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29In the present work, the porous hollow carbon spheres loaded with NiFe2O4 nanoparticles have been suc-
30cessfully prepared via ultrasonic spray pyrolysis technique at 700 �C and the associated formation mech-
31anism has been studied. The as-prepared NiFe2O4/carbon microspheres with the diameter of about 3–5
32µm and the specific surface area of 236.6889 m2 g�1 exhibit good monodispersity and an abundance of
33mesopores of about 40 nm size. Notably, the 20 nm NiFe2O4 nanoparticles are encapsulated by carbon
34microspheres and disperse homogeneously inside the carbon matrix. We could tune the relative content
35of ferrite and carbon sphere via adjusting the composition of the solution used for synthesis and the car-
36bonization temperature. Consequently, some interesting properties can be obtained by combining the
37magnetic NiFe2O4 nano powder and the electrically conductive porous carbon, which renders the result-
38ing composite suitable for promising applications in electromagnetic wave absorption, treatment of pol-
39luted water, catalyst design, energy storage, batteries and so on.
40� 2018 Published by Elsevier B.V. on behalf of The Society of Powder Technology Japan. All rights
41reserved.
42
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44

45 1. Introduction

46 Porous carbon sphere based materials have received significant
47 attention over the past few decades because of their promising use
48 in water treatment [1], energy storage [2,3], and lithium-ion bat-
49 teries [4,5]. In this regard, several methods have been attempted
50 to synthesize porous carbon spheres, such as carbonization of
51 raw materials, hydrothermal synthesis [6], and ultrasonic spray
52 pyrolysis (USP) [7,8]. Among these approaches, the technique of
53 USP is most advantageous. First of all, being a facile and one-step
54 process, it can be easily scaled up for mass production. Besides,
55 the particles possess the same composition corresponding to reac-
56 tions which occurred within the droplet [9]. Thus, the multicompo-
57 nent and composite particle could be prepared by adjusting the
58 composition of the precursor [10]. And as the precursor of carbon,
59 block copolymers, sucrose with silicate, and alkali carboxylates is
60 expensive and cumbersome [11], a low cost and environmentally
61 friendly precursor without using a sacrificial template is desirable.
62 Atkinson et al. have reported the synthesis of iron-impregnated
63 porous carbon sphere using sucrose as the precursor [12].

64The prepared porous carbon spheres exhibit a relatively inert
65surface suggesting the need for surface modification [13]. Coating
66the spheres with oxide nanoparticles could endow them with
67specific catalytic, magnetic, electronic, optical, or optoelectronic
68properties and significantly widen their utilities in areas such as
69electronics, magnetism, optics, and catalysis [14–16]. Li et al. have
70reported the synthesis of hierarchical MoO2/C microspheres via a
71template-assisted process for subsequent application as anode
72materials for lithium-ion batteries [17]. As for the magnetic oxide
73nanoparticles, only a few kinds of composites consisting of Fe3O4

74and carbon sphere have been synthesized for applications in water
75treatment and lithium-ion batteries [18]. As one of the most
76important members of the spinel ferrite family, NiFe2O4 possesses
77a set of highly specific characteristics such as low coercivity, high
78saturation magnetization, and excellent thermal and chemical sta-
79bility [19]. Some interesting properties including electromagnetic
80wave absorption across a wide frequency band can be obtained
81by combining magnetic NiFe2O4 nanopowder and electrically con-
82ductive carbon with the porous structure [20]. As for water pollu-
83tion treatment, the as-obtained NiFe2O4 nanoparticle plays the role
84of magnetic separation for removing the organic pollutants from
85aqueous mixtures while the surface functional groups and porous
86structure facilitate the process of adsorption[21]. However, few
87studies have been conducted pertaining to NiFe2O4 nanoparticles
88and porous carbon sphere nanocomposites.
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89 In this paper, the technique of ultrasonic spray pyrolysis was
90 applied to the precursor of sucrose to synthesize NiFe2O4 nanopar-
91 ticles loaded hollow carbon sphere. The mechanism corresponding
92 to the formation of the particles was also proposed.

93 2. Experimental

94 2.1. Synthesis of NiFe2O4 and porous hollow carbon spheres composites

95 Sucrose (AR), sodium chloride (AR), nickel chloride hexahydrate
96 (AR), and iron (III) chloride (anhydrous, CP) were used without fur-
97 ther purification.
98 In a typical synthesis procedure, sucrose and sodium chloride
99 were dispersed in 200 ml distilled water to obtain molar concen-

100 trations of 0.6 and 2.4 M, respectively. In the process of adding

101nickel chloride and iron (III) chloride into mixture solutions, unless
102otherwise noted, the molar ratio of nickel chloride to iron (III) chlo-
103ride was maintained at 1:2. Additionally, the concentration of
104nickel chloride hexahydrate in the precursor solutions (X) was var-
105ied from 0.05 to 0.25 M.
106The liquid precursor was atomized into aerosol droplets using a
107household humidifier (WH-2000, 1.7 MHz). The as-generated dro-
108plets were transported by Argon (at a flow rate of 3.0 L/min) into
109the preheated quartz tube reactor (600–750 �C) inserted inside a
110tube furnace (length: 100 cm, inner diameter: 8 cm), where solvent
111evaporation and thermal decomposition occurred. The resulting
112black product generated from pyrolysis were collected by a Buch-
113ner funnel (internal diameter is 9 cm) (as shown in Diagram 1) and
114washed with deionized water for 12 h. Then, the final products
115were dried in an oven at 60 �C prior to further material analysis.

1162.2. Characterization

117The structure was identified using X-ray powder diffraction
118(XRD, Bruker AXS) with Cu-Ka radiation (k = 0.15415 nm). Scan-
119ning electron microscopy (SEM, Hitachi/SU1510) and transmission
120electron microscopy (TEM, FEI Tencnai G2 F30) was used to inves-
121tigate the morphology. The analysis of N2 adsorption isotherms
122was used to determine the surface area (BET, Micromeritics ASAP
1232020C+). The magnetic properties of as-prepared samples were
124measured by vibrating sample magnetometer (VSM, 7304).

1253. Results and discussion

1263.1. Morphology and phase composition of NiFe2O4 loaded porous
127hollow carbon microsphere

128Fig. 1 shows the SEM images of the porous hollow carbon
129spheres derived from different starting solutions. A range of mor-
130phology was observed, including those of not so well defined
131spheres [Fig. 1(a)], the smooth carbon spheres [Fig. 1(b)], and the
132porous carbon spheres [Fig. 1(c and d)]. Therefore, it can be con-
133cluded that the morphology of carbon sphere produced varies with

Fig. 1. SEM images of porous hollow carbon spheres resulted from different components, (a) NiCl2 0.1 M, NaCl 2.4 M and Sucrose 0.6 M, (b) FeCl3 0.2 M and Sucrose 0.6 M, (c)
FeCl3 0.2 M, NaCl 2.4 M, Sucrose 0.6 M, and (d) NiCl2 0.1 M, FeCl3 0.2 M, NaCl 2.4 M and Sucrose 0.6 M.

Fig. 2. XRD patterns of porous hollow carbon sphere corresponding to different
components, (a) NiCl2 0.1 M, NaCl 2.4 M and Sucrose 0.6 M, (b) FeCl3 0.2 M and
Sucrose 0.6 M, (c) FeCl3 0.2 M, NaCl 2.4 M, Sucrose 0.6 M, and (d) NiCl2 0.1 M, FeCl3
0.2 M, NaCl 2.4 M and Sucrose 0.6 M.
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