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of layered covalent triazine-based
frameworks into N-doped quantum dots for the
selective detection of Hg2+ ions†

Yuanzhi Zhu,‡a Man Qiao,‡b Wenchao Peng,a Yang Li,a Guoliang Zhang,a

Fengbao Zhang,a Yafei Li*b and Xiaobin Fan *a

Metal-free carbon quantum dots (CQDs) have attracted great interest, but the rapid preparation of doped

CQDs with tunable optical properties is still an urgent task. Herein, we report that covalent organic

frameworks (covalent triazine-based frameworks, CTF-1) with layered structures can be rapidly exfoliated

and cut into N-doped CQDs. The cutting mechanism involves triazine hydrolysis and breaking the bonds

between the triazines and benzene rings. Experiments and density functional theory (DFT) calculations

confirm that the fluorescence of the obtained CQDs mainly originates from the intrinsic state emission

induced by localized p–p* transitions, despite the contribution of the defect state emission. Due to their

unique chemical structure, the CQDs could be further utilized as an efficient PL probe for detecting

Hg2+. This study may open up new avenues for developing new kinds of CQDs using covalent organic

frameworks as the starting materials.
m
c
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Introduction

Inorganic quantum dots (QDs) have attracted great research
interest for their tunable emission, broad excitation bands, and
resistance against photobleaching compared to traditional
organic dyes.1,2 Nevertheless, normal inorganic QDs still suffer
from serious health and environmental concerns because of
their metal composition.3 As a new generation of luminescent
materials, metal-free carbon quantum dots (CQDs) have been
proven to be promising alternatives for QDs in applications that
are sensitive to metal contamination, such as biosensors, bio-
imaging, metal ion detection, etc.4–8 Compared to common QDs,
the most striking properties of CQDs are their good dis-
persibility, low toxicity, biocompatibility and high chemical
stability.9 Moreover, their physicochemical properties can be
further tuned through heteroatom doping.10 For instance,
doping CQDs with N heteroatoms could effectively modulate
their band gap to make them promising candidates for photo-
catalysis.11,12 Nitrogen-doping can also improve the sensitivity
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.and selectivity of CQDs for the uorescence detection of metal
ions.13 Controlling the doping of N could passivate the surface
states of CQDs and realize the transformation from excitation-
dependent emission to excitation-independent emission.14

Other dopants such as the S atom were also found to possess
a cooperative effect with the N atom in enhancing the quantum
yield (QY) of CQDs.15

In contrast to the bottom-up strategy that can obtain doped
CQDs by using heteroatom-containing precursors, top-down
methods from bulk crystals for the preparation of doped
CQDs are seldom reported, despite their potential low cost and
simple operation.16,17 This might be hampered by the lack of
suitable carbon starting materials with desired heteroatoms.
Recently, graphitic carbon nitride has been successfully broken
down into N-doped CQDs for various applications.18–20 However,
exploring new candidates and developing more efficient
methods to synthesize doped CQDs on a large scale are still
urgent tasks.

Covalent organic frameworks (COFs) are a new type of
porous polymer with pure organic nanostructures, extended p-
conjugation and well-dened crystallinity.21–23 Their chemical
components and optical properties can be tailored by selectively
choosing various organic molecules as the building blocks.24–26

Therefore, we proposed that COFs may be used as ideal candi-
dates for the top-down preparation of doped CQDs. To test this
idea, we herein report the successful exfoliation and cutting of
the low-cost layered covalent triazine-based frameworks (CTF-
1)27,28 into N-doped quantum dots (CTFQDs). The detailed
mechanisms involved and the origin of the luminescence were
systematically investigated. The obtained CTFQDs were also
This journal is © The Royal Society of Chemistry 2017
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utilized as a photoluminescence probe for the rapid, sensitive
and selective detection of Hg2+ ions.

