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properties of magnetite, including thermal stability, surface 
properties, and catalytic reactivity.
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Introduction

Transition metal-substituted magnetite minerals have 
received increasing attention due to their remarkable mag-
netic (Varshney and Yogi 2010), electrical (Kumari et  al. 
2014), and surface properties (Magalhaes et  al. 2007). 
Having properties different from those of the bulk mineral, 
nanocrystalline magnetite is applicable for the fabrication 
of nanodevices, such as magnetic storage devices (Salazar-
Alvarez et al. 2007), batteries (Zhu et al. 2013), and cata-
lysts (Costa et al. 2006).

Magnetite, a member of spinel group minerals, has gen-
eral formula of AB2O4, where A and B denote divalent and 
trivalent metal cations, respectively. The unit cell of spinel 
contains 32 oxygen atoms in a close-packed cubic arrange-
ment, with 24 cations occupying 8 out of 64 available tetra-
hedral sites, and 16 out of 32 available octahedral sites. In 
the normal structure, represented by AB2O4, the A2+ cati-
ons occupy tetrahedral sites, while the B3+ cations occupy 
octahedral sites. In the inverse structure (B[AB]O4), on 
the other hand, all the A2+ cations and one-half of the B3+ 
cations have exchanged site occupancy (Sickafus et  al. 
1999). Magnetite has an inverse structure, represented by 
Fe3+[Fe2+Fe3+]O4 where Fe2+ and one-half of Fe3+ occupy 
octahedral sites (Cornell and Schwertmann 2003).

In natural magnetite, divalent (Co, Ni, Zn, Cu, Mn, 
etc.), trivalent (Al, V, Cr, etc.), and tetravalent (Ti) cations 

Abstract  Transition metal-substituted magnetite minerals 
have attracted increasing attention for their wide applica-
tion in industry and environmental protection. In this study, 
the valence and atomic environment of some substituting 
metals in magnetites (Fe3−xMxO4, M = V, Co, and Ni) were 
investigated using X-ray absorption fine structure spectros-
copy. The results deduced from X-ray absorption near-edge 
structure spectroscopy indicated that the valences of V, Co, 
and Ni in Fe3−xMxO4 were +3, +2, and +2, respectively. 
The valences did not change as the substitution extent 
increased. Extended X-ray absorption fine structure spec-
troscopy suggested that the substituting cations occupied 
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Feoct–Fe distances, respectively, in the magnetite (Fe3O4) 
structure. The occupancy of the substituting cations was 
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relationship between the chemical environment of sub-
stituting cations and their effects on the physicochemical 
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can isomorphously substitute for iron cations without 
changing the inverse spinel structure (Dupuis and Beau-
doin 2011). By altering the valence and distribution of 
cations in octahedral and tetrahedral sites, isomorphous 
substitution can tune the physicochemical properties of 
magnetite. The magnetic property of magnetite arises 
from the super exchange of Fe3+ cations between octahe-
dral and tetrahedral sites, while the conductivity is closely 
related to the charge ordering of Fe3+–Fe2+ in octahedral 
sites (Cornell and Schwertmann 2003; Ounnunkad et  al. 
2006). The variation in cation distribution by Co and Ni 
incorporation affects the particle size and magnetic prop-
erties of magnetite (e.g., curie transition temperature) 
(Sorescu et  al. 2002; Brabers et  al. 1998). The influence 
of cation distribution also extends to the surface reactiv-
ity of magnetite as manifested by catalyzing Fenton-like 
reaction (Oliveira et  al. 2004), persulfate activation (Su 
et al. 2013), and heavy metal transformation (Latta et al. 
2013). The surface reactivity of magnetite is mainly asso-
ciated with octahedral cations, rather than tetrahedral 
ones, because of the almost exclusive exposure of octa-
hedral sites on the spinel surface (Ramankutty and Sugu-
nan 2001). Substituting metals with thermodynamically 
favorable redox pairs (e.g., Mn2+/Mn3+, and Co2+/Co3+) 
also promote electron transfer during the reaction and 
hence enhance the reactivity of magnetite in catalyzing 
the advanced oxidation processes (Costa et  al. 2006; Su 
et  al. 2013) and heavy metal oxidation-reduction (Latta 
et al. 2013). Thus, the physicochemical properties of mag-
netite can be tailored by means of partial or complete sub-
stitution of divalent or trivalent iron by foreign cations in 
the spinel structure.

From the previous studies, the distribution and local 
environment of iron and substituting cations in magnetite 
structure have been investigated by a number of instrumen-
tal techniques, including X-ray diffraction (XRD) (Sorescu 
et  al. 2001), thermogravimetry (TG) (Kester et  al. 1996), 
X-ray photoelectron spectroscopy (XPS) (Kester et  al. 
1996), Mössbauer spectroscopy (Costa et  al. 2003), and 
Fourier transform infrared spectroscopy (FTIR) (Nohair 
et  al. 1995). XRD, however, is not suited for assessing 
structural changes because of the similarity in scattering 
factors and ionic radii between Fe and common substitut-
ing metals. In addition, nanosize particles give rise to broad 
XRD peaks. TG can be used to measure the loss or gain of 
structural oxygen under heating. But this method is not ele-
ment-specific in that it cannot determine which of several 
possible ions are being oxidized or reduced during heating. 
Also, XPS just focuses on the surface chemical structure. 
Although FTIR and Mössbauer spectroscopy can probe the 
coordination environment of Fe cations, they could not pre-
cisely reflect the structural information with respect to the 
substituting cations.

