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Abstract 12 

Renewable, green and cheap biomass could meet the urgent need of cost-effective graphene 13 

quantum dots (GQDs) if microstructure and quality can be precisely controlled. Herein, for the 14 

first time, we investigate the effect of precursor microstructure on the growth of GQDs from 15 

biomass. A novel process is developed which combines carbonisation, oxidation and nitration 16 

with controlled hydrothermal fragmentation to form GQDs. The results indicate that aromatic 17 

structure of carbon material as a precursor is the key to obtain high-quality GQDs. The as-18 

prepared GQDs possess 3-9 layers graphene structure with an average size of 11.6 ± 1.8 nm 19 

and exhibit a moderate quantum yield of 17.5%. These GQDs are used to develop a highly 20 

selective and sensitive sensor to detect ferric ions with a detection limit as low as 26 ± 0.4 nM. 21 

This study highlights the development of high quality GQDs from biomass for real-world 22 

sensing, photocatalytic and biomedical applications. 23 

 24 
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1. Introduction 31 

Graphene quantum dots (GQDs), single or a few layered zero-dimensional derivatives of 32 

graphene, have attracted extensive research attention owing to their intriguing size-dependent 33 

physicochemical properties and promising applications [1-3]. Owing to the zero 34 

dimensionality, quantum confinement and edge effects, GQDs exhibit distinctive electrical and 35 

optical properties [4-6]. As an alternate to semiconductor quantum dots (QDs), the GQDs 36 

exhibit low cytotoxicity, excellent water solubility, high biocompatibility, tunable bandgap, 37 

stable fluorescence and excellent photostability [7-9]. These exceptional properties make 38 

GQDs highly attractive in a wide range of science and engineering fields and make them 39 

suitable building blocks for numerous applications such as photocatalysis [10-14], 40 

photoelectrical conversion [15, 16], bioimaging [17-19], medical diagnostics [8, 20, 21], 41 

therapy [19, 22], sensing [18], optoelectronic devices [15, 23] and light-emitting diodes [24, 42 

25]. However, the high cost and quality control remain the key challenges in the preparation of 43 

GQDs. Therefore, the development of low cost, pure and high quality GQDs is urgently 44 

needed.  45 

A variety of techniques have been employed to develop GQDs using different precursors. 46 

These techniques can be classified into commonly employed two main classes: bottom-up and 47 

top-down [2]. The bottom-up techniques consist of generating graphene domains from organic 48 

molecular precursors through chemical reactions. The top-down methods involve the 49 

conversion of large graphene domains into smaller ones by chemical cutting. The key limitation 50 

in both of these approaches is the use of non-renewable precursors, such as graphene, graphene 51 

oxide, carbon fibre, carbon nanotubes, etc. [26-28]. These precursors are rather expensive and 52 



4 

 

 

difficult to synthesise. Therefore, the search for renewable, green and inexpensive carbon 53 

resource for the cost-effective synthesis of GQDs remains urgently desirable. 54 

To this end, biomass, which is inexpensive, renewable, green and rich in carbon [29-31], stands 55 

out as a promising precursor for the cost-effective synthesis of GQDs. A number of reports 56 

have been presented on the use of biomass for the cost-effective synthesis of carbon-based QDs 57 

[2, 32-36]. However, quality control remains a key challenge which requires urgent attention. 58 

Unfortunately, less attention has been paid to investigate the influence of precursor 59 

microstructure and properties on the product type and quality. Different plants have different 60 

microstructure and composition due to different habitats and varieties. These differences may 61 

influence the composition of their derivative carbon materials. As a result, there has been 62 

conflicting opinions on the type and quality of product obtained from biomass. A number of 63 

researchers adopted the term carbon quantum dots (CQDs) [36-39] for describing their biomass 64 

derived product, others suggested these to be GQDs [32, 34, 35], while a few named them 65 

polymer quantum dots (PQDs) [40, 41]. For example, Roy et al. studied the transformation of 66 

neem leaves extract by hydrothermal treatment into quantum materials, which they called 67 

GQDs [34]. On the other hand, Pradeep et al. reported the use of same neem leaves to extract 68 

a precursor by a similar hydrothermal treatment and named the product CQDs [38]. In contrast 69 

to both studies, Liu et al. reported the hydrothermal treatment of plant (taxus) leaves to 70 

synthesise deep red emissive nanoparticles and called these as PQDs [40]. These reports 71 

indicate a gap in the true understanding of the product type and role of precursor microstructure 72 

in the development of QDs. In fact, the major mechanism involved in the production of these 73 

QDs is the top-down method, which involves the cutting of precursor carbon domains into 74 

nanoscale entities [34, 42].  This suggests that the precursor microstructure has a direct relation 75 
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with the product. Therefore, herein we systematically study the role of precursor microstructure 76 

in the development of GQDs from biomass.  77 

The development of fluorescence based selective sensors for metal ions detection is appealing 78 

due to their direct connection with environment and biological systems. GQDs have emerged 79 

as an innovative kind of fluorescence sensors owing to their strong fluorescence, high solubility 80 

and superior surface grafting [19, 33, 42]. The sensing and removal of Fe3+ have gained 81 

extensive attention among different metal ions due to the crucial role of iron in human life and 82 

environmental systems [43, 44]. The accumulation of iron was discovered in the neurons of 83 

Parkinson’s disease patients, therefore, the regulation of Fe3+ concentration is critical in 84 

controlling the Parkinson’s disease [45]. Moreover, Fe3+ is among the significant pollutants 85 

present in water, triggering the environmental pollution [46]. Therefore, iron content must be 86 

precisely measured, recorded and monitored in environmental and biological systems [47]. To 87 

accomplish these goals, many scientists have utilised the photoluminescence quenching 88 

phenomenon of GQDs by Fe3+ [43, 48]. The simple and sensitive detection by a fluorescence-89 

based approach makes GQDs a powerful tool for monitoring harmful metal ions in the 90 

environment.  91 

In this study, we present the growth of GQDs from spent tea derived carbon precursors and 92 

study the influence of precursor microstructure on the product microstructure and properties. 93 

A synthetic approach, which combines the merits of both bottom-up and top-down techniques 94 

was used. The biomass was initially pyrolysed to produce a range of carbonaceous materials 95 

with varying microstructures in a bottom-up method. These materials were then activated by 96 

chemical treatment and hydrothermally cut into nano-fragments in a top-down approach (Fig. 97 

