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Much attention has been paid to the synthesis of core/shell metal@carbon composites, but many of the
proposed methods were limited in sophisticated procedure and expensive precursor. Herein, a facile one-
pot approach was established to prepare magnetic core/shell Co@C spheres through catalytic

=

carbonization of mixed plastics (consisting of polypropylene, polyethylene and polystyrene) by Co;0, at
700 °C. The yield, composition, morphology, phase structure, textural property, surface element
composition, thermal stability and magnetic property of core/shell Co@C spheres were investigated. The
core/shell Co@C spheres had a distinct ordered and curved graphitic structure, and their main diameters
were in the range of 110-130 nm. Besides, they showed a ferromagnetic behavior with high saturation
magnetization (85.6-101.6 emu/g). Furthermore, it was observed that Co;O4 was uniformly distributed in
mixed plastics and formed network structure, which provided a precondition for the carbonization of
mixed plastics into core/shell Co@C spheres with uniform sizes. Finally, the core/shell Co@C spheres
were found to show high performance in photo-degradation of Cong red (CR) with good recyclablity,
reusability and long-term stability. It was demonstrated that the outer carbon shell promoted the
20 degradation of CR and served as protective layer for cobalt core to improve acid resistance, while the
inner cobalt core accelerated the decomposition of H,O, into radicals, which catalyzed the degradation of
CR. More importantly, this simple approach offers a potential way to prepare magnetic core/shell

o

metal@carbon composites from cheap waste plastics.

large-scale  production and application of  core/shell

L. Introduction metal@carbon composites.

25 Recently, the core/shell carbon coated metal (metal@carbon) From a sustainable point of view, reutilization of plastics to
composites with their combined characters of carbon and metal synthesize core/shell metal@carbon composites not only shows
materials have been a hot research topic in multifunctional s advantages with cheap and abundant sources, but also provides a
composites.'® This is ascribed to their broad range of potential potential way to recycle waste plastics. This is because the total
applications in  bioengineering materials,”  catalysts,® ' amount of waste plastics generated by human society is ever-

3 environmental remediation,'®'® and energy,'” efc. Up to now, increasing (e.g., from 1.7 million tons in 1950 to 280 million tons
various methods have been developed for the synthesis of in 201130), and becoming a serious environmental problem. The
core/shell metal@carbon composites, for example, chemical ss tradition disposal ways of waste plastics are landfill and
vapor deposition (CVD),® pulsed plasma,’ solvothermal incineration, but they are far from being widely accepted by the
method,'? hydrothermal,'®" arc discharge,'® pyrolysis,'*** high population due to their related pollution problems. Upcycling

3s pressure CVD,?' solid-state thermolysis,? thermal dissociation,” plastics into carbon nanomaterials has been a novel method since
and detonation.**?% Various carbon-containing compounds are most of plastics mainly conatin carbon element. Currently, most

used as carbon sources such as methane,>?” ethanol,’ o studies are focused on the production of carbon nanotubes

polypyrrole,” glucose,'®!? polyvinyl alcohol,'’ epoxy resin, (CNTs), carbon nanofibers (CNFs) and carbon spheres (CSs)

S

phenolic  resin,”®  organometallic  complex,*™*  1,3,5- from plastics. For example, Zhuo et al. reported the synthesis of
40 trinitroperhydro-1,3,5-triazine, acetylene,”’ CO,”® and oleic CNTs from polyethylene (PE) using stainless-steel wire mesh as
acid.”” However, many of these methods usually require high catalyst by a pyrolysis—combustion technique.’' Pol et al. used
pressure, vacuum system, expensive or toxic precursor, organic ¢ autoclave as reactor to convert PE into CNTs under high
solvent or sophisticated procedure, which limit their applications. pressure.”> Our group found the combination of solid acid (or
Consequently, the development of cost-effective and halogenated compound, or activated carbon) with nickel catalyst

45 environmentally friendly methods is highly desirable for the could effectively convert plastics into CNTs, CNFs and CSs

This journal is © The Royal Society of Chemistry [year] [journal], [year], [vol], 00-00 | 1
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under atmospheric condition.**

