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Carbon nanodots functional MOFs composites by a
stepwise synthetic approach: enhanced H, storage
and fluorescent sensing

Ji-Sen Li,*” Yu-Jia Tang,” Shun-Li Li,” Shu-Ran Zhang,® Zhi-Hui Dai,** Ling Si,"
and Ya-Qian Lan*“

Metal-organic frameworks (MOFs) hybrid composites, combining the advantages of both
MOFs and nanoparticles, may exhibit unprecedented properties. Herein, the carbon nanodots
(Cdots) functional UMCM-1 composites (Cdots@UMCM-1a) were successfully synthesized
by a stepwise synthetic approach for the first time. The hybrids remain intact structure of
metal-organic frameworks (MOFs) with high luminescence and longer stability. Due to the
interactions between polar functional groups at the surface of Cdots and H, molecules,
Cdots@UMCM-1a efficiently storage capacity. Most importantly,
Cdots@UMCM-1a exhibited highly fluorescent sensing of nitroaromatic explosives owing to

enhanced H,

the double effect of porous MOFs and fluorescent Cdots. This work will pave new avenues for
the fabrication of novel and multifunctional MOFs composites.

Introduction

Metal-organic (MOFs)
emerging family of porous materials have attracted much
attention during the past decades.! Owing to some unique
advantages of MOFs, such as high surface areas,” tunable pore
sizes,® and versatile structures, MOFs can reasonably be
widely applied in gas storage or separations,’ catalysis,® and so
on.” Nonetheless, MOFs have some shortcomings for example
poor thermal and chemical stability, which limit their potential
applications from a very large extent. In recent years, many
efforts have been dedicated to overcoming these drawbacks as
well as introducing novel functionalities. Fortunately, MOFs
hybrid composites, combining the advantages of both excellent
adsorption capacities from MOFs and different functionality
from nanoparticles and imparting unprecedented properties,
have been obtained to date.® These nanoparticles consist of
metal nanoparticles,” graphene,'® carbon nanotubes,'
polyoxometalates,'””> quantum dots,"”> and so on. Thus,
fabricating novel nanoparticles functional MOFs composites
with intriguing properties will provide new impetus for
synthesizing and applying these composites in future.

Recently, carbon nanodots (Cdots) as a rising star have
drawn particular interest due to their fascinating fluorescent
properties and low toxicity.'* Especially, synergistic coupling
of the merits of both MOFs and Cdots, Cdots functional MOFs
composites (Cdots@MOFs) possess many novel properties
superior to those of the individual components as follows: 1)
Based on ultrahigh porosities and surface areas of MOFs and

frameworks characteristic of an

This journal is © The Royal Society of Chemistry 2013

high fluorescence of Cdots, Cdots@MOFs are expected to
apply in biosensing, fluorescent sensor, and more; 2) The polar
functional groups on Cdots surface may also combine with
metal ions, further modulate the growth of MOFs as
crystallization seeds.'*® Therefore, the introduction of Cdots
into MOFs, adding a new active point for MOFs materials, will
become a new direction in Cdots and MOFs sciences in the
future.

At present, many applications of synthesized MOFs are
limited because the crystals are relatively large in size (um-
mm). However, the smaller-sized MOFs and/or nanoparticles
functional MOFs may provide promising applications in optical
sensors,'>® size-selective SERS,” and so on.!® Despite
tremendous efforts, to the best of our knowledge, constructing
of smaller-sized Cdots@MOFs composites remains largely
unexplored so far. Based on the above consideration, it is a
scientific and technological challenge to synthesize smaller-
sized and highly fluorescent Cdots@MOFs as a fluorescent
sensing.

Supersaturated MOFs mother solution  Cdots@MOFs

Scheme 1 Schematic illustration of Cdots@MOFs composites.
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Herein, for the first time, we obtained highly fluorescent
Cdots@UMCM-1 composites by a stepwise synthetic method
(Cdots@UMCM-1a) (Scheme 1). In particular, the sizes of
Cdots@UMCM-1a are approximately one twentieth of those of
the hybrids by a solvothermal approach. Due to the cumulative
effect of UMCM-1 and Cdots, it appears to be unprecedented
that Cdots@UMCM-1a show fast and enhanced fluorescent
sensing of nitroaromatic explosives. Moreover, owing to the
encapsulation of Cdots into MOFs frameworks, the polar
functional groups on Cdots surface have a prominent and
positive impact on H, storage capacity, compared to pristine
MOFs.

