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Electrochemical growth of octahedral Fe3O4 with high 
activity and stability toward oxygen reduction reaction† 

Xiaofeng Zhang, Xiaoying Wang, Lijuan Le, Ai Ma and Shen Lin* 

Octahedral Fe3O4 crystals were prepared by a facile potentiostatic 

deposition approach. The as-prepared Fe3O4 exhibits high 

electrocatalytic activity toward oxygen reduction reaction (ORR) 

and excellent stability. The unique octahedral structure provides a 

high density of active sites and facilitates ORR via a dominant 

pathway of oxygen reduction to hydroxide. 

Oxygen reduction reaction has attracted great attention due to its 

important role in energy conversion applications including fuel cells 

and metal-air batteries.
1
 Platinum-based materials have shown the 

best catalytic activity among the catalysts towards ORR. However, 

the high cost, scarcity, and the succeptibility to time-dependent 

drift of Pt catalysts seriously hinder the large-scale practical 

application in fuel cells.
 2

 Thus, there is an urgent demand for the 

development of Pt-free catalysts for ORR. In previous studies, a 

broad range of alternative catalysts based on nonprecious metal 

oxides as well as nitrogen-coordinated metal on carbon and metal-

free doped carbon materials emerged.
3
 Among these potential 

materials, Fe3O4 can be used as a potential ORR catalyst due to its 

high capacity, low cost, eco-friendliness, and natural abundance. 

For example, Calvo et al primarily presented oxygen can be 

electroreduced on microporous Fe3O4 electrodes.
4
 Recently, 

graphene-supported macroporous Fe3O4 through hydrothermal 

self-assembly, freeze-drying and pyrolysis exhibited good 

electrocatalytic activity for the ORR in alkaline electrolyte and 

carbon-supported amorphous granular-like Fe3O4 via a 

solvothermal carbonization process have also been proven to be an 

effective ORR catalyst.
5 

     Fe3O4 is an inverse spinel with a fcc sublattice of oxygen ions, 

with one third of the iron ions in valence state 2 on octahedral sites, 

one third in valence state 3 on octahedral sites, and one third in 

valence state 3 on tetrahedral sites (Fig. S1, ESI†). The high 

electronic conductivity in Fe3O4 (ca. 2×10
4 
Ω

-1
 m

-1
) is due to eletron 

hopping by continuous electron exchange between Fe(II) and Fe(III) 

octahedrally coordinated positions.
6
 The ORR is assumed to take 

place at octahedrally coordinated surface Fe(II).
4
 Because the ORR is 

a surface-structure sensitive reaction on electrodes, the exposed 

active sites of Fe(II) ions on the Fe3O4 electrocatalyst play a 

determinant role in the performance for the ORR. To enhance the 

catalytic activity for the ORR, an effective approach is to increase 

the exposed Fe(II) ions on Fe3O4 structure. In this work, the 

potentiostatic deposition was adopted to achieve the morphology 

control Fe3O4 structures. A new type of electrocatalyst for ORR, 

octahedral Fe3O4, can be steadily attached onto the electrode and 

served as an efficient catalyst for ORR in alkaline solution. To the 

best of our knowledge, there have been no reports of Fe3O4 crystals 

with octahedral shape as a catalyst for ORR to date. Moreover, the 

work on the morphology-related catalytic activity for ORR on these 

Fe3O4 remains a challenge. 

The octahedral Fe3O4 was electrodeposited onto surface of the 

electrode from an alkaline solution of Fe2(SO4)3 complexed with 

triethanol amine (TEA). The deposition was conducted at 60 
o
C and 

at a potential value of -1.1 V. The typical cyclic voltammogram (CV) 

is shown in Fig. 1a. The reduction begins at about - 0.92 V and 

reaches a cathodic peak at -1.13 V. The anodic peak is located at -

1.03 V.  A two-step electrochemical reduction is proposed. First, the 

Fe(III)-TEA complex is electrochemically reduced to Fe(II) and TEA. 

Then the electrochemically produced Fe(II) reacts with Fe (III)-TEA 

in solution to produce Fe3O4 (Eq. S1, S2, ESI†). The j/t curve of 

Indium tin oxide (ITO)-coated glass substrate is shown in Fig. 1b. 