Unfortunately, few studies are carried on to synthesize
core/shell metal@carbon composites using plastics as carbon
sources. Kong et al. synthesized Fe;04@C composite through
catalytic decomposition of PE in autoclave at 500 °C,* but the
high pressure nature of autoclave was not in favor of massive and
continuous production. Chen et al. prepared Co@C sphere using
polypropylene (PP) as carbon source at 900 °C,* but the obtained
Co@C sphere showed extreme heterogeneity in the size
distribution and the yield was rather low (about 9 wt %). Zhu et
al. reported the synthesis of Ni@C particle by pyrolyzing
polystyrene (PS) using Ni@NiO particle as catalyst at 450 °C,*
but the synthesized procedure was complicated and organic
solvent-consuming. Additionally, the “real-world” waste plastics
are actually mixture which is mainly composed of PP, PE and
PS,* and to the best of our knowledge, there are no reports to
prepare magnetic core/shell metal@carbon composites using
mixed plastics as carbon sources. Consequently, an efficient
strategy capable of producing magnetic core/shell metal@carbon
composites in large scale from mixed plastics under mild
condition is highly demanded.

Herein, a facile one-pot approach was established to
synthesize uniform magnetic core/shell Co@C spheres through
catalytic carbonization of mixed plastics (consisting of PP, PE
and PS) using commercial Co;0, as catalyst at 700 °C. Firstly,
the yield, composition, morphology, microstructure, phase
structure, textural property, surface element composition, thermal
stability and magnetic property of core/shell Co@C spheres were
investigated. Subsequently, a possible mechanism was put
forward to explain the growth of magnetic core/shell Co@C
spheres using mixed plastics as carbon sources. Finally, the
resultant magnetic core/shell Co@C spheres were used for the
photo-degradation of Congo red (CR), and the stability and
reusability were explored. With simplicity, low cost in operation
and easy availability of raw materials, this simple approach offers
an opportunity for large-scale synthesis of magnetic core/shell
metal@carbon composites using waste plastics as carbon sources.

2. Experiment part
2.1 Materials

Polypropylene (PP, weight-average molecular weight (M,,) = 3.07
x 10° g/mol, polydispersity index (PDI) = 3.13, and trademark
T308S) powder was supplied by Yanan Petrochemical Co., China.
High density polyethylene (PE, M,, = 1.53 x 10° g/mol, PDI =
5.55, and trademark 5306J) pellet was obtained from Sinopec
Yangzi Petrochemical Co., Ltd, China. Polystyrene (PS, M, =
3.72 x 10° g/mol, PDI = 1.78, and trademark PG-383) pellet was
supplied by Zhenjiang Qimei Chemical Co., Ltd., China. Co;0,
was analytical-grade quality and purchased from Sinopharm
Chemical Reagents Co., Ltd., China. Congo red (CR, supplied by
Alfa Aesar) was of analytical-grade quality and used without
further purification. All other chemicals were of analytical-grade
quality.

2.2 Preparation of of samples

Mixed plastics consisting of PP (26.9 wt %, 9.42 g), PE (56.3
wt %, 19.70 g) and PS (16.8 wt %, 5.88 g) were mixed with a
designed amount of Co;0, in a Brabender mixer at 100 rpm and
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180 °C for 10 min. The resultant sample was designed as
polymer/Co3;04-x, where polymer and x represented the “mixed
plastics” and the amount of Co304(g/100g polymer), respectively.

2.3 Preparation of magnetic core/shell Co@C spheres

Magnetic core/shell Co@C spheres were prepared through
carbonization experiment by heating polymer/Co;O4-x in a
crucible at 700 °C according to our previous reports.***® Briefly,
a piece of polymer/Co;O04-x (about 11.0 g) was placed into a
crucible, which was heated at 700 °C for about 6 min. After
cooling down to room temperature, the resultant residue in the
crucible was designated as Co@C-y, where y represented the
amount of Co30, in the polymer/Co;0,-x (g/100g polymer). The
yield of Co@C-y was calculated by dividing the amount of the
residue by that of mixed plastics. Each measurement was
repeated four times for the purpose of reproducibility.

2.4 Photo-degradation of CR using Co@C spheres

Co@C spheres were used for the photo-degradation of CR. The
photochemical reactor was made of a Petri dish with diameter
105 mm and height 15 mm. An 8 W tubular UV lamp (from
Spectronics Corporation, USA), which basically emits at 254 nm,
was used as UV light source. The initial pH of CR solution was
adjusted by 0.5 mol/L HCI solution. In a typical experiment, a
solution of 50 mL containing CR (100 mg/L) and designed
concentrations of Co@C-60 and H,O, was mechanically stirred
under UV irradiation. At given irradiation time intervals, 1.0 mL
of solution was withdrawn by syringe, diluted, filtered through
0.45 um membrane and immediately analyzed with UV/Vis/NIR
spectrophotometer (Lambda 900). The degradation efficiency of
CR was calculated by the following expression:

100%*(C, - C,)
C

0

Degradation efficiency of CR (%)=

where C, and C; are the initial and ¢ min concentration of CR
(mg/L) in the solution, respectively.