Being composed of X-ray absorption near-edge struc-
ture (XANES) and extended X-ray absorption fine structure 
(EXAFS), X-ray absorption fine structure (XAFS) spec-
troscopy is a powerful technique for probing the chemical 
environment of atoms. XANES can provide information 
about the oxidation state and site symmetry of absorbing 
central atoms in mineral structure, while EXAFS can give 
insight into coordination numbers and distances of shells 
around such atoms (Peterson et al. 1997; Carta et al. 2007, 
2008a). The occupancy of V, Mn, Cr, Co, and Ni has been 
investigated by distinguishing the intensity of the pre-edge 
peak on the XANES spectrum, as the intensity of pre-edge 
peak varies with the coordination symmetry (Liang et  al. 
2013b). For example, the pre-edge peak related to tetra-
hedral site should be obviously stronger than that of octa-
hedral one, ascribed to its low symmetry. But the intensity 
change also varies with the degree of distortion from cen-
trosymmetry in octahedral site (Waychunas et  al. 1983). 
Therefore, uncertainty should exist in the analysis of occu-
pancy by XANES. The application of EXAFS for investi-
gating the atomic structure of magnetite has recently been 
developed. Liang et  al. investigated the Fourier transform 
(FT) curves of EXAFS at V  K-edge in vanadium-substi-
tuted magnetite (Liang et  al. 2013a). However, the detail 
information of the V–V/Fe shells has not been presented, 
which provides very helpful information on the cation 
distribution in spinel structure. Carta et  al. (Carta et  al. 
2008b) studied the inverse spinel structure in nanocrys-
talline NiFe2O4 by fitting the EXAFS data and indicated 
that all Ni2+ occupies octahedral sites and Fe3+ cations 
are equally distributed between tetrahedral and octahedral 
sites. But the effect of Ni content on the structure evolution 
has not been concerned. In this study, three series of transi-
tion metal-substituted magnetites (Fe3−xMxO4, M = V, Co 
and Ni) were characterized by XAFS, with the main aim 
on the evolution of valence and chemical environment of 
substituting cations. Moreover, the occupancy of substitut-
ing cations was accessed by crystal-field theory (CFT) and 
utilized to discuss several experimental evidences about the 
effect of studied substitutions on the physicochemical prop-
erties of magnetite.

Materials and methods

All chemicals and reagents were of analytical grade and 
used as received. All the magnetite samples were synthe-
sized by a precipitation–oxidation routine (Liang et  al. 
2010). The Fe3−xVxO4 series of samples was obtained 
by dissolving a specified amount of FeSO4 in a solution 
of HCl, adding 1.0  mL hydrazine, and keeping the pH 
at <1, in order to prevent the oxidation of ferrous cati-
ons and precipitation of iron hydroxide. After heating the 
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mixture at 90–100  °C, equal volumes of a solution con-
taining 4.0  mol  L−1 NaOH, 0.90  mol  L−1 NaNO3, and a 
predetermined amount of NH4VO3 were added drop wise 
(10 mL min−1). The combined solution was kept at 90 °C 
for 5 h with stirring at a rate of 500 rpm and then allowed 
to cool at room temperature. At each step of the procedure, 
N2 gas was passed through the system so as to prevent 
atmospheric oxidation of ferrous cations. The total concen-
tration of Fe and V in the final solution was 0.45 mol L−1. 
The mineral particles were separated by centrifugation at 
3,500  rpm for 5 min, washed with boiling distilled water, 
and recentrifuged. After 3–4 more washings, the particles 
were dried in a vacuum oven at 100 °C for 24 h. Fe3O4 was 
obtained by following the above procedure without adding 
NH4VO3. The incorporation of Co and Ni into magnetite 
was achieved by dissolving pre-calculated amount of CoCl2 
and NiSO4 in a solution of FeSO4, but without adding 
NH4VO3. All the samples were ground and passed through 
a 200-mesh sieve.

The contents of Fe and substituting metals in the syn-
thetic samples were determined on ICP-AES (Varian 
VISTA-PRO AX). Powder X-ray diffraction (PXRD) pat-
terns were recorded between 10° and 80° (2θ) at a step of 
1° min−1 on a Bruker D8 advance diffractometer with Cu 
Kα radiation (40  kV and 40  mA). Specific surface areas 
(SSA) were measured by the adsorption of N2 at 77 K, and 
applying the BET equation with correlation coefficient 
>0.999, using an ASAP 2020 instrument. The samples were 
degassed at 433 K for 12 h before measurement.

X-ray absorption fine structure (XAFS) spectra of the 
synthetic samples and reference compounds were measured 
on the beamline 1W1B of Beijing Synchrotron Radiation 
Facility (BSRF). The BSRF storage ring is operated at the 
electron energy of 2.2 GeV with beam current of 250 mA. 
The 1W1B is a focused X-ray beamline, using a Si (111) 
double-crystal monochromator. The beam size used at the 
sample position was about 900 ×  300 μm2. The K-edge 
spectra of V (5,465 eV), Co (7,709 eV), and Ni (8,333 eV) 
were acquired at room temperature in transmission mode 

using a Si (111) monochromator and an ion-chamber detec-
tor filled with 100 % N2. X-ray 3d foil sets were used to 
perform energy calibration of the monochromator for all 
the target elements. The sample thickness was optimized to 
give an edge jump in the range of 0.6–1, depending on the 
content of the target element.

