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Abstract

CoFe2O4 is a promissing catalytic material for many chemical reactions. We 
have used ab initio molecular dynamic simulations to study the structure and 
reactivity of the A- and B-terminations of the low index CoFe2O4 (001) sur-

faces to water adsorption at room temperature. Upon adsorption, water partly 
dissociates on both termination with a higher dissociation degree on the A-

termination (30% versus 19%). The 2-fold coordinated Fe3+(tet) in the tetra-

hedral voids and the 5-fold coordinated Fe3+(oct) in the octahedral voids are 
the main active sites for water dissociation on the A- and B-termination, re-

spectively. Molecular water, hydroxydes and surface OH resulting from proton 
transfer to surface oxygens are present on the surfaces. Both water free sur-

face terminations undergo reconstruction. The outermost Fe3+(tet) on the

A-termination and B-termination move towards the nearby unoccupied octa-

hedral voids. In the presence of a thin film of 32 water molecules, the recon-

structions are partially and completely lifted on the A- and B-termination, 
respectively.
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1 Introduction

Spinel-type transition metal oxides (TMO) are increasingly used as catalysts

for the production of chemicals at the industrial level via heterogeneous catal-

ysis. This stems from their interesting electronic, magnetic, optical, electri-

cal, thermal and redox properties.1 Among these, cobalt ferrite(CoFe2O4) was

found to be a promissing catalytic material for many chemical reactions due to

its unique structural and chemical stability.2,3, 4 These include the oxygen evo-

lution reaction (OER),5,6, 7, 8 CO oxidation,8,9, 10,11,12 2-propanol oxidation,13,14

, alkene oxidation,15 methane combution16 and oxidation of many other organic

compounds.17

CoFe2O4 nanoparticules grow naturally as octahedrons exposing only the

low index (111) facet. This stems from the surface energy of this facet (0.208 J.m-2)

which is one order of magnitude lower than the two other low index (001) and

(101) facets (1.486 J.m-2 and 1.916 J.m-2, respectively) as calculated by Zheng

et al.18 Based on these surfaces energies, they computed the equilibrium shape

of CoFe2O4 using a Wulff construction. Their calculations showed octahedral

grains exposing 8 (111) facets only, in agreement with scanning electron mi-

croscopy (SEM) images observed experimentally.19

However in operando, it may happen that less stable facets show better cat-

alytic performance for particular chemical reactions. Control parameters such

like the solvent may act as selective surfactants and promote the growth of a

particular surface termination.20 In this respect, the performance the (111)

facet for OER has been questioned recently by Hajiyani et al. as a consid-

erable disagreement between the calculated and experimental overpotentials

was observed.21,5, 6 Using DFT calculations, they investigated the catalytic

performance of pure and chemically modified CoFe2O4 (001) surfaces for OER

and found that this less stable facet shows a lower overpotential.21

Besides, several synthesis routes, have been developed in recent years to

tune the size, shape and composition of CoFe2O4 nanoparticules and promote

a selective exposure of catalytically relevant facets. Depending on the inter-

play between the synthesis parameters such as temperature, reaction time and

solvent, nanoparticles with various shapes can be synthesized.22 For exam-
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ple, Kim et al. recently proposed a recipe that enables the growth of highly

crystalline nanohexagons exposing not only the (111) facets but also the (001)

facets in considerable proportions.23 Apart from temperature and reaction

time, ratio of surfactant to solvent was found to be a decisive parameter in

their study. Hence, for a rational design and improvement of properties of

CoFe2O4 nanoparticles, the role of the solvent should be elucidated.

Recently a primordial step towards understanding of the effect of aqeous

solvation on the properties of CoFe2O4 nanoparticles was performed by Rushiti

et al.24 They used static DFT calculations to investigate the structure and

reactivity of clean and O-defected CoFe2O4 (001) surface towards water in the

single molecule regime. Water was found to adsorb mainly molecularly form on

Co and Fe metal sites of defect-free surfaces, whereas it always dissociates at

oxygen vacancies, lifting thereby the reconstructions introduced by the defects.

However for processes in operando, the dynamical character of the disor-

dered liquid water phase and the thermal contributions to its structure and

reactivity have to be taken into account. In this work, we use ab initio molec-

ular dynamic simulations to shied some light on the structural response and

reactivity of CoFe2O4 (001) surfaces to water adsorption at room temperature.