Experimental section

Materials

N,N-Diethylformamide (DEF), terephtalic acid (bdc), 1,3,5-Tris
(4-carboxyphenyl) benzene (btb), citric acid, urea,
Zn(NO;),'6H,0O and other chemicals were purchased from
Sigma-Aldrich and used without further purification.

Characterization

The transmission electron microscopy (TEM) and high-
resolution (HRTEM) images were taken on a JEOL-2100F
apparatus at an accelerating voltage of 200 kV. Surface
morphologies of the carbon materials were examined by a
scanning electron microscope (SEM, JSM-7600F) at an
acceleration voltage of 10 kV. The energy dispersive
spectroscopy (EDS) was taken on JSM-5160LV-Vantage typed
energy spectrometer. The powder X-Ray diffraction (XRD)
patterns were recorded on a D/max 2500VL/PC diffractometer
(Japan) equipped with graphite monochromatized Cu Ko
radiation (A = 1.54060 A). Corresponding work voltage and
current is 40 kV and 100 mA, respectively. The nitrogen
adsorption-desorption experiments were operated at 77 K on a
Micromeritics ASAP 2050 system. Prior to the measurement,
the samples were degassed at 90 °C for 10 hours. Ultraviolet-
visible (UV-vis) absorption spectra were obtained on Cary 60
spectrophotometer (Agilent). Photoluminescence (PL) spectra
were recorded on LS 50B (Perkin-Elmer). Atomic Force
microscope (AFM) images were recorded with a Nanoscope
IIIa scanning probe microscope (Agilent, USA) using a tapping
mode. Fourier transform infrared (FTIR) spectra were acquired
in the range of 400-4000 cm ' on Tensor 27 (Bruker, Germany)
at room temperature. Confocal laser scanning microscopy
(CLSM) was operated on Olympus Fluo-view FV1000.

Preparation of Cdots

Carbon nanodots were synthesized according to the reported
literature.!” Namely, citric acid (3 g) and urea (3 g) were added
to 10 mL distilled water to form a transparent solution. And
then, the solution was heated in a 750 W microwave oven for 5
mins. When the colorless solution finally changed into dark-
brown clustered solid, exhibiting the formation of Cdots. The
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obtained product was heated at 60 °C for 1 h in a vacuum oven
The
purification of Cdots solution was through centrifugation at
3000 rpm for 20 min
agglomerated particles.

in order to remove the residual small molecules.

in favor of removing large or

Preparation of Cdots@MOF's

Cdots@MOFs were synthesized by a stepwise synthetic method.
First, 5 mL of DEF consisting of bdc (0.016 g) or btb (0.02 g)
or bdc (0.02 g) and btb (0.0438 g) and Zn(NO3;),-6H,0 (0.09 g)
were thoroughly dissloved with ultrasonication. Subsequently,
the solution was heated to 90 °C and maintained at this
temperature until the MOF crystals were formed. The MOF
mother solution was filtered and cooled down to room
temperature. And then, 0.5 mL of Cdots was added into the
filtered solution and incubated at room temperature for 12 h.
The obtained MOF crystals were preserved into DEF solution,
which were denoted as Cdots@MOF-5, Cdots@MOF-177, and
Cdots@UMCM-1a, respectively.

In control experiments, MOF-5, MOF-177, and UMCM-1
were prepared by a solvothermal approach according to the
reported method, respectively.'® Namely, 5 mL of DEF
consisting of bdc (0.016 g) or btb (0.02 g) or bdc (0.02 g) and
btb (0.0438 g) and Zn(NOj3), 6H,0 (0.09 g) were thoroughly
dissloved with ultrasonication. And then, the mixture was
placed in a Teflon reactor and heated at 85 °C for 3 days, and
then it was gradually cooled to room temperature. For
comparison, Cdots@UMCM-1b were prepared as follows: 0.5
mL of Cdots was added into 5 mL of DEF consisting of bdc
(0.016 g) and btb (0.0438 g) and Zn(NO;),-6H,O (0.09 g),
further
conditions.

following the above procedure under identical

Results and discussion

As can be seen from Fig. 1A, the TEM image of the Cdots
clearly indicates that most of Cdots are spherical with sizes < 6
nm. The HRTEM image (inset of Fig. 1A) reveals that the high
crystallinity of Cdots. The elemental compositions of Cdots
were investigated by EDS. Fig. 1B shows that Cdots mainly
consist of carbon, nitrogen and oxygen. From Fig. 1C-D, the
AFM image also suggests that the topographic height of Cdots
is in the range of 1-6 nm with an average diameter of about 3.5
nm, which is consistent with that achieved by TEM. The FTIR
spectrum of Cdots is presented in Fig. 1E, which demonstrates
the existence of C=0, COO-, O-H, N-H, C-H and C-N. To
evaluate the optical properties of Cdots, the corresponding UV-
vis absorption and PL emission spectra of DEF solution of
Cdots were monitored. As shown in Fig. 1F, the UV-vis
spectrum gives a broad peak centered at 420 nm. Upon
excitation at the absorption band of 420 nm, the strong PL
emission of Cdots appears at 500 nm in agreement with the
previous literature.'” Notably, the green fluorescence of Cdots
is strong enough to be easily seen with the naked eyes under a
UV light with a wavelength 365 nm (the inset of Fig. 1F).