1).  98 
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 99 

Fig. 1. The schematic representation of the synthesis process for graphene quantum dots (GQDs). A carbon rich 100 

precursor is obtained by pyrolysis of biowaste, which is then activated by strong acids followed by hydrothermal 101 

treatment to produce GQDs.  102 

 103 

A precise control over precursor microstructure leads to GQDs with promising optical 104 

properties for potential applications, such as sensing. As a proof of concept, these GQDs were 105 

utilised as a fluorescence probe for the detection of metal ions in aqueous media. A GQDs 106 

based sensor was designed to selectively detect ferric ions (Fe3+) with high sensitivity. The 107 

present study develops the fundamental understanding of the role of precursor microstructure 108 

in the growth of GQDs with enhanced optical properties.  109 
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2. Materials and methods  110 

2.1. Materials 111 

Spent black tea was derived from PG tips tea bags manufactured by Unilever UK. Sodium 112 

hydroxide (NaOH), nitric acid (HNO3, > 67%) and sulfuric acid (H2SO4, > 97%) were 113 

purchased from Fisher Scientific, UK. The metal salts CoCl2, CaCl2, AlCl3, AgNO3, CrCl3, 114 

FeCl2, CuCl2, ZnCl2, SrCl2, FeCl3, PbCl2, NiCl2, MoCl2, LiCl, NaCl, MnCl2, and MgCl2 were 115 

ordered from Sigma Aldrich. Nitrogen gas (99.998% purity) was provided by BOC, UK. The 116 

Polyvinylidene fluoride (PVDF) filtration membranes (0.1 m) were supplied by Merck 117 

Millipore, UK. The purification of GQDs was performed using dialysis bags of 1kD MWCO 118 

provided by Spectrum Labs, Netherlands. Transmission electron microscopy (TEM) grids \ 119 

Mica discs (product code: AGF7013) were obtained from Agar scientific, UK. De-ionised (DI) 120 

water was used in all the experiments.  121 

 122 

2.2. Synthesis of carbon precursor 123 

Spent tea bags were obtained from a tea shop in Newcastle Upon Tyne, UK. The spent tea was 124 

washed thoroughly with DI water to remove the dissolvable organic components (such as 125 

colour) and sun dried for a day followed by oven drying at 80 °C overnight (12 hours) for the 126 

removal of adsorbed moisture. The dried tea was then ground to fine powder ( 90 m) and 127 

stored for further use. The composition of the tea was studied via proximate analysis (ASTM 128 

standard D3172) and ultimate analysis (ASTM standard D3176) (Table S1, Supplementary 129 

Information).  130 
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The precursor carbon materials were prepared by pyrolysis of spent tea in a horizontal tube 131 

furnace (VCTF4, Vecstar Ltd. UK) (Fig. S1, Supplementary Information). The powder samples 132 

were loaded onto the furnace and heated to a desired temperature (200-500 °C) at a heating rate 133 

of 10 °C min⁻1 in a 50 mL min⁻1 flow rate of nitrogen, followed by a holding time of 3 hours. 134 

As a result of variable pyrolysis temperature, carbon materials with varying microstructures 135 

were produced. The carbon samples prepared were designated as C-X, where C stands for 136 

carbon and X indicates the pyrolysis temperature, e.g. C-500 corresponds to the carbon material 137 

prepared at 500 °C.  138 

 139 

2.3. Synthesis of GQDs 140 

As-prepared carbon materials were activated with strong acids to incorporate functional groups 141 

on the edges and basal planes of the carbon skeleton for efficient cutting into nanosized 142 

particles. A 100 mg sample of carbon precursor was mixed in a 100 mL mixture of HNO3 and 143 

H2SO4 at a volumetric ratio of 3:1 and sonicated (50-60Hz, 750W) for 15 hours to ensure 144 

significant mixing and activation. The acquired dark brown solution was diluted 3 times with 145 

DI water and filtered using a 0.1 µm PVDF filtration membrane. The excess acids were 146 

removed by washing with large volumes of hot water. The complete removal of excess acids 147 

was verified by monitoring the pH of the filtrate.  148 

For the synthesis of GQDs, various activated carbon materials were subjected to hydrothermal 149 

treatment in a Teflon-lined autoclave (PARR, 4760). In a typical procedure, about 100 mg of 150 

the activated carbon was dispersed in 100 mL of water and added to a 300 mL hydrothermal 151 

reactor. The reactor was heated and maintained at 200 °C for 12 hours to ensure the significant 152 

fragmentation of carbon domains into nanosized pieces. The reactor was then naturally cooled 153 
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down to room temperature. The resulting brown suspension was filtered through a 0.1 m 154 

PVDF filtration membrane and dialysed in a dialysis bag for 1 day to remove any impurities. 155 

The products acquired from different carbon precursors were designated as C-X-GQDs and are 156 

summarised in Table 1.  157 

 158 

Table 1. Products obtained from various carbon precursors under identical hydrothermal conditions.  159 

Precursor Hydrothermal temperature (°C) Process duration (h) Product nomination 

C-200 200 12 Nanoparticles 

C-300 200 12 Nanosheets 

C-400 200 12 C-400-GQDs 

C-500 200 12 C-500-GQDs 

 160 

2.4. Sensing of Fe+3 161 

The photoluminescence quenching phenomenon of GQDs by Fe3+ was employed to design the 162 

sensor. The amount of photoluminescence quenching is associated with the Fe3+ concentration. 163 

The detection of Fe3+ was carried out at 340 nm of excitation in a quartz cuvette. In order to 164 

evaluate the selectivity of GQDs towards Fe3+ sensing, following 17 different metal ions were 165 

selected: Co2+, Ca2+, Ag1+, Al3+, Cr3+, Fe2+, Cu2+, Zn2+, Fe3+, Sr2+, Pb2+, Ni2+, Mo2+, Li1+, Na1+, 166 

Mn2+ and Mg2+. The concentration of C-500-GQDs was kept constant at 10 g mL⁻1 and 50 167 

µM of each metal ion was added. The fluorescence spectra were recorded after incubation for 168 

2 minutes. Quantitative measurement of Fe3+ was carried out by preparing a series of Fe3+ and 169 

C-500-GQDs solutions, in which the concentration of GQDs was kept constant but the 170 

concentration of Fe3+ changed from 0 to 50 µM. The photoluminescence intensities of these 171 

solutions were measured using a fluorescence spectrophotometer.  172 
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2.5. Characterisation  173 

The properties and structure of the samples were studied at different stages of preparation using 174 

various characterisation techniques. The morphological features of the samples were studied 175 

by high efficiency scanning electron microscopy (Philips XL30, ESEM-FEG). The 176 

microstructure and size of the GQDs were examined by transmission electron microscopy (FEI 177 