IFEFFIT software was used to sum the data, identify the 
beginning of the absorption edge, E0, fit the pre- and post-
edge backgrounds, and obtain the normalized absorbance χ 
as a function of the modulus of photoelectron wave vec-
tor k. Phase and amplitude functions for single-scattering 
paths were calculated using FEFF7. The backscattering 
amplitudes and phase shifts of the M–O and M–M/Fe wave 
functions were determined by fitting the reference samples. 
The structural parameters were obtained by nonlinear least-
squares fitting in k space with a k3 weighting to emphasize 
the high-energy part of the spectra. The fitting was carried 
out with the k range of 2.2–12.0  Å−1 and the R range of 
1.0–5.4 Å, at all the absorption edges. The quality of the fit 
was judged from the normalized sum of residuals. Reason-
able fits on the EXAFS spectra have R-factor values <0.05.

Results and discussion

Chemical analysis and XRD

The chemical compositions of the synthetic Fe3−xMxO4 
(M = V, Co, Ni) samples are summarized in Table 1. The 
Fe content of the samples decreases as the V, Co, and Ni 
contents increase, implying that V, Co, and Ni have substi-
tuted for Fe in the structure of magnetites.

The XRD patterns (Fig. 1) of the V-, Co-, and Ni-sub-
stituted samples correspond closely to the standard reflec-
tions for magnetite (JCPDS: 19-0629) (Zhao et  al. 2010), 
indicating that the synthetic samples have spinel structure. 
Some substitutions change the lattice parameter (a0), crys-
tal size, and SSA of magnetite (Table  1). The a0 value is 
8.411 Å for Fe3O4 magnetite, different from the literature 

Table 1   Content in metal 
(CM) and iron (CFe), lattice 
parameters, and specific surface 
area of synthetic magnetite 
samples Fe3−xMxO4

CM: The content of the 
substituting metals in magnetite, 
M = V, Co, and Ni

Sample CM (%) CFe (%) a0 (nm) Crystal size (nm) Specific surface area (m2 g−1)

Fe3O4 0 72.4 0.8411 28 (3) 28

Fe2.84V0.16O4 3.6 68.7 0.8392 34 (3) 31

Fe2.74V0.26O4 5.7 66.6 0.8408 35 (3) 26

Fe2.66V0.34O4 7.7 64.6 0.8417 35 (3) 40

Fe2.80Co0.20O4 5.0 66.6 0.8386 30 (3) 19

Fe2.57Co0.43O4 10.7 60.6 0.8385 29 (3) 17

Fe2.33Co0.67O4 16.6 54.7 0.8379 39 (3) 16

Fe2.76Ni0.24O4 5.8 62.9 0.8382 25 (3) 39

Fe2.52Ni0.48O4 11.1 55.3 0.8376 22 (3) 40

Fe2.29Ni0.71O4 14.0 46.8 0.8372 24 (3) 49
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a0 value (8.391  Å), ascribed to the nanosize of particle. 
This phenomenon has been reported in the previous studies 
(Magalhaes et  al. 2007; Pearce et  al. 2012). The Ni sub-
stitution decreases crystal size, resulting in the broadening 
of XRD diffraction peaks. Moreover, the substitution of 
Ni gradually increases the SSA of magnetite, while the Co 
substitution show the decrease effect (Table 1).

XANES characterization

For the K-edge XANES spectra of V in Fe3−xVxO4 and the 
reference samples (V2O3, VO2, and V2O5), the pre-edge 
peak of V at about 5,470 eV is attributed to the transition 
from the bound-state 1s to 3d (Chen et al. 2002). The inten-
sity of this peak decreases in the order V2O5 > VO2 > V2O3 
(Figs.  2a, 3a). In the case of V2O5, the presence of an 
empty d-orbital (3d0) in vanadium atom increases the prob-
ability of 1s-to-3d transition, resulting in the high intensity 
of pre-edge peak. In V2O3, the existence of electrons in the 
d-orbital (3d2) of vanadium atom and its central symmetry 
of nearest coordination shells (V–O) reduces the probabil-
ity of 1s-to-3d transition and hence weaken the pre-edge 
peak. The intensity of the pre-edge peak for Fe2.66V0.34O4 
is comparable to that observed for V2O3, indicative of the 
regular alignment of the central vanadium atom.

