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Structural, magnetic, and electronic properties of the Co-Fe-Al oxide spinel system:
Density-functional theory calculations
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A systematic study of nine binary and ternary spinel oxides formed from Co, Al, and Fe is presented by
means of density functional theory. Analysis of the structural, magnetic, and electronic properties through
the series of materials is carried out. Preference for the octahedral spinel sites are found in the order
Fe <Co< Al The electronic band gaps of Co;0,4 and Fe;O,4 are shown to remain largely unchanged as Al is
substituted into the lattice forming M,Al0, (M =Fe,Co), but increase greater than 1 eV for MAl,O, as the
octahedral M metal sites are lost. However, for stoichiometric FeAl,O,, the unsatisfied valence state of Fe
results in partial occupation of the conduction band. The results and chemical trends are discussed in terms of
atomic site and orbital energies, and in relation to potential photoelectrolysis activity for the splitting of water

as a renewable means of hydrogen production.
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I. INTRODUCTION

Transition metal oxide-based photoelectrochemical (PEC)
splitting of water has attracted extensive interest since photo-
induced decomposition of water on TiO, electrodes was
discovered.!~* However, thus far, no metal oxides have dem-
onstrated promising and sustained efficiency. It is still nec-
essary to search for new lower band gap materials that can
potentially absorb visible light and exhibit reasonable PEC
properties. Recently, Woodhouse et al.®> have reported very
interesting behaviors for the Co-Fe-Al oxide spinel system.
With reported optical band gaps of between 1.1 (Ref. 6) and
1.65 eV (Ref. 7) for Co;0, and 0.14 eV for low-temperature
Fe;0,.% these two binary oxides have limited application in
the PEC splitting of water. On introducing Al, the Co-Fe-Al
oxide spinel system can exhibit optical band gaps of between
1.6 and 2.0 eV and generate a strong p-type photocurrent,
which is ideal for PEC applications. In addition, other inter-
esting behavior is found. For example, when the experiment
is repeated without the Fe precursor, the photocurrent in the
sample is reduced threefold, indicating that Fe does have an
important role to play. X-ray diffraction revealed that the
lattice constants of the synthesized materials are very similar
within a large compositional range, which is very close to
that of Co;0,. Unfortunately, although it is thought that the
active material is Co and Al rich, further insight is restricted
by the limited amount of information available about the
properties of these spinels.

With a view to providing a better basic understanding of
these Co, Al, and Fe containing oxides, we have calculated
the electronic structure of nine stoichiometric spinels in both
the normal and inverse structures, including the hypothetical
Al;04 compound. Calculations are performed using gradient
corrected density functional theory with the Co and Fe 3d
states treated with on-site correction for Coulomb interac-
tions (DFT+U). The results can be summarized as follows:
(i) The trends in the calculated lattice constants agree well
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with available x-ray diffraction data. The lattice constants
increase along Co;_,Al,0, (n=0-3) and Cos_,Fe, 0, (n
=0-3), but decrease along Fe;_,Al,0, (n=0-3). (ii) Prefer-
ence for the octahedral sites are found in the order Fe <Co
<Al (iii) The electronic band gaps of Co;0, and Fe;0, are
shown to remain largely unchanged as Al is substituted into
the lattice forming M,AlO, (M =Fe,Co), but increase greater
than 1 eV for MAlL,O4 as the M octahedral sites are fully
replaced. (iv) From the Co-Fe-Al spinel oxides studied,
CoAl,O, has been preliminarily identified as having the
properties most suitable for PEC catalysis.

II. SPINEL STRUCTURE

The majority of ternary oxides of the form AB,0O, adopt
the spinel structure as shown in Fig. 1. These materials,
many of which are natural minerals, exhibit an interesting
range of chemical properties largely derived from the wide
range of cation distribution found in the spinel structure.’~""

The cubic spinel crystal lattice, with space group Fd3m, is
based on a face centered cubic (fcc) packing of oxygen at-
oms. The A atoms, generally in a +2 oxidation state, occupy
é of the tetrahedral holes, while the B atoms, generally +3,
occupy % the available octahedral holes. In addition to this
“normal” spinel arrangement, it is also possible for the B
atoms to occupy tetrahedral sites with a mixture of A and B
atoms distributed on the octahedral sites, conventionally re-
ferred to as the “inverse” spinel structure. Due to the ability
of transition metals to adopt multiple oxidation states, binary
oxides formed from these metals can also adopt the spinel
structure, as demonstrated by both Co;0, and Fe;0,4. Co;04
has recently received interest due to its catalytic activity in
the decomposition of both N,O and CH,4,2?! as well as its
gas sensing properties.’>?? Fe;0, has been widely studied
due to its ubiquitous magnetic properties?* with growing in-
terest in biomedical applications.?>
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FIG. 1. (Color online) Illustration of the cubic AB,O, spinel
structure. The A atoms, colored green (light grey) occupy tetrahe-
dral sites and the B atoms, colored blue (grey) occupy octahedral
sites within a fcc oxygen sublattice colored red (dark grey).

