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Two types of manganese ferrite nanoparticles, namely MF-SA and MF-CHI, have been synthesized 

solvothermally from the synthesis systems containing sodium alginate and chitosan, respectively. Both 

MF-SA and MF-CHI showed well crystalline nature based on the XRD and TEM measuremants. The 

larger saturation magnetization value of MF-SA should be ascribed to its slightly larger crystallite size 

than that of MF-CHI. Results from N2 adsorption-desorption isotherms and Raman spectra confirmed 

the structural difference in MF-SA and MF-CHI. The electrocapacitive behavior of manganese ferrite-

based supercapacitors has been studied and MF-SA displayed a specific capacitance of around 60.4 

F•g
-1

 at 0.25 A•g
-1

 in aqueous symmetric supercapacitors, larger than that of MF-CHI about 45.1 F•g
-1

 

at the same condition. MF-SA based supercapacitor also showed better capacitance maintenance of 

around 82% of the initial value at 1 A•g
-1

 after 2000 cycle test than that of MF-CHI based cells. Based 

on the experimental data, the structure-property relationship of two types of MnFe2O4 nanoparticles 

have been discussed and analyzed. 
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1. INTRODUCTION 

Transition metal oxide materials have attracted increasing attentions in many areas (i.e. 

catalysis, energy storage and conversion, and biomedicine) owing to their physicochemical properties 

[1-7]. Element iron is the second richest metal on Earth's reserves and very cheap. Thereafter, metal 

oxide materials containing iron have received great attention to explore their possible applications in 

energy storage and conversion [8,9]. On the one hand, various iron oxides have been used, such as, 
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either as the active electrode materials for lithium iron batteries and supercapacitors [8-14] or as the 

optical-electrocatalysts for water splitting [15-17]. For example, iron oxide nanostructures obtained 

either by quasiemulsion-tamplate method or from metal-organic frameworks can be used as the active 

electrode materials for electrochemical devices [18,19]. On the other hand, double or trible metal 

oxides containing iron, such as spinel ferrites, have also gained more and more attention to be used in 

energy and environmental fields [20,21]. For instance, nichel ferrite displayed better catalytic activity 

in photocatalytic water oxidation than single metal oxide, namely nickel oxide or iron oxide [21]. 

Diverse ferrite nanostructures including nanoparticles [22,23], hollow structures [24], nanorods 

[25] nanowires [26], and nanotubes [27] have been prepared by the application of various methods 

including template [28], thermolysis [29], co-precipitation [30], sol-gel technique [31] and 

solvothermal method [32]. Recently, ferrite nanostructures has been used as the electrode materials for 

aqueous solution based electrochemical supercapacitors [33,34]. It is reported that supercapacitors 

based on ferrite colloidal nanocrystal assemblies displayed electrocapacitive performance, which can 

be adjusted by the structure of ferrite nanostructures as well as the nature of electrolytes used [34-36]. 

However, the electrochemical behavior of ferrite nanoparticles remains to be further clarified. 

Biological macromolecules are the basic substances of life. Sodium alginate and chitosan are 

two typical kinds of biological macromolecules with a wide range of sources and can react with metal 

ions via coordination interactions. Usually, sodium alginate, as one kind of natural polysaccharide, is a 

by-product after extraction of iodine and mannitol from kelp or seaweed. However, chitosan can be  

obtained by deacetylation of chitin. Both of these polysaccharide compounds have been used in many 

fields, including medicine, food, cosmetics, water treatment, and biomedical engineering. In the 

meantime, chitosan and sodium alginate have active functional groups that can react with many kinds 

of metal ions [37]. In this work, two types of spinel ferrite nanoparticles have been synthesized via the 

solvothermal method based on the synthesis systems containing sodium alginate and chitosan. The 

structure of ferrite nanoparticles have been characterized by a series of techniques including XRD, 

(HR) TEM, FTIR, Raman and N2 adsorption-desorption measurements as well as magnetic 

investigations at room temperature. Electrochemical experiments displayed that ferrite nanoparticles 

from the sodium alginate system showed a larger capacitance and cycle stabilization than those 

obtained from the synthesis system containing chitosan. 