2.5 Characterization

The morphology of Co@C-y was observed by field-emission
scanning electron microscope (SEM, XL30ESEM-FEG). The
microstructure of Co@C-y was investigated using transmission
electron microscope (TEM, JEM-1011) at an accelerating voltage
of 100 kV and high-resolution TEM (HRTEM) on a FEI Tecnai
G2 S-Twin transmission electron microscope operating at 200 kV.
The phase structure of Co@C-y was analyzed by X-ray
diffraction (XRD) using a D8 advance X-ray diffractometer with
Cu Ka radiation operating at 40 kV and 200 mA. Raman
spectroscopy (T6400, excitation-beam wavelength: 514.5 nm)
was used to characterize the vibrational property of Co@C-y. The
textural property of Co@C-y was measured by N, sorption at 77
K using a Quantachrome Autosorb-1C-MS analyzer. The specific
surface area was calculated by BET method, and the contribution
of micropore to both volume and surface area was evaluated by
means of the z-plot method. FT-IR spectrum was recorded on a
Bio-Rad FTS 135 spectrophotometer. The content of Co element
in the Co@C-y and in the solution after photo-degradation of CR
was measured using inductively coupled plasma-optical omission
spectrometer (ICP-OES, iCAP 6000 Series, Thermo Scientific).
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The contents of C and H elements in the Co@C-y were measured
by Elementar (Vario EL, Germany). The content of oxygen
element in the Co@C-y was determined by the difference. The
surface element composition of Co@C-y was characterized by X-
ray photoelectron spectroscopy (XPS) carried out on a VG
ESCALAB MK II spectrometer using an Al Ka exciting radiation
from an X-ray source operated at 10.0 kV and 10 mA. The
thermal stability of Co@C-y was measured by thermal
gravimetric analysis (TGA) under air flow at a heating rate of 10
10 °C/min using a TA Instruments SDT Q600. The magnetic

property of Co@C-y was carried out using a magnetic property

measurement system (MPMS XL-7) at 300 K. The morphologies

of mixed plastics and its mixture were observed by SEM

(XL30ESEM-FEG). The rheological properties of mixed plastics
isand its mixture were conducted on a controlled strain rate

w

rheometer (ARES rheometer) under nitrogen atmosphere. Round Ve g

samples 25 mm (diameter) x 1 mm (thickness) were run at : : - o s I,

180 °C. Frequency sweep was performed from 0.01 to 100 rad/s, Fig. 2 Typical TEM images of Co@C spheres from polymer/Co;O.: (a

with a strain of 1% in order to make the materials be in linear s0 and b) Co@C-10, (c and d) Co@C-20, (e and f) Co@C-30, (g and h)
20 viscoelastic response. Co@C-40, (i and j) Co@C-50, and (k and I) Co@C-60.

3. Results and discussion
3.1 Morphology of Co@C spheres

Fig. 1 shows SEM images of the resultant Co@C spheres from
polymer/Co30, at low and high magnifications. Clearly, a great
amount of aggregated spherical-shape particles were observed in
the resultant Co@C spheres. Upon amplification, the spherical
particles could be clearly seen with diameters in the range of
80—150 nm. When the content of Co;0, catalyst was increased,
the size of Co@C spheres did not show obvious changes. The
microstructure of Co@C spheres was studied by TEM
observation. As shown in Fig. 2, the Co@C spheres exhibited the
desirable core/shell structure with carbon coated on metallic
cobalt core. Although these particles looked locally agglomerated,
because the particle-to-particle distances were very small, the
boundary of each particle was clearly visible. The diameter
distributions of core/shell Co@C spheres were shown in Fig. S1
in ESI 1. The average diameter was calculated to be 120 £ 17 nm
for Co@C-10, 126 + 14 nm for Co@C-20, 125 + 22 nm for
Co@C-30, 122 £+ 17 nm for Co@C-40, 122 + 16 nm for Co@C-
40 50, and 118 = 16 nm for Co@C-60. Hence, the content of Co;04
did not influence the diameter of core/shell Co@C spheres.