Experimental
Synthesis of layered covalent triazine-based frameworks (CTF-
1) or amorphous covalent triazine-based frameworks (A-CTF)

The samples were synthesized according to the literature.27 In
brief, the 1,4-dicyanobenzene monomer (1 g) and ZnCl2 (1.06 g
for CTF-1 and 5.3 g for A-CTF) were transferred into a glass
ampoule (2 cm � 15 cm) under an inert atmosphere. The
ampoule was evacuated, sealed, heated (5 �Cmin�1) and kept at
a terminal temperature of 400 �C for 40 h. The ampoule was
then cooled down to room temperature and opened. The
resulting powder was nely ground and washed with 0.1 M HCl,
water, acetone and chloroform. Finally, the powder was vacuum
dried overnight at 60 �C.

Synthesis of the CTFQDs

500 mg of the CTF-1 or A-CTF powder was dispersed in 20 mL of
concentrated sulfuric acid (98%) and stirred at room tempera-
ture for 6 hours. The mixed solution was heated to the desired
temperature (100 �C, 130 �C or 160 �C) and then 6 mL of H2O2

(30% in water) was dropped into the solution slowly. The CTF-1
or A-CTF powders were rapidly dissolved with large amounts of
bubbles. The wine-red or yellow solution was obtained within 5
minutes. Further raising of the initial temperature to over
160 �C hardly improved the cutting efficiency, probably because
of the fast degradation of H2O2 at higher temperatures.
Caution: The reaction must be processed in an unsealed reactor
because it can generate large amounts of O2. Addition of H2O2

into H2SO4 inevitably leads to heat release. Hence, the addition
of H2O2 should be slow enough to reduce the increase in
temperature as much as possible.

Purication of the CTFQDs

The obtained CTFQDs in H2SO4 solution were diluted with
deionized water (250 mL) and ltered through a 0.22 mm PTFE
membrane to remove the unreacted CTF-1. Unreacted H2SO4

was neutralized with NaOH to generate Na2SO4. 500 mL of
methanol was slowly dropped into the solution to conduct the
antisolvent crystallization of Na2SO4. The precipitated Na2SO4

and methanol were removed by ltration and a rotary evapo-
rator at 70 �C. The same antisolvent crystallization process was
performed again using ethanol (300 mL) as the antisolvent. The
obtained CTFQD aqueous solution can be further dialyzed in
a dialysis bag (retained molecular weight: 500–1000 Da) over-
night. The CTFQD powder was obtained by freeze-drying.

Detection of Hg2+ ions

1 mL of CTFQD-160 aqueous solution (70 mg mL�1) was added
to a quartz cuvette, followed by the addition of different
concentrations of a Hg2+ ion aqueous solution and equilibra-
tion for 1 min before the spectral measurements were taken.
The selectivity for Hg2+ ions was conrmed by adding other
metal ion aqueous solutions instead of Hg2+ ions in a similar
This journal is © The Royal Society of Chemistry 2017
way. The uorescence spectra were recorded under excitation at
290 nm.
.cn

Characterization

Samples were characterized by X-ray diffraction (Bruker D8
FOCUS, Cu-Ka radiation), Raman spectroscopy (NT-MDT with
433 nm laser excitation), X-ray photoelectron spectroscopy
(PHI5000 Versa Probe), 13C solid-state nuclear magnetic reso-
nance spectroscopy (BRUKER AvanceIII HD 500 MHz), Fourier
transform infrared spectroscopy (Bruker VERTEX 80), trans-
mission electron microscopy (JEM-2100F), atomic force
microscopy (CSPM5500, BENYUAN), UV-vis spectroscopy (3802
UNIC, Beijing), uorescence spectrophotometry (Hitachi F2500)
and X-ray uorescence spectroscopy (S4 Pioneer). The absolute
quantum yields of the CTFQDs solutions were determined
using the FLS980 series of uorescence spectrometers. All
samples were diluted with DI water to avoid reabsorption.
.co
mResults and discussion

The successful synthesis of layered CTF-1 through the poly-
merization of dicyanobenzene in molten ZnCl2 was conrmed
by X-ray diffraction (XRD) and Raman measurements (Fig. S1
and S2, ESI†).27 Because the CTF-1 is highly chemically stable,
a strongly oxidizing piranha solution (mixture of H2SO4 and
H2O2) was used for the intercalation and cutting of the CTF-1
skeleton at different temperatures (Fig. 1a). We found that the
CTF-1 could be successfully exfoliated when the H2O2 (34% in
water) was added dropwise into the CTF-1/H2SO4 solution at an
elevated temperature (e.g.160 �C) and a wine-red to yellow
dispersion could form rapidly within 5 minutes (Fig. 1b).
Unreacted sulphuric acid could be easily removed by neutrali-
zation and antisolvent crystallization with methanol (see details
in the Experimental section). Aer rotary evaporation and
freeze-drying, the off-white uffy CTFQD powder was obtained
with a yield of �45% (Fig. 1c).