In addition to the binary oxides, the ternary oxides of Co
and Fe also show a strong preference for the spinel structure.
Six stoichiometric ternary oxide spinels based around Co,
Fe, and Al have been synthesized (Co,AlO,, CoAl,Oy,
Fe,AlO,, FeAl,0,, Co,FeQ,, Fe,Co0y,). There are very few
detailed reports of the electronic structure of these spinel
materials. In-depth structural studies of cation distributions
in CoAl,O, (cobalt blue)?’ and FeAl,O, (hercynite)?® have
been reported. Two studies have looked at Fe,CoOy, in rela-
tion to potential magnetic applications®*-° and its semicon-
ducting properties have also been explored.’! No systematic
study has examined the properties of these ternary oxide
spinels.

III. COMPUTATIONAL METHODS

Calculations were performed using density functional
theory?33 under periodic boundary conditions, as imple-
mented in the VASP code.>*3 A plane wave basis set with a
500 eV upper energy threshold was employed, with a 6 X 6
X 6 k-point grid for the Brillouin zone integration. The pro-
jector augmented wave method3®3” was used to represent the
valence-core interactions (Co, Fe:[Ar]; Al:[Ne]; O:[He]). The
14 atom primitive spinel unit cell was employed both for the
normal and inverse spinels. For the inverse structure, distri-
bution of the atoms over the octahedral sites was performed
within the special quasirandom structure (SQS) model,®
which ensures that the most physically relevant atomic cor-
relations tend toward random occupation. This approach has
been shown to give good results for cation distribution in
other metal oxide spinels.!!+1?

All calculations were performed spin polarized within the
scalar relativistic approximation. In systems with a poten-
tially ambiguous magnetic structure, multiple spin configu-
rations were explored, staying within the constraints of the
primitive unit cell. The configurations resulting in the lowest
total energy are reported in the results. It should be noted that
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the electronic structure and charge ordering of Fe;O, has
long been a matter of debate. While spinel structured Fe;O,
is known to go through a metal-insulator phase transition at
120 K to a lower symmetry monoclinic structure (Verwey
transition), we will not be dealing with this effect as it has
been explored in detail elsewhere.3**!

To correctly account for the highly correlated 3d orbitals
of Fe and Co, the calculations were performed at the DFT
+U level*** using the PBE gradient corrected exchange-
correlation functional.** While values of U from 2 to 5 eV
all produced qualitatively similar results in terms of the con-
verged electronic structure, U=2 eV for Co 3d and U
=3 eV for Fe 3d were chosen as they resulted in band gaps
in the same region as available experimental data. It should
be emphasized that while altering the value of U does change
the absolute value of the electronic band gap, the qualitative
changes and trends observed between these spinel materials
are independent of such a selection. For example, U=2 eV
applied to Co;0, produces a direct I'-I" band gap of 1.67 eV
with an indirect I'-X transition of 1.51 eV, while U
=2.5eVresults in -'=1.99 eV and I'-X=1.79 eV. In terms
of the energy difference between the normal and inverse spi-
nel structures, changes of U within the 2—5 eV range pro-
duce a variation of less than 0.1 eV. As the Al 3s states are
relatively high in energy, both the valence and conduction
band extrema are dominated by the transition metal d states.
As such, the chosen values of U were taken to be transfer-
able as Al is introduced into the binary Co and Fe oxides.

