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Abstract:

Preparation of graphene decorated MOF-5 nanocomposite by pulsed laser ablation (PLA) method in liquid environment
has been investigated for the first time. Firstly, MOF-5 nanostructures were synthesized by irradiating a high-purity zinc
(Zn) plate in dimethylformamide (DMF) solution containing terephthalic acid ligand with Nd: YAG pulsed laser. Using the
fundamental wavelength of Nd:YAG laser at 1046 nm and pulse width of 7 ns, three samples of MOF-5 nanostructures
were produced in the solutions with three ligand concentrations. Then, by laser ablation of a graphite target in the MOF-5
nanostructures suspensions, graphene/MOF-5 nanocomposites were produced. Furthermore, the antibacterial activity of
the samples was evaluated against Escherichia coli (E. coli) as a gram-negative and Staphylococcus aureus (S. aureus) as a
gram-positive bacterium. Morphology of MOF-5 nanostructures was modified due to presence of graphene nanosheets
in the structure of nanocomposite. TEM images show that square shape MOF-5 particles were located on the surface
of graphene nanosheets. Concentration of synthesized samples was increased with increasing the ligand concentration
in the liquid environment of ablation. And stronger antibacterial effects of nanocomposites were observed against the

gram-negative bacteria due to their gravitation of opposite charges.
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1. Introduction

Metal-organic frameworks (MOFs) are porous hybrid
organic-inorganic materials as the coordination polymers
[1,2]. In recent years, MOFs have attracted much atten-
tion due to their large surface area, high pore volume, and
adjustable shape and pores [3,4]. MOFs are used in dif-
ferent applications such as drug delivery, nonlinear optics
and optoelectronic devices, polymers modification, Raman
scattering, sensors, photocatalysis, gas storage, composite,
photoluminescence, nanoparticle preparation, sorbent, and
antibacterial researches [5-22].

There are several methods to synthesize MOFs including
self-assembly metal clusters as the metal centers and or-
ganic ligands as linkers using various methods such as
solution, solvothermal, hydrothermal, mechanochemical,
electrochemical, microwave, sonochemical, diffusion, ionic
liquids, and laser ablation methods [23-36].

MOF-5 is the most common zinc-based metal organic frame-

work, which was introduced by Omar Yaghi in 1999. This
MOF was synthesized by connection of Zn4O units and 1,4-
benzenedicarboxylate ligands to form a cubic network with
the formula ZnsO(BDC)3. MOF-5 nanostructures also have
a wide range of applications including drug delivery, Ra-
man scattering, nitrate adsorption, gas absorption, catalysis,
gas storage, electrochemical activity, diffusion, molecular
sensing, electronic and vibrational properties, as well as
antibacterial agents [37-53].

So far, the reported methods to synthesize MOF-5 nanostruc-
tures are solvothermal, microwave, microwave hydrother-
mal, electrochemical, sonochemical, solution, ionic lig-
uid microemulsion, mechanochemical, ultrasound and mi-
crowave, and laser ablation methods [54-63].

The capability of CW and pulsed lasers in processing ma-
terials and specially the role of laser in the production and
modification of nanomaterials have been investigated fre-
quently. PLA is an environmentally friendly green method
with high purity nano products. Variety of controlling tools
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such as laser fluence, wavelength, pulse width, and spot size
is the most important advantage of PLA method to process
nanomaterials [64—71]. Employing PLA method to produce
Bi-MOF and MOF-5 was first introduced in our former
reports [36,64]. In that work MOF-5 was synthesized by
laser ablation of Zn target in dimethylformamide solution,
containing terephthalic acid. In this study, decoration of
graphene nanosheets by MOF-5 nanostructure has been re-
ported for the first time.

Graphene is an allotrope of carbon consisting of a single
layer of atoms arranged in a two-dimensional honeycomb
lattice nanostructure. Each atom in a graphene sheet is con-
nected to its three nearest neighbors by a strong o-bond, and
contributes to a valence band one electron that extends over
the whole sheet. This unique structure has led to unique
properties in this sheet of carbon. It has been demonstrated
that the presence of small amounts of nanostructures in
close contact with the graphene nanosheets forms a hetero-
junction that can improve the photocatalytic activity of com-
position noticeably. The most widely accepted mechanism
to explain the improvement in the photocatalytic activity
of these hybrid systems is related to charge transfer from
the semiconductor conduction band minimum graphene
nanosheet. The high electron mobility in graphene deter-
mines that, once the electron is on graphene, they become
delocalized through the sheet. In that way, the close contact
between nanostructure and graphene favors photoinduced
charge separation and catalytic activities [72].

