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The optical properties of top-down synthesized oxidized graphene quantum dots (ox-GQDs) and nitrogen-

incorporating graphene quantum dots (N-GQDs) along a range of hydrothermal treatment temperatures

were observed. By controlling the hydrothermal treatment temperature, different chemical states of

nitrogen atoms were incorporated into GQDs. Below 150 �C, edge-terminating amines and amides

dominated the nitrogen content of N-GQDs. Above 150 �C, nitrogen was primarily present in the forms

of pyridinic, pyrrolic and quaternary N. In addition to the absorbance and emission profiles of ox-GQDs

and N-GQDs, pH-dependent emission spectra were collected to probe chemical states of nitrogen

atoms and investigate the relationship between nitrogen location and photoluminescence.

Graphene quantum dots (GQDs) are the newest member in the

functional carbon nanomaterials family. The unique combina-

tion of a sp2-carbon nanodomain and edge-terminating func-

tional groups of GQDs offers facile routes to surface passivation

and functionalization as well as tunable band-gap properties.

Due to their high surface-to-volume ratio and defect-rich

chemical structure, GQDs are utilized in a broad range of

applications including optoelectronics, electro- and photo-

catalysis, and biological therapeutics.

A number of methods have been employed to produce GQDs,

including chemical oxidation,1–3 electrochemical preparation,4

hydrothermal cutting,5 and electric arc method.6 Despite the

variety of synthetic methods, top-down synthesized GQDs

contain large sp2-hybridized carbon planes with some defects

such as holes or heteroatoms. The optical band gap of GQDs is

determined by (i) the dimension of GQDs and (ii) surface states

of GQDs. The surface states of GQDs can be modied by

introducing heteroatoms at defects or attaching surface func-

tional groups.7–10 GQDs are a promising alternative for a variety

of applications such as bioimaging,11 photodynamic therapy,12

wound disinfection,13 heavy metal sensing,14 electrocatalysis,15

and photovoltaic devices.16 In contrast to other nanomaterials,

GQDs are signicantly more biocompatible than other types of

carbon nanomaterials such as carbon nanotubes, graphene,

and graphene oxide.17,18

Nitrogen is one of the most studied elements as a dopant for

the host carbon nanomaterial as the introduction of nitrogen

atoms perturbs electrostatic charge of adjacent carbon atoms.

Recent literature demonstrates the red-shied emission of

nitrogen-containing GQDs which is attributed to the reduction

of the band gap7,8 Additionally, the incorporation of nitrogen

atoms into a sp2 carbon framework in the bottom-up synthesis

of GQDs has also shown the increase of photoluminescence

quantum yield (PLQY). Interestingly, these dopants have also

been reported to induce the blue shi of emission due to the

strong electron affinity of nitrogen atoms which invokes a partial

positive charge on adjacent carbon atoms.19,20 Aside from optical

properties, doping nitrogen heteroatoms into carbon nano-

materials shows a great enhancement of the electrocatalytic

activity toward the oxygen reduction reaction (ORR).19

Recently, Tetsuka et al. reported that absorption/emission

properties of amino-functionalized GQDs were nely tuned by

controlling hydrothermal temperature from 70 �C to 150 �C.7 In

this report, the shi of spectral position and the enhancement of

uorescence intensity were mostly attributed to N-related surface

functionalities such as primary amines and amides. However, the

role of edge-terminating nitrogen sites, i.e.: pyridines and

pyrroles, and core N sites such as quaternary N were largely

neglected. The maximum content of nitrogen atoms was

observed at the lowest hydrothermal temperature and the

content of nitrogen became reduced as the temperature was

raised.7 In support of these experimental observations, a recent

computational work likewise shows the quantity of amine N is

connected to the red-shied behavior of GQDs.8 In contrast to the

Tetsuka study, a recent article brought about the importance of

pyridinic, pyrrolic and quaternary N sites. This study employed

much higher hydrothermal temperatures (>150 �C) and observed

blue-shied emission with higher quantum yield (F ¼ 34.5%).9

Until now, there were very few studies differentiating the

effect of different N chemical states (i.e., amines, pyridines,
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pyrroles) on the optical properties of top-down-synthesized