Titan3™ Themis 300: X-FEG S/TEM) operating at 300 kV. The diameter and size distribution 178 

of GQDs were determined from TEM images using the ‘ImageJ software (1.46r)’. The number 179 

of graphene layers of GQDs was measured using atomic force microscope (AFM) (Park XE-180 

15 AFM) operating in tapping mode. Surface functionalisation and elemental composition were 181 

analysed by X-ray photoelectron spectroscopy (XPS) on a Thermo Fisher Scientific NEXSA 182 

spectrometer. The surface functional groups were identified using a Bio-Rad Fourier transform 183 

infrared spectrometer (FTIR, Cary 630, Agilent Technologies). The crystallinity of samples 184 

was examined by Raman spectroscopy using a Renishaw plus Raman spectrometer with 532 185 

nm laser excitation. The fluorescence and ultraviolet-visible (UV-Vis) absorption spectra were 186 

recorded using a Shimadzu RF-6000 spectrofluorophotometer and a Shimadzu UV-1800 187 

spectrophotometer, respectively. The spectra were measured with a resolution of 1 nm⁻1. 188 

 189 

3. Results and discussion  190 

3.1. Morphology characterisation  191 

Morphological features of the biomass feedstock and carbon samples were studied by SEM 192 

analysis (Fig. 2). A smooth morphology with a few pores is observed for the biomass feedstock 193 

(Fig. 2a1).  194 
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 195 

Fig. 2. Scanning electron microscopy (SEM) images of raw biomass (a1, b1, c1) and its carbon material derivatives 196 

obtained via pyrolysis treatment at 200 °C (a2, b2, c2), 300 °C (a3, b3, c3), 400 °C (a4, b4, c4) and 500 °C (a5, b5, c5).  197 

 198 

The higher magnification images further verify the structure and show micrometre sized pores 199 

at the centre of a flower-like morphology (Fig. 2b1, c1). The morphology of the biomass 200 

changes significantly with the pyrolysis treatment. The SEM images of carbon materials 201 
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synthesised at 200 °C show a very heterogeneous morphology and irregular structure due to 202 

dehydration and the beginning of decarboxylation reactions (Fig. 2a2-c2) [49].  203 

It has been reported [50] that the decomposition of hemicellulose is dominant at a temperature 204 

range of ≥ 200-230 °C, cellulose decomposition dominates at 260-290 °C and the lignin 205 

decomposition takes place along with cellulose above 290 °C and continues up to 600 °C. As 206 

the temperature is increased the volatile compounds start to be removed, consequently the 207 

morphology of biomass derivatives begins developing to a more ordered configuration. At 400 208 

°C an improved surface morphology is observed (Fig. 2a4-c4). With further increase in 209 

temperature to 500 °C (Fig. 2a5-c5), the morphology of the carbon material develops into a 210 

well-ordered structure, resulting in a layered graphene like configuration [51, 52]. These 211 

findings indicate that increasing the pyrolysis temperature up to 500 °C provides a carbonised 212 

material with well-defined graphene like morphology.  213 

 214 

3.2. Structural analysis of carbon materials 215 

The surface and structural characteristics of the carbon samples were investigated using Raman 216 

and FTIR spectroscopies. The FTIR spectra of the biomass feedstock and its derivative carbon 217 

materials are shown in Fig. 3a. The spectra display a wide band at ~3350 cm⁻1 related to the 218 

stretching vibrations of N-H and O-H groups, whereas the bands at around 2900 and 2850 cm⁻1 219 

are attributed to aliphatic C-H (alkane) groups. The bands at about 1735 and 1625 cm⁻1 are 220 

assigned to C=O bonds of carbonyl group and C=C bonds in aromatics, respectively. The bands 221 

at ~1400-1450 cm⁻1 correspond to the C-C aromatic groups. The multiple bands at 1200-1300 222 

cm⁻1 correspond to the presence of O-H group in esters, ethers, carboxylic acids and alcohols. 223 
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A sharp band at about 1015 cm⁻1 is related to C-O stretching in the ether groups. The bands at 224 

700-900 cm⁻1 correspond to the aromatic C-H out of plane bending vibrations [53].  225 

 226 

 227 

Fig. 3. (a) FTIR spectra of biomass and its derivative carbon samples obtained at different pyrolysis temperatures 228 

from 200 to 500 °C. (b) Raman spectra of carbon samples acquired at a range of 200-500 °C. 229 

 230 

A continuous reduction in the intensity of these infrared bands is observed with an increase in 231 

the pyrolysis temperature. These variations indicate that the major chemical and/or structural 232 

changes that take place are attributed to the degradation of cellulose and hemicellulose 233 

constituents of the biomass. This process initiates at around 250-300 °C  with a maximum 234 

decomposition rate at about 370 °C [49] and takes place via the breakage of C-H, C-O and C-235 

C bonds by dehydration, decarboxylation and decarbonisation [54]. Whereas, the 236 

decomposition of lignin occurs over a wide range (280-600 °C) with a highest degradation rate 237 

at about 450 °C [55, 56] to produce phenolic groups [57]. The FTIR peaks due to aliphatic 238 

groups at ~2900 cm⁻1 disappear when the pyrolysis temperature rise is > 400 °C. This indicates 239 

the removal of aliphatic chains and development of aromatic structure with increase in 240 
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temperature. This is further confirmed in the 500 °C sample, where peaks related to only 241 

aromatic groups at ~1412 (C-C) and ~870 cm⁻1 (C-H) are detectable. These findings indicate 242 

the growth of aromatic carbon domains at high temperature.  243 

In order to gain further insight into the structure of the biomass derived carbon materials Raman 244 

analysis was performed. Raman spectra of carbon materials acquired from the pyrolysis of 245 

biomass at 200-500 °C are presented in Fig. 3b. The Raman spectra consist of two distinct 246 

bands at ~1360 and ~1587 cm⁻1 designated as the D and G bands respectively, which are 247 

indicative of a carbonaceous structure. The D band is related to the defects and disorder in 248 

carbon lattice, while G band is attributed to graphitic order or the vibration of sp2 bonded 249 

carbon atoms in a 2D hexagonal lattice of a carbon material [58]. It can be seen in Fig. 3b that 250 

C-200 and C-300 exhibit non-uniform Raman spectra and D and G bands are not very clear. 251 

This indicates incomplete carbonisation of the biomass at such a low temperature. On the other 252 

hand, C-400 and -500 display obvious D and G bands and the intensity of G band increases 253 

with the pyrolysis temperature, suggesting the development of graphitic order in the carbon 254 

materials. The intensity ratio ‘ID/IG’ indicates the degree of crystallinity and sp2 content of a 255 

carbon material [59]. Our results show ID/IG ratio of about 0.85 and 0.80 for C-400 and C-500 256 

carbon samples, respectively, which clearly demonstrates their increasing crystallinity and sp2 257 

content with pyrolysis temperature and a dominant value for C-500 sample [59].  258 