 

 

2. EXPERIMENTAL 

2.1 Materials 

All the used chemicals purchased from Sinopharm Chemical Reagent Co. were used as 

received (analytical grade). Ultrapure water (18.2 MΩ cm) was used for electrochemical 

measurements. 
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2.2 Synthesis of MnFe2O4 nanoparticles: 

In a typical synthesis, an ethylene glycol (20 mL) solution containing Mn(CH3COO)2·4H2O 

and FeCl3·6H2O was obtained homogeneously under stirring with the molar ratio of 1:2 at room 

temperature. Different dosages of sodium alginate or chitosan were dissolved in distilled water (10 

ml). Then both of the above solutions were mixed under stirring and then transferred into a Teflon-

lined stainless autoclave (40 mL). After heating at 200 °C for 12 h in an oven, the autoclave was 

cooled naturally down to room temperature. Then the samples were collected by repeatedly 

centrifugation and washing thoroughly with distilled water and ethanol, followed by dried in an oven 

at 60 °C for 8 h. The obtained samples are noted as MF-SA and MF-CHI, where MF represents 

MnFe2O4, SA and CHI represent sodium alginate and chitosan used in the preparation, respectively. 

 

2.3 Sample characteristics 

Transmission electron microscope (TEM) and high resolution TEM (HRTEM) images of the 

samples were recorded on a transmission electron microscope (JSM-2100F) with an operating voltage 

of 200 kV. The crystallographic information of the products were investigated using a Rigaku 

UltimaIV X-ray diffractometer (XRD, Cu-Kα radiation λ=0.15418 nm). The specific surface areas 

were estimated with the Brunauer-Emmett-Teller (BET) method with N2 adsorption data in the relative 

pressure range of P/P0 = 0.05-0.35. The pore size distributions were calculated using the Barrett-

Joyner-Halenda (BJH) model applied to the desorption branch of the N2 isotherms obtained with a 

Quantachrome Autosorb-IQ-MP/XP surface area and pore analyzer. The thermogravimetric analysis 

was performed with a Mettler Toledo TGA-2 thermogravimetric analyzer under an oxygen atmosphere 

with a heating rate of 10 °C•min
-1

. Magnetic properties were measured using a Physical Property 

Measurement System (PPMS) vibrating sample magnetometer (VSM) at room temperature. Fourier 

transformation infrared (FTIR) measurements were carried out with a Nicolet iS5 FTIR 

spectrophotometer on KBr pellets. Raman spectra were collected using a Renishaw inVia Plus Micro-

Raman spectroscopy system equipped with a 50mW DPSS laser at 532 nm. 

 

2.4 Electrochemical performance of MnFe2O4 nanoparticles 

To prepare the electrode, the as-prepared samples, PTFE and acetylene carbon black were 

mixed in isopropyl alcohol with a ratio of 85:10:5 at room temperature. Then the mixture was pressed 

onto a nickel foam[36], followed by drying at 110 °C for 10h under vacuum. The loading mass of the 

active material in each electrode was about 4 mg. Symmetrical supercapacitors were fabricated by 

using two electrodes which separated by a porous membrane in 2 M KCl electrolyte. Room 

temperature electrochemical characterizations performed on CHI760D electrochemical workstation 

(CH Instruments, USA) include cyclic voltammetry (CV), galvanostatic charge-discharge (GCD), and 

electrochemical impedance spectroscopy (EIS) measurements.  
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3. RESULTS AND DISCUSSION 

3.1 Morphology and nanostructure 

MnFe2O4 manoparticles obtained from the sodium alginate system was abbreviated as MF-SA 

and MF-CHI from the chitosan system. TEM and HRTEM measurements are used to investigate the 

morphology and crystalline features of these two samples [38]. As depicted in Fig. 1A and C, the 

MnFe2O4 nanoparticles are observed in low magnified TEM images, but not well-dispersed, with the 

shortest width of about 10 nm and no nanoparticles larger than 20 nm observed. The selected-area 

electron diffraction (SAED) patterns of both MF-SA and MF-CHI in the insets in Fig. 1A and C 

indicate the crystalline nature of these samples in which bright diffraction spots can be observed. Fig. 

1B shows the HRTEM image of a single MF-SA nanoparticle, in which the marked lattice spacings are 

about 2.43 Å and 2.50 Å, ascribed to the interplanar distance of (222) and (311) lattice planes, 

respectively. For sample MF-CHI, the calculated lattice spacings are about 2.38 Å and 2.50 Å based on 

the HRTEM image shown in Fig. 1D, also in accordance with the interplanar distance of (222) and 

(311) planes of MnFe2O4 phase, respectively. The observed angles between the (222) and (311) planes 

are about 90
°
 for MF-SA and MF-CHI, similar to the theoretical value. 

 

 
 

Figure 1. TEM (A, C) and HRTEM (B, D) images of MF-SA (A, B) and MF-CHI (C, D). Insets in 

images a and c are the corresponding SAED pattern of the sample. 

 

The crystalline structures of both samples are also confirmed by the XRD measurements (Fig. 