This journal is © The Royal Society of Chemistry 2012
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Fig. 1 (A) TEM image of prepared Cdots, the inset shows the HRTEM image of
individual Cdots. (B) EDS of Cdots. (C) AFM image of Cdots on mica substrate. (D)
The height profile along line AB in the image. (E) FTIR spectrum of Cdots in the
dry state. (F) UV-vis absorption (black line), PL excitation (blue line) and emission
(red line) spectra of Cdots solution. The photograph was taken without (left) and
with (right) UV light (365 nm).

Fig. 2 Optical micrographs of (A) UMCM-1 and (B) Cdots@UMCM-1a (inset: SEM
of Cdots@UMCM-1a). (C) TEM and (D) HRTEM of Cdots@UMCM-1a after
sonication.
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(ESIt), the PXRD patterns of the synthesized crystals are most
identical with those simulated, proving that the framework
structures remain almost intact and the assembly process of
UMCM-1 crystals is not disturbed by the encapsulation of
Cdots. In comparison to the strong peaks of UMCM-1 crystals,
the peaks of Cdots are not obviously found, presumably by
virtue of their low concentrations and/or small sizes hosted by
UMCM-1 matrix.*® 138 3¢ 19 Fig 2C-D shows the TEM and
HRTEM of Cdots@UMCM-1a after
respectively. The HRTEM image indicates that the lattice

images sonication,
spacing is 0.209 nm, which matches well with the (100)
diffraction plane of the graphite. Additionally, compared to
original UMCM-1 (Fig. S2A, ESIY), the EDS (Fig. S2B, ESIt)
reveals that Cdots@UMCM-1a are composed of C, N, Zn, and
O celements. These results further confirm that Cdots are
successfully embedded within UMCM-1.
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Fig. 3 PL spectra of (A) UMCM-1 and (B) Cdots@UMCM-1a with excitation
wavelength at 420 nm (insets: photographs of corresponding samples without
(left) and with (right) UV light (365 nm)). (C) and (D) CLSM images of
Cdots@UMCM-1a.

The optical micrographs of UMCM-1 and Cdots@UMCM-
la are presented in Fig. 2A-B, respectively. The classical
needle-like crystals are visible and reveal the high crystallinity
of the products. The SEM image of Cdots@UMCM-1a (the
inset of Fig. 2B) also supports the above results. In particular, it
is clearly seen that the crystal sizes of Cdots@UMCM-1a are
smaller than that of UMCM-1. As can be seen from Fig. S1

This journal is © The Royal Society of Chemistry 2012

The optical properties of Cdots@UMCM-1a composites are
explored by PL spectroscopy at room temperature. Fig. 3A
that DEF solution of UMCM-1
luminescence when excited at 420 nm. On the contrary, with an
identical excitation wavelength, that of Cdots@UMCM-1a
shows high fluorescence located at approximately 500 nm (Fig.

indicates appears no

3B). It efficiently proves that the green luminescence only
originates from Cdots. In comparison with UMCM-1 (inset of
Fig. 3A), the fluorescence of DEF solution of Cdots@UMCM-
la at the illumination of UV light (365 nm) can be obviously
seen in the inset of Fig. 3B. But the difference of color in Fig.
1F and Fig. 3B is attributed to the different content of C-dots in
Cdots@UMCM-1a and original C-dots solution. Namely, the
content of C-dots in Cdots@UMCM-1a is much lower than that
of original C-dots solution. Moreover, the characteristic
emission peak of Cdots@UMCM-1a excited at 420 nm is in
accordance with that of Cdots. Therefore, it confirms that Cdots
in Cdots@UMCM-1a have the analogous state to that in the
mother solution. Besides, UMCM-1 shells are formed fast
enough to effectively prevent Cdots aggregation after the

J. Name., 2012, 00, 1-3 | 3
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addition of Cdots
solution.’® As

into supersaturated UMCM-1 mother
these data
demonstrate that Cdots are successfully incorporated into the

framework of UMCM-1 and still remain highly luminescent

mentioned above, sufficiently

properties of Cdots.

