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Highlights 

 We present a one-step and green route to synthesize nitrogen-containing carbon 

nanodots (CDs) by pulsed laser ablation in liquid at room temperature.  

 The CDs are fairly stable, water-soluble and have a strong fluorescence consisting of a 

dual-band luminescence peak.  

 As the different luminescence peaks originate from different functional groups on the 

CDs and showed different pH dependences, the as prepared CDs can offers a ratiometric 

sensing platform for the detection the pH value of solutions.  

Abstract  

Nitrogen-doped carbon nanodots (CDs) are synthesized by one-step femtosecond 

laser ablation of graphite powder in aminotoluene at room temperature. The as-

prepared CDs have the average diameter of 2.87 nm and possess an excitation-

independent emission covering nearly the whole visible light region at a single 

excitation wavelength. The X-ray photoelectron spectroscopy (XPS) and Fourier 

transform infrared spectroscopy (FTIR) analysis indicate that there are a huge number 



of multiple oxygen groups and amine groups on the surface of the CDs. As their 

different fluorescence peaks originated from different emission surface groups on the 

nanodots show different pH dependence, these CDs can be used for ratiometric pH 

sensing. 

Keywords: Femtosecond laser ablation; ; ; , carbon nanodots, biosensing, surface 

states 

1.  Introduction 

Recently, there is a growing interest in developing nanomaterials with sensing 

capabilities in various fields like diagnostics, drug delivery and environmental 

monitoring. Accordingly, a variety of nanomaterials with various sensing strategies 

has been proposed to achieve these goals. Since the pH variation plays a very 

important role in a broad range of applications from environmental to industrial and 

biomedical systems, monitoring the pH level is thus crucial to advancing our 

understanding of cell biology. Thus, great efforts have been made to develop 

ratiometric fluorescent pH sensors, and a number of fluorescent nanosensors, based 

on silicon, polymers, or quantum dots have been designed to quantify the pH [1-5]. 

The ratiometric sensors can provide an internal standard and avoid many interfering 

potentials, as compared to the single intensity based sensors. However, most of the 

reported ratiometric fluorescence-based pH nanosensors can only report the pH value 

of in certain cells due to the large size or limited biocompatibility. Hence, smaller size 

and more biocompatible materials would be desirable. 



As a novel carbon-based nanomaterial with sizes below 10 nm, carbon nanodots 

have gradually become a rising star in the nanocarbon family since they were firstly 

discovered in 2004 by purifying single-walled carbon nanotubes through preparative 

electrophoresis [6, 7]. Carbon nanodots have attracted increasing attention owing to 

their strong fluorescence and they are referred to as fluorescent Carbon. Compared 

with fluorescent dye molecules and semiconductor quantum dots, fluorescent Carbon 

nanodots have widely acknowledged advantageous properties such as stable 

photoluminescence (PL), low cytotoxicity, excellent biocompatibility and easy 

surface modification, etc [8-11]. As a result, much attention has also been paid to their 

potential applications in fluorescent probes, biological labeling, bioimaging and drug 

delivery [12-14]. 

So far, many synthetic methods for CDs with tunable size including 

electrochemical synthesis, hydrothermal oxidation, acidic oxidation, microwave, 

plasma treatment have been proposed. However, most of the current synthesis 

methods, such as the chemical and thermal methods, involve toxic chemical reagents 

or complicated processes, which can be toxic and limit the applications of the 

products. Furthermore, preparation of surface functionalized nanomaterials usually 

needs two steps, including the preparation and functionalization processes, which is 

often complicated and stringent. Since its appearance, femtosecond laser has found 

many applications in many areas such as ultrafast imaging, micro-structure fabrication 

and nonlinear spectroscopy due to its unique properties of ultra-short pulse duration 

and ultra-high peak power [15-18]. Femtosecond laser ablation in solution (FLAS) 



method can supply a simple alternative to prepare CDs with different fluorescence 

properties by ablating the reactant carbon source in different solutions. In the 

synthesis process, ionization of the carbon source and solution occurs and plasma 

with high temperature and high pressure is formed. Under these extreme conditions, 

carbon nanoparticles (NPs) with size of several nanometers can be produced, and the 

surface functionalization on NPs takes place simultaneously [19, 20]. By controlling 

the nature of the solutions, preparation of specific surface functionlized CDs can be 

achieved in one step. 