IV. RESULTS
A. Structural trends

To take into consideration the effects of cation distribu-
tion, calculations were performed for each of the ternary ox-
ides in both the normal and inverse spinel structures. For
clarity in the presentation, compounds which favor the nor-
mal spinel structure are written AB,O,, while compounds
favoring the inverse spinel structure are written B,AO,4. The
lattice parameters and ionic positions were fully optimized
so that the forces remained within 5 meV/A. The equilib-
rium cell volumes were each obtained from an energy-
volume fit to the Murnaghan equation of state.*> The calcu-
lated lattice constants, inversion energy (AE) and
equilibrium inversion parameter (&9) for each system are
listed in Table I. The inversion parameter approximates the
cation distribution at a finite temperature (here taken as
1200 K), and is calculated as in Ref. 12. Values of &9 from
0 to 1 indicate a change in site preference from a normal to
inverse spinel. The equilibrium bond lengths in each of the
structures are listed in Table II. For the hypothetical Al;O,4
spinel, the Al-O bond lengths are longer on the tetrahedral
sites, indicating that these sites are more Al(IT)-like than the
AI(IIT) octahedral sites. The following trends can be ob-
served.

(i) An increase in lattice constant as Al is added to Co30,.
For Co;0, the optimized lattice constant (8.11 A) is within
0.5% of experiment.*® Replacing the tetrahedral Co sites
with the larger Al ions results in a substantial expansion of
the lattice to 8.25 A. However, this structure is energetically
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TABLE 1. Calculated normal (N) and inverse () spinel lattice
constants, along with experimentally determined values. AE is the
difference in energy (per AB,O, formula unit) between the normal
and inverse spinel structures, while §°¢ is the calculated equilibrium
inversion parameter at 7=1200 K. A positive AE indicates the nor-
mal spinel is more stable.

Material a® (A)  AN) (A) AW (A)  AE (eV) &
C030, 8.08 8.11 8.11

Co,AlO, 8.09 8.25 8.16 -0.93 (1) 1.00
CoAl,Oy 8.10 8.19 8.26 +0.52 (N) 0.11
Fe;,0, 8.40 8.49 8.49

Fe,AlO, 8.27 8.39 8.42 -0.26 (I) 0.93
FeAl,O4 8.16 8.23 8.34 +0.40 (N) 0.18
ALO, 8.24 8.24

Co,FeO, 8.24 8.19 8.27 -0.37 () 0.97
Fe,CoOy, 8.39 8.52 8.40 -0.20 (I) 0.90

unfavorable relative to the inverse spinel where Al is substi-
tuted onto half of the octahedral Co sites. The calculated
lattice constant for the inverse structure (8.16 A) is closer to
that of Co;0, and indeed in much better agreement with the
reported lattice constant of 8.09 A for Co,Al0,.%7 The Al
atoms in CoAl,O, again exhibit a strong preference for the
octahedral sites and here the normal spinel structure is most
stable with a lattice constant (8.19 A) within 1.1% of x-ray
diffraction data.*® Smaller Co-O bond lengths are observed
for the octahedral Co site, in agreement with the observation
that a higher oxidation state should result in a contraction of
the ionic radius.*’ The two exceptions are the energetically
less stable normal Co,AlO, and inverse CoAl,O, structures
where Al occupies the tetrahedral sites, forcing the octahe-
dral Co ion into a lower oxidation state.

TABLE II. The equilibrium cation-anion interatomic distances
(in A) in each of the normal (N) and inverse (I) spinel structures.
For each M-O bond, larger bond lengths correspond to lower oxi-
dation states.

Material Co®t  Co°t  Fe*t  Feot At Al
Cos0, 194 193

Co,AlO, (N) 2.05 1.80
Co,AlO, (I) 198 1.96 1.94
CoALO, (N) 198 1.94
CoAl,Oy4 (1) 2.05 1.82 1.98
Fe;0, 191 2.08

Fe,AlO, (N) 210 181
Fe,AlO, (1) 202 204 1.97
FeALO, () 2.00 1.94
FeALO, (1) 197 203 197
AlLLO, 197 1.96
Co,FeO, (N) 194 198

Co,FeO, (I) 1.96 1.94 2.01

Fe,CoO, (N)  1.97 2.06

Fe,CoO, (1) 198 200 204
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(ii) A decrease in lattice constant as Al is added to Fe;0,.
For Fe;0,, the optimized lattice constant (8.49 A) is in good
agreement with experiment (8.40 A).%° A decrease in the or-
der of 0.10 A in the lattice constant is observed for Fe,AlO,
in both the calculations and available diffraction data.'* Al
again shows an energetic preference for the octahedral spinel
sites. A similar decrease in the lattice constant is observed for
FeAl,O, (Ref. 51), where the normal spinel structure is most
energetically favorable. In contrast to Co, for the Fe oxides
the smaller Fe-O bond lengths are observed for the tetrahe-
dral Fe ion, suggesting that this is the higher oxidation state
Fe site. It should be noted that the stability of the less stable
inverse spinel structure of FeAl,O, is increased when the
octahedral sites are allowed to distort due to its metallic char-
acter.