The elemental composition of the carbon materials prepared at different pyrolysis temperatures 259 

was studied by CHN analysis and the results are summarised in Table 2. The carbon content 260 

increases and hydrogen content decreases with an increase in the pyrolysis temperature, which 261 

is consistent with a carbonisation process. The carbon content is significantly increased in the 262 

case of C-500 carbon material which further verifies the removal of volatiles and formation of 263 

a graphitic structure.  264 
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Table 2. Elemental analysis (dry and ash free basis) of carbon materials prepared at different temperatures. 265 

Sample Pyrolysis temperature Carbon Hydrogen Nitrogen Oxygen* 

Black tea Dried at 80 °C 44.82 5.69 3.98 45.51 

C-200 200 °C 52.38 4.89 4.63 38.1 

C-300 300 °C 64.97 4.54 5.21 25.28 

C-400 400 °C 68.26 3.46 5.19 23.09 

C-500 500 °C 71.09 2.24 5.18 21.49 

     *Calculated by difference. 266 

 267 

3.3. Activated carbon characterisation   268 

Activation is the process of increasing the tendency of a substance to undergo a chemical 269 

reaction. Among the numerous approaches developed, activation of carbon materials with 270 

strong acids is a widely accepted approach for their conversion into graphene-based materials. 271 

We conducted the activation of carbon materials with individual acids and acid mixtures for 272 

investigating their effect on the properties of the product. A mixture of acids was found to be 273 

more promising leading to improved optical properties of the product (see Fig. S2, 274 

Supplementary Information).  275 

The activation of carbon materials was verified by FTIR spectroscopy. The FTIR spectrum of 276 

a representative activated carbon sample shows that activation led to the incorporation of 277 

organic functional groups into the carbon structure compared to a non-activated sample (Fig. 278 

4a). The first major difference between the activated and non-activated sample is the 279 

appearance of a broad band at ~3000-3500 cm⁻1 after activation, which is attributed to the 280 

stretching vibrations of amine (N-H) and hydroxyl (O-H) groups.  281 
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 282 

Fig. 4. (a) FTIR analysis of C-500 before (green) and after (orange) activation with a mixture of HNO3 and H2SO4 283 

(3:1 vol.%). (b) Schematic illustration of oxygenated, hydroxyl and nitro groups on the surface and basal planes 284 

of sp2 carbon domains. 285 

 286 

Another distinction is the introduction of carbonyl (C=O @~1700 cm⁻1) and ether (C-O 287 

@~1230 cm⁻1) groups after activation. The last major change is the appearance of bands at 288 

~1530 cm⁻1 and ~1340 cm⁻1 related to asymmetric and symmetric stretching vibrations of nitro 289 

(N-O) groups, respectively [60]. These findings indicate the introduction of large number of 290 

oxygenated and nitro- functional groups in the carbon matrix after activation, as depicted in 291 

the schematic illustration in Fig. 4b. The addition of these functional groups facilitates the 292 

fragmentation of carbon domains into nanosized QDs.  293 

The activation of carbon materials was further verified by XPS analysis. Fig. 5 shows the XPS 294 

spectra of non-activated and activated carbon samples. Three major peaks are identified at 295 

~285, ~400 and ~532 eV, which are related to C1s, N1s and O1s, respectively. Interestingly 296 

the Ca impurity peak (347 eV) observed in the non-activated carbon sample (Fig. 5a) has been 297 

completely removed after activation (Fig. 5d).  298 
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 299 

Fig. 5. The XPS survey spectra, high-resolution O1s and N1s spectra of (a, b, c) non-activated and (d, e, f) 300 

activated carbon sample C-500, respectively.  301 

 302 

A comparison with the non-activated sample indicates that the oxygen and nitrogen contents 303 

significantly increased after activation. A relatively high oxygen to carbon ratio (O/C = 35%) 304 

was found as compared to non-activated carbon material (O/C = 20%), verifying the extensive 305 

oxidation of the carbon materials. Another interesting observation is the presence of a high 306 

concentration of N-oxides in activated carbon materials. The band at higher energy (405.5 eV) 307 

that appears due to activation (Fig. 5f) is attributed to N-oxides (NO2⁻) [60, 61]. These N-308 

oxides play a vital role in the strong activation of carbon and its fragmentation into GQDs. 309 

These results suggest that during the activation process, the hydroxyl, oxygenated and nitro 310 

groups (-OH, -COOH, -COO, -NO2 etc.) are added on the surface and basal planes [26]. This 311 

increases carbon reactivity and the hydrophilic character of the material. Consequently, this 312 

highly reactive carbon becomes suitable for disintegration into GQDs by hydrothermal 313 

treatment.  314 
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In contrast with the generally employed acid-base neutralisation, a hot water washing technique 315 

was introduced to remove the excess acids. The complete removal of excess acids was verified 316 

by monitoring pH. The elimination of the acid-base neutralisation process led to removal of 317 

salt generation. Thus, no external impurities were introduced, and highly pure product was 318 

obtained. On the other hand, when the same sample was extensively washed with normal water, 319 

neutral pH was not attained and neutralisation with a strong base (e.g. NaOH) was an inevitable 320 

requirement. This neutralisation process introduces sodium (Na) impurities in the product. (Fig. 321 

S3, Supplementary Information). Thus, extensive washing with hot water and elimination of 322 

the neutralisation step played a key role in the formation of a highly pure product.  323 

 324 

3.4. Characterisation of GQDs 325 

The products obtained from hydrothermal treatment of various activated carbon samples were 326 

characterised using TEM and AFM analyses. Fig. 6 shows TEM images of the products 327 

synthesised from hydrothermal treatment of C-200 and C-300 precursors. Fig. 6a shows the 328 

formation of large sized (~50-150 nm) carbon nanoparticles with irregular shape and a high 329 

degree of agglomeration. On the other hand, utilisation of the C-300 precursor resulted in the 330 

generation of carbon nanosheets with a size range of ~30-150 nm (Fig. 6b). These results 331 

suggest that C-200 and C-300 might be appropriate for the synthesis of carbon dots and 332 

nanosheets but are not suitable precursors for the preparation of GQDs. Since the hydrothermal 333 

treatment only involves the breakdown of precursor into small entities, the parent 334 

microstructure is retained in the product. Therefore, only large sized particles with high degree 335 

of agglomeration or nanosheet formation were observed when the precursors (C-200 and C-336 

300) with little or no sp2 carbon domains. This is verified by the characterisation profile of the 337 
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samples in Fig. 3, where a precursor with good sp2 content is obtained at temperatures above 338 