To further access of Cdots
Cdots@UMCM-1a, the fluorescent  performance of
Cdots@UMCM-1a under laboratory conditions for more than
one month was investigated by CLSM. From Fig. 3C-D, the
strong fluorescence could be observed by naked eyes yet.
Hence, this result specifies that Cdots are so stable inside
Cdots@UMCM-1a composites that the luminescent intensity,
compared to the original Cdots, does not change. Based on

the stability inside

these considerations, we propose the growth mechanisms as
follows: 1) The carboxylate groups at the surface of Cdots are
effectively combined with Zn*" from the mother solution; 2) As
crystallization seeds, Cdots can induce the nucleation and
control growth of UMCM-1; Meanwhile, Cdots are

spontaneously embedded into Cdots@UMCM-1 matrix, ' 13
15, 20.
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Fig. 4 (A) N, and (B) H, sorption isotherms for UMCM-1, Cdots@UMCM-1a, and
Cdots@UMCM-1b, respectively.

When Cdots are encapsulated into MOFs matrix, how can
they affect gas storage, increase or decrease? To address this
issue, gas adsorption is employed to investigate the changes of
storage capacity of Cdots@UMCM-1a. For comparison, the
gas sorption isotherms for UMCM-1 and Cdots@UMCM-1b

4| J. Name., 2012, 00, 1-3

are also presented in Fig. 4. The N, sorption isotherms of these
samples are classified as a type IV (Fig. 4A), characteristic of a
micro/meso-porous structure, as also supported by the pore size
distributions analyzing by DFT methods (Fig. S3, ESI{).”!
However, compared with original UMCM-1, it is surprising
that the surface areas of Cdots@UMCM-1 (a and b) decrease
and H, storage capacities of Cdots@UMCM-1 (a and b)
oppositely enhance when Cdots are embedded into the
frameworks of UMCM-1. Namely, the enhancement in H,
sorption capacities is about 9%. The detailed data were
summarized in Table S1 (ESIf). Generally, the interactions
between the framework and H, molecules decrease along with
the increase of the pore volumes. Hence, the large pore volumes
of MOFs are not crucial factors for increasing the H, storage at
ambient pressure.** Considering the above experimental results,
we think that the specific interactions between polar functional
groups (-COOH, -OH, etc.) at the Cdots surface and H,
molecules are beneficial to enhance H, storage.'%*?
Particularly, according to H, sorption data of UMCM-1 and
Cdots@UMCM-1a at 77 K and 87 K (Fig. S4, ESIf), the
isosteric heat of H, adsorption of Cdots@UMCM-1a is about
5.6 KJ mol™, which is higher than that of UMCM-1 (5.2 KJ
mol™). This further supports the above conclusion. To our
knowledge, this is the first example of Cdots functional MOFs,

which efficiently increase H, sorption capacity.
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Fig. 5 (A) Emission spectra of Cdots@UMCM-1a in different solvents (excited at
420 nm). (B) Emission spectra of Cdots@UMCM-1a in DEF solution with different
amount of NB (excited at 420 nm). Inset in (B): a photograph taken under UV
light (365 nm). (C) Emission spectra and (D) corresponding emission intensities of
Cdots@UMCM-1a in DEF solution with different concentration of TNP (excited at
420 nm). Inset in (C): color changes before and after incremental addition of TNP
(left: Cdots@UMCM-1a in DEF; right: Cdots@UMCM-1a in DEF containing TNP).

In addition, the fluorescence properties of Cdots@UMCM-1a
inspired us to exploit the potential applications in detection of
organic molecules.
composites was immersed in corresponding solution, forming

In brief, a certain amount of these

stable suspensions by sonication. The solvents were DEF, N,N-
dimethylformamide (DMF), N,N-dimethylacetamide (DMA),
methanol, ethanol, and nitrobenzene (NB), respectively. As
shown in Fig. SA, the predominant emission peak and intensity
are obviously different when Cdots@UMCM-1a composites

