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Tailoring color emissions from N-doped graphene
quantum dots for bioimaging applications

Dan Qu1,2, Min Zheng1, Jing Li3, Zhigang Xie3 and Zaicheng Sun1,4

Unlike inorganic quantum dots, fluorescent graphene quantum dots (GQDs) display excitation-dependent multiple color emission.

In this study, we report N-doped GQDs (N-GQDs) with tailored single color emission by tuning p-conjugation degree, which is

comparable to the inorganic quantum dot. Starting from citric acid and diethylenetriamine, as prepared N-GQDs display blue,

green, and yellow light emission by changing the reaction solvent from water, dimethylformamide (DMF), and solvent free. The

X-ray photoelectron spectroscopy, ultraviolet-visible spectra results clearly show the N-GQDs with blue emission (N-GQDs-B) have

relatively short effective conjugation length and more carboxyl group because H2O is a polar protic solvent, which tends to donate

proton to the reagent to depress the H2O elimination reaction. On the other hand, the polar aprotic solvent (DMF) cannot donate

hydrogen, the elimination of H2O is promoted and more nitrogen units enter GQD framework. With the increase of effective

p-conjugation length and N content, the emission band of N-GQDS red-shifts to green and yellow. We also demonstrate that

N-GQDs could be a potential great biomarker for fluorescent bioimaging.
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INTRODUCTION

Fluorescent graphene quantum dots (GQDs) and carbon nanodots

(CNDs) with tunable emissions are considered to be the next-genera-

tion nanomaterials due to the superiority in resistance to photobleach-

ing, low toxicity, excellent biocompatibility, low cost, and abundance

of rawmaterials in nature1,2,3. They have been demonstrated potential

applications on optical detection probes4, bioimaging probes5,6, ther-

anostic agent7,8, light-emitting diodematerials9,10, and efficient visible

light-active photocatalysts11,12,13, and so on. Recent advances in syn-

thesis of CNDs allow them to be obtained from fine carbon structures

like carbon fiber14, graphene15, and coal16 through top-down routes,

which breaks the bulk carbon materials into small pieces via physical

or chemical methods. But, low photoluminescent (PL) quantum

yields (QY) limit their further practical applications. Compared with

top-down routes, the bottom-up routes have obvious advantages in

tuning the composition and photo properties by the careful selection

of precursors and carbonization conditions. The bottom-up routes

give relative high PLQY and yield17,18. However, because of the nature

of GQDs, tailor-made control of their optical properties is extremely

challenging and is one of the key technologies for putting these mate-

rials into practical applications.

Interestingly, most of the resulting GQDs exhibited blue or green

emission, despite distinct techniques for the fabrication19. Broad

excitation-dependent multiple color emission is a typical character.

Although the exact PL mechanism is still under debate, it has been

demonstrated the PL of GQDs origining from electron–hole recom-

bination, quantum size effect, zigzag sites, and defect effect20,21,22. Eda

et al. demonstrated that the blue emission was derived from isolated

sp2 cluster within carbon–oxygen sp3 matrix, leading to radiative

recombination of electron and hole23. Seo et al. have revealed that

the green luminescence of GQDs originated from the defect states with

oxygenous function groups, whereas the blue luminescence of GQDs

was dominated by intrinsic state of sp2 structure24. Yang et al. pro-

vided further evidence from transient spectra. A charge separation

could exist between sp2 cluster and defect states, leading to a defect

state luminescence in a dominated role for green emission

GQDs20,21,25,26. However, there is rare report on the synthesis of highly

luminescent GQDswith tailoring color emissions like inorganic nano-

crystals. The development of facile and practical processingmethod to

obtain pure color emission GQDs still remains a challenging issue. In

addition, it is worth to note that the practical bio-related applications

of GQDs in bioimaging are still strongly bounded due to the following

issues: The PL of most GQDs have been reported is induced by ultra-

violet (UV) excitation, which tends to cause side effects and low pen-

etration depth for the bio-system. Blue emission is close to the

autofluorescence.