(iii) An increase in the lattice constant as Fe is added to
Co30,. The calculated lattice constants of inverse Co,FeQO,
(8.27 A) and Fe,CoO, (8.40 A) lie in the range between the
binary Co and Fe spinels and are in close agreement with the
experimentally determined values of 8.24 and 8.39 A,
respectively.> It is worth noting that Co,FeO, was reported
as being metastable in the study by Ferreira et al.,’*> forming
only when heated above 1170 K and segregating into Co and
Fe rich spinel phases when cooled.

(iv) Cation distribution. Al, being a trivalent cation, is
expected to exhibit a strong preference for the octahedral
sites in the spinel structure, and this is reflected in the calcu-
lated inversion energies. Co can exist as a divalent or triva-
lent ion, but Co(III) is expected to have a strong preference
for the octahedral sites from crystal field considerations, due
to the stability of the Co 3d° configuration in an octahedral
environment.!? Fe, which also can be a divalent or trivalent
cation, is known to have a preference for the tetrahedral
sites.!* Occupation of the octahedral sites in the order Fe
< Co< Al would therefore be anticipated. This order is un-
ambiguously reflected as Al is substituted into the Co and Fe
binary oxides, with the calculated inversion parameters in
qualitative agreement with values derived from recent x-ray
diffraction data.”

Fe,Co0O, exhibits a preference for the inverse spinel
structure which can be understood through the preferred oc-
cupation of Co(III) on the octahedral sites. Co,FeO, also
favors the inverse structure, which at first is counterintuitive.
However, as will be discussed for the magnetic structure in
the following section, Fe is unusual in the fact that Fe(II)
ions favor the octahedral sites, while the Fe(III) ions
can occupy either site. In this way, for Co,FeQy,,
Co(IT),o{ Fe(IIT), Co(TIT) ], is the most favorable configura-
tion for satisfying the site preferences of both Co and Fe
simultaneously. Experimentally, the occupation of tetrahedral
sites by Co in Co,FeQ, is determined to be in excess of 50%
depending on preparatory conditions.’” This is in agreement
with the calculations which indicate that the inverse spinel is
more favorable by 0.37 eV/formula unit, although our calcu-
lated inversion parameter of 0.97 is clearly overestimated.
This discrepancy is likely due to the simple model used in
deriving the equilibrium inversion parameter,'?> and the pos-
sibility that the experimental value is not at its equilibrium
state. The difference in lattice constant between the normal
and inverse spinels is inherently included in the total energy
calculations.
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FIG. 2. Schematic crystal field splitting and occupations of the
Co and Fe 3d electrons in tetrahadral and octahedral coordination
environments.

B. Magnetic structure

Although formal oxidation states overlook the mixture of
ionic and covalent bonding which occurs in real crystals,
they offer an intuitive starting point when considering the
magnetic structure. Crystal field splittings and expected oc-
cupation of the 3d electrons of Co and Fe in their divalent
and trivalent oxidation states are shown in Fig. 2. In Co30y,
the Co(II)/Co(III) ions are considered to occupy the tetrahe-
dral and octahedral sites, respectively. However, for Fe;O,
an inverse occupation is the current viewpoint,>* and is in
agreement with our equilibrium bond lengths. The Fe(III)
ions occupy the tetrahedral sites with an equal mixture of
Fe(II)/(III) ions distributed on the octahedral sites, which are
averaged to an effective oxidation state of +2.5.2%3° In a
tetrahedral crystal field, the e, states are lowered in energy
with respect to the 1,, states due to the electrostatic repulsion
of the dzy, dyz, and d,, orbitals, while in an octahedral envi-
ronment the opposite is true and the d, and d,,_,, orbitals
are repelled. Experimental measurements of the magnetic
moments support the fact that Co tends towards low spin
configurations, while Fe favors high spin. This is demon-
strated in Co3;0, where no magnetic moment is observed for
the octahedral Co site, confirming a spin paired
configuration,> Fig. 2(b), while Fe with a similar configura-
tion exhibits a magnetic moment of 3.82u,,°° Fig. 2(d). The
calculated magnetic moments for the Co and Fe ions in each
material are listed in Table III.