Generally, the energy positions of the XANES spectra 
depend on the binding energy of the absorbing atom, and 
hence on the oxidation state, but also on other parameters, 
such as the nature and number of nearest neighbors (Pante-
louris et al. 2004). A linear relationship between the edge 
shift and the valence state has been established for cations 
in samples with the nearest neighbors of the same chemi-
cal species. Based on this principle, the XANES spectra in 
this work were evaluated to investigate the valence of sub-
stituting metals in the synthetic samples, by comparing the 
spectra of the samples with each other, and with the spec-
tra of reference compounds. The absorption edge is defined 
as the maximum of derivative at the absorption edge. The 
absorption K-edge at 5,480.2 eV for Fe2.66V0.34O4 is close 
to the value for V2O3 but somewhat far from that for VO2 
and V2O5, suggesting that the valence of vanadium in 
Fe2.66V0.34O4 is dominantly +3. The absorption edge of 
V shows two main peaks, denoted as P1 and P2 (Figs. 2a, 
3a). For Fe2.66V0.34O4, the main peak (P1) at 5,485.8 eV is 
stronger than that shown by the vanadium oxide reference 
samples. This observation may be ascribed to a decrease in 
static disorder of nearest neighbors, or an increase in the 

Fig. 1   XRD patterns for synthetic Fe3−xVxO4 (a), Fe3−xCoxO4 (b), 
and Fe3−xNixO4 (c) and their respective products after calcination at 
800 °C for 3 h. The standard patterns for hematite and magnetite are 
also shown

◂
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coordination number of vanadium (Farges et  al. 2001). 
The P2 peak for Fe2.66V0.34O4 at 5,499.9  eV is also more 
pronounced as compared with the reference samples, prob-
ably because of the presence of regular and aligned V–V/
Fe shells (Farges et  al. 2001). The XANES spectra of 
Fe3−xVxO4, however, do not noticeably vary as the V con-
tent increases.

For the Fe3−xCoxO4 series, the pre-edge peak of Co is 
quite weak (Figs.  2b, 3d), indicating that the substituting 
cobalt cations largely exist in a high-spin arrangement, and 
the 1s-to-3d transition is forbidden. The absorption K-edges 
of cobalt in CoO, Co2O3, and Fe2.33Co0.67O4 are at 7,718.2, 
7,723.2, and 7,719.9 eV, respectively (Fig. 2b). The absorp-
tion K-edges for CoO and Fe2.33Co0.67O4 are closely simi-
lar, indicating that the valence of cobalt in Fe2.33Co0.67O4 is 
dominantly +2. The pronounced P2 peak for Fe2.33Co0.67O4 
implies the presence of a regular and aligned Co–Co/Fe 
shell. Like the vanadium-substituted series, the profiles of 
the Fe3−xCoxO4 spectra do not change appreciably with the 
increase in Co content (Fig. 3d).

The absorption K-edge positions of nickel in the NiSO4, 
Ni(OH)2, and Fe3−xNixO4 series (Figs. 2c, 3g) do not shift 
perceptibly, indicating that the valence of Ni in Fe3−xNixO4 
is mainly +2. The weak pre-edge peaks in the spectra of 
Fe3−xNixO4 may be related to the low probability of 1s-to-
3d transition for eight electrons in the d-orbital (3d8) 
of Ni2+. The intense P2 peak for the Fe3−xNixO4 series 
(Fig. 3g) indicates the existence of regular and aligned Ni–
Ni/Fe shells.

To check whether the substituting cations exist 
in the form of their corresponding amorphous metal 
hydro(oxides), or are incorporated into the spinel structure 
of magnetite, the synthetic samples were calcined at 800 °C 
in air for 3 h and then rapidly quenched. If the substitut-
ing cations exist as their amorphous hydro(oxides), the 
peaks related to their hydro(oxides) would appear on the 

XRD patterns of calcinated products. From the XRD peak 
intensity of the calcined samples (Fig.  1), calcination led 
to a sharpening of the peaks, suggesting that the heated 
samples are more crystallized than their untreated coun-
terparts. In the case of the Ni- and Co-substituted series, 
calcination led to the formation of two main phases, iden-
tifiable with hematite and spinel ferrite (Fig. 1b, c). When 
unsubstituted magnetite is heated at about 200  °C in air, 
the ferrous ions in its structure are oxidized. As a result, 
the mineral is transformed into maghemite but the spinel 
structure is retained. The transformation of maghemite into 
hematite (at ~600 °C), however, leads to lattice rearrange-
ment (Cornell and Schwertmann 2003). Thus, the presence 
of hematite would indicate the involvement of both oxida-
tion and phase transformation. Since Ni2+ and Co2+ cannot 
be oxidized below 800 °C, they are retained in the spinel 
structure after the calcination, indicating that Ni and Co 
prefer to incorporate into the synthetic magnetite structure 
rather than exist as their (hydr)oxides. In the case of the 
vanadium-substituted (Fe3−xVxO4) series, however, calci-
nation led to the formation of hematite and V2O5 (Fig. 1a). 
The appearance of V2O5 is ascribed to the oxidation of V3+ 
cations at about 350 °C (Liang et al. 2010). As V5+ has a 
high valence and small cation radii, it cannot be accommo-
dated in the spinel structure. A further survey was required 
to confirm the incorporation of vanadium into the magnet-
ite structure.