During the first 160 s, an increasing current is observed, 

corresponding to the appearance of the Fe3O4 crystal nucleus on  

 

 

Fig. 1  (a) CV and (b)  j-t curve of ITO/glass substrate in 0.09 M Fe
3+

,     

0.18 M TEA and 2 M NaOH solution. 
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the substrate surface. When the time > 160 s, the current density 

decreases, corresponding to the formation of Fe3O4 crystals and 

greater surface coverage of the substrate (Fig. S2, ESI†). 

Fig. 2(a, b) displays SEM images of the product on ITO substrate 

at different magnifications. The lower magnification images (Fig.2a 

and Fig. S3, ESI†) show a large amount of octahedrons consisting of 

two inverted pyramids attached at their square base and bounded 

by eight triangular facets. The higher magnification images (Fig.2b 

and Fig.S4, ESI†) clearly reveal that the side length of square base of 

octahedrons is in a range of 200-300 nm. TEM image of the Fe3O4 

octahedrons (Fig. 2c) shows the product has a uniform tetragonal 

projected shape, consistent with the octahedron morphologies 

observed by SEM. The inset in Fig. 2c shows the HRTEM images of 

one typical vertexes of the octahedron. The lattice fringes give an 

interplanar spacing of 0.498 and 0.501 nm, which are in good 

agreement with the (111) and (-111) planes of Fe3O4, respectively.
 7

 

The corresponding SAED pattern (Fig.2d) of an individual Fe3O4 

octahedron shows the single-crystalline nature. Based on the 

HRTEM image and SAED pattern, it is suggested the as-prepared 

Fe3O4 is enclosed by {111} planes, i.e. octahedral shape (the inset in 

Fig.2d). The chemical composition of octahedral product was 

determined by EDS (Fig. S5, ESI†). In EDS spectrum, one O peak and 

three main Fe peaks are observed, indicating the existence of Fe 

and O elements in the octahedron. The molar ratio of Fe/O 

obtained from the result of EDS is almost 3:4, implying that the 

product may be Fe3O4. 

The XRD pattern (Fig. 3a) reveals that the electrodeposited 

sample is highly crystalline and can be indexed to a pure cubic 

spinel magnetite phase (JCPDS no.19-0629). Three elements, i.e. Fe, 

O and C, are detected in the survey XPS spectrum (Fig. S6, ESI†). Fig. 

 

 

 
 

Fig. 2 (a and b) SEM images of the as-deposited product at different 

magnifications; (c) TEM image of the as-deposited product. The 

inset is HRTEM image taken from the red box areas; (d) SAED 

pattern of the as-deposited product and the inset is schematic 

model of the octahedral crystals. The products were deposited on 

ITO substrate. 

 
 

Fig. 3 (a) XRD pattern and (b) Fe2p XPS spectra and (c) Mössbauer 

spectra at 294 K and 77K  and (d) hysteresis loop at 300K of the as-

deposited product. The products were deposited on ITO substrate. 
 

 

3b shows the photoelectron spectrum of Fe2p, as well as their 

spectral deconvolution curves. Two peaks at 710.3 and 723.9 eV are 

assigned to Fe 2p1/2 and Fe 2p3/2, respectively. The absence of 

satellite peak at 719 eV ( a major characteristic of Fe
3+

 in γ- Fe2O3) 

and 1:2 molar ration of Fe
2+

/Fe
3+

 clearly suggests the existence of 

Fe3O4.
8
 

The Mössbauer spectra were measured at 77 K and room 

temperature, respectively. As shown in Fig. 3c, the hyperfine 

parameters are found to be in good agreement with that reported 

for non-stoichiometric Fe3O4.
9  

Mössbauer spectra can be fitted with 

only two magnetically ordered components of hyperfine fields, 

which correspond to Fe
3+

 ions at site A and (Fe
2+

, Fe
3+

) ions at site B, 

respectively. The percentage of A and B could be estimated 

respectively based on the area of each subspectrum and the results 

are also similar to that of non-stoichiometric Fe3O4.
9
 Fig. 3d 

presents the magnetic hysteresis loop of as-prepared sample. The 

hysteresis loop of the sample exhibits a S-shape indicating 

ferromagnetic behavior and the saturation magnetization obtained 

is ~ 40 emu/g, which further confirms the formation of Fe3O4.
10

 The 

saturation magnetization of the Fe3O4 octahedron is much lower 

than that of Fe3O4 nanoparticles or the corresponding bulk 

materials, which may be caused by crystal anisotropy and shape 

anisotropy.
11

 