(i) Magnetic moment of Co. In each of the energetically
stable structures, Co consistently favors a low spin configu-
ration with no significant magnetic moment when placed on
an octahedral site. However, when Al occupies the tetrahe-
dral sites in the less stable normal Co,AlO, and inverse
CoAl,O, structures, Co is forced into a d’ configuration pro-
ducing a magnetic moment of almost 3up. This high spin
configuration was also observed in a previous DFT study?’ of
CoAl,O, as the cation distribution was inversed. This obser-
vation is in agreement with the increase in Co-O bond length
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TABLE III. Calculated magnetic moments (ug) for Co and Fe
in each of the normal (N) and inverse (/) spinel materials.

Material Co't Cooct Fe'et Feoct
Co50, 252 0.07

Co,AlO, (N) 2.81

Co,AlO; (1) 2.55 0.04

CoALO, (N) 2.57

CoALO, (I) 2.62

Fe;04 3.91 -3.94
Fe,AlO, (N) ~3.94
Fe,AlO, (1) 3.53 407
FeAlLO, (N) 3.61

FeAlLO, () ~3.59
Co,FeO, (N) ~0.22 3.78

Co,FeO, (1) 2.47 0.09 —4.05
Fe,CoO, (N) 245 —4.06
Fe,CoO, (1) 0.13 3.51 405

in the equilibrium structures. Small magnetic moments on
the octahedral Co sites (up to 0.22up) are also found when
Fe occupies the tetrahedral site in normal Co,FeO, and in-
verse Fe,CoO4. When placed on a tetrahedral site, Co exhib-
its a local moment around 2.5up, with no exceptions.

(ii) Magnetic moment of Fe. Fe exhibits a moment of
approximately 4up when placed on either a tetrahedral or
octahedral site. While this is consistent with the occupations
in an octahedral field shown in Fig. 2(d), it is substantially
lower than the moment of 5up predicted in a tetrahedral
field, Fig. 2(c). This discrepancy is due to the strong hybrid-
ization of unoccupied Fe 3d states with O 2p at the tetrahe-
dral site.® While the moments of the tetrahedral ions in
Fe;0, are aligned, the moments between the tetrahedral and
octahedral layers are most energetically favorable when in
opposite phase. This antiferromagnetic alignment between
layers also results in the most stable configuration when Co
occupies the tetrahedral site and % the octahedral sites in
inverse Co,FeQ,.

C. Electronic density of states
1. Coz_,Al,04 (n=0-2)

The total and projected electronic density of states (DOS)
are shown for the most stable structures along the
Co;_,Al,04 (n=0,1,2) series in Fig. 3.

(i) Co in a tetrahedral site. For the d’ Co(II) ions in the
tetrahedral sites, the majority spin d states are split between
the e, states at —6 eV and the 1,, states at =3 eV. The filled
minority spin e, states are situated at the top of the valence
band, while the unoccupied minority #,, states dominate the
bottom of the conduction band at +2 eV. These conduction
band states exhibit noticeable splitting for Co;0, due to the
coupling with Co at octahedral sites; this effect is reduced
through the series.

(ii) Co in an octahedral site. The DOS derived for the
octahedral Co(III) sites is almost symmetric with respect to
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FIG. 3. (Color online) The electronic density

Al

of states of C0;0,4, Co,AlO, (inverse spinel), and
CoAl,0O4 (normal spinel), plotted with reference
to the valence band maximum at 0 eV. For Co
the red/blue lines represent /| d states. For O
and Al they represent 1/| p states (magnified
X3), with the s states represented by grey/green.

the majority and minority spin states, in agreement with
crystal field and magnetic moment expectations, Fig. 2(b).
The Co 3d t,, states are concentrated at the top of the va-
lence band, about —1 eV, while some hybridize through oxy-
gen with the tetrahedral Co 3d states at =5 eV. The e, con-
duction band states are centered at +2 eV. The minority
conduction band states exhibit a split indicative of coupling
with the tetrahedral Co conduction band states in Coz0,
which is weaker for Co,AlO,. No octahedral Co sites are
present in normal CoAl,Oy,.

(iii) Oxygen. The O 2p valence band runs from
-8 to 0 eV. For Co;0,, coupling between the octahedral Co
3d states with O 2p results in a significant amount of oxygen
p based conduction band states at +2 eV. As Al is introduced

Fe.O

374

Fe,AlO,

to the system, these states are diminished significantly with
only a trace amount present in CoAl,Oy.

2. Fe3_,,Al,,O4 (l’l =0—2)

The DOS for the stable Fe;_,Al,04 (x=0-2) structures
are shown in Fig. 4.