EXAFS characterization

The EXAFS spectra for V2O3 and Fe3−xVxO4 are shown in 
Fig.  3b, while the corresponding FT curves are displayed 
in Fig. 3c. In line with the XANES results, the profiles of 
the EXAFS spectra for Fe3−xVxO4 samples are similar. 
This suggests that the atomic environment of vanadium 
in Fe3−xVxO4 is closely similar. The first peak in the FT 

Fig. 2   K-edge XANES spectra of reference samples and Fe2.66V0.34O4 (a), Fe2.33Co0.67O4 (b), and Fe2.29V0.71O4 (c)
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Fig. 3   K-edge XANES spectra for Fe3−xVxO4 (a), Fe3−xCoxO4 (d), 
and Fe3−xNixO4 (g), together with the EXAFS spectra for Fe3−xVxO4 
(b), Fe3−xCoxO4 (e), and Fe3−xNixO4 (h) and the Fourier transform 

curves for Fe3−xVxO4 (b), Fe3−xCoxO4 (f), and Fe3−xNixO4 (i). Solid 
lines represent experimental curves; dash lines are fitting curves
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curves (Fig. 3c) corresponds to the V–O shell distribution 
(Zhang et al. 2011). The V–O bond length in the series of 
Fe3−xVxO4 is close to that in V2O3 at about 1.6 Å (Fig. 3c). 
This suggests that the V–O coordination shell in Fe3−xVxO4 
is the same as that in V2O3, being identifiable as V(III)O6. 
The second peak in the FT curve is a doublet, related to 
the V–V/Feoct and V–Fetet shell distributions (Zhang et al. 
2011). As the V content increases, the intensity of the latter 
component decreases, indicating less static disorder (Choi 
et al. 2002).

The fitted EXAFS and FT results are also shown 
in Fig.  3e, f, while the fitted parameters are listed in 
Table  2. The distances of the first-nearest V–O shells 
for Fe2.84V0.16O4, Fe2.74V0.26O4, and Fe2.66V0.34O4 are 
2.03 ± 0.01, 1.99 ± 0.01, and 1.99 ± 0.01 Å, respectively, 
consistent with the value for V(III)O6. For Fe2.84V0.16O4, 
the next nearest coordination V–V/Fe shell shows three 
distances at 3.00 ± 0.02, 3.46 ± 0.02, and 5.21 ± 0.04 Å. 
These values are consistent with the Feoct–Feoct/Fetet 

distances of 2.97, 3.48, and 5.14 Å for magnetite without 
substitution (Fe3O4), indicating that V3+ occupies the octa-
hedral sites in magnetite structure (Fig.  4a). The discus-
sion for Fe K-edge Fourier transform of EXAFS spectra is 
shown in Text A1 and Fig. A1.

The coordination number of V–V/Fe shells is low 
in comparison with the theoretical value for magnetite 
(Table 2). The difference becomes more pronounced as the 
V content of the samples increases. The peak at 4.5–6.0 Å 
in the FT curves of Fe3−xVxO4 (Fig.  3c) may be ascribed 
to the linear single-scattering and multiple-scattering of V, 
arising from metal atom arrangement in closest-packed and 
edge-shared octahedral sites (Pandya 1994), as modeled in 
Fig. 4b. Because of the high symmetry, the distances from 
the central vanadium atom (A0) to the first-nearest vana-
dium atoms (A1), and the next nearest atoms (A2), are in 
the range of 2.5–3.0 and 4.5–6.5  Å, respectively. Scatter-
ing results from the overlaying of two-, three-, and four-
leg scattering paths whose total distance is in the range 

Table 2   EXAFS fitting 
results for Fe3−xVxO4 samples 
(R-factor = 0.01)

a  Coordination numbers
b   Bond lengths
c   Debye–Waller factors

Sample Fe2.84V0.16O4 Fe2.74V0.26O4 Fe2.66V0.34O4

Na R (Å)b σ2 (Å2)c N R (Å) σ2 (Å2) N R (Å) σ2 (Å2)

V–O 5.2 (5) 2.03 (1) 0.004 (1) 5.1 (5) 1.99 (2) 0.004 (1) 5.0 (5) 1.99 (1) 0.004 (1)

V–V/Fe 5.3 (9) 3.00 (2) 0.008 (3) 5.1 (8) 3.00 (2) 0.008 (2) 5.1 (9) 3.02 (2) 0.007 (2)

V–V/Fe 6 (1) 3.46 (2) 0.006 (2) 6 (1) 3.45 (2) 0.007 (1) 5 (1) 3.48 (3) 0.006 (3)

V–V/Fe 13 (1) 5.21 (4) 0.008 (3) 12 (1) 5.21 (3) 0.010 (2) 11 (1) 5.24 (4) 0.009 (3)

Fig. 4   a Atomic model of the 
Fe3−xVxO4 and Fe3−xCoxO4 
spinel structure; b linear single-
scattering and multiple-scatter-
ing model for atoms located in 
closest-packed and edge-shared 
octahedral positions; and c 
atomic model of the Fe3−xNixO4 
spinel structure
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of 11.0–12.0  Å, e.g., A0  →  A1  →  A0  →  A1  →  A0, 
A0 → A1 → A1 (another adjacent atom) → A1 → A0, 
A0 → A1 → A2 → A1 → A0, A0 → A2 → A1 → A0, 
and A0 → A1 → A2 → A0.