2

G

3

=3

3
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Fig. 3 HRTEM images of core/shell Co@C spheres from polymer/Cos;04:
55 (a and b) Co@C-10, (c and d) Co@C-30, and (e and f) Co@C-60.

In addition, the concentrations of other forms of carbon such

as rods, fibers and tubes were negligible. To gain more detailed
Lo i information about the internal microstructure of core/shell Co@C

Fig. 1 Typical SEM images of Co@C spheres from polymer/Cos0s: (2 ¢ spheres, HRTEM observations were conducted on the Co@C-10,

45 and b) Co@C-10, (c and d) Co@C-20, (e and f) Co@C-30, (g and h) _ ~ .
Co@C-40, (i and j) Co@C-50, and (k and 1) Co@C-60. Co@C-30 and Co@C-60, which confirmed the -core/shell

— & ¥ Jum| - 5 e 2pm
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microstructure (Fig. 3). Obviously, the carbon shell had a distinct
ordered and curved graphitic structure, and the interlayer spacing
between graphitic layers was about 0.34 nm, consistent with the
ideal graphitic interlayer spacing. The thicknesses of graphitic
shells fell in the range of 4—16 nm, while the main diameters of
cobalt particles were between 65 and 130 nm.

3.2 Yield, carbon conversion, composition and surface
element composition of core/shell Co@C spheres

Table 1 presents the yield of core/shell Co@C spheres from
catalytic carbonization of mixed plastics by Co;04 at 700 °C.
Notably, it increased from 10.9 to 42.0 wt %, when the content of
Co030,4 was increased from 10 to 60 (g/100g polymer). Meanwhile,
the carbon conversion of mixed plastics was increased from 5.4
to 26.7 wt %, suggesting that Co;O,4 promoted the carbonization
of mixed plastics. The element composition of core/shell Co@C
spheres was measured by ICP-OES and elemental analysis (Table
1). The results indicated that Co@C spheres consisted of carbon,
cobalt, hydrogen and oxygen elements. The contents of carbon
and cobalt elements were in the ranges of 32.3-39.2 wt % and
50.4-56.3 wt %, respectively. The presence of oxygen element
(5.9-10.8 wt %) probably resulted from the oxidation during the
carbonization and/or the cooling process.

Table 1 Yield, carbon conversion and composition of core/shell Co@C
spheres.

Yield®  Conversion® Content of element (wt %)
Sample

(Wt %) (Wt %) c¢ Co’ H¢ OF°
Co@C-10 10.9 5.4 380 559 03 5.9
Co@C-20 18.1 8.1 323 543 02 132
Co@C-30 27.6 159 380 51.0 0.1 108
Co@C-40 33.1 19.5 374 533 0.1 9.2
Co@C-50 39.0 25.1 392 504 0.1 103
Co@C-60 42.0 26.7 348 563 0.1 8.7

“ Calculated by dividing the amount of core/shell Co@C spheres (i.e., the
residue in the crucible) by that of polymer/Co;0, in the crucible. *
Calculated by dividing the amount of carbon in the obtained core/shell

30 Co@C spheres by that of carbon element in the polymer/Co;Os. ©

Calculated by elemental analysis. ¢ Calculated by ICP-OES. ¢ Calculated
by the difference.

XPS measurement was used to characterize the surface

35 element composition of the core/shell Co@C spheres (Fig. 4). It

revealed that the surface of core/shell Co@C spheres mainly
consisted of C (83.5-97.1 at %) and O (2.4-16.4 at %) elements
with a trace amount of Co element (0.1-0.8 at %). To determine
the chemical component and the oxidation state of C element,

40 high-resolution XPS spectra of C;; were curve-fitted into four

individual peaks: graphitic carbon (284.4-284.6 eV), C—OH
(285.6-285.8 eV), C=0 (286.9-287.1 eV) and COOH (288.9—
289.1 eV) (Fig. 5). As a consequence, the carbon element on the
surface of core/shell Co@C spheres existed mainly in the

4s presence of graphitic carbon with relatively small amounts of C—

55

OH, C=0 and COOH. The surface functional groups could
contribute to the removal of heavy metallic ions'? or organic
dyes" when the core/shell Co@C spheres were used as
adsorbents in wastewater treatment.