(i) Fe in a tetrahedral site. The & tetrahedral Fe(III) ions
adopt a high spin configuration with the majority spin #,, and
e, states fully occupied, spread between —8 and 0 eV for
both Fe;0, and Fe,AlO,. The minority 3d states are situated
in the conduction band. This is consistent with the occupa-
tions shown in Fig. 2(c). However, for FeAl,O,, AI(IIT) ions
occupy the octahedral sites and Fe is forced into a +2 d°

FeAlLO,

Total

o

Fe_

-10 8 /N6, -4/ -2 D

2 4 6

FIG. 4. (Color online) The electronic density

Tet

Fe

Oct

Al

SwaIALl

of states of Fe;0,4, Fe,AlO, (inverse spinel), and
FeAl,O4 (normal spinel), plotted with reference
to the highest occupied state at 0 eV. For Fe the
red/blue lines represent 1/| d states. For O and Al
they represent spin /| p states (magnified X3),
with the s states represented by grey/green.
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FIG. 5. (Color online) The electronic density of states of inverse
Co,FeO, and Fe,CoO, plotted with reference to the highest occu-
pied state at 0 eV. For Fe and Co the red/blue lines represent 1/| d
states. For O they represent spin 1/ p states (magnified X3), with
the O s states represented by grey/green.

configuration, with partial occupation of the minority 3d
conduction band state.

(ii) Fe in an octahedral site. For Fe;O,, the minority d
states of the octahedral Fe sites are fully occupied, centered
at approximately —7 eV. Due to the Fe d° electronic configu-
ration, the majority 1,, states are partially filled, resulting in
occupation of the conduction band which is the source of the
semimetallic behavior in the cubic Fe;O, spinel. As Al is
introduced, electrons are added to the Fe lye bands and the
enhanced Coulomb U splits the 7,, state, moving the occu-
pied states closer to the valence band. The resulting decrease
in the Fermi level results in a small finite band gap for
Fe,AlO, (not immediately visible in the DOS plot due to
broadening in the integration of the bands). No octahedral Fe
sites are present in normal FeAl,Oy.

(iii) Oxygen. The O 2p contribution to the DOS is spread
between —8 and 0 eV, similar to the Co based oxides. For
Fe;0,, the coupling of O 2p with Fe 3d results in the pres-
ence of O 2p-based conduction band states at 2 eV, similar
to, but weaker than Co;0,. As Al is introduced to the system,
these states are again diminished significantly.

3. Co,FeOy and Fe,CoOy

The DOS for Co,FeO, and Fe,CoO, in the more stable
inverse spinel structure are shown in Fig. 5.

(i) Co,FeO,. The distribution of cation d states on each
site roughly match the features observed in the previous
spinels. However, here the octahedral Fe sites exhibit the
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TABLE IV. The calculated direct I'-I" and X-X, and indirect I'-X
transitions (in eV) for both the normal (V) and inverse (I) Co-Al-Fe
spinel structures.

Material I'-I" (eV) X-X (eV) I'-X (eV)
Co50, 1.67 1.23 151
Co,Al0, (N) 0.85 0.40 0.21
Co,Al0, (1) 1.65 1.37 1.22
CoAlLO, (N) 261 232 2.65
CoAl,0, () 1.23 2.07 1.97
Fe;04

Fe,AlO, (N) 0.51

Fe,AlO, (1) 0.44 0.85 0.99
FeAl,O, (N)

FeALO, (I)

AL;O,

Co,FeQ, (N) 0.71 0.26 0.27
Co,FeO, (1) 0.60 1.08 0.52
Fe,CoO, (N) 0.45 0.75 0.53
Fe,CoO, (I) 0.64 0.63 0.73

characteristics of a high spin d° configuration (as opposed to
d® in Fe;0,) with fully occupied majority d states and unoc-
cupied minority states. Hybridization of the octahedral Co 3d
states with oxygen results in the presence of O 2p states at
the bottom of the conduction band, as observed in Cos0,.
Coupling between the octahedral Co and Fe 3d states is in-
dicated by a splitting of the majority spin conduction band
states at +1.5 eV.

(ii) Fe;CoO,. In contrast to each of the previous Fe
spinels studied, here the Fe(II) type ion occupies the tetrahe-
dral site. While the majority spin states are fully occupied for
both the Fe tetrahedral and octahedral sites, it is in the tetra-
hedral position that a single minority state is occupied at the
top of the valence band, indicating that this site is closer to a
d® configuration. The splitting of the octahedral Co and Fe
conduction band states again indicates coupling between
these states.