      The electrocatalytic activity of the Fe3O4 deposited on glassy 

carbon disk electrode (GCDE) for the ORR was evaluated as 

compared with the commercial Pt/C catalyst. Note that the 

voltammetric currents of the Pt/C electrode have been normalized 

to electrochemically active surface areas according to the oxygen 

adsorption measurement method 
12

 and the surface area of GCDE is 

applied to obtain the value of current density for the Fe3O4 

electrode. Fig.4a shows cyclic voltammograms (CVs) of the Fe3O4 

electrode in N2- and O2-saturated 0.1 M KOH at a scan rate of 50 

mV s
−1

.  There is no cathodic peak from 0 to + 1.2 V in N2- saturated  
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Fig. 4  (a) CVs of the electrode with as-deposited Fe3O4 (scan rate: 

50 mV s
−1

); (b) ORR polarization curves recorded in 0.1 M KOH 

saturated with O2 at a rotating rate of 1600 rpm (scan rate: 5 mV 

s
−1

); (c) ORR polarization curves of as-deposited Fe3O4 at different 

rotation rates (scan rate: 5 mV s
−1

); (d) K–L plots for Fe3O4 at 

different potentials and Pt/C at 0.16 V. (The Fe3O4 and Pt/C were 

deposited on GCDE. The Fe3O4 loading was 0.6 mg cm−2
 determined 

by ICP test and the Pt/C (20%) loading was 60 μg cm−2
). 

                                                                 

solution. When electrolyte solution was saturated with O2, 

obvious reduction currents with well-defined cathodic peak 

around 0.61 V appeared clearly. It indicates that O2 can be 

reduced on as-deposited Fe3O4. Fig.4b displays the typical ORR 

polarization curves obtained at a rotation rate of 1600 rpm for 

Fe3O4 and Pt/C, respectively. ORR polarization curves of as-

deposited Fe3O4 and Pt/C both have a sharp increase and reach 

saturation quickly. The ORR on Fe3O4 is diffusion controlled 

when the potential is less than 0.2 V, mixed diffusion kinetics 

control between 0.2 and 0.8 V and kinetics control ranging from 

0.8 to 1.0 V. As can be seen in Tab. S1, kinetic currents at 0.90 V 

(and onsets) for octahedral Fe3O4 were - 0.20 mA cm
-2

 ( 0.90 V) 

and - 0.23 mA cm
-2

 ( 0.92 V) for Pt/C, indicating that as-deposited 

octahedral Fe3O4 crystals can serve as an effective catalyst for 

ORR. Furthermore, the as-deposited octahedral Fe3O4 crystals 

here are also compared with previously reported non-octahedral 

Fe3O4 based carbon or graphene hybrid materials: Fe3O4/N-C-

900
5b

 and Fe3O4/N-GAS
5a

 and by recently reported Pt-alloy 

catalyst, PtPd/N-CNT
13

 (Tab. S1, ESI†). Although the onset 

potential of the as-deposited octahedral Fe3O4 (0.90 V) is lower 

than that of PtPd/N-CNT (1.09 V), it is higher than that of 

Fe3O4/N-C-900 (0.85 V ) and Fe3O4/N-GAS (0.81 V), and the 

kinetic current density is also higher than that of non-octahedral 

Fe3O4 catalysts, suggesting the enhancement of electrochemical 

activity of octahedral Fe3O4 crystals. Moreover, the reaction 

kinetics of oxygen reduction was also studied with rotating disk 

electrode. Fig. 4c shows a series of ORR polarization curves 

recorded at Fe3O4/GCDE in 0.1 M KOH solution at different 

rotation rates (from 225 to 3000 rpm).  There is only one stage 

with defined current density and the limiting current density 

increases with increasing rotation rate. Such ORR polarization 

curves features reveal the ORR on as-deposited Fe3O4 may 

proceed via a dominant pathway facilitating O2 to OH
-
 (Eq. S3, 

ESI†). Fig. 4d depicts the corresponding Koutecky–Levich (K-L) 

plots for the Fe3O4 electrode at diferrent potentials and the Pt/C 

electrode at 0.16 V (vs. RHE). It can be seen that the slope of 

given K-L plots of as-deposited Fe3O4 is very close to that of Pt/C. 