The EXAFS spectra and corresponding FT curves for 
Fe3−xCoxO4 are shown in Fig. 3e, f, respectively. The posi-
tion of first peak in the FT curves for Fe3−xCoxO4 is close 
to that for CoO, suggesting that the Co–O bond length of 
Fe3−xCoxO4 is similar to that of CoO in octahedral Co(II)
O6 at about 1.6 Å (Fig. 3f; Vaingankar et al. 1980). As for 
the Fe3−xVxO4 series, the doublet is ascribable to two dif-
ferent distances of Co–Co/Fe shells. For Fe2.80Co0.20O4, 
Fe2.57Co0.43O4, and Fe2.33Co0.67O4, the distances of Co–O 
shells are 2.04 ±  0.01, 2.05 ±  0.01, and 2.06 ±  0.01  Å, 
respectively (Table  3), consistent with the Co–O coor-
dination of octahedral Co(II)O6. The Co–O bond length 
in Fe3−xCoxO4 is larger than the V–O bond length in 
Fe3−xVxO4, because the radius of Co2+ (75  pm) is larger 
than that of V3+ (65 pm). For Fe2.80Co0.20O4, the Co–Co/
Fe shells also have three distances, namely 2.98 ±  0.02, 
3.46 ± 0.02, and 5.17 ± 0.04 Å. The Co–Co/Fe distances 
are identical to the Feoct–Feoct/Fetet distances in the magnet-
ite structure.

In contrast to Fe3−xVxO4, the coordination number of the 
Co–Co/Fe shell in Fe3−xCoxO4 is higher than the theoreti-
cal value, especially for the samples with high cobalt con-
tent. A peak also appears around 5.5 Å, due to the linear 
single-scattering and multiple-scattering among Co atoms 
located in closest-packed and edge-shared octahedral sites.

The EXAFS spectra (Fig.  3h) for Fe3−xNixO4 resem-
ble those for Fe3−xCoxO4 (Fig.  3e), although some differ-
ences are noticeable in the high k range. The oscillation at 
9.5  Å−1 in the spectrum of Fe2.29Ni0.71O4 is sharper than 
those in the spectra of Fe2.52Ni0.48O4 and Fe2.76Ni0.24O4, 

and a new oscillation appears at about 10.5 Å−1 (Fig. 3h). 
The EXAFS spectrum of Ni(OH)2 also displays this special 
character. This may suggest that the structural environment 
of Ni in Fe3−xNixO4 resembles that in Ni(OH)2 as the nickel 
content increases. In the FT curves for Fe3−xNixO4, the first 
peak near 1.5  Å is similar to that for Ni(OH)2 (Fig.  3i). 
A doublet appears in the region of 2.0–3.5  Å, due to the 
overlapping contribution from Ni–Ni/Fe shells. With the 
increase in Ni content, the first peak of the doublet weakens 
greatly. Interestingly, the position of the first peak is close 
to that observed for Fe3−xVxO4 and Fe3−xCoxO4, while 
the distance of the second component is close to that of 
Ni(OH)2 contributed by Ni–Ni shells.

From this analysis, we infer that the nickel cation in the 
Fe3−xNixO4 structure may occurs in two different coordina-
tion states. One of these corresponds to Ni substituting for 
octahedral Fe in the bulk structure of magnetite, while the 
other represents octahedral coordinated Ni exposed on the 
magnetite surface and bound to hydroxyl radicals (Fig. 4c). 
As the Ni content in the samples increases, the structural 
environment of Ni become similar to that of Ni in Ni(OH)2. 
Since the two coordination states of Ni could hardly be 
differentiated by EXAFS, difference in fitting the EXAFS 
spectra had been neglected. The distances of Ni–O shells 
for Fe2.76Ni0.24O4, Fe2.52Ni0.48O4, and Fe2.29Ni0.71O4 are 
2.05 ± 0.01, 2.05 ± 0.01, and 2.06 ± 0.01 Å, respectively 
(Table 4). These values lie between the theoretical value of 
octahedral Ni in bulk magnetite (2.02 Å) and that of octa-
hedral Ni in Ni(OH)2 (2.09 Å). The Ni–Ni/Fe distances in 
Fe2.76Ni0.24O4 of 2.93 ±  0.02, 3.10 ±  0.04, 3.44 ±  0.03, 
and 5.08 ± 0.05 Å are also close to the Feoct–Feoct/Fetet dis-
tances in magnetite (2.97, 3.48, and 5.14 Å), and the Ni–
Ni distance (3.05 Å) in Ni(OH)2. For the Ni–Ni/Fe bond, 
with the increase in Ni content, the coordination number 

Table 3   EXAFS fitting 
results for Fe3−xCoxO4 
(R-factor = 0.01)

The notations N, R, and σ2 have 
the same meaning as for Table 2

Sample Fe2.80Co0.20O4 Fe2.57Co0.43O4 Fe2.33Co0.67O4

N R (Å) σ2 (Å2) N R (Å) σ2 (Å2) N R (Å) σ2 (Å2)

Co–O 5.2 (5) 2.04 (1) 0.004 (1) 5.7 (6) 2.05 (1) 0.009 (2) 5.3 (7) 2.06 (1) 0.009 (3)

Co–Co/Fe 6.7 (8) 2.98 (2) 0.008 (3) 6.9 (9) 2.98 (2) 0.011 (2) 6.9 (9) 2.98 (2) 0.011 (2)

Co–Co/Fe 6 (1) 3.46 (2) 0.006 (2) 6 (1) 3.45 (2) 0.008 (2) 6 (1) 3.46 (3) 0.009 (2)

Co–Co/Fe 13 (1) 5.17 (4) 0.008 (3) 14 (1) 5.18 (3) 0.009 (2) 14 (1) 5.19 (3) 0.010 (2)