Subsequent careful characterization by X-ray photoelectron
spectroscopy (XPS) revealed that the cutting mechanism mainly
involves triazine hydrolysis and breaking the bonds between the
triazines and benzene rings. The high-resolution C1s spectra of
the obtained CTFQDs (Fig. 2a) show the co-existence of abun-
dant aromatic rings (284.6 eV) and the C]N bonds (286.4 eV) in
the triazine rings, suggesting that the CTFQDs maintain the
same backbone as the pristine CTF-1. Meanwhile, a new peak at
285.6 eV is observed for the CTFQDs, which can be explained by
the formation of C–OH at the edges of the CTFQDs during
triazine hydrolysis.29 Besides, the small peak (288.6 eV) assigned
to –COOH slightly increased, because of the unreacted cyano
group (–C^N) in the CTF-1 skeleton or the –OH group can be
converted into a carboxyl group under strongly acidic condi-
tions.30 According to the literature, triazine hydrolysis under
acidic conditions not only results in cyanuric acid-like deriva-
tives,18,31 but also generates amidine-like derivatives through
ring open reactions.32,33 These assumptions were also testied
by high-resolution N1s spectra (Fig. 2b). Consistent with
previous studies, the N1s spectra of the CTF-1 can be
J. Mater. Chem. A, 2017, 5, 9272–9278 | 9273
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nFig. 1 (a) A possible mechanism for the exfoliation of the CTF-1 in piranha solution. (b) Digital photo of the CTF-1 in sulfuric acid (1), the obtained
CTFQD dispersion (2) and the CTFQD dispersion after being diluted (3). (c) Digital photo of 500 mg of the CTF-1 powder (left) and the obtained
CTFQD powder (right). The reaction was carried out at 160 �C.

Fig. 2 (a) C1s X-ray photoelectron spectroscopy (XPS) of the pristine
CTF-1 and the obtained CTFQDs. (b) The N1s XPS of the CTF-1 and the
CTFQDs. (c) The FT-IR spectra of the CTF-1 and the CTFQDs. (d) Solid-
state 13C NMR of the CTF-1 and the CTFQDs. The CTFQDs were
prepared at 160 �C.

Journal of Materials Chemistry A Paper

Pu
bl

is
he

d 
on

 3
1 

M
ar

ch
 2

01
7.

 D
ow

nl
oa

de
d 

by
 T

si
ng

hu
a 

U
ni

ve
rs

ity
 o

n 
30

/0
6/

20
17

 0
6:

59
:1

3.
 

View Article Online
wwdeconvoluted into two main peaks with binding energies of
398.8 and 400.3 eV, corresponding to the triazine units in the
CTF-1 and the pyrrolic-like nitrogen atoms (C–N–C) derived
from triazine decomposition respectively.34 Aer reaction with
piranha solution, the triazine peak decreased, in accordance
with the increase in the decomposition-derived nitrogen peak
and the presence of the proton C]NH2+ (or NH3+) peak. These
results indicate the presence of ring open reactions in the CTF-1
during treatment with piranha solution.