2). The diffraction peaks of each sample, appeared at 2θ degrees of 30
°
, 35

°
, 43

°
, 56

°
, 62

°
, can be well-

indexed respectively to (220), (311), (400), (511) and (440) planes of cubic spinel MnFe2O4 (JCPDS 

card No. 88-1965). The observed diffraction peaks indicate the formation of small MnFe2O4 

nanoparticles, as confirmed by the TEM measurements. The structural features of samples MF-SA and 

MF-CHI were further investigated by nitrogen gas sorption technique. Fig. 3A and B show the N2 

adsorption-desorption isotherms and Barrett-Joyner-Halenda (BJH) pore size distribution curves of 

two types of MnFe2O4 nanoparticles, respectively. It can be seen that the type IV physisorption nature 
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of two isotherms was obtained according to the IUPAC classification, which showed a typical H1-type 

hysteresis loop, indicating that mesoporous structures are clearly existed in these samples. The specific 

surface areas and total pole volumes were respectively calculated about 105.5 m
2
•g

-1
 and 0.23 cm

3
•g

-1
 

for MF-SA, and 89.0 m
2
•g

-1
 and 0.13 cm

3
•g

-1
 for MF-CHI. These results would be responsible for the 

electrocapacitive behavior of MF-SA and MF-CHI. 

 

 

Figure 2. XRD patterns of MF-CHI (a) and MF-SA (b). 

 

 
 

Figure 3. Nitrogen adsorption/desorption isotherms (A) and BJH pore size distributions (B) of MF-

CHI (a) and MF-SA (b). 

 

3.2Thermogravimetry, FTIR analysis and Raman analysis 

As is shown in Fig. 4, the thermogravimetric analysis (TGA) curves of both samples display 

several mass loss platforms, which indicates the similar mass loss processes of both samples. As 

depicted in Fig. 4A, the first step below 150 °C is related to the removal of moisture adsorbed on the 

surface and pores of MnFe2O4 nanoparticles. From 200–400 °C, the decomposition of adsorbed 

organic residues on the surface of the samples during the solvothermal synthesis took place. From 500 

°C to 800 °C, it is the third step which is quite slow mass loss until reach a plateau at 610 °C 

corresponding to the further decomposition of the surface residuals. It is obvious that the weight loss 
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rate of MF-CHI (Fig. 4B) in the second step is faster than that of MF-SA (Fig. 4B), indicating more 

organic residuals adsorption onto the surfaces of MF-CHI nanoparticles than that of MF-SA.  

 

 
 

Figure 4. TGA (A) and DTG (B) curves of MF-SA (a) and MF-CHI (b). 

 

This can be further evidenced by the FTIR measurements. Fig. 5A displays the FTIR spectra of 

MF-SA and MF-CHI in the range 400–4000 cm
−1

. The broad bands at 3420 and 1637 cm
−1

 represent 

the stretching and bending vibrations of the O-H bond, respectively [39]. While two weak bands at 

2847 and 2928 cm
−1

 are signed respectively to the CH2 asymmetric and symmetric stretching bands. 

Thus, it indicates the presence of a very small amount of free or absorbed water and organic residues 

remaining on the surface of the samples. It is observed that two absorption bands in the 465 cm
-1

 and 

580-620 cm
-1

 may be caused by the vibration of octahedral groups FeO6 and the stretching vibration of 

tetrahedral groups FeO4, respectively. Further, the strength of the absorption peaks for MF-CHI is 

much stronger than that of MF-SA, indicating that these results are essentially the same as that 

obtained from the TGA measurements.  

As is known to all, Raman scattering and infrared absorption spectra can be used to study the 

lattice vibration problems, and can complement each other. Fig. 5B shows the Raman spectra of in the 

range 200–900 cm
−1 

and both of MF-SA and MF-CHI show obvious peak in the 686 cm
-1

, especially 

for MF-SA. This is due to the symmetry stretching vibration of the metal atoms and the O atoms [39]. 

As depicted in Fig. 5B, MF-SA nanoparticles represent three peaks at 322, 473 and 686 cm
-1

. Thepeak 

at 686 cm
-l
 is typical of the spinel ferrite, due to the A1g mode corresponding to the O atoms 

symmetrically stretching along the Fe-O bond at the tetrahedral locations [40-42]. Two peaks at 322 

cm
-l
 and 473 cm

-l
 are respectively attributed to the Eg and T2g mode corresponding to the symmetrical 

bending of O atoms relative to Fe and the asymmetric stretching of Fe-O bond at the tetrahedral sites. 