GQDs. However, a recent work by Qu et al. has shown

a pronounced differentiation of pyrrolic and graphitic N states

in the bottom-up synthesized carbon nanodots.21 This report

utilizes the hydrothermal dehydration of urea and citric acid to

show a direct correlation between the quantity of graphitic N

and increase of PLQY. In addition, varying the nitrogen source

from urea to ethylenediamine greatly enhanced the PLQY to

94%. Carbon nanodots made in this way have also been

employed as uorescent probes for in vitro and in vivo studies

with excellent cellular uptake and biocompatibility in mice.22

In the present study, hydrothermal temperature was

controlled as an effective method to incorporate different

chemical states of nitrogen atoms into GQDs. Four different

chemical states of nitrogen atoms (amine, pyridinic, pyrrolic,

and quaternary) were identied and related to absorption/

emission properties. Moreover, pH-dependent emission

spectra was studied to probe chemical states of nitrogen atoms

and to investigate the relation between nitrogen location and

emission.

The synthesis of oxidized GQDs (ox-GQDs) and the subse-

quent nitrogen incorporation (N-GQDs) are described in Fig. 1a.

ox-GQDs were prepared by reacting 100 mg of carbon nano-

onions with a 1 : 3 ratio of concentrated H2SO4 : HNO3 under

95 �C reux and vigorous stirring for 4 hours. The reaction was

terminated when the reux solution became clear and brownish

in color. Aerwards, this solution was rst centrifuged at

4000 rpm for 90 minutes to allow the precipitation of unreacted

carbon nano-onions. Then, the supernatant was neutralized

with K2CO3 and dialyzed for 6 days with a dialysis bag (1 kDa

MWCO) to remove excess ions from the neutralization. Aer

dialysis, the resulting solution contains the puried ox-GQD in

water. N-GQDs were prepared by reacting ox-GQDs with NH4OH

in a hydrothermal reactor, as similar to the report by Tetsuka

et al.7 First, ox-GQDs were mixed with 5.0 M NH4OH (1 : 2 v/v).

The mixture was then placed into a 200 mL stainless steel

autoclave reactor for 5 hours. The hydrothermal temperature of

the reaction was varied from 90–190 �C. N-GQD-X prepared at

a specic temperature such as 150 �C will now be referred as N-

GQD-150.

Morphology and chemical structure are important factors to

determine the optical behaviour of ox-GQDs and N-GQDs. The

size and the thickness of ox-GQDs and N-GQDs were charac-

terized by TEM (JEOL JEM-2200FS, 200 kV) and atomic force

microscopic (AFM) characterizations (Park Systems XE-70). The

results of TEM and AFM characterizations are shown in Fig. 1b–

g. The size of ox-GQDs varies from 20–30 nm. As the functional

groups are modied, electrostatic interactions and hydrogen

bonding may induce some amount of aggregation which can be

seen for N-GQDs. AFM characterization of ox-GQDs and N-

GQDs revealed isolated particles. As shown in the histogram

(Fig. 1f and g), both ox-GQD and N-GQD show an average

thickness of 2.5 nm, indicating that both particles are made of

multiple stacks of graphene nanosheets.24

Hydrothermal temperature (90–190 �C) greatly inuenced

the chemical functionalities and the incorporated nitrogen

atoms in N-GQDs prepared. The chemical structure of N-GQDs

and chemical states of nitrogen incorporated were probed by

FT-IR and XPS analyses. FT-IR spectra were recorded with

a Thermo Scientic Model Nicolet 6700 FT-IR Spectrometer and

are displayed in Fig. S1.† As shown in Fig. S1,† FT-IR spectra of

ox-GQD exhibited the presence of hydroxyl, carbonyl and

carboxyl groups located at 1000 cm�1 (C–O), 1700 cm�1 (C]O),

2500 cm�1 (CO2H) and 3300 cm�1 (–OH), respectively.