D. Electronic band gaps

In the calculated band structure of each system, I and X
are the two high symmetry points which contribute to the
valence and conduction band extrema. The lowest energy
direct I'-I' and X-X, and indirect I'-X electronic transitions
are listed in Table IV. When placed in the spinel structure
Al;0y is calculated as being metallic; occupation of the con-
duction band is caused by the unsatisfied valence state of the
tetrahedral Al ions.

1. Cos_,Al,0, (n=0-2)

For Co;0, the valence band maximum (VBM) is a mix-
ture of states derived from both tetrahedral Co 3d and O 2p,
while the conduction band minima (CBM) is dominated by
octahedral Co 3d states. Co30,4 has a calculated X-X transi-
tion energy of 1.23 eV, with an indirect I'-X transition of
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FIG. 6. (Color online) Summary of the calculated structural and electronic properties of the Co-Fe-Al oxide spinels. In the left panel, the
experimental lattice constants are indicated in parentheses. In the right panel, the effective oxidation states of the cations in the most stable
configuration are listed along with the lowest electronic transitions of both the normal (N) and inverse (I) structures.

1.51 eV and a direct transition at I' of 1.67 eV. This is quali-
tatively in agreement with thin film optical measurements
which observed a range of allowed and forbidden transitions
from 1.1 to 2.06 eV.® For Co,AlOQ,, in the more stable in-
verse structure, there is a decrease in the direct gap at X and
an increase in the I'-X indirect gap, while the direct gap at I'
remains almost constant. The composition of the VBM and
CBM are largely unchanged from Co;0,4. However, for nor-
mal CoAl,O4 with no octahedral Co sites, each of the tran-
sition energies increase by more than 0.9 eV and the lowest
energy transition of 2.32 eV is found at the X point. Here the
VBM is still a mixture of tetrahedral Co 3d and O 2p states,
while the CBM state is now almost entirely derived from
tetrahedral Co 3d states. In this way, as the octahedral Co
sites are lost, the band gap is increased. This is in good
agreement with the UV-VIS absorbance onset of around
2 eV reported for bulk CoAl,0,.>’ For both Co,AlO, and
CoAl,Oy, the less energetically stable spinel structures result
in smaller electronic band gaps.

2. Fe;_,Al,0, (n=0-2)

Fe;0, is calculated as being semimetallic in agreement
with previous experimental and theoretical studies. However,
when Al is introduced to the system a small bandgap opens
up for the stable inverse Fe,AlO, structure, while the top of
the valence band is partially occupied for the normal spinel
structure. For inverse Fe,AlO,, the lowest energy transition
occurs at I" (0.44 eV). For normal FeAl,O, there is a large
increase in each of the band gaps, with a I'-I" splitting of
2 eV. Similar to the cobalt spinels, this increase in band gap
corresponds to a loss of octahedral Fe 3d sites. However, for
normal FeAl,O, due to presence of AI(IIT) on the octahedral
sites, Fe is forced into a +2 d°® configuration to preserve
charge neutrality and there is occupation of the bottom of the
conduction band. The less stable inverse structure of
FeAl,O, exhibits similar behavior.

3. CoyFeOy and Fe,CoOy

To the best of our knowledge no experimental reports of
the optical properties of either Co,FeO, or Fe,CoO, have
been reported; however, conductivity measurements indicate
an electronic gap in the region of 0.5-0.6 eV for stoichio-
metric Fe,Co0,4.3! The calculated lowest energy transition
for inverse Co,FeQ, is indirect from I" to X (0.52 eV), with
a direct transition at I" close in energy (0.60 eV). The calcu-
lated lowest energy gap of 0.63 eV in the inverse Fe,CoQO,
spinel is in good agreement with electronic measurements
and in reasonable agreement with the previously reported
self interaction corrected DFT value of 0.8 eV.?® The char-
acter of the VBM and CBM in both these materials contain a
mixture of Co and Fe 3d states which result in the observed
reduction in the electronic band gap from Co30,.

V. DISCUSSION

The calculated structural and electronic properties of each
oxide spinel studied, including the hypothetical Al;O,, are
summarized in Fig. 6. The effective oxidation states in the
stable structures, inferred from the equilibrium bonding
lengths and calculated DOS are also shown. Co consistently
favors a +2 d’ configuration in a tetrahedral environment,
with a +3 low spin d® configuration when placed in an octa-
hedral environment. Fe always favors a high spin configura-
tion, with +2 d° and +3 d&° ions existing on both the tetrahe-
dral and octahedral sites, depending on the electronic
influence of the other cation constituents. Al shows little
variation, with a strong preference for a +3 oxidation state on
the octahedral sites.