Similar results were also observed by Fourier transform
infrared (FTIR) spectroscopy as shown in Fig. 2c. Compared to
the pristine CTF-1, the obtained CTFQDs show new peaks which
9274 | J. Mater. Chem. A, 2017, 5, 9272–9278
.co
m.cwere assigned to a –OH stretching vibration at 3458 cm�1 and

a stronger stretching vibration of non-conjugate C]N at 1610
cm�1. Notably, the 13C NMR spectra show a decrease in the
resonance peaks of the benzene rings (129 ppm), and the C–C
bonds between the benzene and triazine rings (137 ppm)
become much less prominent.34 Consistent with the 13C NMR
results, the ratio of C]C to C]N (estimated by the peaks’ areas
in the corresponding XPS spectra) decreases from 3.55 for the
CTF-1 to 3.42 for the obtained CTFQDs. All of these results
mean that the chemical tailoring mainly occurs at the C–C
bonds between the benzene and triazine rings, leading to a loss
of the benzene components.

Morphology characterizations by transmission electron
microscopy (TEM) and atomic-force microscopy (AFM)
conrmed that the CTF-1 was exfoliated and cut into nano-
sheets with lateral sizes that could be controlled by reaction
temperature. For example, representative TEM images show
that the nanosheets synthesized at 160 �C (CTFQD-160) have
circular shapes and an average diameter of �25 nm, ranging
from 15 to 35 nm (Fig. 3a). The sizes of the nanosheets with
irregular edges signicantly increased when the reactions were
carried out at lower temperatures, as illustrated in Fig. 3c
(CTFQD-130, synthesized at 130 �C) and Fig. 3e (CTFQD-100,
synthesized at 100 �C). Interestingly, the apparent heights of
all the samples measured by AFM are in the range of 0.7 to 3 nm
(Fig. 3b, d and f). As a typical 2D material, graphene always
shows a larger AFM apparent thickness (�0.7 nm) than the
theoretical value (�0.34 nm), which is attributed to the intrinsic
out-of-plane deformation, as well as the instrumental offset
arising from different interaction forces between the AFM
probe, graphene, and the substrate.35 Considering the fact that
the CTF-1 has the same theoretical thickness as graphene,27 the
layer number of most of the obtained CTFQDs should be in the
range of 1 to 4 layers, which is attributed to the simultaneous
exfoliation and cutting of the layered CTF-1.

The UV-vis spectra of the CTFQDs show size-dependent
properties (Fig. 4). One main peak at �236 nm comes from
the p–p* electronic transitions in the CTF-1 skeleton contain-
ing triazine rings.18,20 It shows a prominent increase with
decreasing CTFQDs size, which can be explained by the
This journal is © The Royal Society of Chemistry 2017
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mFig. 3 (a) and (b) are the TEM and AFM results of CTFQD-160. (c) and

(d) are the TEM and AFM results of CTFQD-130. (e) and (f) are the TEM
and AFM results of CTFQD-100.

Fig. 4 The UV-vis spectra of the CTFQDs synthesized at 160 �C,
130 �C and 100 �C and the amorphous A-CTFQD (synthesized at 160
�C).

This journal is © The Royal Society of Chemistry 2017
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quantum connement effect.36 Another shoulder peak around
288 nm was assigned to the n–p* transition of the C]O or
C]N and also became obvious when the sizes decreased,15,37

because the smaller sized CTFQDs should have more functional
groups at the edge or more defects. To further probe the origin
of these two peaks, an amorphous covalent triazine-based
framework was used to synthesize the amorphous counterpart
(labeled as A-CTFQD) under the identical synthesis conditions
of CTFQD-160. As expected, only one shoulder peak corre-
sponds to the n–p* transition that can be found in the UV-vis
spectrum of the A-CTFQD (gray dash line in Fig. 4), while the
p–p* peak is completely absent due to a lack of extended p-
conjugation.

First-principle density functional theory (DFT) calculations
of single-layered CTF-1 show a main absorption peak located at
310 nm in the calculated optical absorption spectra (Fig. 5a).
The density of states (DOS) analysis (Fig. 5b) revealed that the
transition energy of this peak (3.99 eV) agrees well with the
HOMO–LUMO gap (3.94 eV). Specically, the HOMO consists of
p-type bonds in benzene-like C6H4 rings and lone pairs of N
atoms, while the LUMO mainly originates from the p* orbitals
of C3N3 rings (Fig. 5c and d). According to the partial DOS, the
HOMO of CTF-1 mainly consists of the 2pz states of C atoms and
with partial contribution from the 2pz states of the N atoms,
whereas the LUMO comprises equal contributions of the 2pz
states of the C and N atoms. The above results imply that both
the HOMO and LUMO exhibit p-type bonding character.
Importantly, the experimentally detected main absorption peak
in the UV region should correspond to the p–p* transition,
despite the obvious discrepancy in position that is probably
caused by the size effects.20