Cls

S
G
£ |omcn  CoW3 gy
Y
2 |co@c-30 i T
= [Co@OAD
° ML—-—-___.
A Co@C-60 .
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1200 1000 800 600 400 200 0

Binding energy (eV)
Fig. 4 XPS patterns of core/shell Co@C spheres.
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Fig. 5 Cls high-resolution XPS spectra of core/shell Co@C spheres.

Binding energy (eV)

3.3 Phase structure, textural property, thermal stability and
magnetic property of core/shell Co@C spheres

Fig. 6a displays the XRD patterns of the core/shell Co@C

& spheres and polymer/Co3;04-60. Compared to the XRD pattern of

polymer/Co3;04-60, the diffraction peaks of mixed plastics (20 =
15-25°) and Co30,4 (26 = 19.2° (111), 31.5° (220), 37.1° (311),
38.8° (222), 45.1° (400), 45.9° (422), 59.6° (511), 65.5° (440),
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74.4° (620), 77.6° (533), 78.6° (622) and 82.8° (444)) disappeared
completely after the carbonization, meanwhile the diffraction
peaks of face-centered cubic metallic cobalt (26 = 44.8° (111),
52.0° (200) and 76.3° (220)) appeared obviously. This implied
that Co304 was reduced into metallic cobalt during the
carbonization. The encapsulating carbon was also observed as a
very weak peak around 26.2° (002). Fig. 6b shows the Raman
spectra of the obtained core/shell Co@C spheres. The peak at
about 1580 cm™' (G band) corresponds to an E,, mode of
hexagonal graphite and is related to the vibration of sp*-bonded
carbon atoms in a graphite layer. This meant that the core/shell
Co@C spheres were composed of graphitic carbon, consistent
with HRTEM result (Fig. 3). The D band at about 1350 cm ™ is
associated with the vibration of carbon atoms with dangling
bonds in the plane terminations of disordered graphite. The
intensity ratio of G band and D band (Ig/Ip ratio) provides
information about the crystallinity of core/shell Co@C spheres.*’
The Ig/Ip ratio was in the range of 0.50-0.54, reflecting the
presence of a relative high amount of disordered carbon in the
core/shell Co@C spheres.

a
o Polymer ¢ Co,O,
[
OGraphite wCo
-~ [ ]
= ——— J—u\* L*__
s Co@C-10
A —
Q Co@C-20
g Co@C-30
) > o=
£ A a
= Co@C-40
2 A A
p=} Co@C-50
= T P
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T T T T T T T T T T T T T T T
10 20 30 40 50 60 70 80
2-Theta (degree)
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Pore diameter (nm)

Fig. 7 Nitrogen adsorption—desorption isotherms (a) and pore size
distributions (b) of core/shell Co@C spheres.

Table 2 Textural parameters of core/shell Co@C spheres.

Co@C-y (y = 10-60)

Property

10 20 30 40 50 60
Sper (m%/g)* 712 67.0 827 554 624  62.0
Smicro (M%/g)* 13.7 9.3 12 14 113 146
Smeso (M%) ¢ 575 577 815 540 511 474
Viotal (cm*/g) ¢ 0.10 010 012 008 0.10 0.8
Vi (cm*/g) ¢ 001 001 0.00 000 001 001
Vaeso (cm™g)’  0.09 009 012 008 009 007
Dy (nm) ¢ 374 331 373 374 374 374

T T T T T T
1000 1200 1400 1600 1800 2000

Raman shift (cm'])

Fig. 6 XRD patterns (a) of core/shell Co@C spheres and polymer/Co;Os4-
60, and Raman spectra (b) of core/shell Co@C spheres.

35

“ The total specific surface area. ” The specific surface area of micropores.
¢ The specific surface area of mesopores. ¢ The total volume. ¢ The
volume of micropores. / The volume of mesopores. ¢ The average
diameter of pores.

The N, adsorption-desorption isotherms of core/shell Co@C
spheres (Fig. 7a) showed the type-IV curve and exhibited a
hysteresis loop associated to capillary condensation in the range

This journal is © The Royal Society of Chemistry [year]
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of P/P, being from 0.5 to 1.0. This indicated that the porosity of
the core/shell Co@C spheres was essentially made up of
mesopores. The textural properties of core/shell Co@C spheres,
including BET surface area (Sggt), micropore surface area (Spicro),
mesopore surface area (Spes), total pore volume (Viya),
micropore volume (¥ picro), mesopore volume (Vpes0) and average
pore diameter (D,y), are summarized in Table 2. Sget, Simesor Viotal
and Ve, of core/shell Co@C spheres were in the ranges of 55.4—
82.7 m*/g, 47.4-81.5 m*/g, 0.08-0.12 cm’/g and 0.07-0.12 cm’/g,
respectively. The pore size distributions of core/shell Co@C
spheres were calculated using the Barrett-Joyner—Halenda (BJH)
model from the desorption branches of the isotherms (Fig. 7b).
This clearly showed that the size of mesopores in the core/shell
Co@C spheres was in the narrow range of 2—8 nm (centered on