Following lots of challenges to synthesize graphene and
graphene oxide nanosheets, laser ablation method has been
found to be one of the best. Furthermore, laser ablation
method has been found to be a capable method to produce
decorated graphene nanosheets by conductor and semicon-
ductor nanostructures [73-80]. In this paper, the first ex-
perimental challenge for production of graphene/MOF-5
nanocomposites by PLA method is reported. Results show
that pulsed laser ablation is a promising method to synthesis
different form of graphene-MOF nanocomposites.

2. Experimental Section

2.1 Materials

Materials including zinc metal target for preparation of
7Zn* ion as a connector center, 1,4 benzenedicarboxylic
acid (BDC) as a bridging ligand, and dimethylformamide
(DMF) as a solvent were purchased from Merck (Darmsh-
tadt Germany).

2.2 Synthesis

MOF-5 was prepared by laser ablation technique via the
self-assembly at room temperature based on previous re-
port [64]. The zinc target was placed in a Beaker with
40 ml of DMF solvent solution containing 0.328, 0.631,
and 1.234 g of BDC ligand, labeled as samples a, b, and
c respectively. The target was irradiated with 1500 pulses
of the fundamental wavelength of a pulsed Nd:YAG laser
(Quantel, model Brilliant B) with 1064 nm wavelength, op-
erating at 5 Hz repetition rate and 7 ns pulse width with 0.7
J/em? fluence under magnet stirring. The laser beam with a
diameter of 6 mm was focused on the surface of the target
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using a 10 cm focal length convex lens. The height of the
liquid on the target surface was 5 mm during the ablation
process. To produce the graphene/MOF-5 nanocomposite,
a graphite plate was irradiated by 1500 pulses of the same
laser in the produced MOF-5 nanostructures suspensions.
Finally, 3 samples of graphene/MOF-5 nanocomposite were
synthesized with different concentration of BDC ligand in
40 mL of DMF solvent. As soon as the ablation started,
the solution color was changed and a solid precipitation
occurred.

2.3 Characterization

Graphene/MOF-5 nanocomposites were characterized by
FTIR, XRD, FESEM, TEM, and UV-vis spectroscopy.
Fourier transform infrared spectra were recorded on a Spec-
trum Two spectrometer (PerkinElmer) in a KBr matrix.
UV-Vis spectroscopy was done for investigation optic prop-
erties (Shimadzu, UV-2550, Japan). X-ray diffraction mea-
surements were performed using a X’ Pert Pro diffractome-
ter (Panalytical, Netherlands) for evaluation of crystalline
structure. The morphology of nanocomposites was recorded
by size field emission scanning electron microscope (Zeiss-
SIGMA VP, Germany) with gold coating. Also, transmis-
sion electron microscope (Zeiss, EM10C-100 kV, Germany)
was employed for presentation of morphology and size of
synthesized graphene/MOF-5 nanostructures.

2.4 Antibacterial activity

Minimum bactericidal concentration (MBC) and minimum
inhibitory concentration (MIC) were used to study the an-
tibacterial activities of synthesized nanostructures against
Escherichia coli as a gram-negative bacteria (ATCC 25922)
and Staphylococcus aureus as a gram-positive bacteria
(ATCC 25923). Muller Hinton Agar solid culture medium
was used for microbial tests. This environment was pre-
pared according to the Merck manufacturer’s agenda. The
amount of 34 g of culture medium powder was dissolved in
1 liter of distilled water and then boiled with gentle heat for
1 minute. After preparing a uniform and clear solution, it
was sterilized in an autoclave at 121 °C for 15 minutes and
then cooled to 45-50 °C. The amount of 50 ml of it into each
sterile plate and let it cool at room temperature. In order to
standardize the concentration of microbial liquid for testing,
a standard turbidity should be used. The turbidity standard
is made with barium sulfate equivalent to half McFarland
standard or its optical equivalent can be used by photometry.
The amount of microbial culture needed to perform micro-
bial tests is 1 ml of liquid culture medium, which contains
1-2x108 bacteria. In other words, the turbidity of bacteria
leachate is suitable in the logarithmic phase, which is simi-
lar to McFarland half tube, is suitable. Then, the bacterial
suspension was cultured in half of McFarland’s medium
with sterile swap on Mueller Hinton agar culture medium.
Finally, the discs impregnated with samples, which were
prepared by immersion, were placed in the plate with a
suitable distance. The plate was placed in an incubator
at 37 °C for 24 h. Broth microdilution method was used
for the MIC test. First, the tested antibacterial substances
were accurately weighed and dissolved in 1 ml of sterile
distilled water and the initial stock was prepared. In the
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Figure 1. FTIR spectra of graphene/MOF-5
nanocomposites at different BDC ligand concentrations a)
0.328,b) 0.631,and c) 1.234 g.

