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Abstract—We reduced zeolite imidazole framework-67 by laser so as to prepare porous carbon materials embedded with
cobalt nanoparticles. The composites exhibited ferromagnetic behavior. The parameters of laser reduction were optimized
for oil absorption with high capacity and good reusability. This approach can open a new class of ferromagnetic porous
absorbents and represent advancement toward overcoming the limitations of oil absorption.

Index Terms—Nanomagnetics, ZIF-67, laser reduction, ferromagnetic, oil absorption.

|. Introduction

The rapid increase of fossil fuel usage in industrial and social de-
velopment is inescapable. However, oil spillages caused during pro-
duction and transportation have led to severe environmental issues and
ecological damage. Various materials have been studied for collecting
leaking oil, including graphene aerogels [Xu 2015], silylated nanocel-
lulose sponges [Lu 2017], polyurethane sponges [Tran 2017], and
poly(styrene-divinylbenzene) foam [Zhang 2015]. Porous hydropho-
bic polymers are the major oil absorption carriers, but their irregular
pore size, low porosity, and poor thermal stability still restrict their
capacity for oil absorption. Metal-organic frameworks (MOFs) have
attracted a lot of attention due to their high porosity [Wu 2017], which
made them suitable for physical absorption. Meanwhile, structure sta-
bility of MOFs in high temperature also makes them competitive,
as compared with polymer carriers. Inserted magnetic particles are
easily separated from polymers under heat, while the carbon frame-
work of MOFs makes the structure stable [Meng 2018]. Conjugation
of the merits of MOFs and their applications in a magnetic field has
gained them high popularity and increasing interest [Kurmoo 2009].
However, ferromagnetic MOFs were still rare, and the existing ones re-
vealed small coercivity [Dong 2018]. Zeolitic imidazolate framework
(ZIF), as one of the important subclass of MOFs, was also studied
widely. ZIF-67 was selected as the initial material, due to its great
porosity and chemical and thermal stability [Shi 2011].

To date, the modification of materials via laser reduction has been
massively explored in recent years [El-Kady 2012]. Low cost, easy
control, and time saving have made laser reduction an important con-
tributor in scientific development. However, research on laser modifi-
cation for MOFs has not been broadly explored.

Herein, laser power was used to reduce ZIF-67 into ferromagnetic
porous carbon materials. The resultant Co-embedded composites also
retained the high porosity and big surface area. The effect of laser
writing speed and hatch space on materials’ properties and structure
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Table 1. List of samples with different parameters and their element
content.
Sample ZIF- A B C D E
67
Hatch space | x| 6o | 60 | 60 | 40 | 10
(pm)
Writing
speed N/A 1500 | 1200 | 1000 | 1000 | 1000
(mm/min)
Cobalt | W | 34.35 | 33.69 | 36.98 | 40.19 28 51.36
(%) A | 9.64 9.38 | 11.07 | 12.5 | 7.59 | 18.65
Carbon | W | 65.65 | 66.31 | 53.23 | 48.81 | 61.72 | 36.69
(%) A | 90.36 | 90.62 | 78.14 | 74.8 | 82.17 | 65.36
Oxygen | W 9.79 11 1025 | 11.95
(%) A WA | NIA 10.79 | 12.65 | 10.24 | 15.99

was fully studied. The morphology, crystalline structure, and magnetic
properties of ZIF-67 and laser-reduced ZIF-67 (LR-ZIF-67) were also
measured.

[I. EXPERIMENT

ZIF-67 was prepared according to the literature method. In brief,
CoCl,.6H,0 and 2-methylimidazole were dissolved in methanol to
form solutions 1 and 2, respectively, and then solutions 1 and 2 were
mixed together. The mixture was aged overnight at room temperature
to obtain purple precipitation, and the precipitates were collected by
centrifugal separation. The as-synthesized ZIF-67 was dispersed in
ethanol and then dropped on a silicon wafer, premodification by laser
was done after drying on the hotplate at 50 °C.