Herein, we synthesize N-doped GQDs (N-GQDs) with tailoring

color (blue, green, and yellow) emissions by simply changing the
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reaction solvent in the hydrothermal reaction. Blue, green, and yellow

emissions N-GQDs are obtained from water, dimethylformamide

(DMF), and solvent free, respectively. It should be noted that the

nature of solvent strongly affects the composition and properties of

N-GQDs. The N-GQDs prepared from protic solvent only emit blue

light, but the green light comes from N-GQDs synthesized in aprotic

solvent system. It extends the emission of N-GQDs from single blue

emission in our previous report to green and yellow emission in cur-

rent one. The PL spectra confirm that the N-GQDs clearly show

excitation-independent emission, and single exponential lifetime

decay, indicating a single emission center for each sample. This prop-

erty will be benefit for the fabrication of pure color light-emitting

device. The PL excitation (PLE) spectra display that the excitation

wavelengths shift from 350, 460, to 480 nm for N-GQDs-B, G, and

Y (B, G, and Y stand for blue, green, and yellow), respectively. X-ray

photoelectron spectroscopy (XPS) results show decreasing trend of

the relative amount of O, and increasing trend of the amount of sp2

C, indicating the effective conjugation length of N-GQDs turns larger

and larger from N-GQDs-B, G to Y. N 1s and O 1s XPS results exhibit

that the increasing amount of the pyrrolic N and carbonyl (C5O) and

the decreasing graphite N amount and quinone fromN-GQDs-B to Y,

implying the surface groups are related to pyrrole or pyrrolidone

groups.We propose that larger effective conjugation length combined

with nitrogenous functional group may contribute to the red-shift of

PL emission. Furthermore, we demonstrate that these N-GQDs could

be a good bioimaging agent for the bio-related applications.

MATERIALS AND METHODS

Materials

All chemicals usedwere of analytical pure grade andwere usedwithout

any further purification. Citric acid monohydrate (CA), diethylene-

triamine (DETA), and DMF were purchased from Aladdin Reagent

Company or Beijing Chemical Reagent Company.

Synthesis of N-GQDs-B

Add 1 mmol CA (0.21 g), 3 mmol DETA (0.34 g), and 5 mL H2O into

Teflon-lined stainless autoclave (10mL), and keep stirring until form a

clear solution. Then place the sealed autoclave vessles into an electric

oven, which is set at 180 6C and hold for 6 h. The solution is washed by

abundant ethanol and centrifuged at 9000 rpm for 15 min. The as-

prepared N-GQDs-B can be collected and redispersed into water

easily.

Synthesis of N-GQDs-G

Put 1 mmol CA (0.21 g), 3 mmol DETA (0.34 g), and 5 mL DMF into

Teflon-lined stainless autoclave (10mL), and keep stirring until form a

clear solution. Then place the sealed autoclave in an electric oven

which is set at 180 6C for 6 h. The precipitation is collected by adding

reaction solution into huge amount of mixed solvent solution (at least

10 times petroleum ether/ethyl acetate of 1/4) and centrifuged at

9000 rpm for 15 min. The as-prepared N-GQDs-G can be collected

and redispersed into water easily.

Synthesis of N-GQDs-Y

Place 1 mmol CA (0.21 g) and 3 mmol DETA (0.34 g) into Teflon-

lined stainless autoclave (10 mL), and keep stirring for 30 min. Then

place the sealed autoclave in an electric oven which is set at 180 6C for

6 h. The precipitation is collected by adding reaction solution into

huge amount of mixed solvent solution (at least 10 times petroleum

ether/ethyl acetate of 1/4) and centrifuged at 9000 rpm for 15min. The

as-prepared N-GQDs-Y can be collected and redispersed into water

easily.

Characterization

The FEI-Tecnai G2 transmission electron microscope (TEM) oper-

ating at 200 kV was used to recorded high-resolution TEM

(HRTEM) images and fast Fourier transform (FFT) spot diagrams.

Atomic force microscopy (AFM) images were captured on the

Multimode 8 (Bruker Co. CA. USA) in tapping mode. X-ray photo-

electron spectra were obtained on a Thermo Scientific ESCALAB 250

Multitechnique Surface Analysis with Al Ka X-ray monochromator,

pass energy 20 eV. The Edinburgh FLS 920 spectrometer with a

calibrated integrating sphere was used to measure absolute QY.