400 °C. Heat treatment of biomass below 400 °C does result in carbonisation, however, the 339 

thermal degradation products do not fragment into sp2 carbon domains and are, therefore, not 340 

suitable precursors for the synthesis of GQDs.  341 

 342 

 343 

Fig. 6. Transmission electron microscopy (TEM) images of (a) nanoparticles obtained through hydrothermal 344 

treatment of C-200 precursor and (b) nanosheets derived from the C-300 precursor.  345 

 346 

Fig. 7a shows the TEM image of the product prepared by utilising the C-400 precursor. The 347 

formation of GQDs (denoted as C-400-GQDs) with fairly uniform shape and size distribution 348 

can be observed. The corresponding histogram in Fig. 7c reveals that as-prepared C-400-GQDs 349 

have an average diameter of 30.4 ± 4.4 nm. The nanometre size and dispersion of the GQDs 350 

were further confirmed by light scattering. The Tyndall effect (Fig. 7a inset) was noticed in the 351 

colloidal suspension of GQDs. Fig. 7b shows a high-resolution TEM (HRTEM) image of C-352 

400-GQDs which indicates their good crystallinity with a lattice spacing of 0.237 nm, related 353 

to the (112̅0) lattice fringes of graphite (0.24 nm) [62].  354 
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 355 

Fig. 7. (a) TEM image (inset is the Tyndall light scattering effect), (b) high-resolution TEM (HRTEM) image, (c) 356 

histogram showing the size distribution, (d) atomic force microscopy (AFM) image and (e) AFM height profile 357 

of the C-400-GQDs. 358 

 359 

As prepared GQDs were further characterised by AFM to gain insight into their thickness. 360 

AFM observations (Fig. 7d, e) reveal the typical topographic morphology of GQDs and 361 

corresponding height profile, respectively, suggesting that as-prepared GQDs have a thickness 362 

of 5-8 nm, corresponding to 15-25 graphene layers. These results indicate the formation of 363 

multilayer GQDs. These GQDs also show a small degree of agglomeration.  364 

Finally, sp2 dominant C-500 precursor was employed for the synthesis of GQDs. The 365 

hydrothermal treatment of C-500 precursor resulted in the development of GQDs with a narrow 366 

size distribution. Fig. 8a shows the TEM image of evenly dispersed quantum dots (C-500-367 

GQDs) with uniform shape and size distribution. Fine size and even distribution of the C-500-368 
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GQDs without noticeable agglomeration suggest that the C-500 precursor is superior to other 369 

precursors utilised for the synthesis of GQDs.  370 

 371 

 372 

Fig. 8. (a) TEM image, inset is the Tyndall light scattering effect, (b) HRTEM image (inset is the corresponding 373 

enhanced image of the square marked in red), (c) histogram showing the size distribution, (d) AFM image and (e) 374 

corresponding AFM height profile of the C-500-GQDs.  375 

 376 

The size of as-synthesised C-500-GQDs was carefully measured using ImageJ and the results 377 

are summarised in Fig. 8c. The C-500-GQDs exhibit a narrow size distribution of 11.6 ± 1.8 378 

nm. The nanometre particle size and dispersion of the GQDs were further verified by light 379 

scattering. The Tyndall effect (Fig. 8a inset) was clearly observed in the colloidal suspension 380 

of GQDs in water. To confirm the material structure of the product, HRTEM analysis was 381 

performed. The HRTEM image (Fig. 8b) shows that C-500-GQDs exhibit excellent 382 
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crystallinity and clearly noticeable lattice fringes. Inset is the enhanced image of the region 383 

marked by a square and displays a lattice parameter of 0.24 nm corresponding to the (112̅0) 384 

lattice fringes of graphite [62]. In order to get further insight into the thickness, C-500-GQDs 385 

were characterised by AFM analysis. The AFM image of C-500-GQDs (Fig. 8d) shows a 386 

typical topographic morphology and corresponding height profiles (Fig. 8e, f) indicate a 387 

thickness of 1 to 3 nm, corresponding to 3-9 layers of graphene. The AFM analysis of C-400-388 

GQDs and C-500-GQDs reveal a good control over the lateral size of GQDs.  The lateral size 389 

of C-500-GQDs is smaller than that of C-400-GQDs. The small lateral dimension confirms the 390 

graphene nature of these QDs, since the carbon dots have lateral dimension similar to the 391 

diameter. These results indicate that the C-500 precursor with dominant sp2 content and 392 

aromatic structure is the best among all precursors tested for the synthesis of high quality 393 

GQDs. On the other hand, partially carbonised precursors containing little or no content of sp2 394 

structure are found not suitable for the synthesis of GQDs. These findings reveal that 395 

development of sp2 carbon domains and aromatic structure of the precursor material is critical 396 

to synthesise GQDs.  397 

 398 

3.5. Structural studies of GQDs 399 

The surface and structural properties of as-synthesised GQDs were characterised by various 400 

spectroscopic techniques. The FTIR spectra of both types of GQDs are presented in Fig. 9a and 401 

show a strong absorption of oxygenated functional groups, consistent with the previous reports 402 

[63]. Spectra show the presence of hydroxyl/amino groups (O-H/N-H @ 3200-3300 cm⁻1), 403 

carbonyl groups (C=O @ 1685 cm⁻1), carboxylate groups (O-C=O @ ~1552 cm⁻1) and plenty 404 

of C-O groups at ~1367, ~1230 and ~1097 cm⁻1. The bands below 1000 cm⁻1 are attributed to 405 
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the out of plane bending vibration of aromatic C-H groups [63, 64]. Plenty of oxygenated 406 

groups present on the surface of GQDs impart them hydrophilic properties and enhance the 407 

luminescence. These functional groups make GQDs soluble in water to make a stable 408 

suspension. Interestingly, the absence of NO- groups indicates that large amount of nitro groups 409 

present in the activated carbon took part in the fragmentation process and were removed 410 

completely from the final product. In addition, the oxygenated functional groups on the surface 411 

of GQDs may perform as a passivation layer and hinder their agglomeration [65].  412 

 413 

 414 

Fig. 9. (a) FTIR spectra of the C-400-GQDs and C-500-GQDs showing different types of functional groups 415 

attached on the surface of GQDs. (b) Raman spectra of C-400-GQDs and C-500-GQDs with the bands in the 416 

range of 1200-1800 cm–1, typically associated with the graphene materials.   417 

 418 

Raman spectra (Fig. 9b) of as-prepared GQDs consist of two distinctive bands: disorder (D) 419 

band (1385 cm⁻1) and crystalline (G) band (1600 cm⁻1), which are similar to the spectra of their 420 

precursor materials. As discussed earlier, the D band is associated with the defects and disorder, 421 

while the G band is related to the graphitic order and usually indicates the crystallinity of the 422 
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carbon. The G band in graphene is related to E2g phonons at Brillouin zone centre and its 423 

frequency decreases with rise in the number of graphene layers [58], therefore, its intensity in 424 