Table 4   EXAFS fitting 
results for Fe3−xNixO4 
(R-factor = 0.02)

The notations N, R, and σ2 have 
the same meaning as for Table 2

Sample Fe2.76Ni0.24O4 Fe2.52Ni0.48O4 Fe2.29Ni0.71O4

N R (Å) σ2 (Å2) N R (Å) σ2 (Å2) N R (Å) σ2 (Å2)

Ni–O 6.0 (7) 2.05 (1) 0.006 (1) 6.1 (8) 2.05 (1) 0.006 (2) 5.9 (7) 2.06 (1) 0.006 (2)

Ni–Ni/Fe 2.9 (8) 2.93 (2) 0.007 (4) 2.8 (8) 2.94 (2) 0.006 (4) 2.4 (8) 2.93 (2) 0.009 (4)

Ni–Ni/Fe 2.9 (8) 3.44 (3) 0.013 (6) 2.8 (8) 3.44 (3) 0.013 (6) 2.4 (8) 3.44 (3) 0.011 (6)

Ni–Ni/Fe 5.8 (8) 5.08 (5) 0.009 (5) 5.6 (8) 5.09 (5) 0.009 (5) 4.9 (8) 5.08 (5) 0.010 (5)

Ni–Ni 3.1 (8) 3.10 (4) 0.006 (3) 3.2 (9) 3.10 (4) 0.006 (3) 3.6 (9) 3.09 (4) 0.006 (3)
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decreases from 2.9 to 2.4 and from 5.8 to 4.9, while for 
the Ni–Ni bond, the coordination number increases from 
3.1 to 3.6. The Ni–Ni/Fe bond is fitted by the octahedral 
Ni in bulk magnetite, while the Ni–Ni bond is fitted by the 
octahedral Ni in Ni(OH)2. Such changes in the coordina-
tion number indicate that the occupancy of Ni in octahe-
dral sites on magnetite surface increases. The surface Ni 
cations need to adsorb the hydroxyls in the aqueous solu-
tion to keep the charge equilibrium, which makes structural 
environment of Ni similar to that of Ni in Ni(OH)2. Fur-
thermore, the peak related to the linear single-scattering 
and multiple-scattering among Ni located in closest-packed 
and edge-shared octahedral sites also intensifies (Fig.  3i). 
As the distribution of Ni2+ cations on the octahedral sites 
of magnetite surface increases, the crystallinity decreases 
(Fig. 1c), and the SSA of magnetite accordingly increases 
(Table  1). But the increase in SSA is also related to the 
magnesium decrease and the resultant decrease in aggrega-
tion by Ni2+ substitution, which has been indicated in the 
previous study (Costa et al. 2006).

From the XAFS analysis, V3+, Co2+, and Ni2+ cations 
occupy octahedral sites in the spinel structure of magnet-
ite, which is consistent with the Mössbauer spectroscopy 
results in the previous study (Costa et al. 2006; Liang et al. 
2010). But XAFS analysis not only provides the informa-
tion about the valence, coordination number, and coordina-
tion shell distances of the substituting cations, but also dis-
tinguishes the occupation sites between bulk structure and 
the surface of magnetite.

Crystal‑field theory analysis

The occupancy by V, Co, and Ni of structural sites can be 
explained by crystal-field theory (CFT). The spinels are 
a group of minerals with the general formula of AB2O4 
where A and B denote transition metals. The d-orbital-
based CFT facilitates the computation of octahedral site 
preference energy (OSPE) for both A and B cations. The 
OSPE is the difference between the crystal-field stabiliza-
tion energy (CFSE) for octahedral and tetrahedral coor-
dination. The OSPE values for common transition metal 
cations are shown in Table  5 (Mcclure 1957; Dunitz and 
Orgel 1957). Cations with a high OSPE have preferential 
entry into octahedral sites. Since the OSPE of Fe2+ is larger 

than that of Fe3+, the octahedral sites in the spinel structure 
of magnetite are occupied by Fe2+, whereas both octahe-
dral and tetrahedral sites may be occupied by Fe3+. Since 
all three metal cations (V3+, Co2+, and Ni2+) have a larger 
OSPE than either Fe2+ or Fe3+, they would preferentially 
occupy octahedral sites in the spinel structure, in accord-
ance with the results of XAFS analysis.

Effects on physicochemical properties

The substitution of transition metals greatly affects the phys-
icochemical properties and reactivity of magnetites. Herein, 
the obtained results about valence and site occupancy of the 
substituting cations (V3+, Co2+, and Ni2+) were used to dis-
cuss their effect on the properties of magnetite.