Lifetime measurement of GQDs was carried out on the Edinburgh

TSCPS FLS 920. UV-Vis (ultraviolet-visible) absorption spectra were

performed by the Shimadzu UV-2450 spectrophotometer. Fourier

transform-infrared spectra were obtained by the Bruker Vertex

70 spectrometer using KBr pellets. Fluorescence emission spectra

were performed on the LS-55 fluorophotometer.

RESULTS AND DISCUSSION

CA is a unique molecule for the synthesis of high fluorescent

N-GQDs17,18. Normally, only blue emission carbon nanoparticles

were prepared from the hydrothermal route, even the size of

N-GQDs increase from ,2 nm to 7 nm18. In this report, CA is still

chosen as carbon source and DETA as N source for synthesis of

N-GQDs. When the reaction is carried out in the water solution, the

as-obtained N-GQDs show the blue emission (named as N-GQDs-B)

as previous reports27,28. Instead of the water with DMF, the N-GQDs

exhibit strong green light emission under excitation wavelength of 460

nm (denoted as N-GQDs-G). In the synthesis of N-GQDs, the differ-

ence of reaction conditions is the solvent, which changes fromH2O to

DMF. N-GQDs-B is formed in polar protic solvent H2O. If the H2O is

replaced with ethanol or ethylene glycol, blue emission N-GQDs are

obtained. On the contrary, DMF is polar aprotic solvent in the reac-

tion of N-GQDs emitted green light. Furthermore, N-GQDs-G is also

synthesized if the reaction solvent is employed 1,4-dioxane or tetra-

hydrofuran (Supplementary Fig. S1). Furthermore, the N-GQDs can

also be prepared with absence of solvent. The as-prepared N-GQDs

exhibit yellow light emission under excitation wavelength of 480 nm

(denoted as N-GQDs-Y). On the base of above results, the emission of

N-GQDs strongly depends on the properties of solvent. The formation

of GQD is a H2O elimination reaction between -OH and -H inter- and

intra-molecules to form six member ring and conjugation double

bond in the basic environment. As a polar protic solvent, water tends

to donate proton to reagent. That depresses the elimination of H2O

inter- and intra-molecules. That leads to a short effective conjugation

length and more carboxyl groups left on the GQDs surface. DMF, as a

polar aprotic solvent, cannot donate hydrogen in the reaction. Relative

large effective conjugation length of GQDs is a result of dehydration

reaction happened between CA and intra-molecules. Although DETA

can donate the proton in the case of solvent free, it will bring more N

elements into the GQDs, which results higher amount of N in GQDs.

In addition, the exacerbated intra-molecules dehydration reaction will

increase the conjugation degree of GQDs. We propose that emission

red-shift originates from large effective p-conjugation length combine

with high N content.

Figure 1 shows TEM, HRTEM, and AFM images of N-GQDs-B, G,

and Y, respectively. The as-prepared N-GQDs show well dispersion in

water solution. The particle size distribution of N-GQDs obeys a
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Gaussian distribution. Themost probable sizes are 2.126 0.31, 2.346

0.25, and 2.58 6 0.34 nm of N-GQDs-B, G, and Y, respectively. The

size of the N-GQDs slightly increases from the N-GQDs-B, G, and Y.

HRTEM images disclose the crystalline nature for all N-GQDs with a

lattice space of 0.24 and 0.35 nm, which is corresponding to (1120)14

and (002) of graphite13, respectively. The topographic heights of

N-GQDs are mostly between 0.5 nm and 1.5 nm, suggesting that

most of N-GQDs are a few layers graphene. Supplementary Fig. S2a

shows typical X-ray diffraction (XRD) patterns for the as-prepared

N-GQDs-B, G, and Y samples. All GQDs show one prominent peak

at,296, corresponding to (002) planes of graphite29. In addition, the

peak tends to be more and more defined from N-GQDs-B, G, to Y,

indicating that the crystalline structure of N-GQDs tends to be perfect

and the crystalline domain size increases. FTIR spectra, as shown in

Supplementary Fig. S2b disclose that the peaks at 3430 and 3289 cm–1

are attributed to the stretch vibration of O-H and N-H, the peaks at

3067 and 2930, 2857 cm–1 contribute from sp2 C-H (C5C-H) and sp3

C-H (C-C-H), respectively17,18. Comparing these three kinds of
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Figure 1 TEM, high-resolution HRTEM, and AFM images of N-GQDs with blue (a–c denoted as N-GQDs-B), green (d–f denoted as N-GQDs-G), and yellow (g–i