A simple laser writing system was used for laser reduction [Yung
2016a]. Briefly, a 405 nm GaN laser head with 0.4 W was installed
on a tailor-made X-Y moving system, and the writing system was
controlled by computer. Particles were reduced by laser at different
writing speed and hatch space, as listed in Table 1. Acetic acid was
used to etch the residual ZIF-67 particles. Reduced samples were
washed by water and ethanol, and then oven-dried at 100 °C.
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Fig. 1.
to E.

SEM image of (a) synthesized ZIF-67 and (b)—(f) samples A

The oil adsorption capacities of samples were calculated by using
weight measurements, which can be expressed as

where W, and W, are the weight of the dish of water with oil in the
initial state and after oil absorption and particles removal, respectively,
and W, is the mass of particles.

The crystal structures were identified by X-ray diffraction (XRD)
with Cu K radiation. The morphology and composition were studied by
scanning electronic microscope (SEM) and energy-dispersive X-ray
spectroscopy. For measuring magnetic properties, a vibrating-sample
magnetometer was used to measure the magnetic hysteresis loop.

[ll. RESULTS AND DISCUSSION

The morphology and microstructure of ZIF-67 and LR-ZIF-67 were
measured by SEM (see Fig. 1). ZIF-67 with regular dodecahedral
shape after laser modification resulted in a changed particle surface
and partially deformed particle shape. The tremendous energy from the
laser would damage the chemical bonds in the organic frameworks, and
thereby plenty of metal cores were exposed on the particles’ surface. It
is comprised of laser irradiation and thermal effect. Laser irradiation
provides massive energy to break down bonds between cobalt and
organic ligand [Yung 2016b]. The required energy is called bond dis-
sociation energy. Besides, the laser also brings heat on ZIF-67 and car-
bonizes it, and cobalt particles are decomposed and deposited into car-
bon metrics [Torad 2014]. Furthermore, the reduced samples presented
strong structural stability after laser reduction, and cavities began to
form during the laser writing process. Since it is physical absorption
for LR-ZIF-67, the larger pore size and cavity volume of materials with
larger porosity can exhibit larger absorption ability [Zhong 2018]. As
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Fig. 2. (a) XRD patterns of ZIF-67 and LR-ZIF-67. (b) Hysteresis loop
of LR-ZIF-67.

writing speed decreased, samples began to deform heavily, but they
still maintained clear polyhedral structure [see Fig. 1(c) and (d)]. When
the spot size of the laser was 60 pm in diameter, ZIF-67 was only once
reduced by laser, which would prevent deep oxidation inside the parti-
cles’ core; hence, reaction with oxygen only occurred on the surface.
However, the hatch space was set lower than 60 pm, and the samples
were reduced more than once. So the surrounding oxygen became
easier for the inner part of the particles and changed their structure.
Table 1 lists the elemental content for each of the samples. Due to the
low concentration of oxygen in ZIF-67, the signal of oxygen was not
detected, as well as for sample A. Fast laser writing without repet-
itive reduction only mildly modified ZIF-67. The change of writing
speed and hatch space resulted in the difference of energy transferred
by laser, which affected the level of carbonization. The gasification
of carbon by reaction with oxygen for forming carbon dioxide led to
the decrease of the content of carbon and thereby the increase of the
content of cobalt and oxygen. A decrease in writing speed enlarged
retention time and generated more energy to disconnect the metal and
organic bond, and then decreased the carbon content. The separation
of organic bond also led to the emergence of the cavity, and these
cavities thereby provided paths to carry oxygen.

To identify the crystal structure, XRD in Fig. 2(a) was used to
measure ZIF-67 and LR-ZIF-67. The pattern shows a typical ZIF-67
crystal with distinct peak signal (011), (112), and other major peaks.
Modification in ZIF-67 by laser caused a completely changed crystal
structure. LR-ZIF-67 was entirely transformed into cobalt. It demon-
strated that the laser destroyed the link between cobalt and the organic
bond, and the decomposed cobalt atom bared on top of the framework
exhibited a strong crystalline signal. LR-ZIF-67 with 60 pm hatch
space exhibited a clear signal of (200) phase. The change in laser
writing speed did not have a significant impact in the deformation
of crystalline structure. In contrast, when hatch space decreased to
40 pm, the signal of (200) phase in LR-ZIF-67 hid in background
noise. The crystal structure was destroyed by laser through multiple
heating.