C-400-GQDs (15-25 layers) is lower than that of C-500-GQDs (3-9 layers). The ID/IG ratios of 425 

C-400-GQDs and C-500-GQDs are about 0.89 and 0.88, respectively, which show their good 426 

degree of crystallinity and are in good agreement with the previous reports [66, 67]. 427 

Interestingly, the ID/IG ratios of GQDs are increased as compared to precursors materials, 428 

possibly due to the edge states at the periphery of GQDs [67].  429 

To confirm the products obtained in this study are indeed GQDs and not their carbon dot 430 

counterpart, we performed additional characterisation by various techniques such as XPS, 431 

XRD, AFM, etc. The XRD pattern of the purified product exhibit one prominent peak at 2θ 432 

value of 24-25° corresponding to (002) plane of graphite (Fig. S4, Supplementary Information). 433 

This specifies the existence of a layered structure, indicating a few layered graphene structure 434 

of GQDs. The reason behind broad nature of the XRD band is the small size of GQDs. This is 435 

in agreement with the previous reports [42, 68].  436 

The surface functionalisation and elemental composition of GQDs was examined by XPS 437 

analysis. The survey XPS spectrum of the C-500-GQDs shows three peaks corresponding to 438 

C1s (284.4 eV), N1s (399.4 eV) and O1s (532.4 eV), respectively (Fig. 10). The XPS analysis 439 

shows that the GQDs are primarily composed of C, N and O. The absence of any peaks from 440 

impurity atoms (Ca, S, etc.) confirms high purity of the product obtained. The N1s spectrum 441 

(Fig. 10c) consists of a single peak at ~399.8 eV, corresponding to the traces of 442 

pyridinic/pyrrolic nitrogen present in the product [61]. The XPS shows the absence of N-oxide 443 

functionality observed in the activated carbon materials (see Fig. 5f). This further verifies that 444 

the N-oxides took part in the cleavage process during the synthesis and were finally removed 445 

from the product.  446 
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 447 

Fig. 10. The (a) XPS survey, (b) C 1s, (c) N 1s, (d) O 1s high-resolution XPS spectra of C-500-GQDs.  448 

 449 

The high resolution C1s and O1s spectra indicate the presence of C-O and C=O groups on the 450 

surface of GQDs. These results are in good agreement with the results of FTIR which shows 451 

the presence of oxygenated groups on the surface of quantum dots. The O/C ratio was found to 452 

be ~16%, indicating the oxygenated nature of the GQDs which make them hydrophilic in 453 

nature. This is an indication of the development of GQDs, since the carbon dots usually possess 454 

high oxygen ratio of over 50% [69, 70]. On the other hand, the O/C ratio of activated carbon 455 

materials was ~35%. This supports the idea that oxygenated groups take part in the 456 

disintegration process of graphene matrix into GQDs [26]. The controlled introduction of 457 

oxygen functionalities in GQDs makes their properties tunable. In addition to XRD and XPS 458 
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results, AFM analysis (Fig. 8d) has shown the thickness of C-500-GQDs to be 1-3 nm 459 

consisting of 3-9 graphene layers. These results validate that the products obtained are indeed 460 

the GQDs and not their carbon dot counterparts.  461 

 462 

3.6. Optical properties  463 

The optical properties of as-prepared GQDs were explored by UV-Vis absorbance and 464 

photoluminescence spectroscopies. Fig. 11a shows UV-Vis absorption spectrum of C-400-465 

GQDs. A wide absorption band is observed at about 280 to 350 nm with a peak value around 466 

300 nm which is ascribed to the n–π* transition in the carbonyl group, typically noticed in 467 

graphene like systems [71]. The ‘n’ electrons are the unpaired (non-bonding) electrons located 468 

on the oxygen of carbonyl group (C=O). Thus, n to π* transition is related to the excitation of 469 

one of the unpaired oxygen electrons to the antibonding π* orbital. These findings indicate the 470 

UV absorbance in C-400-GQDs is associated with their surface oxygen states (C=O). The 471 

bandgap of C-400-GQDs was derived from the absorbance spectrum using a Tauc plot [72] 472 

and was determined to be 3.1 eV.  473 

The photoluminescence properties of C-400-GQDs were studied at a wide spectral range from 474 

320 nm to 410 nm excitation (Fig. 11a). At 320-340 nm excitation, no detectable 475 

photoluminescence emission was observed which indicates the absence of GQDs with large 476 

bandgap. When the C-400-GQDs were excited by a 350 nm laser light, an emission peak at 477 

430 nm was observed. The emission wavelength is larger than the excitation wavelength; this 478 

is the well-known Stokes shift. The C-400-GQDs exhibit an increase in photoluminescence 479 

intensity with a rise in excitation wavelength and the strongest peak is observed at 465 nm 480 

when excited at 390 nm.  481 
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 482 

Fig. 11. (a) UV-Vis absorbance and photoluminescence spectra of C-400-GQDs at a range of excitation 483 

wavelengths; inset is the GQDs solution under visible and 365 nm UV light, (b) normalised photoluminescence 484 

spectra of C-400-GQDs, (c) UV-Vis absorbance and photoluminescence spectra of C-500-GQDs at different 485 

excitation wavelengths, inset is the photograph of C-500-GQDs solution under visible and 365 nm UV lamp, and 486 

(d) normalised photoluminescence spectra of C-500-GQDs. 487 

The variation in excitation wavelength results in a shift in emission peak position (Fig. 11b). 488 

An obvious red-shift of ~50 nm is observed which is attributed to the variable size of C-400-489 

GQDs or the presence of different functional groups [62]. These results indicate that C-400-490 

GQDs exhibit excitation dependent photoluminescence emission as a result of the quantum 491 

confinement effect or various emissive states introduced by different functional groups [42, 492 

48]. The inset in Fig. 11a shows the photograph of the C-400-GQDs solution under 365 nm 493 
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UV and visible light illumination. The GQDs colloidal solution shows a transparent colour in 494 

visible light whilst a green fluorescence is seen under UV light. 495 

Optical properties of the as-prepared C-500-GQDs were also examined by UV-Vis and 496 

photoluminescence spectroscopies. Fig. 11c shows the absorption spectrum of C-500-GQDs. 497 