In this paper, we present a one-step and green route to synthesize nitrogen-

containing CDs by pulsed laser ablation in liquid at room temperature. It is found that 

the CDs are fairly stable, water-soluble and have a strong fluorescence consisting of a 

dual-band luminescence peak. Structural characterizations and spectroscopic analyses 

verify that C=O and C=N related surface defects, are responsible for the wide-band 

fluorescence of the carbon dots. As the different luminescence peaks originate from 

different functional groups on the CDs and showed different pH dependences, the as 

prepared CDs can offer a ratiometric sensing platform for the detection the pH value 

of solutions. 

2.  Experimental 

2.1 Chemicals 

Aminotoluene was purchased from Sinopharm Chemical Reagent Co., Ltd. 

Graphite powder and Cellulose ester Dialysis membranes used for dialysis was 



purchased from Aladdin Chemistry Co., Ltd (China). The different pH values of the 

solution were prepared by titrating the sulfuric acid with the sodium hydroxide 

solution to desired pH values. 

2.2 Synthesis of CDs 

The CDs were synthesized by one-step femtosecond laser ablation of graphite 

powders in aminotoluene at room temperature. In a typical procedure, 0.1 mg of 

graphite powder with a mean size of 400 nm was dispersed into 50 ml of 

aminotoluene liquid. Then 10 ml of suspension was put into a glass beaker for laser 

ablation. A Ti: sapphire femtosecond laser system with central wavelength of 800 nm, 

pulse duration of 150 fs and repetition rate of 1 kHz was used. The laser beam was 

focused into the suspension by a 100 mm lens for 2 hours. The laser power was varied 

from 100 mw to 400 mw. During the laser ablation, a magnetic stirrer was used to 

prevent the suspended powders from gravitational settling in the solvent. After laser 

ablation, large graphite particles were removed by centrifuging the dispersion at 

10000 rpm for 10 min. The obtained solution containing CDs was dialyzed against 

deionized water before used for pH detection in a dialysis bag (membrane molecular 

weight cutoff ∼1000) for 12 h to remove some impurities.  

2.3 Instrumentation 

Transmission electron microscopy (TEM) and high resolution transmission 

electron microscopy (HRTEM) images were carried out on a JEM-ARM200F 

microscope. Samples were prepared by dropping suspensions of the CDs in water 



onto Cu TEM grids coated with a holey amorphous carbon film, followed by solvent 

evaporation in a dust protected atmosphere. UV-2600 spectrophotometer (Shimadzu) 

was employed to record the UV–vis absorption spectra. The Fourier transform 

infrared spectroscopy (FTIR) was performed on VERTEX 70 (Bruker). Samples were 

prepared by dropping suspensions of the CDs in ethanol onto highly pure potassium 

bromide tabletting，followed by solvent evaporation in a dust protected atmosphere. 

The measurements of fluorescence spectra were recorded on a FLS920 spectrometer 

(Edinburgh). X-ray photoelectron spectroscopy (XPS) data for C 1s of the N-CDs 

solution was measured by an AXIS ULtrabld XPS system. Samples were prepared by 

dropping suspensions of the CDs in ethanol onto Samples were prepared by dropping 

suspensions of the CDs in ethanol onto a Silicon substrate，followed by solvent 

evaporation in a dust protected atmosphere.  

3.  Results and discussion 

3.1 Characterizations of CDs 

First, the characterizations of CDs were carried out by TEM, XPS and FTIR 

analysis. The laser power used for the synthesis of CDs was adjusted to be 400 mw. 

As shown by the TEM image in Fig. 1(A), the as-prepared CDs distributed on the 

copper grid homogeneously, and no large aggregations could be observed, indicating 

that the CDs were well dispersed in water. Fig. 1(B) shows the size distributions of 

the CDs, in which the sample showed a narrow size distribution with the mean size of 

about 2.87 ± 0.02 nm. The high resolution TEM image shown in Fig. 1(C) displays a 



lattice spacing distance of 0.25 ± 0.001 nm, which was in close match with the (020) 

lattice spacing of graphite [21,22].  

The functional groups and chemical structure of the CDs were characterized by 

FTIR and XPS, respectively. The FTIR spectra of the CDs prepared using different 

laser power radiation are given in Fig. 2. The absorption bands at 3360 cm-1 are 

attributed to the stretching vibrations of N-H, indicating that N atoms were effectively 

doped into the CDs. There are also stretching and bending vibrations of CH2 and CH3 

at around 2920, 2850 cm-1 and 1460, 1384 cm-1 [21]. The absorption bands at 1544 

cm-1 and 1634 cm-1 correspond to the stretching vibrations of C=C and C=O [23,24]. 