denoted as N-GQDs-Y) emissions, respectively. The insets are the particles size of N-GQDs in diameter (a, d, and g), FFT images in HRTEM images (b, e, and h), and

line profile at selected white line in SPM images (c, f, and i).
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N-GQDs, the amount of O-H gradually decreases and the amount of

N-H, sp2 C-H and sp3 C-H increase from N-GQDs-B, N-GQDs-G to

N-GQDs-Y.

XPS measurements are employed to uncover the chemical envir-

onmental and composition changes. The predominant C1s peak at

,284 eV, N1s peak at,400 eV, andO1s peak at,532 eV are observed

in the full survey XPS spectra (Figure 2) of N-GQDs-B, G, and Y. The

intensity ratio of C/N keeps almost constant. The C to O ratio of

N-GQDs-B, G, and Y is 1.36, 2.11, and 3.83, respectively. The increas-

ing ratio of C/O indicates that the amount of oxygen decreases from

N-GQDs-B to N-GQDs-Y, which is consistent with the element ana-

lysis results. The high-resolution C1s XPS spectra are shown in

Figure 2b, 2f, and 2j. The C1s envelope can be split into four

Gaussian peaks for N-GQDs-B. Generally, the peak centered at

284.5 eV is assigned to graphitic sp2 C (C-C/C5C), the peaks located

at 285.8 and 287.6 eV represent sp3 C (C-C, C-O, C-N), and carbonyl

C (C5O), and the peak at 288.5 eV is attributed to the carboxylate

C(O)-O30. In the cases of N-GQDs-G and Y, no peak at 288.5 eV is

observed, indicating there is no carboxylate group in these N-GQDs

samples. That means carboxyl group could be kept in the protic envir-

onment (H2O) and hard to be retained in aprotic solution (DMF). The

high-resolution N1s XPS spectra (Figure 2c, 2g and 2k) can be fitted

into two Gaussian peaks at,399.7 and 401.1 eV, which correspond to

the pyrrolicN and quaternaryN, respectively18,31. The relative amount

of pyrrolic N increases and that of quaternary N decreases from

N-GQDs-B, N-GQDs-G to N-GQDs-Y samples. That indicates that

the pyrrolic ring tends to be formed in aprotic solvent or solvent-free

reaction system. Our previous investigation showed the pyrrolic ring

formed via dehydrolysis between neighbor carboxyl and amide

groups18. The solid 13C nuclear magnetic resonance spectrum demon-

strated that the pyrrolic ring belongs to pyrrolidone32,33. With the

pyrrolidone formation, the relative amount of carbonyl (C5O)

increases, which is consistent with the results of O 1s high-resolution

XPS spectra. The peak at 531.7 eV, which is assigned to the carbonyl

group, increases from the N-GQDs-B to N-GQDs-G and Y34. The

peak at 530.6 eV is attributed from the C5O of quinone, which is

from dehydrolysis of neighbor carboxyl groups.

Figure 3 shows the optical images, UV-Vis, PL emission, and PLE

spectra of N-GQDs-B, G, and Y. Under normal light, these three kinds

of N-GQDs show clear and colorless solution. The UV-Vis spectra

show two typical characterized absorption bands at 240 nm and

,350 nm, Normally, the absorption band at 240 nm is attributed to

the pR p* transition of C5C of sp2 C domain in sp3 Cmatrix23,24. In

N-free GQDs, the shoulder at 320–350 nm in the absorption spectra is

assigned to the nR p* transition of C5O. That is proved by reduction

reaction that this shoulder disappears almost immediately after expo-

sure to hydrazine23,35. In addition, Yang et al. reported that the green

emission from oxygen-related function groups is strongly affected by

reduction reaction. The charge separation could be observed in the

green emission sample20,21. We also carry out the reduction experi-

ment for all kinds of N-GQDs. Both PL and absorption spectra almost

have no change before and after addition of NaBH4 into N-GQDs

solution (Supplementary Fig. S3). That means this band is not only

related to the n R p* transition of C5O but also the transition of
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Figure 2 The XPS (full survey, C1s, N1s, O1s) of N-GQDs-B, G, and Y. The insets are the element amount from element analysis.
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conjugated C-N/C5N. Further, EA and XPS results display that the