A deep absorption band is noticed in the UV range at about 300 nm. The strong absorption 498 

band indicates improved optical properties of C-500-GQDs compared to C-400-GQDs. The 499 

band gap of C-500-GQDs based on the absorbance spectrum was calculated to be ~3.3 eV.  500 

The fluorescence emission spectra of C-500-GQDs at a range of excitations from 320 to 400 501 

nm are presented in Fig. 11d.  When excited by a 320 nm laser, these GQDs show emission 502 

band at around 415 nm. The most intense emission peak was observed at 420 nm when excited 503 

at 340 nm wavelength, which is consistent with previously reported GQDs [33, 35, 42, 62]. It 504 

is important to note that the emission peak position shifts towards higher wavelength region 505 

with increase in excitation wavelength. As a result, the C-500-GQDs display wide emission 506 

spectra from ~420 to ~500 nm. This excitation dependent emission makes these GQDs suitable 507 

building blocks for multicolour imaging applications (such as bioimaging). The inset in Fig. 508 

11c shows the photograph of C-500-GQDs solution after irradiation by 365 nm UV light and 509 

visible light. The GQDs colloidal solution shows a transparent colour under visible light which 510 

indicates that these GQDs do not have down-conversion or up-conversion characteristics in 511 

visible light. On the other hand, a bright blue fluorescence is revealed under UV light, which 512 

shows the excellent photoluminescence properties of C-500-GQDs. 513 

The optical properties of C-400-GQDs and C-500-GQDs demonstrate varying characteristics. 514 

For further understanding, quantum yields of both types of GQDs were calculated using 515 

quinine sulfate as a reference. The quantum yield was estimated by comparing the absorbance 516 
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values and integrated photoluminescence intensities of GQDs with that of quinine sulfate (see 517 

Supplementary Information for details). The quantum yields of C-400-GQDs and C-500-GQDs 518 

were calculated to be 8.2% and 17.5%, respectively. The C-500-GQDs which were derived 519 

from a precursor with more sp2 content and aromatic microstructure, exhibit superior optical 520 

properties. These results further validate the role of precursor microstructure in the 521 

development and optical properties of GQDs. Moreover, the variable size of these GQDs leads 522 

to an adjustable bandgap, which is consistent with previous reports [73, 74]. A decrease in 523 

GQDs size leads to a shift in photoluminescence emission at higher energy [70, 75-77]. Thus, 524 

based on the TEM results, small sized C-500-GQDs exhibit a blue shift in emission maxima 525 

(415 nm) compared to large sized C-400-GQDs (465 nm). This is further confirmed in the inset 526 

in Fig. 11a and c, where the solution of GQDs under 365 nm excitation changes colour from 527 

light green to strong blue. These results indicate that the bandgap of our GQDs can be tuned 528 

by varying their size and thus the photoluminescence properties can be controlled. The tunable 529 

photoluminescence properties of our GQDs make them suitable building blocks for a range of 530 

applications. 531 

The photoluminescence excitation (PLE) spectra of both type of GQDs are presented in Fig. 532 

12a. The PLE of C-400-GQDs was recorded at the strongest luminescence emission 465 nm 533 

and a wide excitation band was noticed at ~330 nm. This PLE band corresponds to the 534 

absorption band (280-350nm) of C-400-GQDs. The PLE spectra of C-500-GQDs was 535 

measured at 415 nm corresponding to the strongest emission maximum. A sharp PLE band was 536 

observed at around 300 nm, which is related to the strong absorption band (300 nm) of C-500-537 

GQDs. Thus, the UV-Vis absorbance, photoluminescence and PLE results of our GQDs are 538 

consistent. 539 

 540 
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 541 

Fig. 12. (a) The normalised photoluminescence excitation (PLE) spectra of C-400-GQDs at 465 nm and C-500-542 

GQDs at 415 nm emission wavelength. (b) Photoluminescence analysis of water (green) and methanol (black) 543 

solvents showing no emission; and photoluminescence emission (at 340 nm excitation) of freeze-dried C-500-544 

GQDs dispersed in water (red) and methanol (blue) exhibiting retention of inherent photoluminescence properties 545 

with no significant effect of dispersant. 546 

 547 

In order to confirm that the photoluminescence properties were not originating from the 548 

dispersant or impurities, the photoluminescence properties of the dispersant (water and 549 

methanol) were measured as a control sample. As shown in Fig. 12b, the blanks did not show 550 

any luminescence with water or methanol only. However, the strong luminesce emission was 551 

observed upon the addition of C-500-GQDs in the dispersant. The luminescence properties 552 

were almost independent of the dispersant. Moreover, the C-500-GQDs did not lose their 553 

luminescence properties after freeze-drying and storing for several months, and the strong 554 

emission recovered upon dispersion in a solvent. These results verify strong and stable 555 

photoluminescence properties of our as-prepared GQDs, making them suitable for wide range 556 

of optoelectronic and sensing applications.  557 

 558 
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3.7. Application as a sensor  559 

Owing to their strong fluorescence, high solubility and superior surface grafting, GQDs have 560 

emerged as an innovative kind of fluorescence sensors [19, 33, 42, 78]. Based on the strong 561 

fluorescence properties and extensive presence of oxygenated surface functional groups, the 562 

C-500-GQDs are anticipated to be a potential candidate for sensing applications. 563 

In this study, the selective detection of Fe3+ was investigated by evaluating the quenching 564 

behaviour of C-500-GQDs solution (10 g mL⁻1) in the presence of seventeen different metal 565 

ions: Co2+, Ca2+, Ag1+, Al3+, Cr3+, Fe2+, Cu2+, Zn2+, Fe3+, Sr2+, Pb2+, Ni2+, Mo2+, Li1+, Na1+, 566 

Mn2+ and Mg2+. Since C-500-GQDs exhibit a strong photoluminescence emission at 340 nm 567 

excitation this excitation wavelength was chosen to study the variation in photoluminescence 568 

intensity of GQDs after addition of different metal ions. The photoluminescence emission 569 

spectrum of C-500-GQDs was recorded after adding 50 M of different metal ions with an 570 

incubation time of 2 min (Fig. 13a). The emission spectrum showed a slight decline with the 571 

addition of Pb2+, Cu2+, or Al3+, however, the emission was substantially quenched upon the 572 

addition of Fe3+. Fig. 13 b shows the intensity ratio (F/F₀) of C-500-GQDs in the presence of 573 

different metal ions (F and F₀ are the photoluminescence intensities of C-500-GQDs in the 574 

presence and absence of different metal ions, respectively). Comparing with the blank (control) 575 

sample, the intensity ratio of C-500-GQDs is significantly reduced only by Fe3+ among 576 

seventeen different metal ions, as demonstrated in Fig. 13b. These findings indicate the strong 577 

selective capability of C-500-GQDs for sensing Fe3+. 578 

The photoluminescence quenching mechanism is associated with the strong affinity of Fe3+ 579 

towards specific surface functional groups, such as hydroxyl/carboxyl groups of C-500-GQDs, 580 

resulting in the formation of a stable complex [46]. The fluorescence quenching takes place 581 
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when an excited electron partially shifts to the d orbital of Fe3+ rather than relaxing radiatively 582 