The FTIR results confirmed that the surface of the CDs is mainly covered with 

hydroxyl, carboxyl and amino groups. In addition, by comparing the FTIR spectra of 

CDs prepared using different laser power, we found that the absorption bands from 

1220 cm-1 to 1720 cm-1 and around 3360 cm-1 increased with increasing the laser 

power, indicating that more functional groups were formed on the CDs when the laser 

power was increased. 

More information about the chemical structure of the CDs is explored by XPS 

analysis given in Fig. 3. The XPS full scan spectrum shows three peaks at 284.74, 

398.80 and 532.67 eV, which are attributed to C1s, N1s and O1s (Fig. 3(A)), 

respectively [24]. The results of the XPS demonstrate that these CDs are mainly 

composed of C, N and O elements, ant the relative percentages of the corresponding 

elements are estimated to be about 83%, 3% and 14%, respectively. The high 

resolution C1s spectra (Fig. 3(B)) can be deconvoluted into three peaks with binding 



energies at 284.6, 286.7 and 287.6 eV, corresponding to C-C, C-N and C=O, 

respectively [25,26]. In the deconvoluted O1s spectrum (Fig. 3(C)), two peaks at 

531.3 and 533.8 eV reveal the presence of C=O and C-OH/C-O-C [27]. The 

deconvolution of the N1s spectra (Fig. 3(D)) indicates the presence of C-N-C (399.1 

eV) and N-(C)3 (400.8 eV) [28,29]. Consistent with the analysis of FTIR spectrum, 

the XPS spectrum also confirm that there are a huge number of multiple oxygen and 

amine groups on the surface of the CDs. Obviously, the surface hydrophilic groups 

could make the CDs exist steadily in aqueous solution. 

3.2 Optical properties of the CDs 

In order to explore the optical properties of the CDs, their UV–Vis and PL 

spectra are given in Fig. 4. In the UV–Vis spectrum (Fig. 4(A)), there is an obvious 

optical absorption peaks at 264 nm with an edge extending to around 290 nm. The 

peak at 264 nm is typically ascribed to the π→π* transition of aromatic sp2 domains, 

while the absorption edge around 290 nm can be attributed to n-π* transition, which is 

related to both doping and surface functionalization at the carbon core edge [21, 24]. 

In the fluorescence spectra (Fig. 4(B)), a strong fluorescence emission spectrum 

centered at 543 nm is observed when excited at 380 nm. The full width at a half 

maximum (FWHM) at 543 nm was almost 172 nm, which was higher than that 

reported for CDs [21, 30]. Furthermore, the emission peaks position shows no 

obviously shift and remains at 543 nm when the excitation wavelength ranging from 

340 to 440 nm. The photoluminescence wavelength of the CDs is excitation-

independent, which is due to the relatively uniform size and surface state of CDs. The 



quantum yield (QY) of the as-prepared CDs in aqueous solution at room temperature 

is estimated to be 6.5% using quinine sulfate (0.1 M H2SO4 as solvent; QY = 0.54) as 

a reference. 

Furthermore, we investigated the effect of laser power on the PL properties of 

the produced CDs. Figure 4(C)-(E) show the PL spectra of the CDs prepared with 

different laser power of 300 mw, 200 mw and 100 mw, respectively. Each sample was 

irradiated for 2 hours. The emission of the CDs prepared at laser power of 100 mw is 

mainly in the visible light region with the maximum intensity around 507 nm at an 

excitation wavelength of 360 nm. The C-dots prepared at laser power of 200 mw 

showed a maximum emission at 523 nm with 380 nm excitation, while those prepared 

at 300 mw showed a maximum emission at 541 nm with 380 nm excitation. As a 

comparison, the maximum fluorescence emission peaks of the C-dots prepared at 

laser power of 400 mw showed a slightly red-shift and the fluorescence intensity also 

increases accordingly. Figure 4(F) shows the maximum fluorescence emission at 380 

nm excitation for CDs prepared using different laser power. With increasing the laser 

power, a red-shift and the fluorescence intensity increased obviously.  