From the previous studies (Liang et  al. 2010, 2013b), 
V3+ has a negative effect on the thermal stability of spi-
nel structure, while Co2+ and Ni2+ show a positive effect 
(Fig. A2), which has been verified in this study. For mag-
netite without substitution, its calcined products at 800 °C 
were composed of hematite. When Co- and Ni-substituted 
magnetites were calcined, the Co2+ and Ni2+ cations com-
bined with Fe3+ to form spinel CoFe2O4 and NiFe2O4. 
But for V-substituted magnetite, after calcination, it was 
changed to be the composition of V2O5 and hematite. 
From the previous research (Sarda and Rousset 1993), 
the phase transformation from maghemite (γ-Fe2O3) to 
hematite (α-Fe2O3) corresponds to a lattice rearrangement, 
which takes place by relative sliding of the atomic layers 
and breaking of several Fe–O bonds. The effect of metal 
substitution on the thermal stability of maghemite can be 
explained by this mechanism. The valence of Ni and Co is 
+2, which was stable under the calcination at 800 °C, so 
Ni2+ and Co2+ stayed in the spinel structure with Co/Ni–O 
bond and formed their ferrites with Fe3+. For V series, 
the presence of V2O5 in the calcined products is ascribed 
to the oxidation of V3+ to V5+, which was not tolerated in 
the magnetite structure, due to the high valence and small 
radius of V5+. The oxidation of V3+ to V5+ was in the tem-
perature range of 300–400  °C, which broke the V/Fe–O 
bonds, and decreased the temperature of phase transforma-
tion maghemite–hematite.

Ni2+ substitution in magnetite greatly increases the con-
centration of surface hydroxyl groups, while the V3+ and 

Table 5   d-orbital electron 
configuration and OSPE values 
for some transition metal 
cations (Mcclure 1957)

CFSE crystal-field stabilization 
energy, OSPE octahedral site 
preference energy

Cation 3dn Electron configuration (CFSE)OCT (KJ/mol) (CFSE)TET (KJ/mol) OSPE (KJ/mol)

V3+ d2 (t2g)
2(eg)

0 −160.2 −106.7 −53.5

Fe3+ d5 (t2g)
3(eg)

2 0 0 0

Fe2+ d6 (t2g)
4(eg)

2 −49.8 −33.1 −16.7

Co2+ d7 (t2g)
5(eg)

2 −92.9 −61.9 −31.0

Ni2+ d8 (t2g)
6(eg)

2 −122.2 −36.0 −86.2
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Co2+ do not show such effect (Liang et al. 2013b). EXAFS 
analysis suggests that a proportion of the incorporated Ni2+ 
cations occupy octahedral sites on the magnetite surface. 
The Ni2+ cations exposed at surface sites of magnetite can 
coordinate OH− groups, enhancing the capacity of mag-
netite for taking up anionic species by legend exchange 
and cationic on by complexation. For Co2+ and V3+, they 
mainly occupied the bulk structure by substituting Fe2+ 
and Fe3+, respectively, without obvious increase in surface 
hydroxyl amount on the magnetite surface.

The presence of V3+ and Co2+ in the structure of mag-
netite enhances the catalytic activity of the mineral in het-
erogeneous Fenton reaction (Figs. A3 and A4) (Liang et al. 
2010; Zhong et al. 2014). The heterogeneous Fenton reac-
tion follows the hydroxyl radical-mediated mechanism, in 
which hydroxyl radicals (·OH) are generated by the reaction 
between H2O2 and catalyst (Maezono et  al. 2011; Zhang 
et al. 2009). Fe2+ is the most active cation (Anipsitakis and 
Dionysiou 2004). The high Fenton reactivity of magnetite 
originates from the presence of Fe2+ in the spinel structure, 
and the occupancy of Fe2+ and Fe3+ on the octahedral sites 
(Eqs. 1, 2). The electron transfer between the iron species 
allows the regeneration of Fe2+ (Costa et al. 2006). From 
the XAFS characterization, V and Co are in the valence of 
+3 and +2, respectively, and occupy the octahedral sites in 
the magnetite structure. Both cations promote the electron 
transfer between the redox pairs V3+/V4+ or Co2+/Co3+ 
with Fe2+/Fe3+ for the generation of active sites and hence 
enhances the catalytic activity of magnetite.

For Ni2+, though it inhibited Fenton activity of magnet-
ite (Fig. A4), it improved the reactivity of magnetite toward 
Oxone activation (Fig. A5). This was due to the higher 
activity of Ni2+ than Fe2+ or Fe3+ in KHSO5 decomposi-
tion and inert performance in H2O2 decomposition (Anipsi-
takis and Dionysiou 2004). From the XAFS results, Ni con-
centrated on the octahedral sites of magnetite surface with 
the substitution increase. The increase in active sites on the 
magnetite surface leads to an improvement of the activity 
toward Oxone activation.

Conclusions

The valence and local atomic environment of V, Co, and 
Ni in substituted magnetites were investigated in this 
study. XANES indicates that the valence of these cations 
is +3, +2, and +2, respectively. Consistent with crystal-
field theory calculations, EXAFS analysis suggests that 
V3+ and Co2+ as well as Ni2+ (in part) are incorporated 

(1)≡ Fe
3 +

surf
+ H2O2→≡ Fe

2 +

surf
+

·
OOH + H

+

(2)≡ Fe
2 +

surf
+ H2O2→≡ Fe

3 +

surf
+

·
OH + H

+

into magnetite by substituting for octahedral Fe in the 
bulk structure of the mineral. A proportion of the incorpo-
rated Ni2+ cations occupy octahedral sites on the surface 
of magnetite. The valence of the substituting cations, and 
their location in the structure, affects the physicochemical 
properties and surface reactivity of magnetite. The present 
investigation provides insight into the structure of transition 
metal-substituted magnetites and their potential applica-
tions in industry and catalysis.
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