[33, 46]. The affinity of various ions toward C-500-GQDs was investigated in a systematic 583 

manner under identical operating conditions. As depicted in Fig. 13c, the affinity of Fe3+ toward 584 

C-500-GQDs was highest among seventeen unique metal ions. These results suggest the 585 

promising potential of C-500-GQDs for selective sensing of Fe3+ in aqueous media. 586 

 587 

 588 

Fig. 13. (a) Photoluminescence emission spectra and (b) intensity ratio (F/F) of C-500-GQDs (10 g mL⁻1) in 589 

the absence (blank) and presence of different metal ions (50 M) at 340 nm excitation (F and F₀ are the 590 

photoluminescence intensities of C-500-GQDs in the presence and absence of different metal ions)). (c) 591 

Comparison of the affinity of different metal ions towards C-500-GQDs.  592 

 593 
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Sensitivity is one of the key factors for real-world sensing applications. The sensitivity of the 594 

C-500-GQDs based sensor was investigated by evaluating the influence of various 595 

concentrations of Fe3+ on photoluminescence intensity of C-500-GQDs. Fig. 14a shows the 596 

variation in photoluminescence intensity of C-500-GQDs after the addition of various 597 

concentrations of Fe3+ (0.1 to 50 M). The spectra suggest that the photoluminescence intensity 598 

of C-500-GQDs is highly sensitive to Fe3+ concentration. The photoluminescence quenching 599 

intensifies with rise in the concentration of Fe3+.  600 

 601 

 602 

Fig. 14. (a) Photoluminescence spectra of C-500-GQDs (10 g mL⁻1) at different concentrations of Fe3+ ranging 603 

from 0 to 50 M, at an excitation wavelength of 340 nm and (b) variation in the photoluminescence intensity as 604 

a function of Fe3+ concentration. (c) Photoluminescence spectra at low Fe3+ concentration from 0 to 1 M (inset 605 

is the magnified image) and (d) corresponding linear regression plot between fluorescence intensity and Fe3+ 606 

concentration. 607 
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The calibration plot of quenching efficiency of Fe3+ was calculated by (F₀ – F)/F₀ and presented 608 

in Fig. 14b. The quenching efficiency increases rapidly with increase in Fe3+ concentration at 609 

low concentration range, while this increment slows down with increase in the concentration 610 

range. Therefore, the quenching at lower range (0 to 1 µM) was further explored. Fig. 14c 611 

demonstrates the photoluminescence spectra of C-500-GQDs at low Fe3+ concentration range 612 

from 0 to 1 µM. The inset shows magnified image of peak intensities and a variation in intensity 613 

with change in concentration can be clearly observed. In the low concentration range from 0 – 614 

1 uM, a minute variation in concentration does not slow down the quenching efficiency and it 615 

takes place almost linearly with Fe3+ concentration. Fig. 14d shows an excellent linear relation 616 

between Fe3+ concentration at 0 to 1 µM range and the quenching efficiency. A linear 617 

regression value (R2) of 0.998 was acquired that indicates an excellent fit and precise sensing 618 

of Fe3+ at even very low concentration. These findings suggest that C-500-GQDs can be 619 

employed as a highly sensitive and selective probe for Fe3+ sensing.  620 

 621 

Table 3. Comparison of the present study with previous promising studies for detection limit of Fe3+ by GQDs.  622 

Sensing material Synthetic approach Detection range (µM) LOD (µM) Ref. 

PEG-GQDs Hydrothermal 0-60 5.77 [79] 

GQDs Electrochemical 

exfoliation 

0-80 7.22 [48] 

CQDs Thermal reaction  0-20 0.041 [80] 

N-CQDs Hydrothermal 0-250 0.75 [81] 

GQDs Microwave treatment 0-50 2.5 [33] 

N-GQDs Hydrothermal 1-1945 0.09 [82] 

GQDs Chemical oxidation 0-60 0.45 [46] 

GQDs Hydrothermal  0-50 0.026 Present work 
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The limit of detection (LOD) was determined from equation: LOD = 3
σ

S
 , where σ is related to 623 

the intercept’s standard deviation and S is associated with the slop of linear calibration plot. 624 

The LOD was determined to be 26 ± 0.4 nM. The LOD for Fe3+ determined in this work is 625 

lower than most of the previous studies summarised in Table 3. Moreover, the LOD identified 626 

in this work is considerably lower than the drinking water guideline limit of the World Health 627 

Organisation (WHO) for Fe3+ concentration (5.36 µM) [83]. Owing to their high quality, strong 628 

fluorescence, high solubility and extensive presence of specific surface functional groups, these 629 

GQDs demonstrate very low LOD for Fe3+ sensing. These findings imply that the present 630 

sensor is capable to detect trace amounts of Fe3+. Hence, we strongly believe the C-500-GQDs 631 

possess promising potential for Fe3+ detection in real-world applications.  632 

 633 

4. Conclusions 634 

The role of precursor microstructure in the synthesis of GQDs was systematically investigated. 635 

The use of a partially carbonised precursor resulted in the synthesis of carbon nanodots and 636 

nanosheets, while sp2 dominance and aromatic structure of the carbon precursor were found 637 

responsible for the development of high quality GQDs. The average size of GQDs prepared by 638 

hydrothermal treatment of sp2 dominant carbon precursor was 11.6 ± 1.8 nm, with a thickness 639 

of 1-3 nm. The introduction of a novel and straightforward purification approach played a key 640 

role in achieving high purity GQDs. As-prepared GQDs exhibit fascinating optical properties 641 

with a moderate quantum yield of up to 17.5 %. Owing to their intriguing optical properties, 642 

these GQDs were employed as a fluorescence probe for the detection of nanomolar Fe3+. A 643 

sensor was designed to selectively detect Fe3+ with a high sensitivity down to 26 ± 0.4 nM. 644 

This simple yet efficient approach shows the advantages of low cost, sustainability and 645 
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possibility of scale-up for synthesising high quality GQDs with high sensing capabilities. The 646 

present study highlights the significance of controlling precursor microstructure of low-value 647 

biomass resources to develop high-value nanomaterials for real-world applications.  648 
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