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ABSTRACT: Cobalt ferrite, CoFe2O4 (CFO), nanocrystals are
efficient and competitive anode materials in the field of
electrochemical water splitting. Using density functional theory
with on-site Hubbard U corrections (DFT+U), we have
investigated the structural, electronic, and magnetic properties of
CFO (001)/(100) surfaces, as well as their reactivities toward
water adsorption. Special attention has been focused on the
formation of oxygen vacancies (VO), due to their key role in the
oxidation activity of metal oxides, often based on the Mars−van
Krevelen mechanism. Our results show that vacancy formation is
easiest at oxygen sites that are not bound to tetrahedrally
coordinated Fe. Water adsorbs mainly in molecular form on the Co/Fe metal cations, whereas it dissociates at defects. In
comparison to other spinels, CFO is similar to NiFe2O4, exhibiting relatively low energy cost of VO formation and a strong affinity of
the vacancies toward water. These findings suggest that CFO may be a more promising oxidation catalyst than NiCo2O4 and Co3O4.

■ INTRODUCTION
Metal oxides with the spinel structure are of great interest in
the field of catalysis due to a combination of desirable
properties including chemical and thermal stability, suitable
band gap, cation miscibility, and multiple oxidation states.1−3

In particular, the spinel ferrites, with the general formula
AFe2O4, have emerged as promising sustainable materials for
the oxygen evolution (OER) and oxygen reduction (ORR)
reactions,4,5 methane complete oxidation,6 and the water-gas
shift (WGS) reaction,7,8 in which CO and water vapor react to
form CO2 and H2.
One such interesting spinel ferrite derivative is cobalt ferrite,

CoFe2O4 (CFO), an insulating material with a high magnetic
ordering temperature. Experimentally, CFO is found to be an
inverse spinel, even though the degree of inversion is not
complete, between 0.76 and 0.93, depending on sample
preparation.9,10 The metal cations are distributed over
tetrahedral (Td) and octahedral (Oh) sites within the fcc
oxygen sublattices, such that half of the most abundant cation
species (Fe3+) occupy the Td sites, whereas the occupation of
the Oh sites is split in half by the remaining Fe3+ ions and the
divalent metal cations (here Co2+).
Over the past decade, most research on CFO has been

focused on its use as an anode material in the field of
electrochemical water splitting. A combined experimental and
theoretical study11 has reported enhanced catalytic activity
toward OER of CFO nanoparticles with a small size (3.1 nm)
and of CFO nanoparticles with partial substitution of Co with
Ni. Another combined study12 explored the role of vanadium
substitution and reported that phase-pure CoV2−xFexO4 (with

0 ≤ x ≤ 2) is a promising bifunctional electrocatalyst with high
catalytic activity for both OER and ORR. Recently, the
performance of CoxNi1−xFe2O4 (001) (with x = 0.0, 0.5, 1.0)
for water oxidation has been investigated theoretically with a
focus on the effects of surface termination and cation
substitution.13 The study shows how selective surface
modification can affect the catalytic performance of such
materials. Furthermore, there is an extensive ongoing
comparative research on mixed cobalt-iron oxides of the spinel
and perovskite types, aiming at a fundamental understanding of
the redox chemistry of these materials in heterogeneous
catalysis.14−17

To contribute to this growing area of research, in this work,
we present a theoretical study of the CFO (001) surfaces with
exposed Co(Oh) and Fe(Oh) ions, and the mixed (100)
surface which exposes both Co(Oh)/Fe(Oh) ions. Using first-
principles density functional theory (DFT) calculations, we
investigate the geometric and electronic structure properties as
well as the chemical trends arising from defects. In particular,
we study the formation and stability of oxygen vacancies, as
these have a crucial influence on the redox properties of oxide
surfaces based on the Mars−van Krevelen (MvK) mecha-
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nism.18 To characterize the reactivity of the considered pristine
and reduced surfaces, we study the adsorption of a single water
molecule and identify the vacancies as strongly binding
adsorption sites. Finally, we compare CFO to other spinels
such as nickel ferrite, NiFe2O4 (NFO), nickel cobaltite,
NiCo2O4 (NCO), and cobalt oxide, Co3O4, with similar
catalytic activity and of technological interest.