We investigate the nature of the adsorption sites and the chemical state of wa-

ter in the contact layers. We consider both the so-called A- and B-terminations

of CoFe2O4 (001) and a water film of approximately 2 Å to 3 Å and consisting

of 32 water molecules. As shown in previous studies this thickness of inter-

facial water describes reasonably well the interface between water and many

oxides.20,25,26,27,28

2 Computational details

Cobalt ferrite (CoFe2O4) crystallises in a face cubic centred inverse spinel,2

with an inversion degree that depends on the synthesis conditions. In this work

we consider a full inverse spinel structure, where 1/4 of the octahedral voids

are co-occupied by cobalt Co2+(oct) and Fe3+(oct), while the tetrahedral voids

are occupied only by Fe3+(tet) . We alternate the occupation of the octahedral

voids with Co2+ and Fe3+ with every layer in the x direction (surface in-plane).
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Figure 1: CoFe2O4 bulk structure. Fe3+(tet) ions in tetrahedral voids (yellow)

are shown in green, Fe3+(oct) and Co2+(oct) ions in octahedral voids in brown

and purple and oxygen atoms in red.

Cutting in the (001) direction leads to two different surface terminations

known as A- and B-terminations (see Figure 2). The topmost layer (L0) of

the A-termination shows only 2-fold coordinated Fe3+(tet) ions occupying the

tetrahedral voids, while the topmost layer (L1) of the B-termination is mixed,

consisting 5-fold coordinated Co2+(oct) and Fe3+(oct) ions which sit in the

octahedral voids and surface oxygens.
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Figure 2: A- (top) and B-terminations (bottom) of the CoFe2O4 (001) surface.

Fe3+(tet) ions in tetrahedral voids are shown in green, Fe3+(oct) and Co2+(oct)

ions in octahedral voids in brown and purple and oxygen atoms in red. On

the left, various layers are defined, and atom density profiles along the z axis

are shown on the right. Layers L6 to L10 and L8 to L13 were kept rigid for

A- and B-terminations, respectively.
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To model the interaction of the surfaces with the water film, non stoichio-

metric slabs consisting of 11 and 13 atomic layers covered with a water film of

32 molecules and followed by a vacuum region of about 20 Å thickness were

used for A- and B-termination, respectively. In each case, 5 (A-termination)

and 6 (B-termination) atomic layers in the bottom part of the slabs were frozen

at their bulk positions and the upper part of the slab allowed to relax together

with the water molecules. A supercell with (2x2) periodicity in the lateral

direction (x and y) and corresponding dimensions of 16.784 Å × 16.784 Å ×
40.0 Å was used. A dipole correction was applied in the surface’s. out of

plane direction to cancel the electric field gradient in the vacuum, arising from

the asymmetry of the slabs due to frozen atoms in the bottom part and the

one-sided water adsorption.

The CP2K/Quickstep package29 was used to perform Born-Oppenheimer

molecular dynamics (MD) simulations. The electronic interactions were treated

with the PBE exchange-correlation functional30 together with a dispersion cor-

rection of the Grimme D3 type.31 Hubbard correction32 terms of U = 2.0

eV26,33,34,35 for Co and U = 3.3 eV36 for Fe were added for a correct descrip-

tion of their 3d states. The core electrons were treated with Goedecker-Teter-

Hutter (GTH) pseudopotentials, while the 3s, 3p, 3d, and 4s, electrons of Co

and Fe atoms and the the 2s and 2p electrons of the O atoms were considered

as valence electrons. The basis sets consisted of a mixture of double-ζ quality

local basis functions with one set of polarization functions (DZVP) and plane

waves with cutoff of 500 Ry.

The Born-Oppenheimer molecular dynamics trajectories were propagated

with a time step of 0.5 fs during a total simulation time of 20 ps. To achieve

NVT conditions, a Nosé-Hoover thermostat with a time constant of 1 ps and

a target temperature of 300 K was used.
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3 Results and discussions

3.1 The structure of interfacial water

The A- and B-terminations of CoFe2O4 (001) surface show open surfaces where

water can bind on several potential adsorption sites. These are the 2-fold coor-

dinated Fe3+(tet) , the 5-fold coordinated Co2+(oct) and Fe3+(oct). On both

terminations one differentiates between surface oxygens O1 in the topmost

layer (L1) that are bound to one Fe3+(tet) in the nearest subsurface layer L2

and those that are not (O2). To investigate the adsorption mode of water

at the interface, we have calculated characteristic radial distribution functions

between surface cations and anions and water adsorbates on the A- and B-

terminations.

3.1.1 A-Termination

32 potential adsorption sites are present on this surface: the cobalt and iron

ions in the octahedral voids (16) and the 8 iron ions in the tetrahedral voids on

which up to two molecules can adsorb. As seen from snapshots of equilibrium

trajectories (Figure 3, left), both water molecules, water OH groups and surface

OH arising from proton transfer are present in the contact layer.