Compared to ox-GQDs, a new peak appeared at 1070 cm�1 in N-

GQD-150, which is assigned to C–N bond. In addition, the peak

at 1700 cm�1 became broadened due to the overlay of amide

and carbonyl C]O. The carboxylic acid peak at 2500 cm�1 was

suppressed in N-GQD-150, supporting the conversion of

carboxylic group into amine or amide. Most notably, the broad

peak at 3300 cm�1 in ox-GQD due to hydrogen bonded O–H

stretching became much narrower in N-GQD, indicating the

substitution of hydroxyls to primary and secondary amines.

XPS characterization was conducted with a Thermo Scientic

Model K-Alpha XPS instrument. The high resolution spectra

were deconvoluted using Avantage soware by Thermo Scien-

tic. Peak position for each chemical state is detailed in the

main text as well as in Table S1.† XPS analyses were conducted

aer drying of GQD solution mounted on a silicon wafer. Fig. 2a

shows hypothetical structure of N-GQDs where nitrogen atoms

are incorporated into various sites. The nitrogen-incorporated

sites include pyridinic N (398.5 eV, N1), amine N (399.7 eV,

N2), pyrrolic N (400.2 eV, N3), and quaternary N (401.3 eV,

N4). N 1s peaks were assigned according to the NIST Standard

Reference Database.27 The assignments of XPS peaks to

different chemical states by previous studies and this report are

summarized in the ESI (Table S1†).

Fig. 1 (a) A scheme for the synthesis of GQDs and N-GQDs. TEM

images of ox-GQD (b) and N-GQD (c), AFM images of ox-GQD (d) and

N-GQD (e), and the histogram of the thickness of ox-GQDs (f) and N-

GQDs (g).
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Fig. 2c shows the high resolution XPS N1s peaks of N-GQDs

synthesized at N-GQD-90, N-GQD-150, and N-GQD-190. The

high resolution XPS N1s peaks of N-GQDs were deconvoluted to

resolve the relative fraction of N1, N2, N3 and N4. While N-GQD-

90 and N-GQD-150 are mainly deconvoluted with N1, N2, and

N3, the N-GQD-190 showed the signicant fraction of N4

(quaternary N). Fig. 2b shows the evolution of the relative

fraction of N1–N4 sites present in N-GQDs synthesized at

different hydrothermal temperature. Clearly, the total N content

of N-GQDs increased from 5% to 8% when hydrothermal

temperature was raised up to 150 �C. Then the content of N

went down at 170 �C and 190 �C. The reduction of nitrogen

content for N-GQD-170 and N-GQD-190 is likely due to the

hydrothermal cutting of ox-GQD, as consistent with the results

reported by Luo et al.25 Overall, the content of amine groups

(N2) tends to go down as temperature becomes higher. On the

other hand, the content of other types of N edge sites such as

pyridinic (N1) and pyrrolic (N3) rises until the temperature

reaches 150 �C. At temperatures above 150 �C, the relative

fraction of pyridinic N and pyrrolic N decrease. These N sites are

converted to quaternary N in N-GQD-190.

Optical properties of GQDs and N-GQDs are strongly inu-

enced by the functional groups found in the edge structure.

Absorption spectra were recorded with a Thermo Scientic

Evolution 201 Spectrophotometer and Emission spectra were

recorded with a Jobin-Yvon Spectromax 4 Spectrouorometer.

The excitation-dependent PL spectra for ox-GQD, N-GQD-90, N-

GQD-150, and N-GQD-190 are shown in Fig. S2.† Fig. 3a shows

the photograph of GQDs and N-GQDs dispersed in water under

UV lamp (l ¼ 365 nm). While N-GQD-90 and N-GQD-150 show

green to yellow emission, N-GQD-170 and N-GQD-190 exhibited

much stronger blue emission.

