 0.09 0.13 1.82 0.21 6.84 1.73 

CA-MnO2 QDs+Fe3++AA 0.22 0.43 0.33 2.30 0.45 8.44 4.65 

#<av> =a11+a22+a33 
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6.3.5 Plausible Mechanism  

 The PL quenching mechanism for a fluorescent molecule in the presence of hindering 

molecules is mostly static or dynamic quenching.12 The high PL intensity of CA-MnO2 QDs 

gets quenched in the presence of Fe3+ ions (quencher). The static quenching occurs when the 

interaction between fluorescent molecule and quencher results in the formation of a non-

fluorescent complex in the ground state.19 While, the dynamic quenching occurs due to the 

collision of fluorescent molecule and quencher in the excited state, and then complex come 

back to the ground state by charge transfer.34 In the case of static quenching, the ratio of 

fluorescence lifetime of the excited state to the ground state is equal to unity (τ0/τ = 1). In 

dynamic quenching the fluorescence lifetime changes in the presence and absence of a 

quencher. The time-resolved lifetime measurements of CA-MnO2 QDs without and with the 

addition of Fe3+ ions showed variation in the average lifetime (Figure 6.9(d)) (Table 6.2). The 

average lifetime of CA-MnO2 QDs was found to be 6.29 ns, which demonstrates a very fast 

exciton recombination process. Further, the average lifetime of CA-MnO2 QDs was found to 

be 1.73 ns after the addition of Fe3+ ions. This indicates that the fluorescence quenching 

mechanism between the CA-MnO2 QDs and Fe3+ ions is dynamic quenching. The dynamic 

quenching mechanism can be attributed to the charge transfer process in the excited state, 

which occurs from the surface of CA-MnO2 QDs to the half-filled 3d orbital of Fe3+ ions. The 

prepared CA-MnO2 QDs contain oxygen-functionalized groups on their surface, which were 

confirmed by XPS analysis. This leads to the binding of Fe3+ ions on the surface of CA-MnO2 

QDs, which results in non-radiative electron-hole recombination annihilation and further, it 

shows the fluorescence quenching.35 Fe3+ ions exhibited a great chelating speed for the 

development of a chelation or coordination complex in comparison with the other metal ions 

because of large thermodynamic affinity.36  

 Moreover, to demonstrate the fluorescence quenching mechanism, the radiative (kr) and 

non-radiative (knr) rate constants were calculated through the equation (1.2 and 1.3). The values 

of kr and knr values are mentioned in Table 6.3. The value of kr gets decreased, whereas the 

value of knr gets increased with the addition of Fe3+ ions in the CA-MnO2 QDs. This results 

suggest that the fluorescence quenching mechanism is based on the excited-state electron 

transfer.2 The rate of electron transfer (kET) was estimated to find the excited-state dynamics of 

the prepared sensing system via the equation (1.6). The electron transfer efficiency (EET) is 

determined through the equation (1.7). The effective values of kET and EET leads to the transfer 

of electron in the excited state that results in dynamic quenching among the CA-MnO2 QDs 
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and Fe3+ ions (Table 6.3). The addition of AA in the CA-MnO2 QDs-Fe3+ sensing system leads 

to the fluorescence recovery of CA-MnO2 QDs, which was also confirmed by the fluorescence 

quantum yield and average lifetime values (Table 6.3). The increase in the value of kr and 

decrease in the value of knr shows the removal of Fe3+ ions from the surface of the CA-MnO2 

QDs. Furthermore, the variation in the values of kET and EET with the addition of AA in CA-

MnO2 QDs-Fe3+ demonstrates the interruption of the energy-transfer process. This was due to 

a redox reaction between the AA and Fe3+ ions, which leads to the reduction of Fe3+ ions to 

Fe2+ ions by AA.37  

Table 6.3. The photophysical parameters of CA-MnO2 QDs with the addition of Fe3+ions and 

AA.i 

System Φ #<av> 

(ns) 

kr 

(109 s-1) 

knr 

(109 s-1) 

kET 

(109 s-1) 

 

ΦEET 

(τD) 

ΦEET 

(ΦD) 