While the Co and Fe 3d states have been shown to be
active in determining the electronic and magnetic properties
of these spinels, Al makes little contribution to the valence
density of states. As such, when a ternary oxide is formed
with majority Co and minority Al composition (Co,AlQ,),
Al occupies only half of the available octahedral sites, but it
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is the remaining octahedral and tetrahedral Co sites that de-
termine the properties. Hence, the electronic band gap is
largely unchanged from Co;0,4 to Co,AlO,. Increasing the
Al composition of the ternary oxide to CoAl,O, results in a
loss of the octahedral Co sites, and as such, the band gap is
increased as the octahedral Co 3d contribution to the CBM is
no longer present. Conversely, Fe;0, is semi-metallic due to
the partial occupation of the conduction band. In Fe,AlOy,
Al occupies half the octahedral sites breaking the Fe 3d cou-
pling along the octahedral chain. This results in the opening
of a small band gap for Fe,AlO,. For FeAl,O, only the tet-
rahedral Fe sites remain and the band gap is largely in-
creased, similar to CoAl,Oy4; however, the d° configuration
of Fe on the tetrahedral sites results in partial occupation of
the conduction band. The two ternary oxides formed from Co
and Fe both result in small, but finite band gaps. Interest-
ingly, considering the properties of the binary oxides, the Fe
rich spinel Fe,CoO, has a larger calculated band gap than the
corresponding Co rich oxide Co,FeQ,. In addition, experi-
ment indicates that Co,FeO, is not chemically stable at tem-
peratures below 1170 K, while Fe,CoQ, is. Binding energies
of Co,FeO, and Fe,CoO, calculated from the total energies
of Co;0, and Fe;0, indicate that both these stoichiometric
materials are energetically unstable; however, this may be a
consequence of the small unit cells employed in our calcula-
tions which cannot fully account for the cation disorder
which occurs in the real materials.

The qualitative trends of the calculated band gaps indicate
that spinels formed from aluminum rich cobalt oxides would
be best suited for application in a p-n photoelectrolysis sys-
tem for hydrogen production from water. As noted in the
introduction, Woodhouse et al.® identified a Co and Al rich
spinel containing small amounts of Fe to be an active p-type
material with an optical band gap of ~1.7 eV. Our results
suggest that the band gap of ideal CoAl,Oy is too large to be
directly considered, but Fe doping of this material or local
cation disorder may reduce the band gap further, as the lower
bandgap of the inverse spinel structure would suggest. Dis-
order is certainly a possibility in the reported photoelectroly-
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sis material due to the low temperature (500 °C) synthesis
conditions.” It is also possible for an active material to lie in
the Co30, to Co,AlO, range if doping or a high concentra-
tion of defects can make the fundamental gap larger and
more direct. Future efforts should concentrate in detail on
these regions and the effect of intrinsic defects, local cation
disorder and Fe doping on the electronic structure and optical
properties of these systems.

VI. CONCLUSION

In this study we have reported the electronic structure of
three binary and six ternary Co, Fe, and Al containing oxide
spinels. The trends in the calculated lattice constants agree
well with the available experimental data. Preference for the
octahedral spinel sites are found in the order Fe <Co <Al
The electronic band gap of Co;04 is shown to remain largely
unchanged as Al is substituted into the lattice forming
Co,AlOQ,. Stoichiometric Fe;0, is found to be semimetallic
due to the partial occupation of the octahedral Fe 3d conduc-
tion band. For Fe,AlO,, the coupling between the octahedral
Fe sites is broken, resulting in a finite band gap. For both
CoAl,O, and FeAl,O,4, an increase in the band gaps of
greater than 1 eV is observed as the octahedral sites are re-
placed by Al. However, the unsatisfied valence state of Fe in
FeAl,O, results in partial occupation of the conduction band.
From the stoichiometric defect-free systems studied,
CoAl,O, has been preliminarily identified as having a direct
electronic band gap close to the range suitable for photocata-
Iytic activity in the splitting of water. However, future work
is needed to assess the effects of intrinsic defects, extrinsic
dopants, and local disorder on the electronic structure and
resulting optical transitions of this system.
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