15 3.7 nm). The mesopores could be attributed to the cavities in the

carbon shell.

a
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Temperature ("C)
Fig. 8 TGA (a) and DTG (b) curves of core/shell Co@C spheres under air

20 flow at 10 °C/min.

TGA and the derivative TGA (DTG) were used to evaluate
the thermal stability of core/shell Co@C spheres (Fig. 8). The
weight loss before 100 °C was due to the evaporation of

25 physically adsorbed water molecules. The second weak region of

weight increase from 100 to 300 °C was attributed to the release
of chemisorbed water, pyrolysis of oxygen containing functional

groups and oxidation of metallic cobalt into Co,0;. A remarkable
weight loss occurred between 300 and 650 °C, ascribed to the

30 oxidation degradation of carbon skeleton of graphite shells and

the oxidation of metallic cobalt into Co0,0;. The residue of
Co@C-y (y = 10, 20, 30, 40, 50 and 60) at 650 °C was 84.5, 83.7,
86.3, 91.6, 86.1 and 91.9%, respectively, therefore, the content of
metallic cobalt in the Co@C-y was calculated to be 60.0, 59.5,

35 61.3, 65.1, 61.2 and 65.3%, respectively, since metallic cobalt

was oxidized into Co0,05. These results were approximate to those
calculated by ICP-OES (Table 1).
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= -80
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Magenetic field (Oe)

-20000

40 Fig. 9 The magnetic property of core/shell Co@C spheres. The magnetic

hysteresis loops measured by MPMS XL-7.

Table 3 Magnetic parameters of core/shell Co@C spheres according to
Fig. 9.

so magnetization hysteresis

My M® Ms/My M

Sample
(emu/g) (emu/g) (Oe)
Co@C-10 85.6 15.8 0.18 416.6
Co@C-20 101.6 18.0 0.18 430.0
Co@C-30 92.9 15.0 0.16 390.4
Co@C-40 100.4 18.2 0.18 446.4
Co@C-50 97.9 18.9 0.19 400.0
Co@C-60 101.3 18.6 0.18 419.5

45 “ The saturation magnetization. ° The remanent magnetization. ¢ The

coercivity.

Magnetic property of the core/shell Co@C spheres is
measured by MPMS XL-7 at 300 K and displayed by
loops in Fig. 9. The magnetic
parameters of core/shell Co@C spheres are listed in Table 3. For
all Co@C spheres, the data implied a ferromagnetic behavior as
indicated by the open hysteresis loops. The quantitative analysis
yielded the saturation magnetization (M) of 85.6-101.6 emu/g,

ss demonstrating that the core/shell Co@C spheres possessed a

strong response to an external magnet. The M; value was much
higher than that from other reports such as 0.3 emu/g,** 1.14
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emu/g,”® and 35.7 emu/g.” The remanent magnetization values

(M) amounted to 15.8-18.9 emu/g. The ratio of Mp/Mg was in
the range of 0.16-0.19, confirming the ferromagnetic behavior of
core/shell Co@C spheres at the room temperature. The coercivity
(Mc) was between 390.4 and 446.4 Oe. Overall, these magnetic
data showed the suitability of core/shell Co@C spheres for
potential applications in magnetic recording materials, cancer
treatment, drug delivery and magnetic resonance imaging, efc.