■ COMPUTATIONAL METHODS

Spin-polarized DFT calculations were carried out with the
Quantum Espresso package19 which uses the plane-wave-
pseudopotential scheme. The gradient corrected Perdew−
Burke−Ernzerhof (PBE)20 functional was used in combination
with the on-site Coulomb repulsion U term to take into
account the exchange and static correlations of the Co and Fe
3d electrons. We used values of 3.0, 3.4, and 3.5 eV for Co,
Fe(Td), and Fe(Oh), respectively, which have been found to
provide a good description of the thermodynamic properties in
other ferrite and Co-containing spinels.21,22 The core electrons,
O: 1s and Co/Fe: 1s, 2s, 2p, were accounted for using ultrasoft
pseudopotentials.23 Relaxation of the atomic positions was
carried out until the residual forces were smaller than 1 × 10−3

ha/bohr. For wave functions and augmented densities, kinetic
energy cutoffs of 35 and 350 Ry, respectively, were employed.

Bulk calculations were performed using a conventional cubic
cell. This is a√2 ×√2 × 1 primitive cell containing 8 formula
units and 56 atoms, in total. The Brillouin zone was sampled
using a 2 × 2 × 2 Monkhorst−Pack k-point grid.
Surface properties were studied for the β-type inverse spinel

only, which has already been identified to be more favorable
than the α-type.13,24 Surfaces were simulated using non-
symmetric slabs of 11 layers. To avoid interaction, the adjacent
slabs were separated by a vacuum region of 20 Å. The Brillouin
zone was sampled using a 2 × 2 × 1 k-point grid.
Dipole corrections for the pristine and defected non-

symmetric slabs, with and without adsorbate, were found to
have an effect of less than 0.01 eV in the total energies and,
thus, were neglected in the standard setup.
Surface defects were investigated by removing oxygen atoms

on one surface. The formation energy for the oxygen vacancies
was calculated using the following relation

μ= + −E E
n

E n
2

(O ) /form def 2 pris
i
k
jjj

y
{
zzz (1)

where Edef and Epris denote the defected and pristine surfaces,
respectively, n is the number of oxygen vacancies, and μ(O2) is
the chemical potential of O2.
Similarly, adsorption calculations were performed by

introducing a single water molecule on one side of the slab.

Figure 1. Structures of the (a) bulk conventional cubic cell and the 11-layer (b) (001) and (c) (100) surface cells of cobalt ferrite. The (001)
termination is asymmetric and exposes Co ions (nude spheres) and Fe ions (green spheres), on opposite sides. The (100) termination exposes a
mixed layer of the metal cations. Oxygen anions are represented by red spheres.

Figure 2. (a) Projected density of states for bulk CFO. Total and surface layer-resolved density of states for the (b) (001) and (c) (100) pristine
slabs and the (d) (001) slab with an O1 vacancy on the (001)Co surface.
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The adsorption Gibbs free energy, which we will refer to as
simply “adsorption energy” from now on, was calculated as

μ= − −+E E E (H O)ads surf H O surf 22 (2)

with Esurf+H2O and Esurf denoting the total energies of the
surfaces with and without water, respectively, and μ(H2O)
accounting for the chemical potential of H2O in gas phase. The
chemical potentials of O2 and H2O were obtained from values
of gas phase enthalpies (H) and entropies (S), tabulated in the
JANAF thermochemical tables,25 using the relation for the
Gibbs free energy (G = H − TS) as explained in ref 26.