next step, the experiment was performed using the microdi-
lution method in a sterile 96-well microplate. The steps of
the experiment were as follows: First, 100 pl of Mueller
Hinton Broth culture medium or Nutrient Broth was poured
in sterile conditions in all the wells under, then 100 pl of the
initial stock prepared in the previous step was poured into
the first well and it is diluted by serial dilution method. At
the end, 10 pl of bacteria prepared in half McFarland dilu-
tion was added to all the wells and incubated for 24 h. Then
it was measured by direct observation with eyes and optical
measurement of concentration with Eliza rider device. To
determine MBC using the MIC value obtained in the pre-
vious step, the dilutions before and after the MIC sample
were cultured in tubes containing liquid culture medium
(broth) and heated for 24 h. Then the tube was cultured
in a solid culture medium (agar) under sterile conditions
and incubated again for 24 h at 37 °C. Finally, MBC was
determined for the samples.

3. Results and discussion

3.1 Nanostructures

The IR absorption spectra of graphene/MOF-5 nanocom-
posites were recorded in the range of 4004000 cm ™! with
KBr pellets. FTIR spectra of samples shows in different
concentration of BDC ligand (Fig. 1). The O—H stretching
vibrations peaks can be observed around 32003500 cm ™.
The peak around 2929 cm ™! is duo to the sp> C—H bonding.
The strong peaks around 16501720 cm™! are character-
istic to the symmetric and asymmetric stretching of C-O
bonds. It can be attributed to the benzene ring present in
BDC linker ligand and also presence of graphene oxide
in the samples. The peak around 1255 cm™! shows the
stretching of the aromatic C-H groups of the benzene ring
in BDC ligand. The peaks around 1392 and 865 cm ™! are
because of the in-plane and out of the plane stretching of
the aromatic C-H groups of the benzene ring present in
terephthalic acid. Presence of these peaks were reported
frequently in published papers on synthesize the MOF-5
nanostructures [2-5, 81]. Furthermore, the peak at 1093
cm~! is the characteristic peak of graphene-based materials
corresponds to C-O bonds [82]. Fourier transform infrared
spectrum of samples is consistent with the reported results
on synthesized MOF-5 nanostructures [20, 64, 83]. Intensity
of FTIR peaks was increased from sample a to ¢ with the
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Figure 2. XRD patterns of graphene/MOF-5
nanocomposites at different BDC ligand concentrations a)
0.328,b) 0.631,and c) 1.234 g.

amount of ligand in the liquid environment due to increase
the number of synthesized nanostructures in the suspen-
sions.

XRD patterns of samples were recorded by drying a few

drops of the suspension on a silicon substrate under low
dose conditions in the liquid. X-ray diffraction of sam-
ples is shown in figure 2 from 26=5° to 80°. The peaks
at 20=15-30° present the crystalline structure of MOF-5
according to the previously reported pattern [64]. Review
of the published results on MOF-5 nanostructures which
were produced by chemical methods shows that the XRD
peaks of this complex nanomaterial often occur at 26=5-
20° [2,3]. While the peaks of XRD patterns of the MOF-5
nanostructures which were produced by PLA method oc-
cur at 20=15-30° [34, 64]. The main reason for shift of
the position of XRD peaks is the variation of lattice pa-
rameters of the material. With decreasing (increasing) the
distance between successive, parallel planes of atoms in
the lattice structure of material the XRD peaks shift toward
larger (smaller) angles. Formation of laser ablation pro-
duced nanostructure in the high-pressure plasma plume on
the surface of the target during the laser ablation process,
compresses their lattice structure which leads to a right shift
the position of their XRD peaks.
TEM images (Figs. 4) show that graphene nanosheets are
very thin and transparent. The number of reflected X-ray
photons from thin nanosheets are so low that they do not
make any noticeable peaks. Lack of observation of graphene
peak in X ray diffraction pattern of nanomaterials has been
reported frequently [75-77].

Based on the results, samples have crystalline cubic struc-
ture in different ligand concentration. Also, the increase of
peak intensity is due to the increase of ligand concentration.
With increasing the concentration of ligand in the liquid
environment, number of synthesized nanocomposites in a
grain was increased which in turn leaded to increase the
intensity of XRD peaks. XRD result show that the amount
of ligand in the liquid environment is not affective on the
lattice structure of nanocomposites.