3.4 Discussion about the growth mechanism of magnetic
core/shell Co@C spheres

To study the growth mechanism of magnetic core/shell Co@C
spheres, the dispersion state of Co;04 in the mixed plastics is
observed by SEM and the results are displayed in Fig. 10. It was
observed that PS was immiscible with PP and PE, and existed in
the form of microspheres (Fig. 10a), while Co30, catalyst with a
size range of 100-400 nm (detected as white dots) was uniformly
distributed in PP/PE (Fig. 10b). More Co3;0, particles were
observed in PP/PE when the content of Cos;0, catalyst was
increased to 30 or 60 wt % (Figs. 10c and 10d), however, the size
of Co;0, particles did not show obvious changes. This was
probably ascribed to the formation of Co;O4 network in the
mixed plastics, which was demonstrated by the change of
dynamic melt rheological property of polymer (i.e., the mixed
plastics) and polymer/Co3;04-x. The storage modulus (G’) in the
low frequency (w) regime is significantly dependent on the
addition of Cos0,. The rheological property in the low @ regime
reflects the relaxation and motion of the whole polymer chains.®
Fig. 11 shows the G’—w curves of polymer and polymer/Co;04-x
at 180 °C. It was observed that the terminal slope of G’-w curve
decreased compared with that of mixed plastics when 10 wt %
Co030,4 was added, and G’-w curve exhibited a distinct plateau at
the low @ when 60 wt % Co30, was added. This result
demonstrated a transition from liquid-like state to solid-like state
due to the formation of Co;0,4 network structure in the mixed
plastics.

polymer/Co;04-10 (b), polymer/Co304-30 (c), and polymer/Co3;04-60 (d).
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Fig. 11 Storage modulus of polymer, polymer/Co;04-10, polymer/Co;0s-
30 and polymer/Co304-60.

Based on the above results, the formation mechanism of
magnetic  core/shell Co@C spheres through catalytic
carbonization of mixed PP, PE and PS by Co3;0,4 at 700 °C was
put forward (Fig. 12). Firstly, Co;0, was uniformly dispersed in
the mixed plastics by melt mixing (Fig. 12a). Subsequently, the
mixed plastics were pyrolyzed into light hydrocarbons and
aromatics under high temperature®®*’ (Fig. 12b). The resultant
light hydrocarbons and aromatics were dehydrogenated and
aromatizated on the surface of Co;04 catalyst,41 meanwhile
Co30,4 was reduced into metallic cobalt, which has some (about 1
at %) carbon solubility in the solid solution.® After further
carbonization of degradation products, once supersaturated,
carbon precipitated from the surface of metallic cobalt particles to
form core/shell Co@C spheres (Fig. 12c¢). Obviously, the
dispersion of Cos;0, particles in the mixed plastics played an
important role in the formation of uniform core/shell Co@C
spheres, and the metallic cobalt particles from the reduction of
Co030, acted as templates for the growth of carbon shells.

OPS O Co,0,

O Co@C sphere

Fig. 12 Mechanism about the formation of core/shell Co@C spheres
through catalytic carbonization of mixed PP, PE and PS by Co030,.

3.5 Photo-degradation of CR using Co@C spheres

To study the photo-degradation of CR, Co@C-60 was firstly
selected as an example since the yield of Co@C-60 was the
highest (Table 1). Fig. 13 shows the degradation behavior of CR
under different experimental conditions. As can be seen, CR is
rather stable under UV irradaitaion. Only slight color removal of
CR (5.3%) was observed after UV irradiation for 180 min in the
system containing H,0,. This suggested that few hydroxyl
radicals (-OH) were formed by the decomposition of H,O,

This journal is © The Royal Society of Chemistry [year]
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without Co@C-60."' For UV + Co@C-60 system, 15.6%
degradation efficiency of CR was obtained after UV irradiation
for 180 min, approximate to Dark + Co@C-60 system (14.5%),
indicating that the photo-activity of Co@C-60 was so poor in the

s absence of H,O,. For H,0, + Co@C-60 system, the degradation

efficiency of CR (35.0%) was enhanced due to the combined

effect of Co@C-60 and H,0, in the absence of UV irradiation.

Comparatively, UV irradiation further accelerated the photo-

degradation of CR in the H,0, + Co@C-60 system. 98.1% photo-

degradation efficiency of CR was observed after 180 min UV
irradiation. To gain a deeper insight into the reaction mechanism,
2-propanol, a typical hydroxyl radicals scavenger,’> was used to
investigate the catalytic performance of Co@C-60 sphere. In the
presence of 2-propanol, the UV + H,0, + Co@C-60 system gave

15 16.1% degradation efficiency of CR, which was much lower than
that in the absence of 2-propanol (98.1%) and nearly equivalent
to that in the UV + Co@C-60 system (15.6%). This implied that
the catalytic degradation of CR in 2-propanol was likely to
involve predominant hydroxyl radicals, because the introduction

20 of 2-propanol could lead to an obvious decrease of catalytic
activity in the system based on hydroxyl radicals. Additionally,
the photo-degradation efficiency of CR in the UV + H,0, +
Co@C-y (y = 10, 20, 30, 40, 50) system was 98.6%, 99.1%,
98.9%, 98.5% and 99.0%, repectively.