■ RESULTS AND DISCUSSION
Bulk Properties. CFO is perfectly cubic and belongs to the

Fd3̅m space group (No. 227). We obtain a lattice constant of
8.45 Å for the conventional cubic cell (Figure 1a), which is
about 0.72% larger than the experimental value of 8.39 Å.27

The computed density of states (DOS), shown in Figure 2a,
reveals a band gap of 1.52 and 1.40 eV for the majority spin-up
and minority spin-down, respectively, correctly describing
CFO as an intermediate-gap insulator, and in good agreement
with the reported experimental values ranging between 1.30
and 1.58 eV.28,29

Furthermore, consistent with previous studies,30 we find that
CFO exhibits a weak crystal field splitting. Both Co and Fe are
found in their high-spin configurations, resulting in a Neél-type
ferrimagnetic arrangement. The five unpaired spin-up electrons
on Fe(Td) cancel the magnetic moments of the five unpaired
spin-down electrons on Fe(Oh). This results in a magnetic
moment of 3.09 μB per formula unit, which is attributed to the
three unpaired spins-up on the Co2+ ion. The different spin
states of the metal sites are presented in Table S1 of the
Supporting Information.
Surface Properties. Pristine Surfaces. The structures of

the pristine CFO (001) and (100) slabs considered in this
study are presented in Figure 1b,c, respectively.
Although the two slabs have the same overall stoichiometry

Co12Fe22O48, the (001) and (100) terminations are inequiva-
lent. The (001) slab comprises alternating layers of Co2+ and
Fe3+ ions on the Oh sites: it exposes four Co(Oh) cations and
eight oxygens per surface unit cell on one side and four Fe(Oh)
cations and eight oxygens on the other side. We refer to these
surfaces as (001)Co and (001)Fe, respectively. The (100) slab
exposes mixed layers of −Co(Oh)−O− and −Fe(Oh)−O− on
both sides. We, thus, refer to this surface as (100)mix.

Creation of the aforementioned surfaces from the three-
dimensional bulk lattice leads to a decreased coordination for
the surface sites. To lower the surface energy, the ions undergo
small displacements away from their ideal bulk-like positions.
Average displacements of the outermost first and second layer
atoms from their corresponding positions in the bulk are
reported in Table S2 of the Supporting Information. The metal
cations tend to have larger out-of-plane displacements, whereas
the oxygens show larger in-plane displacements. In the (001)
slab, the metal cations of the first layer (Co(Oh) and Fe(Oh))
move inward, whereas the outermost oxygen anions are
vertically displaced in the opposite direction, moving outward.
This is common for surfaces that contain at least two different
types of atoms and can be attributed to the electrostatic forces.
Such rumpling is also associated with changes in interatomic
distances. The Co−O equatorial bonds are contracted (1.94
Å) in comparison to the bulk (2.08 Å), whereas the axial Co−
O bonds remain at 2.11 Å, leading to structural distortions for
the 5-fold coordinated Co(Oh), similar to Jahn−Teller
distortions for nonlinear molecular systems.
To obtain insight into the surface induced changes of the

electronic structure, we compare the DOS of the (001)/(100)
slabs, in Figure 2b,c, to the DOS of the bulk CFO, in Figure 2a.
The DOS for the (001)/(100) terminated slabs shows new
empty states in the band gap for the majority spin-up channel,
which may in part be related to the nonperfect overall
stoichiometry of the slab. The layer-resolved DOS clearly
shows that these are surface states that arise from the atomic
layers closest to the surface.
The stabilization of the CFO (001)/(100) polar surfaces

involves a charge redistribution in the surface layers. We
determined the oxidation states for the different metal ions
based on the computed spin-up and spin-down d-occupation
numbers and the corresponding local magnetic moments.31−33