amount of oxygen dramatically decreases in the samples. The ratio of

O andCobviously drops down and the ratio of C/N keeps almost same

level. High-resolution N 1s XPS spectra disclose that the pyrrolic

N amount dramatically increases, which indicates that the edge state

of N-GQDs may alter from carboxyl to conjugated pyrrole or pyrro-

lidone group, called as N state. The absorption band at 350 nm may

be attributed to the transition from the highest occupied molecular
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Figure 3 The optical properties of N-GQDs-B, G, and Y. The PL and PLE spectra of N-GQD-B (a), N-GQDs-G (c), N-GQDs-Y (e). The insets are optical images of N-
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orbitals (HOMO) to the lowest unoccupied molecular orbitals

(LUMO) of these groups14,33. Comparing the UV-Vis spectra of

three kinds of N-GQDs, the adsorption band at 350 nm has a slight

red-shift to 360 nm (Figure 3d), indicating that this band affects by

the chemical composition of N-GQDs. It should be noted that the

intensity ratio of adsorption bands at 240 nm and 350 nm turns

from 1.69 for N-GQDs-B to 2.04 for N-GQDs-Y, indicating that the

relative amount of sp2 C (C-C/C5C) increases for N-GQDs, which

is consistent with the XRD and XPS results. That further demon-

strates that the effective conjugation length of GQDs increase from

N-GQDs-B, G to Y.

PL emission and excitation spectra are shown in Figure 3a, 3b and

3c. Each kind of N-GQDs shows blue, green, and yellow emission with

narrow full-width-half-maximum height of ,71, 86, and 111 nm,

respectively. In addition, PL emission peaks locate at 450, 550, and

580 nm for N-GQDs-B, G, and Y, respectively, shown in CIE 1931

color space (Figure 3f). All PL spectra of the N-GQDs display slight

shift PL emission spectra under different excitation wavelength,

implying that both the size and the surface state of those sp2 domains

contain in GQDs should be uniform13,19. Although three kinds of N-

GQDs show similar UV-Vis spectra, the PLE spectra are dramatically

different from each other. The PLE of N-GQDs-B shows two bands at

255 nm and 360 nm which are correlated with the two transitions at

255 nm (4.86 eV) and 360 nm (3.44 eV). The two electronic transitions

observed in PLE spectra can be considered as a transition from and

HOMO to the LUMO, as shown in Figure 4. The PLE spectra of

N-GQDs-G and Y display two excitation bands at 303 (4.09 eV),

444 (2.79 eV), and 320 (3.87 eV), 480 nm (2.58 eV), respectively.

The carbene ground-state multiplicity is related to energy differences

(dE) between the s and p orbital. dE should be below 1.5 eV for a

triplet ground state36. In our work, the dE for N-GQDs-B, G, and Y are

1.42, 1.30, and 1.29 eV, respectively. These data show that the dEs

within required value for triple carbenes. PL emissions and excitation

have also ignorable change after reduction by NaBH4 (Supplementary

Fig. S3), further indicating that the PL emission may originate from

the conjugated pyrrole/pyrrolidone ring. Furthermore, all the PL life-

time of N-GQDs are shown a single exponential decay. The PL decay

curves of N-GQDs-B, G, and Y (Figure 3f) derive lifetimes of t 5 14,

13, and 10 ns, respectively. They clearly show linear relationship,

indicating a single exponential lifetime for the N-GQDs. This

demonstrates that the PL emission ofN-GQDs originates from a single

luminescent species for each N-GQDs. We deduces that the excitation

band at 360, 444, and 480 nm may be attributed to the HOMO R

LUMO transition of N state for N-GQDs (Scheme). Tunable PL emis-

sion can be achieved by controlling the nature of sp2 sites, which

depends on the size, shape, and fraction of sp2 domains23. Eda et al.

calculated the band gap of aromatic molecules could be decrease

from ,7.0 eV for single benzene ring to 2.0 eV for a cluster of 20

aromatic rings. The red-shift observed in the PLE spectra of

N-GQDs-B, G, and Y may be contributed from the growing up of

sp2 domain size or effective conjugation length combined with surface

groups.