For MF-CHI, very weak signals except at 686 cm
-1

 was observed which may be ascribed to the 

existence of chitosan in the synthesis system, leading to the difference in crystal structure between 

MF-SA and MF-CHI. 
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Figure 5. FTIR (A) and Raman (B) spectra of MF-CHI (a) and MF-SA (b). 

 

3.3 Magnetic characterization 

Magnetic properties of two types of MnFe2O4 nanoparticles were tested (Fig. 6) with the 

maximum magnetic field strength of H = 1.5×10
4
 Oe. Clearly, the hysteresis behavior cannot be 

clearly seen in the full magnetization curves (Fig. 6A). As shown in Fig. 6B, a small hysteresis loop 

was observed in a magnification view indicating that a weak ferromagnetic behavior was existed in 

MF-SA and MF-CHI. The saturation magnetization (Ms) values of MF-SA and MF-CHI were about 

70.7 and 67.8 emu•g
-1

 with the crystallite sizes of 18 and 17 nm, respectively. The Ms values of both 

MF-SA and MF-CHI were much lower than 110 emu•g
-1

 for the reported bulk of MnFe2O4 [43], which 

were affected by many factors including crystalline nature, particle size and surface effect. It can also 

be seen that the remnant magnetization (Mr) and coercivity (Hc) values are 1.5 emu•g
-1

 and 10 Oe for 

MF-SA, while 0.8 emu•g
-1

 and 7.5 Oe for MF-CHI, respectively. These observations are in agreement 

with the crystalline nature as well as the surface nature of these two samples. 

 

 
 

Figure 6. The magnetization hysteresis of MF-SA (a) and MF-CHI (b). 

 

3.4 Electrochemical properties 

The as-made MnFe2O4 nanoparticles were used to assembly two-electrode cells to explore their 

performance in symmetric supercapacitors [44]. Fig. 7 shows the CV curves of MF-SA and MF-CHI 

based supercapacitors, named SC-MF-SA and SC-MF-CHI, respectively, by using aqueous KCl (2 M) 

solutions as the electrolyte. Both the CV curves of SC-MF-SA and SC-MF-CHI obtained at 50 mV•s
-1

, 
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as shown in Fig. 7A, showed a symmetric rectangular shape. In the meantime, the current of the CV 

curve for SC-MF-SA is higher than that of SC-MF-CHI. Even if the scan rate was much increased to 

500 mV•s
-1

, the as-obtained CV curves of SC-MF-CHI also displayed an excellent rectangular shape 

(Fig. 7B). Although the CV curve of SC-MF-SA collected at 500 mV•s
-1

 expressed a slightly distort 

compared with that of SC-MF-CHI, denoting the existence of a low contact resistance in both 

supercapacitors. All these observations demonstrated the electrocapacitive features of both types of 

supercapacitors. It is obvious that the currents of these two types of MnFe2O4 nanoparticle-based 

supercapacitors are slightly lower than those of MnFe2O4 colloidal nanocrystal assemblies, assembled 

by the nanoparticles with the similar particle size [36,45]. 

 

 
 

Figure 7. CV curves of SC-MF-SA (a) and SC-MF-CHI (b): A, 50 mV•s
-1

; B, 500 mV•s
-1

. 

 

The galvanic charge-discharge characterization was further used to investigate the 

electrocapacitive behavior of both supercapacitors. Fig. 8A and Fig. 8B show the GCD curves of SC-

MF-SA and SC-MF-CHI at varied current densities. The GCD curves of SC-MF-SA exhibited a 

slightly distorted triangular shape for all the collected data (Fig. 8A). As for SC-MF-CHI (Fig. 8B), the 

shape of GCD curves was more irregular compared with those of SC-MF-SA. In the meantime, the 

discharge times of SC-MF-SA at all the varied current densities were larger than those of SC-MF-CHI, 

indicating the existence of a higher specific capacitance for SC-MF-SA. The specific capacitances of 

SC-MF-SA and SC-MF-CHI under different currents were listed in Fig. 8C. It is observed that the 

capacitances decreased gradually from 0.15 A•g
-1

 to 2 A•g
-1

. It is obvious that the specific capacitance 

of the electrode material decreases with the current density increased whatever the electrolyte is. Under 

high current density, because the sluggish diffusion dynamics of electrolyte ions led to the low 

utilization rate of the electrode materials, resulting in the smaller capacitance. However, the 

concentration polarization is somewhat obvious at a large current density that can affect the specific 

capacitance of supercapacitor [35]. For SC-MF-SA, the capacitances were calculated to be about 65.2, 