The size and morphology of the samples were determined by
field emission scanning electron microscope images in two
scales in Figs. 3. Based on the results, the structures are cu-
bic shapes with smooth surfaces in the range of nanometers.
Also, increasing the concentration causes their anisotropic
growth and formation of nanorods. The number of nanos-
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Figure 3. FESEM images of graphene/MOF-5 nanocomposites at different BDC ligand concentrations a) 0.328, b) 0.631,

andc) 1.234 g.

tructures increased significantly with increasing the ligand
concentration in the liquid medium. Increasing the inten-
sity of XRD peaks of samples a to c is in good agreement
with size of produced nanostructures in FESEM pictures.
Furthermore, adhesion of nanostructures was increased sig-
nificantly with increasing the amount of ligand in the liquid
environment. In sample c cubes were adhere to each other
to form a micron size un-uniform structure. Concentration
of MOFs is so high that the graphene nanosheets cannot
be distinguished. But presence of graphene nanosheets
in the structure of synthesized nanostructures is the main

responsible for their different morphology with produced
MOF-5 nanostructures which was reported in our former
work [64]. Production of MOF-5 nanostructures with simi-
lar morphology by PLA method has not been reported so far
but chemically produced MOF-5 nanostructures in the pres-
ence of surfactant has almost the similar morphology [2].
Transmission electron microscope images of the samples
are presented in figures. 4 with two different magnifications.
In these images, graphene nanosheets are observable in the
form of transparent large surfaces. Sides of them differs be-
tween 1 to 5 micrometers. Their transparency confirm that
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Figure 4. TEM images of graphene/MOF-5 nanocomposites at different BDC ligand concentrations a) 0.328, b) 0.631, and

c) 1.234 g.

they are few layers graphene [67—69]. With increasing the
density of the ligand in the liquid environment of ablation,
size of graphene nanosheets was decreased. Size of PLA
produced nanostructures strongly depends on the density
of the liquid environment. With increasing the density of

liquid environment, the pressure of plasma plume on the
surface of target during the ablation increases. The higher
the pressure of the plasma, the smaller the size of synthe-
sized nanostructures. Furthermore, TEM images show the
nanometer sized and cubic MOF-5 crystals which are lo-
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Figure 5. UV-Vis-NIR absorption spectra of
graphene/MOF-5 nanocomposites at different BDC ligand
concentrations a) 0.328, b) 0.631, and c¢) 1.234 g.

cated on the surface of graphene nanosheets. Concentration
and adhesion of MOF cubes was increased with increasing
the density of BDC ligand in the liquid environment while
their uniformity was decreased. These results confirm the
results of FESEM images and X-ray diffraction patterns of
samples. In fact, all MOF-5 nanomaterials, produced by
any method, are cubic [2, 3,64].

UV-Visible-NIR absorption spectra of synthesized
graphene nanosheets decorated MOF-5 nanostructures are
presented in Fig. 5. Spectra were recorded from the pro-
duced suspensions in 1 cm quartz cuvettes. The absorption
spectra were peaked widely at about A,,,,=260-270 nm for
the samples with concentration of a) 0.328, b) 0.631, and
¢) 1.234 g of BDC ligand. From one side of view graphene
oxide and graphene nanosheets have an absorption peak at
230 nm and a small shoulder at 300 nm correspond to the
7-m* transition of aromatic C—C bonds and the n-7* transi-
tion of C=0 bonds, respectively [67-69]. From another side
of view, absorption peak of MOF-5 is a wide band peaked
widely at A = 255-300 nm. This band includes the 7-7*
transition of the organic ligand absorption peak and the ex-
citonic absorption peak of free ZnO nanoparticles [64]. The
absorption peak of synthesized graphene/MOF-5 is the over-
lap of graphene and MOF-5 absorption peaks. Increasing
the intensity of peaks from sample a to c is due to increase
the amount of the concentration of synthesized nanostruc-
tures in the suspensions while the small red shift of the
absorption peaks is due to increase in their size. Similar
results on the absorption spectrum of MOF-5 nanostructures
were observed in our previous works [64].