On the basis of the above results, we propose the following PL

mechanism (Figure 4). PLE spectra indicate that the PL is contributed

from two excitation bands: the p R p* transition of sp2 C and the

nR p* transition of N state. For the pR p* transition of sp2 C, The

band gap decreases from4.86 eV to 3.87 eV due to the increasing size of

sp2 C cluster in N-GQDs. The contribution of pR p* transition also

decreases from N-GQDs-B to N-GQDs-Y due to the larger effective

conjugation length and edge state. The edge state of N-GQDs is

assigned to N state from conjugated pyrrole/pyrrolidone groups,

resulting in a red-shift of PL emission and excitation with the increas-

ing amount of pyrrolic N. Wang et al. also found the introduction of

pyrrole ring into GQDs leads to red-shift PL33.
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Figure 5 Confocal fluorescence microscopy images of A549 cells cultured with N-GQDs for 1 h (3 mg mL–1 of N-GQDs). A549 cells stained with N-GQDs-B (a),

N-GQDs-G (b), and N-GQDs-Y (c) under different excitation wavelength. (d) Effect of the concentration of N-GQDs on the viability of A549 cells after 24-h incubation.
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Considering the enormous biomedical application of GQDs, the

long wavelength-excited emission is highly desired because that

will effectively avoid of bioluminescence. High PL QY of imaging

agent is favorable to obtain high contrast bioimaging image. The PL

QY of N-GQDs is 90, 29, and 22% for N-GQDs-B, G, and Y with

excitation at 360, 450, and 480 nm, respectively. That might be attrib-

uted to the chemical nature of N-GQDs. There are less hydroxyl

and carboxyl group acting as non-radiative electron-hole

recombination center on N-GQDs due to transfer of C-OH and

COOH into C-N/C5N and C5C, which leads to a more efficient

PL emission37.

The viability of A549 cells was examined after mixing with 0–500 g

mL–1 N-GQDs. The investigation of N-GQDs cytotoxicity was carried

out using standard MTT assay, as shown in Figure 5d. It is shown that

near 100% viability are observed by incubating the A549 cells with

N-GQDs for 24 h even at high concentration of N-GQDs like 500 g

mL–1. That clearly demonstrates that N-GQDs have a low cytotoxicity

and good biocompatibility, indicating thatN-GQDs could be potentially

used in biological applications such as, bioimaging and biosensing.

To validate the imaging application of N-GQDs, we carried out an in

vitro bioimaging study usingA549 cells by a confocal fluorescencemicro-

scope. After incubation with N-GQDs (3 mg mL–1) at 37 6C for 1 h, the

A549 cells under living conditions became brightly illuminated blue,

green, and red when imaged under microscope with different excitation

wavelength, respectively (Figure 5). The images are collected through

blue, green, and red channels of microscopy under 405, 488, and 555

nm light excitation. These results clearly demonstrate the N-GQDs are

potential bioimaging agent for in vitro imaging.

CONCLUSION

We develop a hydrothermal route to synthesize N-doped GQDs with

multiple pure color emission by changing reaction solvent. In addition,

the solvent changes from protic, aprotic to solvent free, the emission of

N-GQDs shifts from blue, green to yellow, respectively. The as-prepared

N-GQDs exhibit unique optical properties, for example, tunable color

light emission with excitation wavelength-independent and single expo-

nential lifetime decay, indicating that each as-prepared N-GQDs have a

single emission center. Although the as-prepared N-GQDs have similar

particles size (,2.5 nm), the difference of PL emission band originates

from the different effective conjugation length and edge functional

groups of GQDs. In addition, the PLE band also shift from low (350

nm) tohighwavelength (480nm),whichwill be benefit to thebio-related

application. In this report, we demonstrate that N-GQDs could be a

potential bioimaging agent for in vitro imaging.
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