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Abstract Magnetite nanoparticles in stable colloidal

suspension were prepared by the co-precipitation method.

Nanoparticulate magnetite thin films on supporting stain-

less steel plates were prepared by drop-coating followed by

heat treatment under controlled conditions. The effects of

calcination temperature and atmosphere on the micro-

structure and electrochemical properties of nanoparticulate

magnetite thin films were investigated. Nanoparticulate

magnetite thin films prepared under optimized conditions

exhibited a specific capacitance value of 82 F/g in mild

aqueous 1.0 M Na2SO4 solution. Due to their high charge

capacity, good cycling reversibility, and stability in a mild

aqueous electrolyte, nanoparticulate magnetite thin films

appear to be promising electrode materials for the fabri-

cation of electrochemical capacitors.

Introduction

The ever increasing miniaturization of portable electronic

and communication devices such as laptop, cellular

phones, and personal digital assistants (PDA) have led to

increasing demands for energy-storage systems with high

power capability and energy density, high reversibility, and

long cycle life. Due to the low power capability of batteries

and the low energy density of conventional capacitors,

these charge storage systems are unable to meet the

demands of modern devices, which require both high

power capability and high energy density. Electrochemical

capacitors which possess high power capability and mod-

erately high energy density are able to fill in the gap

between batteries and conventional capacitors. In addition,

the energy-storage mechanisms in electrochemical capac-

itors are simpler and highly reversible which ensure a very

long cycle life of exceeding 100,000 cycles [1, 2].

Recently, various types of transition metal oxides such

as manganese oxides and ruthenium oxides have been

investigated as electrode materials for the fabrication of

electrochemical capacitors. Each of these materials pos-

sesses its own limitations and advantages [3, 4]. Nanop-

articulate magnetite (Fe3O4) thin film is another potential

electrode material which has received considerable atten-

tion due to its superior electrochemical properties, envi-

ronmental friendliness, and low cost. Wu et al. reported

that magnetite crystallites electrocoagulated on conductive

matrix exhibited specific capacitance values that varied

over a large range between 30 and 500 F/g in 1.0 M

Na2SO3 aqueous electrolytes [5, 6]. However, studies by

Wu et al. focused only on the electrochemical properties of

magnetite nanocrystallites without considering the effects

of surface morphology and microstructure on their elec-

trochemical properties. Elucidating the microstructure–

property relationship for the magnetite electrodes is crucial

for enhancing their electrochemical properties by opti-

mizing their surface morphological characteristics and

microstructural parameters. In this study, we have focused

on the characterization of nanoparticulate magnetite thin

films prepared under various synthesis and post-synthesis

conditions, and elucidating the effects of microstructure on

their electrochemical properties. Besides, the potential

utility of nanoparticulate magnetite thin films as electrode

materials for the fabrication of electrochemical capacitors

was evaluated.
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Experimental

Preparation of magnetite colloidal suspension

Magnetite colloidal suspension was prepared based on the

co-precipitation method as reported in the literature [7, 8].

The stoichiometric solution mixture of 1 mol of Fe2? and

2 mol of Fe3? was added slowly to an excess ammonia

solution, which was vigorously stirred and maintained at a

temperature of 80 �C. Great care was taken to exclude

oxygen during all stages of the preparation by continuously

de-aerating all solutions with purified nitrogen. Magnetite

was formed based on the chemical Eq. 1

Fe2þ þ 2Fe3þ þ 8OH� ! Fe3O4 þ 4H2O ð1Þ

The magnetite precipitate formed was separated by

magnetic settling, and washed three times with deaerated

ultrapure water. The purified magnetite precipitate was

then redispersed in 100 mL ultrapure water, and the

resulting magnetite colloidal suspension was maintained

at a pH above 9 for enhanced stability [9, 10].