Here, we give a brief interpretation about the effects of laser power on the PL 

spectra of CDs. It’s agreed that when femtosecond pulses inject into the graphite 

powders, Coulomb explosion occurs and a plasma plume with high temperature and 

high pressure forms. When the plasma plume expands and cools down, a cavitation 

bubble forms in solution. With the expansion of the bubble, carbon nanoclusters with 

high surface energy will aggregate into larger NPs. When the temperature and 



pressure of the bubble drops to a value lower than those of the surrounding solution, 

the bubble collapses and CDs with reduced size are formed. The CDs come from the 

bubble undergo modifications due to the condensation of molecular clusters from the 

solution [20]. Even though the actual mechanism of CD photoluminescence is still an 

open debate among researchers, there are a huge number of researchers agree that the 

surface functional groups of CDs play a key role in the effect of its 

photoluminescence [31-36]. In this study, with the increase of laser power, the 

chemical reactions between the nanoclusters and the solution molecules are more 

drastic. Therefore, more surface functional groups, especially nitrogen groups, are 

connected to the nanoclusters that result in the red-shift of the maximum fluorescence 

emission peaks. 

3.3 pH sensing 

Due to the uniform size and functional groups on the surface of C dots, the C 

dots have high compatibility and are miscible in solvents with different pH. Recently, 

nanoparticle-based ratiometric pH sensors have attracted increasing attention owing to 

their remarkable advantages, the most important of which being that it is easy to 

incorporate with diverse dyes on the same nanoparticle to acquire ratiometric 

fluorescent detection [37, 38]. As a nanoparticle-based ratiometric pH sensors, the 

previously reported pH sensors usually use CDs as diverse dyes’ carrier or conjugate 

CDs with fluorescein isothiocyanate to detect the pH of the solvents. Different from 

the previously reported pH sensors, our CDs have an internal reference with a single 

excitation. As the fluorescence emission of our CDs covers nearly the whole visible 



light with a single excitation, there are two or more fluorescence intensity references 

which are used for quantifying the pH value. Thus, there are several independent 

results can be used to reduce the measurement errors and increase measurement 

reliability.  

Figure 5 (A) shows the fluorescence spectra of the CDs in solvents with different 

pH. There is a broad emission through a combination of the emission peak at around 

402 nm and another emission peak at around 518 nm with a single excitation. The 

emission peak at around 518 nm increases significantly with increasing pH, while the 

emission peak at around 402 nm increase little with pH. Thus, there are references to 

be used for quantifying the pH value which can be determined by measuring the 

fluorescence intensity ratio of the emission peak at 518 nm to the emission peak at 

402 nm in single excitation. The fluorescence intensity ratios standard curves are 

given in Fig. 5 (B). The fluorescence intensity ratios standard curves can be divided 

into two nearly straight lines with different pH, one is ranged from pH = 3.5 to pH = 

7.5 and the other is ranged from pH = 7.5 to pH = 10.5. The UV−visible absorption 

spectra of the CDs at different pH are given by the inset in Fig. 5 (B), the absorption 

peaks at around 290 nm change significantly with the increasing pH. Because there 

are multiple oxygen and amine functional groups on the surface of the CDs which can 

markedly affect its photoluminescence, we think that the second fluorescence 

emission peak is attributed to the amine functional groups whose activity is easily 

influenced by the pH of the solution. Because intracellular pH detection plays an 



important role in cellular processes and the pH variation are closely related to many 

chemical processes, this newly CDs have huge potential applications in biosensing.  

4. Conclusions 

In conclusion, excitation-independent fluorescence CDs were synthesized by a 

one-step pulsed laser ablate the graphite powder in aminotoluene liquid at room 

temperature. Because there are a huge number of multiple oxygen and amine groups 

on the surface of the CDs, it have a broad fluorescence emission which can covers 

nearly the whole visible light with a single excitation. Thus, there are surely two or 

more fluorescence intensity references which are used for quantifying the pH value. 

Hence, this work clearly shows that CDs can serve as a promising material to 

construct practical fluorescent nanosensors which may have a huge potential for 

quantitatively monitoring the pH in cellular processes and chemical processes. 
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<InlineImage1> 

FIG. 1 (A) TEM images of the as prepared CDs, (B) the corresponding size distributions of 

the CDs, and (C) the HRTEM images of the CDs. 

 



<InlineImage2> 

FIG. 2 FTIR spectra of B-C dots and the CDs. 

 

<InlineImage3> 

FIG. 3 XPS full scan spectrum (A) and C1s (B), N1s (C), O1s (D) of the CDs. 

 



<InlineImage4> 

FIG. 4 (A) UV–Vis absorption, Fluorescence spectra of the CDs at laser power of (B) 

400 mw, (C) 300 mw, (D) 200 mw and (E) 100 mw, (F) Fluorescence spectra of the 

CDs at different laser power with 380 nm excitation. 

 

<InlineImage5> 

FIG. 5 (A) Fluorescence spectra of the CDs at different pH (B) Fluorescence intensity 

ratios I518/I402 standard curves of the CDs 

 