The 5-fold coordinated Co(Oh) ions at both the (001)Co and
(100)mix surfaces have lower atomic magnetic moments (1.9
μB) than in the middle layers (2.5 μB), suggesting an oxidation
state of +3 with an intermediate spin configuration (Table S1
of Supporting Information). The integrated local density of
states for the (100)mix surface in the gap region (Figure S1 of
Supporting Information) reveals that the empty surface states
are distributed mostly around the under-coordinated lattice
oxygens. The 5-fold coordinated Fe(Oh) ions and Fe(Td) ions
in the second layer keep their bulk oxidation states. The same
holds for the ions in the middle layers. For the (100)mix

Figure 3. Top view of the defected surfaces. (a) O1 vacancy on (001)Co reduces Co(Oh). (b) O1 split-vacancy on (001)Fe. (c) O2 vacancy on
(001)mix results in under-coordinated Fe(Td). Oxygen vacancies are marked with yellow circles. The different types of oxygens are defined in the
text.
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termination, the atomic magnetic moments of surface Fe(Oh),
3.6 μB, fall between the values for the magnetic moments of
surface Fe(Oh) on (001)Fe, 3.4−3.8 μB.
Defected Surfaces. We computed the formation energies of

oxygen vacancies (VOs) on the CFO (001)/(100) surfaces
considering 1 and 2 VOs per surface unit cell, which
correspond to coverages of 1/8 and 1/4 monolayer (ML),
respectively. As for other inverse spinels, there are two types of
oxygen atoms, O1 and O2, on the CFO (001)/(100) surfaces
(see Figure 3). Both types are bonded to two 5-fold
coordinated metal cations in the outermost layer. The O1
atom is additionally bonded to an octahedrally coordinated
metal cation in the third layer. Depending on whether the third
layer metal cation is Co(Oh) or Fe(Oh), for the (100)mix
surface, we further differentiate between O1a and O1b,
respectively. The O2 atom is additionally bonded to the
Fe(Td) cation in the second layer.
The energy costs for the formation of the oxygen vacancies

in standard and ambient conditions are summarized in Table 1.

Focusing on the values at T = 0 K and p = 1 atm, it becomes
clear that removing O2 from any of the considered surfaces of
CFO is energetically much more demanding (2.22 eV on
average) than removing O1. Identical behavior has been
observed for the corresponding surface terminations in
NCO,34 where the formation energy of an O2 vacancy (1.78
eV on average) is larger than the reported values for VO1. The
high energy costs of O2 vacancies can be understood by
considering that they reduce the coordination number of
Fe(Td) from 4 to 3, which is quite unfavorable (Figure 3c).
Among the different CFO surfaces studied here, the generation
of a VO1 is easier on the (001)Co and (001)Fe terminations,
with nearly identical formation energies of 0.53 and 0.52 eV,
respectively. In comparison to NCO, these values fall between
the formation energies of VO1 on (001)Co (0.40 eV) and
(001)Ni (1.38 eV). For the (100)mix surface, instead, it is
relatively easier to remove O1a (0.67 eV) and O1b (0.72 eV)
from CFO than O1a (1.18 eV) and O1b (0.82 eV) from NCO.
This easier formation of oxygen vacancies suggests that CFO

may be a better oxidation catalyst than NCO for reactions
based on the Mars−van Krevelen mechanism.
Similar to what was found for NFO,35 another spinel ferrite,

the VO1 formation energies increase significantly when
increasing the concentration of the defects. As can be seen
from Table 1, generating a surface with a second O1 vacancy
almost doubles the average formation energy per defect. For
the (100)mix termination, removing only one O1a requires an
energy cost of 0.67 eV, whereas removing two O1a atoms costs
0.98 eV per atom. Reported values for the (100) surface of
NFO are 0.34 eV for 1 × VO/unit cell, and 0.71 eV/vacancy
for 2 × VOs/unit cell. A different behavior was found, instead,
for the (100)mix termination of NCO, where the first and
second VO formation energies are similar.
Each removed oxygen atom leaves behind two excess