Preparation of magnetite thin films and xerogels

Nanoparticulate magnetite thin films were prepared on

precleaned stainless steel plates by the drop-coating tech-

nique. The relative film thickness was controlled by the

magnetite loadings (30 lmol or 120 lmol) which was

associated with a fixed volume of magnetite colloidal

suspension (0.1–0.4 mL) that covered a known area

(1.5 cm 9 1.5 cm) of the stainless steel plate. A small

amount of methylcellulose (*7.0 9 10-2 wt%) was being

added to increase the viscosity of the colloidal suspension

in order to improve adherence and prevent cracking of

magnetite films formed on the stainless steel plates. The

magnetite loading of thin films prepared was determined

quantitatively by atomic absorption spectroscopy (AAS).

Xerogels of magnetite were prepared by evaporating a

given volume of magnetite colloidal suspension in a des-

iccator filled with anhydrous silica gels. Magnetite xerogels

formed were subsequently calcined in a tube furnace at

temperatures up to 500 �C in nitrogen atmosphere for 1 h.

Characterization of magnetite thin films and xerogels

The surface morphology of magnetite thin films was

observed using a field emission scanning electron micro-

scope (FESEM, LEO 1525). The specific surface area and

pore size distribution of magnetite xerogels calcined at

various temperatures were determined by the BET nitrogen

adsorption/desorption method (Micromeritics ASAP 2010).

The electrochemical properties of magnetite thin films

were characterized by cyclic voltammetry (CV) using a

standard three-electrode cell configuration. A saturated

calomel electrode (SCE) fitted with a Vycor bridge, and a

platinum foil (*2 cm2) were used as the reference elec-

trode and the counter electrode, respectively. In all cyclic

voltammetric experiments, a geometric area of 0.1257 cm2

of each thin film sample was being exposed to 1.0 M

Na2SO4 aqueous electrolyte. Cyclic voltammograms (CV)

were generated by scanning within the potential range of

0.0–1.0 V (vs. SCE) at a scan rate of 50 mV/s.

Results and discussion

Figure 1 shows the FESEM micrographs of magnetite thin

films on stainless steel plates and calcined at various

temperatures in nitrogen atmosphere for 1 h. The EDX

spectra of magnetite thin films (Fig. 1a–c) showed that

these films consisted primarily of Fe and O elements,

thereby confirming the presence of magnetite. These films

were observed to be nanoparticulate and porous in nature

with particle sizes ranged from 5 nm to 31 nm. The porous

nature of these films could be attributed to the formation of

particle agglomerates upon evaporation of the solvent. The

calcination temperature was observed to have substantial

effect on the microstructure of magnetite films. As the

calcination temperature was increased, the surface mor-

phology of magnetite thin films became rougher and den-

ser. The calcination process should result in the removal of

structural water and residual solvent molecules, thereby led

to increased density of magnetite films. The mean particle

size of magnetite increased with calcination temperature

from 10 nm at 100 �C, 12 nm at 300 �C, to 16 nm at

500 �C, which could be attributed to the microstructure

evolution of magnetite thin films upon calcination through

stages such as dehydroxylation, crystallization, and grain

coarsening [11].

Figure 2 shows the effect of calcination temperature on

the specific surface area and total pore volume of magnetite

xerogels. Both the specific surface area and total pore

volume were observed to increase at calcination tempera-

ture of 100 �C, but decreased substantially at higher cal-

cination temperatures of 300 and 500 �C. The increase in

the specific surface area at 100 �C could be attributed to

the removal of physisorbed water and solvent molecules

retained within the films which led to the formation of

pores within the oxide matrices. Besides, densification of

xerogel samples due to the collapse of micro- and

mesopores, as well as particle growth, had resulted in

decreased specific surface area at higher calcination

temperature.

Figure 3 shows the effect of calcination temperature on

the specific surface area and adsorption pore size distri-

bution of magnetite xerogels. In general, the pore size
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distributions of magnetite xerogels were observed to shift

gradually towards larger pore diameters, and with sub-

stantial reduction in the total cumulative pore volume for

xerogel sample calcined at higher temperatures ([100 �C).

This could be attributed to increased densification of

xerogels at higher calcination temperatures. Magnetite

xerogels calcined at 100 �C possessed the highest specific

surface area as compared to xerogels as prepared at room

temperature, and xerogels calcined at 300 and 500 �C.