The hysteresis loop of samples was also measured in Fig 2(b), and
the coercivities of samples A, B, and C were 433.16, 410.91, and
436.13 Oe, respectively. However, there was no obvious alteration
owing to the weak effect of writing speed. The saturation magne-
tization of LR-ZIF-67 also revealed similar condition. However,
the magnetization of sample C (12.78 emu/g) exhibited an increase
as compared to samples A (3.93 emu/g) and B (3.38 emu/g); it
demonstrated that slower laser writing speed (1000 mm/min) strongly
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Fig. 3. (a) Schematic diagram of oil absorption. (b) Oil absorption
capacity of different samples for silicone oil and castor oil. (c) and
(d) Reusability of different samples in silicone oil and castor oil,
respectively.

increased the induced magnetic dipole moments. In contrast, hatch
space for laser reduction in samples exhibited distinct effects on mag-
netic behaviors. Coercivity decreased and saturation magnetization
increased as hatch space was reduced. Coercivities of samples D and
E were 410.91 and 329.32 Oe, respectively. A clear drop trend was
also presented. In contrast, magnetization increased to 33.35 emu/g
when the hatch space was dropped to 10 pum owing to the increase of
the generation of magnetic domains inside cobalt. The increase of the
composition of the magnetic phase caused by the increase of cobalt
generated a stronger exchange in coupling interaction, and thereby
led to an increase in remanent magnetization [Xu 2018]. Meanwhile,
the increase in the extent of crystallization and density of domains
also contributed to the increase in magnetization [Liu 2010]. Sample
E exhibited the largest saturation magnetization, since magnetic
domains did not hide during reformation.

Castor oil and silicone oil were selected for oil absorption. Oil
was dyed with iron oxide pigments in red for distinct observation.
The process of oil absorption and recycling for samples is shown in
Fig. 3(a). The oil was poured into water as an oil spill, and then samples
were added to absorb the spilled oil; after the absorption completed, a
magnet was used to remove oil-absorbed samples. Recycled samples
were then washed using ethanol and water with ultrasonic to eliminate
absorbed oil. Collected samples were dried at 65 °C for 6 h. Oil
absorption capacity of samples is shown in Fig. 3(b) and indicated that
oil absorption capacity of castor oil is much greater than that of silicone
oil. On average, the absorption capacity of castor oil can reach up to
37.96 g/g, whereas that of silicone oil only reaches 22.58 g/g. Sample B
showed strongest oil absorption ability for silicone oil, whereas sample
C exhibited best absorption with castor oil. Slower laser writing speed
on samples exhibited relatively high oil absorption ability. Fig. 3(c) and
(d) represented reusability of samples for oil absorption for silicone
oil and castor oil, respectively. Even after thermal decomposition and
carbonization, the structure of LR-ZIF-67 still exhibited relatively
regular shape, although the particle surface was distorted. Due to the
thermal stability of MOFs materials, repeatability of oil absorption can
be guaranteed. Sample A demonstrated better absorption ability after
recycling for oil absorption for both oils. However, after recycling for a
second time, oil absorption ability started to weaken. It was because the
deformations of samples’ structure caused by the decrease of writing

speed and hatch speed resulting in the decrease of cavity volume and
thereby reduce the absorption ability.

IV. CONCLUSION

Ferromagnetic porous carbon materials were prepared successfully
by laser reduction of ZIF-67 with different hatch space and writing
speed. The morphology of the resultant materials was maintained
roughly while cobalt nanoparticles were embedded. LR-ZIF-67 in
60 pm hatch space and 1200 and 1000 mm/min showed optimum oil
absorption capacity for silicone oil and castor oil, but LR-ZIF-67 in
1500 writing speed exhibited optimum reusability after recycling.
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