The PL spectra show that the emission maxima (excited at
290 nm) are blue-shied from 460 nm for CTFQD-100 to 390 nm
for CTFQD-160 (Fig. 6a). In addition, the PL intensities follow
the trend of CTFQD-160 > CTFQD-130 > CTFQD-100, and the A-
Fig. 5 (a) The imaginary part of the dielectric function of CTF-1. (b)
Density of states of CTF-1. (c) and (d) show the partial charge densities
associated with the HOMO and LUMO, respectively.

J. Mater. Chem. A, 2017, 5, 9272–9278 | 9275
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m
Fig. 6 (a) The PL spectra of the CTFQDs synthesized at 160 �C, 130 �C
and 100 �C. (b) The PL spectra of CTFQD-160 with varying excitation
wavelengths. (c) The fluorescence decay curves for CTFQD-160 and
A-CTFQD. (d) The up-conversion PL property for CTFQD-160.
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CTFQDs emit much weaker blue uorescence than the CTFQD-
160 at emission maxima of �400 nm (Fig. S3†). Notably, this
result is consistent with the increasing trend of the p–p* peak
in the UV-visible spectrum. Therefore, we believe that the
intrinsic state emission induced by a localized p–p* transition
should play a critical role in the uorescence. Previous studies
suggested that the uorescence of graphene or G-C3N4 based
quantum dots can arise from the intrinsic state emission or the
defect state emission which involves the presence of carbonyl-
or amine-related groups.37–44 Therefore, the functional groups at
the edge may also contribute to the uorescence.

To conrm this hypothesis, the optical properties of the
highly photoluminescent CTFQD-160 were systematically
investigated. Fig. 6b shows the PL spectra for CTFQD-160 at
various excitation wavelengths. The emission is excitation-
independent when the excitation wavelength is below 300 nm,
exceeding which an obvious red-shi occurred. The normalized
PL excitation (PLE) spectra recorded at detection emission
wavelengths (lde) from 360 nm to 480 nm are shown in Fig. S4.†
The maximum PLE intensity was found to remain constant at
�285 nm, but the absorption tail gradually broadens with
increasing lde. Such PL behavior is similar to previous reports
on graphene oxide or graphene oxide quantum dots, which
show the coexistence of intrinsic state emission and defect state
emission.36,38,41,44,45 Time resolved PL spectra were performed to
study the recombination dynamics of CTFQD-160 and A-CTFQD
(Fig. 6c). Both samples show a bi-exponential decay curve with
fast and slow decay components, corresponding to recombi-
nation from the intrinsic states and the defect states, respec-
tively.42,45 The fast decay component dominates the emission
from CTFQD-160, whereas the slow decay component increases
substantially in A-CTFQD. All of these results support the
conclusion that the PL mechanism of CTFQDs mainly relies on
9276 | J. Mater. Chem. A, 2017, 5, 9272–9278
.co
m.cn

the intrinsic state, but the functional groups also have some
contribution. The pH-dependent PL behavior also supports our
proposed PL mechanism. The PL emission of CTFQD-160
becomes stronger when the pH changes from 3 to 10
(Fig. S5†). This is because more N was protonated at lower pH,
thus leading to the deactivation of the emissive state.