Figure 4a shows the bond length distances between surface cations and

water oxygens. While molecular water is present on all adsorption sites as

exteriorised by the peaks centred at 2.15 Å, 2.25 Å and 2.35 Å for Fe3+(tet),

Co2+(oct) and Fe3+(oct), respectively. It is seen that hydroxides bind pref-

erentially on Co2+(oct) and Fe3+(tet) with a stronger signature on the latter

sites as can be shown by the intensity of the peaks centred at 1.9 Å and 1.95

Å, respectively. Hydroxides are barely present on the Fe3+(oct) sites as seen

from the broad peak of very low amplitude centred at 2.20 Å.

Our investigations reveal that about 21 (21.4) adsorbates are present in

the contact layer with the surface, 7.1 hydroxides and 14.3 water molecules.

The distribution of adsorbates on the adsorption sites reads: 8.8 molecules on

Fe3+(tet), 7.5 and 5.1 on Fe3+(oct) and Co3+(oct), respectively. 5.4 out of 7.1

hydroxides bind on Fe3+(tet) which confirms the stronger preference of water
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to dissociate on these sites as mentioned above.

Figure 4b shows the radial distribution function of the different surface

oxygen types to the water hydrogens. One can see a signature of H-bonding

between the surface O1 and water hydrogens as highlighted by the peak at 1.8

Å. The characteristic peaks at 1 Å shows a more significant presence of hydro-

gens bound to the O1 surface oxygens compared to O2 surface oxygens. This

stems from the fact that proton transfer on the latter occurs only upon recon-

struction of some of the nearby Fe3+(tet) that move away from the tetrahedral

voids, annihilating the steric effets that prohibit proton transfer to surface O2

oxygens.

3.1.2 B-Termination

In the case of the B-terminated surface, 16 potential adsorption sites are

present, which are the 8 Co2+(oct) and 8 Fe3+(oct). On each site, only one

water or hydroxide molecule can adsorb. Unlike on the A-termination, water

seats on all adsorption sites. As seen from Figure 3 (right) water adsorbs via

a partly dissociative mode, with a lower dissociation degree compared to the

A-termination. Figure 5a shows the radial distribution function between sur-

face cations and water oxygens. Hydroxide molecules almost exclusively bind

on Fe3+(oct) sites. This is supported by the peak centred at 1.95 Å, character-

istic signature of OH groups which is quenched for Co2+(oct) which interact

exclusively with molecular water.

The integration of the number density shows that 3.1 water molecules out

of the 16 present in the contact layer dissociate via proton transfer to the

surface. This occurs exclusively on surface oxygens O2 as it is from Figure 5b

in which the characteristic peak at 1.05 Å, signature of surface OH originating

from proton transfer to the surface is missing for surface oxygens O1. Also,

these surface oxygens O2 are predominant in the hydrogen bonding to the

surface as can be seen from the peak centred at 1.75 Å which also exteriorises

a strong H-bonding character.
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Figure 3: Snapshots of final configurations of each simulation. Fe3+(tet)

: green, Fe3+(oct): brown, Co2+(oct) : purple, slab oxygens: red, wa-

ter/hydroxide oxygen: blue, hydrogen: white. Greyed-out atoms are located

in lower layers.

(a) (b)

Figure 4: Radial distribution function of the adsorptions sites to the oxygen

of water and hydroxide molecules (a) and the radial distribution Function of

the two lattice oxygen types (O1, O2) to hydrogen, A-termination.
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(a) (b)

Figure 5: Radial distribution function of the adsorptions sites to the oxygen

of water and hydroxide molecules (a) and the radial distribution function of

the two lattice oxygen types (O1, O2) to hydrogen, B-termination.

3.2 Surface relaxations and reconstructions

To study the structural behaviour of the A- and B- surfaces terminations

upon water adsorption, for each surface termination, we performed molecular

dynamics runs at room temperature for simulations times of 20 ps for the

water free and water covered surfaces, respectively. Afterwards, we computed

and analyzed characteristic density profiles and radial distribution functions

(RDFs) to investigate the changes in the geometrical features before and after

the simulations taking the clean surfaces as references.

3.2.1 A-Termination

After relaxation of the water free surface, the tetrahedral voids containing the

Fe3+(tet) are widened (6 out of 8 Fe3+(tet) in the top most layer L0) as these

ions move towards the nearby unoccupied octahedral voids in L1(Figure 6a,c).