60.4 and 57.2 F•g
-1

 at 0.15, 0.25, 0.5 A•g
-1

, respectively. The capacitance was further decreased from 

53.8 F•g
-1

 at 0.75 A•g
-1

 to 50.3 F•g
-1

 at 1 A•g
-1

. The capacitance of SC-MF-SA was decreased to 46.2 

F•g
-1

 at 2 A•g
-1

, about 71% of the value obtained at 0.15 A•g
-1

. For SC-MF-CHI, the capacitances were 

obviously smaller than those of SC-MF-SA. It was seen that the capacitances were 50.4, 45.1 and 40.2 

F•g
-1

 at 0.15, 0.25 and 0.5 A•g
-1

, respectively. Namely, the capacitances were also decreased faster 

than those of SC-MF-SA at the same experimental conditions. Finally, the capacitance was down to 

30.2 F•g
-1

 at 2 A•g
-1

, which only maintained about 60% of that obtained at 0.15 A•g
-1

. These 
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capacitances were clearly smaller than those of MnFe2O4 colloidal nanocrystal assemblies composed 

of small nanoparticles [34,36]. 

 

 
 

Figure 8. GCD curves of SC-MF-SA (A) and SC-MF-CHI (B) under different current densities. a) 0.5 

A•g
-1

; b) 0.75 A•g
-1

; c) 1 A•g
-1

; d) 2 A•g
-1

. Variation curves (C) of the capacitances of SC-MF-

SA (a) and SC-MF-CHI (b). 

 

Based on the CV and GCD measurements, it is suggested that the nanoparticle structure of MF-

SA and MF-CHI may be somewhat unpleasant to be used as the electrode materials compared with 

those colloidal nanocrystal assemblies [36,45]. This can also be confirmed by the cycle performance of 

both supercapacitors (Fig. 9). It is seen from Fig. 9A that the capacitances were decreased from 57.4 to 

49.3 F•g
-1

 for SC-MF-SA and from 40.5 to 31.2 F•g
-1

 for SC-MF-CHI at 0.5 A/g, after 2000 cycles, 

about 86% and 77% of the initial values, respectively. If the current density was up to 1 A•g
-1

 (Fig. 

9B), the capacitance of SC-MF-SA declined to 41.2 F•g
-1

 after 2000 cycles, about 82% of its original 

capacitance, while left about 75% for SC-MF-CHI at the same condition. These indicated that the 

assembly of nanoparticles should help for the cycle performance of manganese ferrite based 

supercapacitors. 

 

 
 

Figure 9. Cycle stability of SC-MF-SA (a) and SC-MF-CHI (b): (A) 0.5 A•g
-1

; (B) 1 A•g
-1

. 
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Figure 10. Nyquist plots of SC-MF-SA (a) and SC-MF-CHI (b). 

 

To further investigate the electrode/electrolyte interface features, EIS was conducted for both 

supercapacitors to analyze the frequency behavior at the range of 0.01-1000 kHz and equivalent series 

resistance (ESR). As shown in Fig. 10, a high frequency semicircle can be observed from the Nyquist 

plots of the supercapacitors. In the equivalent circuit, Rs called equivalent series resistance (ESR), CDL 

represents the electronic transfer resistance of the electrode; Rct corresponds to the electron transfer 

resistance at the electrode/electrolyte interface; the CP corresponds to the steep line [36]. In the 

meantime, a low frequency sloping line appeared simultaneously, in which the slope was increased 

from SC-MF-CHI to SC-MF-SA. Usually, the ideal supercapacitor has a larger slope at a lower 

frequency line, which also means better electrocapacitive performance. This denoted that SC-MF-SA 

displayed a better electrocapacitive performance than SC-MF-CHI, which was in good accordance 

with above results. It is suggested that the better electrochemical performances of SC-MF-SA should 

be attributed to the well crystalline nature, unique surface composite and structure of MF-SA 

compared with MF-CHI. 

 

 

4. CONCLUSIONS 

Biomacromolecule systems have been used to synthesize MnFe2O4 nanoparticles by using 

solvothermal method. MnFe2O4 nanoparticles, named as MF-SA, obtained from the system containing 

sodium alginate have a slightly larger crystallite size than those based on chitosan-based synthesis 

system (MF-CHI), MF-SA displays a larger saturation magnetization value than MF-CHI due to the 

less surface organic residue and larger crystallite size of MF-SA. On the basis of electrochemical 

measurements, the MF-SA based symmetrical supercapacitor displays better electrocapacitive 

behavior than that assembled by MF-CHI. These results would be help for the design and synthesis of 

novel MnFe2O4 nanostructures with high performances based on biomacromolecule synthesis systems. 
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