For xerogels calcined at 100 �C, 65% of total pore volume

was attributed to macropores, whereas 24% and 11% of

total pore volume were attributed to meso- and micropores,

respectively. In contrast, for xerogels that had been cal-

cined at 300 �C, the total pore volume contributed by

macropores had increased substantially, whereas total pore

volume contributed by both meso- and micropores had

decreased substantially. Henceforth, the substantially lower

specific surface areas of magnetite xerogels calcined at 300

and 500 �C were attributed to densification resulting from

the collapse of both meso- and micropores.

Figure 4 shows the CV of nanoparticulate magnetite

thin films that had been calcined in either nitrogen or air at

300 �C for 1 h. The CV curve of the magnetite thin film

calcined in air was observed to be very narrow as compared

to that of film calcined in nitrogen. The charge capacities of

magnetite thin films that had been calcined in nitrogen and

Fig. 1 SEM micrographs and

EDX spectra of nanoparticulate

magnetite thin films calcined in

nitrogen atmosphere for 1 h at:

a 100 �C, b 300 �C, and c
500 �C

Fig. 2 Effect of calcination temperature on the specific surface area

and total pore volume of magnetite xerogels
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air were calculated to be 186 and 49 mF/cm2, respectively.

In the presence of oxygen, magnetite oxidizes slowly to

maghemite (c-Fe2O3) at room temperature, and then to

hematite (a-Fe2O3) at higher temperatures [12]. Besides,

magnetite particles prepared in aqueous medium would be

transformed into maghemite at about 200 �C, and oxidation

could occur spontaneously at room temperature to form

iron oxide with a unit cell parameter (8.36 Å) in between

that of magnetite (8.40 Å) and maghemite (8.33 Å) [13].

Maghemite and hematite are less conductive electrically

than magnetite due to their very low Fe2? state donor

density [14]. In edge sharing octahedral of magnetite, the

Fe2? and Fe3? ions on the octahedral sites are close

together such that the holes can migrate easily from Fe2? to

Fe3?. With a conductivity of 102–103 X-1 cm-1, magne-

tite has the lowest resistivity as compared to maghemite (n

type semiconductor with band gap 2.03 eV) and hematite

(n type semiconductor with band gap 2.2 eV). On the other

hand, magnetite is both an n- and p-type semiconductor

with the smallest band gap of 0.1 eV. Magnetite thin films

that had been calcined in air were no longer pure magnetite

but a mixture of magnetite, maghemite, and hematite, and

hence the lower charge capacity observed.

Nanoparticulate magnetite thin films with different rel-

ative thickness in terms of different magnetite loading of

0.4–1.6 lmol/cm2 were prepared by the drop-coating

technique. The relative film thicknesses were controlled by

the volume of the colloidal suspension used per unit area of

thin film formed. A small amount of methylcellulose (about

7.0 9 10-2 wt%) was added to increase the viscosity of

the magnetite colloidal suspension, which in turn enhanced

the coating process with improved film adherence to the

supporting substrate. Figure 5a shows the CV of magnetite

thin films with different relative film thickness over the

potential range of 0.0–1.0 V (vs. SCE). The almost rect-

angular shape of all CV curves indicated good capacitive

behavior of magnetite thin films. Figure 5b shows the

effect of relative film thickness on the charge capacity and

specific capacitance of magnetite thin films calcined at

300 �C in nitrogen. The charge capacities of magnetite

films were observed to increase with increasing relative

film thickness. Thicker magnetite films were associated

with higher loadings of electroactive material and hence

the higher charge capacities observed. The charge capaci-

ties of magnetite films with magnetite loadings of 0.4

and 1.6 lmol/cm2 were 60 mF/cm2 (or 82 F/g) and

103 mF/cm2 (or 35 F/g), respectively. However, the rate of

increase in charge capacity was observed to decline grad-

ually for films of higher magnetite loadings, which could

be attributed to the combined effect of higher resistivity

of thicker films, and reduced accessibility of electrolyte

ions to active sites within the bulk phase of thicker

films. Despite higher magnetite loadings, the inherent

lower material utilization efficiency of thicker films led to

decrease in their specific capacitances.