Optical bandgap of nanostructures is an important parameter
to distinguish their photocatalytic activities. Tauc method
was employed to extract the optical bandgap of synthe-

Motakef-Kazemi et. al

0.8—

0.6+
sample ¢

—sample b
---sample a

Absorbance
o
S

200 300 400 500 700
Wavelength (nm)

600 800

Figure 6. Tauc plot to extract the bandgap energy of the
synthesized graphene/MOF-5 nanocomposites, produced
with different BDC ligand concentrations a) 0.328, b)
0.631,and c) 1.234 g.

sized graphene/MOF-5 nanostructures. Tauc method was
described in former published works [67-69]. Results are
plotted in Fig. 6. In this figure variation of (ahv)? ver-
sus hv, correspond to direct allowed transition, has been
shown. £ is the Planck’s constant. ¢ and v are the ab-
sorption coefficient of samples and the photon frequency
respectively. On the Tauc plot, the extrapolating of the
linear part of the graph at the absorption edge region to
the abscissa yields the energy of the optical bandgap of
the material. Results show that although there are several
differences between the synthesized nanocomposites but
their bandgap energies are almost equal to 4.1 eV. Bandgap
energy of nanostructures depends on their materials, and
size. Equal magnitudes of bandgap energy confirm that
for produced graphene/MOF-5 nanocomposites, effect of
size was covered by the effect of graphene amount in the
composition. This result is consistent with our previous
report for MOF-5 without composition with graphene [64].

3.2 Antibacterial activity

The minimum bactericidal concentration and minimum in-
hibitory concentration were used for antibacterial activity
of the samples. Staphylococcus aureus and Escherichia coli
were grown overnight at 37 °C in Mueller Hinton Broth
(MHB) medium. Serial dilutions of doubling agents were
added to 100 ul titer plates, followed by 100 ul of bacte-
ria for a final inoculation of 5x 10° colony forming units
(CFU) / ml. The plates were incubated at 37 °C for 24 h
and MICs were determined. Then, 100 ul of the 24 hour
inhibitory concentration test sample and most concentra-
tions were placed in MHA medium and incubated at 37 °C
overnight to determine MBC. The MIC and MBC results of

Table 1. MIC and MBC of samples.

content E. coli (ATCC 25922) S. aureus (ATCC 25923)
(sr) MIC (ug/ml) MBC (ug/ml) MIC (ug/ml) MBC (ug/ml)
0.328 0.5 1 1 1
0.631 0.5 0.5 0.25 0.5
1.234 0.125 0.5 0.125 0.125
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two bacteria are presented in Table 1. According to the ratio
MBC/MIC, the antibacterial activity was evaluated. If the
ratio MBC/MIC<4, the effect was considered as bacterici-
dal but if the ratio MBC/MIC>4, the effect was defined as
bacteriostatic. Based on the results, the samples are bacteri-
cidal. The main mechanisms of MOF antibacterial activity
are: direct contact with cell walls and destruction of bac-
terial cells, production of reactive oxygen species (ROS)
and release of antimicrobial ions, mainly Znt? ions [84].
In this study, the effective factors on antibacterial activity
can be the release of Zn™2 ions and zinc from metal centers
and carboxyl group of linkers of the MOF. In general, more
antibacterial properties can be observed for Escherichia coli
due to the gravity of the opposite charges. According to
the results, increasing the concentration of the ligand and
the size of the nanostructure has reduced its antibacterial
properties. Similar results on the inhibition zone of MOF-
5 nanostructures prepared by hydrothermal method were
reported by Hu et. al [85].

4. Conclusion

Pulsed laser ablation method was employed to synthesis
graphene decorated MOF-5 nanocomposites in liquid
environment for the first time. The MOF was fabricated
by self-assembly of ablated Zn>* ion as a connector and
BDC ligand as a bridging ligand. Variety of spectroscopic
and microscopic diagnostics were used to evaluate of
the synthesized nanostructures. Results show that ligand
concentration has an effective role in the morphology, size
and concentration of produced samples by PLA method.
FTIR results identified the basic functional groups of
MOF-5 nanostructures in different ligand concentration.
XRD patterns confirmed the cubic crystalline structure of
MOF-5. FESEM images illustrated the unique morphology
of graphene/MOF-5 nanocomposites which is very different
from PLA produced MOF-5 nanostructures. TEM images
confirmed that MOF-5 nanostructures were located on the
surface of surface of the few layer transparent graphene
nanosheets.

Furthermore, the antibacterial properties of graphene/MOF-
5 nanocomposites against Staphylococcus aureus (gram
positive) and Escherichia coli (gram negative) bacteria were
investigated. At this stage stronger antibacterial effects
were observed against the gram-negative bacteria due to
their gravitation of opposite charges.

Overall, by increasing the ligand concentration in the liquid
environment of laser ablation, the size of synthesized
nanostructures was increased which in turn leaded to
decrease their antibacterial properties.

In the continuation of researches on the capabilities
of pulsed lasers ablation in the field of nanomaterials
processing, these results also corroborate on the role of
laser ablation method as an easy and short time method to
synthesize the complex structure nanomaterials.
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