electrons at the surface. As a result, the Fermi level moves up
in the band gap and new states appear in the electronic
structure. On the (001)Co surface, the excess electrons are
distributed between the nearest 5-fold coordinated Co(Oh)
ions, reducing their formal ionic charge from +3 to +2 and
increasing their magnetization from 1.9 to 2.5 μB, whereas the
magnetic moments of the other Co(Oh) surface ions decrease
slightly to 1.8 μB. This is accompanied by a geometric
relaxation around the oxygen vacancy, such that the closest O1
atom is displaced more toward the middle of the metal cations.
The corresponding optimized structure is presented in Figure
3a. The magnitude of the local relaxation is strongest on the
(001)Fe surface, where a “split-vacancy”36 is observed; that is,
the remaining O1 is equally shared and displaced exactly in the
middle between the Fe ions, occupying the interstitial space
between two vacancies (Figure 3b), as previously found for
NCO.34

Turning next to the (100)mix termination, which exposes
both Co and Fe ions, we again observe that one nearby Co ion
traps one of the two electrons from the defect and changes its
oxidation state from +3 to +2 (Table S1 of the Supporting
Information), whereas the second electron remains delocalized
in the surface by the electrostatic interaction of the
surrounding ions. From the structural point of view, the local
relaxation of the defected (100)mix surface bears a resemblance
to that of (001)Co. In all the CFO terminations considered, the
magnetic moments of the Fe(Oh) ions closest to the vacancy
are 3.7 μB and the cations underneath the missing oxygen relax
away from the created defect.
In summary, the new electronic states arising on the

defected surfaces can be attributed to both delocalized surface
states and reduced metal oxidation states. For illustration, the
density of states for the defected (001)Co surface with one O1
vacancy is shown in Figure 2d.

Water Adsorption. We characterized the reactivity of the
(001)/(100) CFO surfaces by studying the adsorption of one
water molecule per surface unit cell, which corresponds to a
coverage of 1/4 ML relative to the number of exposed metal
sites. We identified the Co and Fe metal ions as active sites on
the pristine surfaces. For the defected surfaces, we focused on
the adsorption of water at the most stable oxygen vacancy site
(i.e., the O1 vacancy).

Adsorption on a Metal Site. At T = 0 K, water adsorbs in a
molecular form at both the Co and Fe sites of the (001) slab
(Figure 4a,b). The adsorption energies, compared in Table 2,
indicate a rather strong interaction, in-between physi- and
chemisorption. Whereas the electronic structure of Fe and its
magnetization are barely influenced by the adsorption, Co

Table 1. Average Oxygen Vacancy Formation Energies for
the Different Oxygen and (001)/(100) Surface Types in
CFOa

formation energy (eV)

oxygen type T = 0 K, p = 1.00 atm T = 300 K, p = 0.20 atm

(001)Co
O1 0.53 0.24
O2 2.09 1.79
2 × O1 0.93 0.64

(001)Fe
O1 0.52 0.22
O2 2.33 2.04
2 × O1 1.01 0.72

(100)mix

O1a 0.67 0.37
O1b 0.72 0.42
O2 2.24 1.95
2 × O1a 0.98 0.68
2 × O1b 1.00 0.71
O1a - O1b 0.96 0.66

aEnergies correspond to coverages of 1/8 and 1/4 monolayer (one
and two vacancies per surface cell).
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prefers the low-spin state underneath the adsorbate and its
magnetization is reduced to zero. Adsorption of a water
molecule on a Co with an intermediate spin state (0.38 eV), as
found at the clean surface, is indeed 0.22 eV less favorable than
on a Co with no magnetization (0.60 eV). The Co−O distance
is also larger for the former, with a value of 2.24 Å.
Interestingly, a similar behavior was found for the normal
spinel Co3O4: in a study of selective 2-propanol oxidation over
Co3O4 nanoparticles, Anke et al.37 reported that Co has a +3
ionic charge with intermediate spin at the bare surface, but
becomes unpolarized underneath both adsorbates, 2-propanol
and oxygen. Moreover, this observation corroborates earlier