The charge capacities of nanoparticulate magnetite thin

films were observed to be strongly affected by the calci-

nation temperature. Figure 6a shows the CV of magnetite

thin films that have been calcined at different temperatures

between 100 and 500 �C in nitrogen for 1 h. The charge

capacities of magnetite films were determined from the

areas of CV curves as a function of the calcination tem-

perature (Fig. 6b). The charge capacities of magnetite thin

films of fixed magnetite loading increased with increasing

calcination temperature up to 300 �C, but decreased sub-

stantially at calcination temperatures above 300 �C.

A maximum charge capacity of 68 mF/cm2 was achieved

for magnetite thin films calcined at 300 �C. Charge capac-

ities of films calcined at 100 and 500 �C were substantially

lower at 19 and 41 mF/cm2, respectively. Films without any

heat treatment were observed to possess a charge capacity

of about 13 mF/cm2 only.

Fig. 3 Effect of calcination temperature on the adsorption pore size

distribution of magnetite xerogels. Inset shows the specific surface

areas (SSA) of magnetite xerogels calcined at various temperatures
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Fig. 4 Cyclic voltammograms (CV) of nanoparticulate magnetite

thin films after being heat treated under different atmospheres
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Theoretically, the charge capacities of nanoparticulate

magnetite thin films should correlate positively to their

specific surface areas since high surface areas should

enhance accessibility of electrolyte ions to active sites of

electrode materials. However, the charge capacity and

capacitive behavior of magnetite thin films were greatly

influenced by their microstructural parameters such as

mean pore size and pore size distribution. Since the size of

hydrated ions in an aqueous electrolyte is within the range

of 6–7.6 Å, the minimum effective pore size should be

greater than 15 Å. In general, a pore size within the range

of 30–50 Å is required to maximize the capacitance of an

electric double-layer capacitor [15]. In this study, sub-

stantially higher charge capacity was obtained from mag-

netite thin film calcined at temperature 300 �C with the

highest mean pore radius of 14.5 Å as compared with those

of films without heat treatment (6.5 Å), calcined at 100 �C

(6.5 Å) or 500 �C (5.7 Å). The higher charge capacity of

films calcined at 300 �C could be due to their considerably

larger mean pore radius, which in turn, enabled electrolyte

ions to penetrate deeply into active sites within the bulk of

oxide matrices, and hence led to enhanced utilization of

active materials.

Figure 7 shows CV of the same magnetite thin film in

three different aqueous electrolytes of the same cationic but

different anionic electrolyte species. Wang et al. reported

that the capacitive behavior of magnetite films were very

sensitive to the anionic electrolyte species but not the

alkaline metal cations. As shown in Fig. 7, the magnetite

film was observed to exhibit distinctively different capac-

itive behaviors in different aqueous electrolytes within the

same potential scan window (0.0 to ?1.0 V vs. SCE).

Presumably, such different capacitive behavior was

attributed mainly to the different pH values of these

aqueous electrolytes. Indeed, these aqueous electrolytes (at

1.0 M) showed different pH values at room temperature:

Na2SO4 (pH *7); Na2SO3 (pH *9); and Na3PO4 (pH

*12). As such, magnetite thin films would exhibit

reversible capacitive behavior over different applicable

potential ranges where major faradaic redox reactions

could take place.