We found that the absolute uorescence quantum yield (QY)
of the CTFQDs can be efficiently improved by simple hydro-
thermal treatment without any additives. Aer an unoptimized
process at 180 �C for 10 h, the QY of CTFQD-160 increased from
6.83% to 12.53%. The TEM analysis shows no obvious change in
size aer hydrothermal treatment (Fig. S6†). The UV-visible
spectrum shows that the oxidation-induced shoulder peak is
weaker (Fig. S7†). The maximum PL emission position did not
change but the absorption tail decreased slightly compared to
before (Fig. S8†). The C1s XPS analysis revealed a reduction in
the C–OH component (Fig. S9†). Based on these observations,
we believe that the reduction of oxygen functional groups can
decrease the emissive traps induced by the defect states of
functional groups, thus can suppress the non-radiative process
and further enhance the intrinsic state emission.41

The CTFQD-160 was found to exhibit obvious up-conversion
properties (Fig. 6d). The up-conversion PL behavior of CTFQD-
160 is similar to its down-conversion excitation-dependent PL
behavior. The emission wavelength redshis and PL intensity
increases when changing the excitation wavelength from 600 to
800 nm. Interestingly, the A-CTFQD does not show similar up-
conversion PL behavior. At present, the up-conversion PL
behavior has not been clearly studied; it is generally attributed
to a two or multiphoton active process.6,19,41 Our ndings
suggest that the extended p-conjugation may play an important
role in the up-conversation PL behavior.

To explore the applications of the CTFQDs, photo-
luminescence detection of mercury ions (Hg2+) was investi-
gated. Hg2+ is widely found in aquatic systems and can seriously
threaten human health even at very low concentrations, due to
its strong toxicity and bioaccumulation. Therefore, sensitive
and quantitative determination of Hg2+ is of great importance.
Fig. 7a shows the PL spectra of a CTFQD-160 solution in the
presence of different concentrations of Hg2+ ions. The uores-
cence of CTFQD-160 can be effectively quenched by Hg2+ ions
within two minutes, and the colour change can be clearly
recognizable by the naked eye. The Fig. 7b insert presents
a graph of the PL intensity versus the concentration of Hg2+ ions.
A good linear correlation (R2 ¼ 0.997) is shown in the concen-
tration range between 0 and 30 mM. The limit of detection (LOD)
was estimated to be 0.23 mM based on three times the standard
deviation rule (LOD¼ 3Sd/slope), compared to the efficient Hg2+

uorescent probe that has been previously reported.46,47 In
general, Hg2+ ions have a tendency to coordinate with nitrogen
atoms due to their unshared electrons. It is believed that the
triazine units and the edge nitrogenous group of the CTFQDs
can efficiently coordinate with Hg2+, deactivating the PL emis-
sion state to cause uorescence quenching. Fig. 7b shows the
percentage PL quenching of the CTFQDs in the presence of
different metal ions. It was found that the CTFQDs exhibit
This journal is © The Royal Society of Chemistry 2017
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mFig. 7 (a) Fluorescence emission spectra of CTFQD-160 in aqueous

solution upon addition of various concentrations of Hg2+ under
excitation at 290 nm. Inset: digital photo showing the fluorescence
emission change (under UV lamp with 365 nm center wavelength) of
CTFQD-160 upon the addition of Hg2+. (b) Selective PL response of
CTFQD-160 aqueous solution for 40 mM of various metal ions. The
inset shows the linear relationship between the PL intensity and Hg2+

concentration. The error bars represent the standard deviation of three
independent measurements.
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excellent selectivity for Hg2+ over other metal ions, probably due
to its strongest coordination ability.
 w
wwConclusions

In summary, in this contribution we have demonstrated that
the CTF-1 can be rapidly exfoliated and cut into N-doped
CTFQDs in piranha solution. The cutting mechanism may
involve triazine hydrolysis and breaking the bonds between the
triazine and benzene rings. The control sample comes from the
amorphous counterpart of CTF-1 and was used to aid the
understanding of the uorescence origin of the CTFQDs. As
a result, the intrinsic state emission induced by localized p–p*

transitions plays the leading role in the CTFQDs and the defect
state also contributes to the uorescence. The QY of the
CTFQDs can be effectively enhanced through hydrothermal
treatment, probably because of the suppression of the non-
radiative process and the enhancement in intrinsic state
This journal is © The Royal Society of Chemistry 2017
emission. Due to its unique chemical structure, the CTFQDs
could be further utilized as an efficient PL probe for detecting
Hg2+. Our proposed methodology may open up new avenues for
developing new kinds of CQDs using COFs as the starting
materials.
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