findings,13 that the magnetization of Co, at the (001)Co surface
of CFO, is quenched when certain species are chemisorbed.
For comparison, we also considered dissociated water on the
defect-free (001)Co surface. Dissociation is found to be 0.15 eV
less stable than the molecular adsorption and results in a
change of Co’s magnetic moment to 0.4 μB.
On the (100)mix surface, the molecular and dissociated forms

are predicted to coexist in almost equal amounts for the Co
and Fe active sites. The dissociation of water on Fe, presented
in Figure 4c, is 0.03 eV more favorable than the corresponding
molecular adsorption (0.48 eV). The case is opposite for Co,
where the molecular adsorption is 0.07 eV more negative than
the dissociative adsorption. The electronic structure of the
metal centers for water adsorption on (100)mix reflects the
same findings as for the (001) slab. The spin occupations of
the d-orbitals used to determine the oxidation states for the
adsorption sites are given in Table S1 of the Supporting
Information.

Adsorption at a Vacancy. As can be seen from Table 2, the
molecular adsorption of water, at T = 0 K, is more favorable at
the O1 vacancies than on the metal sites. This is especially true
for the (100)mix surface, where the adsorption energy is ∼0.20
eV more negative. The optimized structures show a hydrogen
bond between the molecularly adsorbed water and the
neighboring lattice oxygen of O1 type (Figure 4d), with H−
Osurface bond lengths between 1.49 and 1.70 Å.
This surface oxygen anion acts as a Brønsted base and can

capture the H+ from water while the deprotonated molecule
binds to the surface metal cations. In fact, water always prefers
to dissociate at the vacancy (Figure 4e), forming two OH
groups consistent with the equation:

+ + →H O V O 2OH2 O surface surface (3)

Somewhat unexpectedly, we find that water adsorption is most
favorable at the split-vacancy on the (001)Fe surface, where it
tends to heal the VO reconstruction with an energy gain of 1.37
eV at T = 0 K (0.78 eV at ambient conditions). This result
deviates from what was observed for NCO,34 where the
adsorption is less favorable at a split-vacancy site. The higher
vacancy reactivity on the (001)Fe surface can be attributed to

Figure 4. Top view of the molecular adsorption of water on (a) Co(Oh) of (001)Co and (b) Fe(Oh) of (001)Fe pristine surfaces and (c) the
dissociative adsorption on Fe(Oh) of (100)mix. Side view of the (d) molecular and (e) dissociative adsorption of water at the O1b vacancy of the
(100)mix surface. For clarity, only the first and second layer atoms are represented by spheres. The oxygen vacancy is marked by a yellow circle.

Table 2. Water Adsorption Energies on the Metal Sites of
the Pristine Surfaces and at the O1 Vacancy Sites of the
Reduced Slabsa,b

adsorption Gibbs free energy (eV)

adsorption site T = 0 K, p = 1.00 atm T = 300 K, p = 0.02 atm

(001)Co
Co (M) - LSc −0.60 −0.02
Co (M) - ISd −0.38 0.20
VO1 (M) −0.63 −0.05
VO1 (D) −0.91 −0.32

(001)Fe
Fe (M) −0.70 −0.11
VO1 (M) −0.72 −0.13
VO1 (D) −1.37 −0.78

(100)mix

Co (M) −0.47 0.12
Co (D) −0.40 0.19
Fe (M) −0.48 0.11
Fe (D) −0.51 0.07
VO1a (M) −0.72 −0.14
VO1a (D) −1.03 −0.44
VO1b (M) −0.69 −0.11
VO1b (D) −1.00 −0.41

aEnergies correspond to a coverage of 1/4 monolayer (single water
molecule per surface cell). bMolecular and dissociative adsorptions
are denoted by (M) and (D), respectively. cLow-spin configuration
for Co(Oh).