Wu et al. reported that the specific capacitances of

mixed electrode containing magnetite:carbon black in the

ratio of 9:1 were 27.0, 5.3, and 7.6 F/g-Fe3O4 in 1 M

aqueous electrolytes of Na2SO3 and Na2SO4, and in satu-

rated Na3PO4, respectively, over the scan potential window

of -1.2 V to ?1.0 V vs. Ag/AgCl. However, the charge

capacities of magnetite electrodes in Na2SO3 aqueous

electrolyte were greatly affected by the dispersed magnetite

crystallites on the conductive matrix, with their specific

capacitances varied substantially between *30 F/g and

510 F/g. Such different capacitive behaviors were attrib-

uted to the limited conductivity of pure magnetite which

(b)

(a)

Fig. 5 Effect of relative film thickness or magnetite loading on the a
shape of CV curves, and b capacitive behaviors of nanoparticulate

magnetite thin films
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Fig. 6 Effect of calcination temperature on the a size and shape of

CV curves, and b charge capacities of nanoparticulate magnetite thin

films
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could be enhanced by adding optimum amount of con-

ductive additive such as carbon black to form composite or

mixed electrode. Indeed, pure magnetite electrode was

reported to exhibit a specific capacitance of less than

0.1 F/g-Fe3O4 in 1 M Na2SO3, but it increased to about

30 F/g-Fe3O4 with an addition of 10 wt% of carbon black.

The specific capacitance of coprecipitated electrode of

3 wt% of magnetite loading was reported to be as high

as *510 F/g-Fe3O4 in 1 M Na2SO3 aqueous electrolyte

[5, 6].

In contrast to the preceding findings by Wu et al. and

Wang et al., the specific capacitances of nanoparticulate

magnetite thin films (*100% pure magnetite) prepared

under various synthesis conditions in this study were

observed to vary between 35 and 82 F/g-Fe3O4 in 1.0 M

sodium sulfate aqueous electrolyte. The highest specific

capacitance of 82 F/g-Fe3O4 in 1.0 M sodium sulfate was

obtained for optimized magnetite thin film of magnetite

loading of 0.4 lmol/cm2 and heat treated at 300 �C in

nitrogen. These specific capacitance values of pure

nanoparticulate magnetite thin films in sodium sulfate

aqueous electrolyte were substantially higher than those of

pure magnetite and magnetite/carbon black (9:1) composite

electrodes in various aqueous electrolytes including

sodium sulfite as previously reported. These observed dif-

ferent capacitive behaviors could be mainly attributed to

microstructural effects (as shown in Figs. 2, 3) associated

with the nanoparticulate and highly porous nature of

magnetite thin films prepared in the present study.

Figure 8 shows the effect of long-term cycling of

nanoparticulate magnetite thin films that had been calcined

at 300 �C in 1.0 M Na2SO4 aqueous electrolyte. The

charge capacities of magnetite films were observed to

decrease rapidly for the initial 100 cycles, but thereafter

decreased very gradually over the span of 1,000 cycles.

Chemical degradation and transformation of magnetite in

aqueous electrolyte to other forms of iron oxides such as

maghemite and hematite in the presence of oxygen could

have resulted in the observed decline in charge capacities

of magnetite thin films during long-term cycling [16].

Furthermore, the oxygen evolution reaction could affect the

electrode/current collector interface, and exacerbated cor-

rosion of the current collector would lead to higher

equivalent series resistance (ESR) of the electrode [17].

The anodic/cathodic charge ratios (Qa/Qc) for the initial

100 cycles were larger than one, but thereafter have

remained virtually one over the span of 1,000 cycles. This

indicated that magnetite thin film exhibited high cycling

reversibility except for the initial 100 cycles or so, which

could be attributed to incomplete penetration of electrolyte

ions into the bulk of electroactive material.

Conclusion

Our study has demonstrated that the calcination temperature

could have substantial effect on the overall microstructure

and charge capacities of nanoparticulate magnetite thin

films. Enhanced electrochemical properties were observed

for magnetite thin films that had been calcined at 300 �C in

nitrogen, which could be attributed to optimized micro-

structure of films, and consequently, enhanced accessibility

of electrolyte ions to electroactive sites within the oxide

matrices. Given their ease of preparation, low cost, and low

toxicity, nanoparticulate magnetite thin films appeared to be

a promising electrode material for the fabrication of elec-

trochemical capacitors. Further optimization and enhance-

ment of electrochemical properties is envisaged through

better microstructural control of these nanoparticulate

magnetite thin films.
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