CA-MnO2 QDs 0.133 6.29 0.021 0.137 - - - 

CA-MnO2 QDs + Fe3+ 0.020 1.73 0.011 0.567 0.42 0.72 0.850 

CA-MnO2 QDs + Fe3+ 

+AA 

0.090 4.65 0.019 0.196 0.06 0.26 0.324 

iExperimental error ±5 %, #<av> =a11+a22+a33 

6.3.6 Real sample analysis 

Table 6.4. Determination of Fe3+ ions and AA by using prepared sensing system.k 

Sample Amount 

added to 

our system 

Amount 

detected by 

our system 

Recovery 

error (%) 

Recovery  

rate (%) 

RSD 

(%) 

 

Iron supplement 

0.5 µM 0.51 µM 1.96 102.0 1.77 

1.0 µM 0.99 µM 1.00 99.0 1.45 

2.5 µM 2.44 µM 2.40 97.6 1.66 

 

Vitamin C 

supplement 

1 µM 0.98 µM 1.02 98.0 1.27 

5 µM 5.10 µM 1.96 102.0 1.02 

10 µM 9.96 µM 0.40 99.6 1.81 

kExperimental error ±5 % 

The practicability of our prepared CA-MnO2 QDs for the detection of Fe3+ ions and AA in a 

real sample was analyzed. The iron supplement (Fericit (ferric citrate), Septalyst) and vitamin 

C supplement (Limcee Vitamin C 500 mg) was bought from the local market. The above iron 

supplement contains 210 mg of iron and the vitamin C supplement contains 500 mg of ascorbic 
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acid. The values of recovery rate (%), recovery error (%), relative standard deviation (RSD) is 

summarized in Table 6.4, which shows that the experiment has given satisfactory results for 

practical applications. These results demonstrated that this PL “turn-off-on” sensor based on 

CA-MnO2 QDs is applicable for real sample analysis. 

Conclusion 

 In this Chapter, citric acid-functionalized MnO2 quantum dots (CA-MnO2 QDs) have 

been successfully developed by using bulk MnO2 as a precursor and citric acid as an exfoliating 

agent. The morphology and size of the prepared CA-MnO2 QDs were confirmed by TEM 

images and their surface composition was determined by XPS analysis. The synthesized CA-

MnO2 QDs show high PL intensity and excitation-dependent fluorescence behavior due to 

variation in the particle size and surface defects. CA-MnO2 QDs exhibited good fluorescence 

quantum yield, high photostability, good pH stability within the range of 5-9, and high aqueous 

solubility. CA-MnO2 QDs were used as a “turn-off” sensor for the detection of Fe3+ ions with 

a limit of detection of 43 nM. The decrease in the value of fluorescence quantum yield and the 

average lifetime of CA-MnO2 QDs in the presence of Fe3+ ions confirmed the dynamic 

quenching mechanism between the CA-MnO2 QDs and Fe3+ ions. Further, the different 

photophysical parameters were also calculated which explain the proposed fluorescence 

quenching mechanism in detail. The PL intensity of CA-MnO2 QDs was restored (“turn-on”) 

with the addition of AA in the prepared CA-MnO2 QDs-Fe3+ sensing probe based on the redox 

reaction. The facile, cost-effective, fast, and environmentally friendly prepared sensing probe 

was also used in real sample analysis.  
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Conclusions and Future perspectives 

 In summary of thesis, Cdots act as an active fluorescent nanomaterial to be used in the 

sensing applications due to owing attractive properties such as exceptional biocompatibility, 

good water solubility, photo-stability, and tunable photoluminescence. Biomolecules have 

great affinity for metal surfaces. Therefore, the combinations of fluorescent probes and 

nanomaterial-based quenchers used as promising sensor for the detection of biomolecules. So, 

MnO2 nanoparticles with a high specific surface area and great capacity to absorb light can act 

as efficient fluorescence quencher and used for the development of “turn off−on” fluorescence 

sensing platforms. The main target of the thesis is to study the role of different sizes of MnO2 

nanospheres and different morphologies of MnO2 nanostructures for the detection of 

biomolecules by using fluorescence spectroscopy. 