The kinetic parameters can be analyzed with the K–L equations 

(Eq. S4 and 5, ESI†). According to Eq. S4 and 5, the number of 

electrons transferred can be obtained from the slope and 

intercept of the K–L plots, respectively. It can be seen that the 

slopes remain approximately constant from 0.50 to 0.20 V, 

showing consistent numbers of transferring electron for ORR at 

different electrode potentials. From the slopes of the K–L plots, 

the numbers (n) of electrons transferred
 
can be calculated to be 

3.8 (≈4) for ORR on Fe3O4 from 0.50 V to 0.20 V, with the value 

of n similar to that of Pt/C (n=3.9, Fig. S7, ESI†).  This result 

demonstrates that the ORR on Fe3O4 is dominated by a near 

four-electron (4e) process and O2 is reduced to OH
-
. It is worthy 

of note that high ORR activities of Fe3O4 can probably be 

attributed to the following aspects: (1) the octahedral Fe3O4 

crystals are enclosed by {111} facets and the {111} surface is 

terminated by 1/2 monolayer of iron ions, in which the 

outermost 1/4 monolayer consists of octahedral Fe
2+

 cations. It 

was the Fe
2+

 cations that favour the ORR in alkaline solution. (2) 

The increase of the number of {111} facets would result in 

increasing O2 adsporption and weakening of O-O bond, then 

enhancing the ORR activity.
14

 Hence, the obtained Fe3O4 

octahedral structure may provide more available sites for the 

ORR. 

The chronoamperometric curves (i-t, Fig.5a and Fig. S8, ESI†) 

of as-deposited Fe3O4 exhibits a slow attenuation and remains 

92.0 % of original current after 20 000 s. In contrast, Pt/C shows 

a gradual decrease with a current loss of approximately 57.9 % 

after 20000 s. This result clearly suggests the durability of as-

deposited Fe3O4 is superior to that of the Pt/C catalyst. 

Furthermore, after 10 000 cycles from 0.2 to – 1.0 V, the ORR 

measurements show only 20 mV loss in its onset potential (Fig. 

S9, ESI†).  The Fe2p XPS spectra of as-deposited Fe3O4 catalyst 

before and after 10,000 cycles stability test are also shown in Fig. 

S10, ESI†. As illustrated in Fig.S10, the binding energy of Fe varies 

a little and further confirms that the Fe3O4 catalyst exhibits 

better stability for ORR. In addition, the Fe3O4 and Pt/C catalysts 

 

 

 

Fig. 5 (a) Chronoamperometric curves of Fe3O4 and Pt/C at 0.56 V 

(vs. RHE)  in 0.1 M KOH saturated with O2; (b) Chronoamperometric 

curves to injection of 1 M methanol into 0.1 M KOH saturated with 

O2. (The Fe3O4 were electrodeposited on GCDE). 
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were subjected to testing the possible crossover in the presence 

of methanol (Fig.5b). After adding methanol to the electrolyte, 

Fe3O4 keeps stable current response whereas the current 

responses for Pt/C catalyst instantaneously jumps to positive 

values owing to occurrence of methanol oxidation reaction on 

Pt/C.
15

 In order to further confirm it, the Fe3O4 and Pt/C catalysts 

have been examined by CV scans in a O2-saturated 0.1 M KOH 

with 10 vol% methanol (Fig. S11, ESI†). No noticeable change is 

observed for the oxygen-reduction current at the Fe3O4 

electrode. In contrast, Pt/C exhibits a distinct methanol oxidation 

reaction after the introduction of methanol, indicating that Pt/C 

is very sensitive to methanol crossover. This indicates that as-

deposited Fe3O4 exhibits high selectivity for the ORR with 

superior ability to avoid crossover effects.    

Conclusions 

In this work, Fe3O4 crystals with octahedral shape and a size 

of 200-300 nm have been synthesized by a facile 

electrochemical deposition method. The resulting octahedral 

Fe3O4 crystals exhibit effective catalytic activities, better 

durability and superior methanol tolerance for ORR in alkaline 

solutions. The electrocatalytic performance of as-synthesized 

Fe3O4 for ORR can dominantly be attributed to their unique 

octahedral structure which provides a high density of Fe
2+

 

active sites and facilitates ORR via a four-electron pathway. 

This study provides an efficient and convenient method to 

prepare Fe3O4 with octahedral structure which may serve as a 

potential, high effective and low-cost ORR catalyst for alkaline 

fuel cells.  
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Octahedral Fe3O4 crystals was firstly examined as electrocatalyst for oxygen reduction reaction. 
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