This journal is © The Royal Society of Chemistry 2012
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are dispersed in different solvents. For example, the emission
peak of Cdots@UMCM-1a in DEF solution presents at 500 nm
when excited at 420 nm. On the other hand, the emission peaks
in DMF, methanol, ethanol, DMA, and NB solutions present at
about 496, 508, 488, 487, and 486 nm, respectively. Meanwhile,
the intensities of Cdots@UMCM-1a in these solvents decrease
compared to that in DEF solution. The vastly different
luminescent responses of solvents may be related to solvent
polarity and the physical interaction of solvent and solute. The
intact frameworks of Cdots@UMCM-1a in different solvents
were confirmed by the comparative PXRD (Fig. S5, ESIT). To
further evaluate sensing sensitivity toward nitroaromatic
explosives in detail, the emissive responses were monitored
with a different amount of NB or 2,4,6-trinitrophenol (TNP)
added to the DEF suspensions of Cdots@UMCM-1a (Fig. 4B-
C). Fig. S6 (ESIY)
approximately one sixth of the initial intensity in DEF solution

indicates the PL quenching up to

with 35 pL. of NB. Meanwhile, the fluorescence change can be
observed under a UV lamp (365 nm) in the inset of Fig. 4B. In
terms of TNP, when the concentration of TNP was 1000 ppm in
DEF suspension of Cdots@UMCM-1a, the luminescence was
the the
corresponding solution turned orange; this could be seen by the

completely quenched. Interestingly, color of
naked eyes (Fig. 4C). Therefore, TNP can be conveniently and
fast detected by recording the color change. The relationship
between emissive responses and amounts of NB or TNP in DEF
solution of Cdots@UMCM-1a is shown in Fig. S7 (ESI{).
Taking into account the above results, the possible mechanism
of fluorescence quenching is speculated that electron transfer
from the electron-donating of amino groups at the surface of
Cdots to the electron-deficient NB or TNP molecules can occur,
resulting in fluorescence quenching. In a control experiment,
the DEF solution of Cdots having the similar intensity with that
of Cdots@UMCM-1a composites was also added 35 pL of NB
or 1000 ppm of TNP. As seen from Fig. S8 (ESI}), the
fluorescence response of Cdots@UMCM-la is much more
sensitive than that of Cdots, further suggesting that
Cdots@MOFs have highly sensitive ability than Cdots solely
dispersed in DEF solution. This work represents the first report
of Cdots@UMCM-1a as an enhanced fluorescent sensing of
nitroaromatic explosives. The PXRD pattern further suggests
that the framework is unbroken after detection of NB or TNP
(Fig. S9, ESIt).

To examine the universality of our proposed encapsulation
strategy, Cdots were also incorporated into MOF-5 and MOF-
177 by following the similar method of Cdots@UMCM-1a,'®
respectively. These obtained composites were further
characterized by SEM, PXRD, EDS, PL and CLSM,
respectively (Fig. S10-15, ESIT). All the data are similar to
those of Cdots@UMCM-1a.
efficiently prove that the stepwise synthetic approach is
preparing

The aforementioned results

efficient and universal for smaller-sized

Cdots@MOFs.

Conclusions

This journal is © The Royal Society of Chemistry 2012
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In summary, for the first time, we have successfully fabricated
novel smaller-sized Cdots@MOFs composites by a stepwise
synthetic approach. The fluorescent performance of the hybrid
under laboratory conditions for more than one month still were
remained. As expected, the polar functional groups at the
surface of Cdots have significant effects on H, storage capacity
of corresponding hybrids. Furthermore, as a fluorescent sensor,
Cdots@UMCM-1a showed sensitive fluorescent sensing of
nitroaromatic explosives benefiting from the double effect of
MOFs and Cdots. The combination of nanoparticles and MOFs
will provide a new direction to synthesize novel and
multifunctional hybrid composites and take advantage of the
synergetic effect of both nanoparticles and MOFs. Further work
is currently underway in this regard.
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Graphical abstract

Carbon nanodots functional MOFs composites by a stepwise synthetic
approach: enhanced H, storage and fluorescent sensing

Ji-Sen Li, Yu-Jia Tang, Shun-Li Li, Shu-Ran Zhang, Min Han, Zhi-Hui Dai,* Ling Si,
and Ya-Qian Lan*

The carbon nanodots functional UMCM-1 composites (Cdots@UMCM-1a) were first
synthesized by a stepwise synthetic approach, which enhanced H, storage capacity and
exhibited highly fluorescent sensing of nitroaromatic explosives .

Enhanced H, Storage _ « ::

e o
o ®

Hp uptake (wt %)
e
2
8,

o + UMCM-1
0.2 + Cdots@UMCM-1b
4+ Cdots@UMCM-1a

0 200 400 600 800
Absolute Pressure (mmHg)

200} Fluorescent Sensing

OH TNP
ON A NO,

——0 ppm
—— 100 ppm

Emission Intensity

No: 400 ppm

—— 800 ppm
—— 1000 ppm

450 500 550 600 650 700
Wavelength / nm