 In Chapter 2, the sensors were prepared based on fluorescent nanomaterials i.e., Cdots 

which were prepared by using ascorbic acid under microwave irradiations. The different sized 

(large, medium, small) MnO2 nanospheres were prepared by changing the ratio of KMnO4 (as 

a precursor) and methionine (as a capping agent) at room temperature. Cdots with large size 

MnO2 nanospheres act as the best sensor for GSH detection due to the large size of MnO2 

nanospheres. It can be demonstrated that the sensing activity of prepared sensors was 

dependent on the size of MnO2 nanospheres. A redox reaction occurs between GSH and MnO2 

leading to the decomposition of the Cdots-MnO2 nanocomposite and results in the fluorescence 

restoration (turn on) of Cdots due to the transformation from MnO2 to Mn2+. Further, in Chapter 

3 the different morphologies (Mn NF, Mn NF+NR, Mn NR) of MnO2 nanostructure were 

prepared by hydrothermal method at different reaction times. Mn NF showed high quenching 

efficiency of Cdots and high fluorescence restoration of Cdots in presence of GSH among 

different morphologies of MnO2 nanostructure due to the high surface area of Mn NF. 

Therefore, the different morphologies of MnO2 nanostructure also affect the sensing activity 

of sensors for GSH detection.   

 In Chapter 4, the role of different heteroatom doped carbon dots in Cdots-MnO2 based 

sensor for the detection of GSH were studied in detail. Four different heteroatoms doped Cdots 

have been synthesized, including U-Cdots, N-Cdots, S-Cdots, and N, S-Cdots by high-

temperature treatment for 5 min. N, S-Cdots showed a high value of the quantum yield and 

attractive properties as compared to others. N, S-Cdots with MnO2 nanospheres showed a high 

fluorescence restoration of Cdots as compared to other prepared Cdots due to the synergistic 
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effect of nitrogen and sulfur. Further, in Chapter 5, the different morphologies of 1-D MnO2 

nanostructures were prepared by using a hydrothermal method by varying the reaction time (8, 

10, and 12 h). The variations in the morphology and the aspect ratio of the different 1-D MnO2 

nanostructures were determined by TEM images. MnO2 nanowires prepared at 8 h showed the 

best result for the detection of GSH due to the high aspect ratio, large specific surface area, and 

high surface-to-volume ratio. It can be concluded that the variation in the aspect ratio of MnO2 

nanostructure put an impact on their sensing activity for GSH.  

 The variation in the different photophysical parameters of Cdots such as quantum yield 

(𝜙), average lifetime values [τav (ns)], radiative (kr) rate constant, non-radiative (knr) rate 

constant, rate of electron transfer (kET), the efficiency of electron transfer (𝜙EET), FRET 

efficiency (E), and Förster distance (R0) were dependent on the different shapes and sizes of 

the MnO2 nanostructure. The prepared sensors for the detection of GSH were based on different 

fluorescence quenching mechanisms which were also confirmed by these photophysical 

parameters. In prepared all above sensors for the GSH detection N, S-Cdots with MnO2 

nanospheres showed the best limit of detection i.e., 80 nM. This may be due to good optical 

and electronic properties of heteroatom doped Cdots and high surface-to-volume ratio of MnO2 

nanospheres as compared to the other MnO2 nanostructures.    

 At last, in Chapter 6, there was an approach to prepare self-fluorescent MnO2 quantum 

dots for the detection of biomolecules. Citric acid-functionalized MnO2 quantum dots (CA-

MnO2 QDs) was prepared through one-step ultrasonication of bulk MnO2 in the presence of 

citric acid as acidifying and stabilizing agent. CA-MnO2 QDs in the presence of Fe3+ ions were 

used as a sensor for the detection of AA based on the redox reaction between Fe3+ ions and 

AA. 

Future Perspectives 

➢ Modification in the surface functionalisation of Cdots to enhance the limit of detection for 

biomolecules. 

➢ Implementation of prepared best sensor in real-time portable sensor. 

➢ The prepared best sensor for the GSH detection can be used in biomedical applications.  

➢ Development of self-fluorescent MnO2 QDs with other capping molecules for selective 

sensing of different biomolecules and applicable in biomedical applications.  
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