dIntermediate spin configuration for Co(Oh).
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the more basic character of the under-coordinated oxygen.
Consistent with this explanation, the O1surface on (001)Fe shows
the strongest affinity to H from water, having the shortest
hydrogen bond length of only 1.49 Å, in comparison to those
on (001)Co and (100)mix.
Surface Phase Diagrams.While the oxygen vacancy is the

predominant defect under ultra-high vacuum conditions, it is
not so common under ambient conditions, where water readily
reacts and dissociates, leading to hydroxylated surfaces. To
characterize the structure of the CFO (001)/(100) surfaces,
we computed the formation energy of the surfaces in contact
with two gases, water and O2, using the procedure described in
ref 35. We combined the energetics of VO1 formation (from
Table 1) and water adsorption (from Table 2) and additionally
considered the dissociation of two water molecules at 2 ×
VO1s/surface cell (Figure S5 of the Supporting Information).
As shown by the phase stability diagrams in Figure 5, the

CFO surfaces considered in this study are hydroxylated under
ambient conditions, which correspond to pO2

= 0.2 atm and

pH2O = 0.02 atm saturated vapor at 300 K. More specifically,
under ambient conditions, the most stable structure for the
(001)Fe and (100)mix surfaces consists of one hydroxyl pair per
surface cell (VO1+H2O). In a wider range of conditions,
VO1+H2O remains more favorable for (001)Fe, whereas the
2VO1+2H2O structure is more prominent for (100)mix. On the
contrary, for the (100)Co surface, the structure with two pairs
of hydroxyls (2VO1+2H2O) always dominates over the
dissociation of one water molecule at 1 × VO1.
Hydroxyl formation in CFO is comparable to that in NFO,35

but opposite to that in NCO,34 which is predicted to become
pristine under ambient conditions. The similarity between
CFO and NFO surfaces can be attributed to the lower energy
cost of the VO formation in comparison to NCO.34

■ CONCLUSIONS

Interest in CFO has recently shifted from the study of bulk
electronic and magnetic properties toward the understanding
of surface structure and reactivity, which are crucial for
designing efficient catalysts of technological relevance. This has
motivated us to investigate the (001)/(100) terminations of
CFO with and without oxygen vacancies, using first-principles
calculations based on DFT(PBE)+U. Our results show that the
formation of oxygen vacancies has a similar energy cost in the
different Co/Fe surfaces. In general, oxygens bonded to
Fe(Td) sites are harder to remove, and the energy cost of
vacancy formation increases rapidly with their concentration.
This behavior is comparable to that previously found for NFO,
although VO formation is still easier on the latter.
On the basis of computed water adsorption energies, we

identify the (001)Fe surface as the most reactive CFO
termination. Water adsorbs mainly in molecular form on Co
and Fe metal sites of defect-free surfaces, whereas it always
dissociates at oxygen vacancies, healing the reconstructions
introduced by the defects and resulting in hydroxylated
surfaces. In the bulk and near a vacancy, Co prefers a +2
high-spin valence state, whereas, at the bare surface and
underneath water, it prefers a +3 intermediate and low-spin
valence state, respectively.
The relatively low formation energies of the oxygen defects

combined with the adsorption results indicate that the CFO
(001)/(100) surfaces are hydroxylated under ambient

conditions and that oxygen vacancies in CFO may be
important active centers during catalytic redox reactions.
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Figure 5. Surface phase diagrams for CFO (a) (001)Co, (b) (001)Fe,
and (c) (100)mix surfaces exposed to water and O2. Ambient
conditions correspond to T = 300 K, p(O2) = 0.2 atm, and p(H2O) =
0.02 atm. Δμ(X) is the difference between the chemical potential of X
(X = O2, H2O) and its total energy (i.e., Δμ(X) = μ(X) − EX).
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