Fig. 3b presents UV-VIS absorption spectra of ox-GQDs and

N-GQDs. The UV-Vis absorption spectra display three bands

(300 nm, 370 nm, and 470 nm). The 300 nm peak of ox-GQDs is

assigned to the p–p* transition and it is shied to 280 nm in N-

GQDs. This blue-shi is attributed to the strong electron affinity

of nitrogen atoms, which were reported to enhance the delo-

calization of electrons in the graphene nanodomain.9,10 The

peak at 370 nm is prominent for all N-GQDs and it is assigned to

the n–p* transition. This 370 nm band is shied to shorter

wavelength (350 nm) upon the increase of hydrothermal treat-

ment temperature. This particular band is attributed to the

effect of non-bonding orbitals from pyridinic N and pyrrolic N

as previously described by Li et al.10 Lastly, the absorbance band

at 470 nm that relates to another surface state n–p* transition

tends to become weaker as the hydrothermal temperature gets

higher. The 470 nm band is likely due to the amine N and shows

the maximum absorbance in N-GQD-90, as shown in a previous

report.7 From these results, the different surface states associ-

ated with pyridinic N, pyrrolic N, and amine N show their

individual impact on the absorption prole of the NGQD. It

should also be noted that hydrothermal temperature-

dependent evolutions of UV-VIS spectra are consistent with

nitrogen-related chemical states revealed in the XPS analysis

discussed above.

Fig. 3c shows the emission spectra of ox-GQD and N-GQDs.

Emission spectra were taken at excitation wavelength of

360 nm. As can be seen, emission intensity gradually increases

as the hydrothermal temperature was raised. There are two

major bands observed in the emission spectra of N-GQDs:

470 nm and 525 nm. Compared to ox-GQD, N-GQD-90 and N-

GQD-110 show the red-shi of emission from 500 nm to

525 nm. The 525 nm emission is attributed to the surface state

associated with amine N sites. N-GQD-150 shows the emergence

of a prominent new band at 470 nm. This band is related to the

maximal content of pyrrolic N.10 For N-GQD-170, the emission

at 525 nm is suppressed; however, the emission at 470 nm is

greatly enhanced. Based upon the results of XPS analysis, the

470 nm emission comes primarily from pyrrolic N, while the

525 nm emission is related to the amine N sites. N-GQD-190

Fig. 2 (a) A simplified representation of nitrogen-incorporated GQDs.

The four chemical states of nitrogen are listed as N1 (pyridinic), N2,

(amine/amide), N3 (pyrrolic) and N4 (quaternary or graphitic). (b) The

percentage of N chemical states in N-GQDs determined by N1s high

resolution XPS spectra. The average nitrogen content (5.3 � 1.7%) is

denoted by the dashed line. (c) High resolution XPS N1s spectra of N-

GQD-90, N-GQD-150 and N-GQD-190.

Fig. 3 (a) The photograph of ox-GQDs and N-GQDs under a UV lamp

(364 nm exc) (from left: N-GQD-90, N-GQD-110, N-GQD-150, N-

GQD-170, N-GQD-190, and ox-GQD). (b) UV-visible absorbance, (c)

emission spectra, and (d) normalized emission spectra of ox-GQDs

and N-GQD-90, N-GQD-110, N-GQD-150, N-GQD-170, and N-

GQD-190. Emission spectra of GQDs were taken at lex ¼ 360 nm.

This journal is © The Royal Society of Chemistry 2017 RSC Adv., 2017, 7, 48263–48267 | 48265
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shows the emission enhancement at 470 nm is even greater and

is assigned to the addition of quaternary N. The increased

emission intensity at 470 nm follows a similar trend to the

previously mentioned work by Qu et al.21 As in that report, our

results likewise show that the presence of pyrrolic N and

quaternary N strongly contributes to the enhanced PLQY. More

details on the measured PLQY can be found in the ESI.†Overall,

the samples which were hydrothermally treated at low temper-

atures contain large concentrations of amine and pyridinic N

and displayed red-shied emission proles. Conversely, high

hydrothermal treatment temperatures drive nitrogen addition

toward pyrrolic and quaternary N sites. These absorption and

emission results clearly demonstrate the resolved energetics of

four different N-related chemical states in N-GQDs.