25 To study the role of carbon shell in the degradation of CR,
carbon sphere (C-60) was obtained by immersing Co@C-60 in 12
M HCI aqueous solution at room temperature for three months to
remove cobalt core. The degradation efficiency of CR in UV + C-
60 system was about 10.7%, approximate to UV + Co@C-60 and

30 UV + H,0, + C-60 systems. Hence, carbon shell of Co@C-60
had a certain adsorption capacity of CR from the bulk solution,
which could be further demonstrated by the FT-IR results (Fig.
S2). A similar phenomenon was observed by Kojin et al.'"* They
found that carbon coating could accelerate the photo-degradation

35 of pollutants by concentrating pollutants around W3Oy crystal
via adsorption.
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Fig. 13 The degradation behavior of CR under different experimental
40 conditions. Experimental conditions: Co@C-60 dosage = 1.0 g/L or C-60

dosage = 0.35 g/L, initial CR concentration = 100 mg/L, initial H,O,
concentration = 43.6 mM, and pH = 3.
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45 Fig. 14 The reusability of core/shell Co@C-60 sphere for the photo-
degradation of CR. Experimental conditions: Co@C-60 dosage = 1.0 g/L,
initial CR concentration = 100 mg/L, initial H,O, concentration = 43.6
mM, pH =3, and UV irradiation time = 180 min.

50 As well known, one severe problem that magnetic materials
faced is the stability in the acid environment. To make materials
have real-life applications, the anti-acid ability of core/shell
Co@C spheres is needed to be investigated. 0.8 g core/shell
Co@C-60 sphere was added into 12 M HCI acid solution (100

ss mL) at room temperature. Even after four weeks, the Co@C-60
sphere still exhibited magnetically responsive property (Fig. S3).
In fact, it needed at least three months to remove completely the
cobalt core. The excellent anti-acid ability of core/shell Co@C
spheres was mainly ascribed to the protection by the outer carbon

o shell. As a result, the outer carbon shell not only promoted the
degradation of CR, but also served as protective layer for the
cobalt core to improve acid resistance.

The recyclablity and reusability of core/shell Co@C spheres
are very important to its practical application. One of the

s advantages using core/shell Co@C spheres is that they can be
separated by a magnet due to their high M, (Table 3). To study
the reusability, the recycled Co@C-60 is reused for six cycles,
and the results of the photo-degradation of CR are shown in Figs.
14 and S4. After six cycles, the photo-degradation efficiency of

70 CR was as high as 95.0%, and the morphology of Co@C-60 did
not change after the photo-catalytic reactions. In previous
studies,”>° it was demonstrated that the cobalt®"-bicarbonate
complex accelerated the decomposition of H,O, into radicals
(such as -OH), which catalyzed the degradation of organic dyes.

75 Similarly, in this work, we speculated that the dissolved Co* in
the solution (about 0.9 ppm measured by ICP-OES) played an
important role in the decomposition of H,O, into radicals, which
promoted the degradation of CR. Overall, the core/shell Co@C
spheres showed high performance in the photo-degradation of CR

so with good recyclablity, reusability and long-term stability.
Further investigations about the effects of various influencing
factors such as the dosage of core/shell Co@C spheres, initial CR
concentration, initial H,O, concentration and pH of CR solution
on the photo-degradation efficiency of CR are on the way in our

ss laboratory to better understand the photo-degradation property of
the magnetic core/shell Co@C spheres.
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Conclusions

Magnetic core/shell Co@C spheres were effectively synthesized
via a novel one-pot approach through catalytic carbonization of
mixed PP/PE/PS by Co030,. The core/shell Co@C spheres had a
distinct ordered and curved graphitic structure. They showed a
ferromagnetic behavior and had high saturation magnetization. It
was found that the good distribution of Co;0, in the mixed
plastics provided a precondition for the formation of uniform
core/shell Co@C spheres. Furthermore, the core/shell Co@C
spheres showed high performance in the photo-degradation of CR
with good recyclablity, reusability and long-term stability,
indicating that they had the potential application in the
wastewater treatment. It is believed, with simplicity, low cost in
operation and easy availability of raw materials, this simple
approach opens up a new avenue in large-scale synthesis of
functional core/shell metal@carbon composites using waste
plastics as carbon sources.
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