In order to further probe surface functionalities of GQDs and

N-GQDs, the emission of ox-GQD and N-GQDs was explored as

a function of pH. The effects of tuning the quantity of carboxylic

acids and phenols have been studied by Mei et al.23 and Luo

et al.25 Both functional groups were found to promote non-

radiative processes with red-shied emission. Although pH-

dependence of GQDs and polyethylene glycol (PEG)-modied

GQDs were reported by Zhu et al.26 and Jin et al.,8 N-GQDs

with primary amines/amides, pyridinic, etc. toward the change

of pH has been rarely reported. In ox-GQDs, the pH-sensitive

functional groups are carboxylic acids (pKa � 5) and phenols

(pKa � 10). Fig. 4a shows the pH dependence of ox-GQDs shows

a similar trend as previous reports.8,26 Major pH-induced

changes observed for ox-GQDs are the enhancement of emis-

sion intensity from pH ¼ 5 to pH ¼ 7 and the suppression of

emission intensity from pH ¼ 7 to pH ¼ 9. While pH inuences

the emission intensity of ox-GQD, a slight shi of emission

position was also observed. The spectral position change is

clearly coupled with the protonation/de-protonation of carbox-

ylic acids and phenols around their respective pKa values. The

origin may be due to either the variation of absorption cross-

section in the formed charged species or non-radiative inter-

action with environment. The normalized emission spectra in

Fig. 4b show slightly red-shied emission maxima with

increasing pH which can also be linked to additional non-

radiative processes such as collisional quenching.

Fig. 4c and d show the pH dependent emission of N-GQD-

150. The most pronounced change in PL intensity is the

signicant emission enhancement at 520 nm from pH 5 to pH

7. Little change is observed above pH 7. This change of emission

intensity is attributed to protonation/deprotonation of either

pyridine N or amine N sites which both have a pKa � 5. The

contrast between ox-GQDs and N-GQD-150 clearly indicates the

difference in surface chemistry of the two GQDs. As reported in

the work by Luo,25 hydrothermal treatment removes hydroxyl

groups, so little change in PL intensity above pH 7 is expected.

The different behaviour of the emission peaks at 460 nm and

520 nm indicates that the two peaks have different origins. The

normalized PL spectra of N-GQD-150 (Fig. 4d) show the red-shi

of emission as the pH changes from 5 to 7.

The PL spectra of N-GQD-190 (Fig. 4e and f) shows the pH

dependence similar to that of N-GQD-150, but to a lesser extent.

This is likely due to the reduced total content of nitrogen in N-

GQD-190, along with the smallest quantity of pH-sensitive

functional groups (amine and pyridine) among all N-GQD

samples. The origin of the emission around 470 nm in N-

GQD-150 and N-GQD-190 is hypothesized as pyrrolic and

quaternary nitrogen. These two functional groups have a negli-

gible pH dependence in aqueous media, so the 470 nm emis-

sion would be unaffected by pH change. The enhanced

emission intensity at pH > 7 is due to the contribution of

520 nm emission coming from amine and pyridinic N sites. As

can be seen in Fig. 4e and f, N-GQD-190 also shows the red-

shied emission maxima but to a lesser degree due to its

smaller quantity of amine and pyridinic N sites.

The results herein clearly demonstrate the relation between

nitrogen-related surface states and emission property. Overall,

with the increase of the hydrothermal temperature, the amount

of pyridinic and pyrrolic nitrogens relative to amine nitrogen is

enhanced. The total content of nitrogen atoms was found to be

maximal at 150 �C. At lower temperatures, amine groups were

predominant as a result of a kinetically-favored addition of

aqueous ammonia. At higher temperature, surface amines are

converted to edge-sites (pyridinic or pyrrolic), core N sites

(quaternary), or partially removed signifying a thermodynami-

cally favourable process. These results clearly differentiate the

impact of N chemical states on optical behaviour of GQDs.

This understanding is critical for developing nely tuned, high-

performance nanoparticles that are also more environmentally-

friendly. Fundamentally understanding the effects that specic

nitrogen chemical states have on carbon nanomaterials will

bolster their potential use in optoelectronics, bioimaging,

photo- and electrocatalytic applications.
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