This is supported by Figure 7a that shows the distances between Fe3+(tet) in

L0 and L2 and the surface O of the tetrahedral voids located in the adjacent

layers L1 and L3, respectively. For the clean surface, Fe3+(tet) in L0 are

displaced by about 0.05 Å from their bulk positions as shown by the peak

at 1.95 Å. Besides, the broader peak’s shoulder of lower amplitude at 2.2
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Å, arises as the Fe3+(tet) move closer to the surface oxygens located in the

unoccupied octahedral voids in L1. These Fe3+(tet) in L0 weakly interact

with the lattice oxygens located in the unoccupied octahedral void in L3 as

illustrated by the peak 2.8 Å. The presence of water slightly attenuate these

relaxation features(Figure 6b,d) as illustrated by the lower amplitude of the

RDFs (blue lines in Figure 7a). The Fe3+(tet) in the inner layer L2 show also

this tendency to move towards the octahedral voids, but the effect is not as

pronounced as in the topmost layer L0 as shown by the faster convergence

of the radial distribution functions towards bulk values in dry and humid

conditions(dashed lines in Figure 7a) . Only 2 out of 8 Fe3+(tet) reconstruct

in L2.

The reconstruction of Fe3+(tet), as they move towards the nearby unoc-

cupied octahedral voids yields an increment in the coordination number in

the outermost surface layers. The calculated coordination numbers for the

clean surface read 4.87, 4.50 and 4.01 for Fe3+(tet) in layers L0, L2 and L4

respectively. As a consequence of water adsorption, the coordination number

of Fe3+(tet) in the contact layer with water increases to 5.45, while the co-

ordination environment of Fe3+(tet) in inner layers remains almost inchanged

with coordination numbers of 4.45 and 4.01 for Fe3+(tet) in layers L2 and L4.

The out of plane distribution of Fe3+(tet) displayed in Figure 7b shows that

the outermost Fe3+(tet) undergo an inwards relaxation, moving closer to L1

as illustrated by the shift by about 0.5 Å to lower values from the bulk posi-

tions. The peak intensity is attenuated by water adsorption and spreads till

bulk positions as the coordination environment of Fe3+(tet) ions changes as

mentioned above.

As a consequence of the clean surface reconstruction, octahedral voids con-

taining the Co3+(oct) shrink (Figure 6a,c) as supported by Co3+(oct)-Os dis-

tances that shift to lower value by about 0.5 Å compared to bulk (Figure

7c). Fe3+(oct) undergo relaxations of small amplitude as it can be seen from

(Figure 7e). Upon water adsorption the voids are enlarged as illustrated by

larger Fe3+(oct)-Os distances. Co3+(oct) and Fe3+(oct) undergo inwards and

outwards out of plane relaxation of very weak amplitude as shown in Figure

7d and Figure 7f, respectively. This observation also holds in the presence
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of water as the density profiles are very similar. Water adsorption yields a

bulk like coordination environment (5.86 and 5.6 for Fe3+(oct) and Co3+(oct),

respectively vs. 6 for the bulk coordination number).

3.2.2 B-Termination

Fe3+(tet) located in L2 reconstruct on the clean surface (3 out of 8 Fe3+(tet)),

by moving into unoccupied octahedral voids in L1 (Figure 8a,c) as is high-

lighted by the tail in the RDF (Figure 9a) and the presence of the peak at

-0.1 Å in their density profiles which expressses an outwards relaxation by

about 0.9 Å(Figure 9b). This increases the coordination number of outermost

Fe3+(tet) to 4.38. Their counterparts in the inner layers L4 and L6 do not

reconstruct and their coordination numbers barely deviate from bulk values

(4.03 and 4.07 respectively). Upon water adsorption, the reconstruction in

L2 is lifted as the presence of water quenches the above mentioned geometric

features. As a consequence, the Fe3+(tet) in L2 recover their bulk environment

with a coordination number of 4.02.

Like on the A-termination, a consequence of the Fe3+(tet) reconstruction is

the shrinking of the octahedral voids containing the Co3+(oct) that can be ob-

served in L1 layer (Figure 8a,c). The shortening of the Co3+(oct)-Os distances

as shown in Figure 9c supports this observation. This holds in dry and humid

conditions(Figure 8b,d). Figure 9d shows that the Co3+(oct) undergo almost

no out of plane relaxation. This is a consequence of the weaker interaction

of Co3+(oct) with water as shown in Figure 5a and discussed above. Water

enlarges the octahedral voids containing the Fe3+(oct) as it can be seen from

the broadening of the RDF of the outermost Fe3+(oct) in Figure 9e and their

outwards out-of-plane relaxation in Figure 9f. This stems from their stronger

interaction with water hydroxide. Also, like the Fe3+(tet), upon water ad-

sorption, the 5-fold coordinated Fe3+(oct) and Co3+(oct) recover their bulk

coordination number of 6.
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(a) pristine (b) pristine

(c) vacuum (d) water

Figure 6: Top views of the initial (top row) and final (after 20 ps; bottom row)

surface structures for A-terminated water-free (left) and water covered (right)

CoFe2O4 (001) surfaces, with atom colouring Fe3+(oct): brown, Fe3+(tet):

green, Co3+: purple, O: red as in Fig. 2. Fe3+(tet) ions below the top surface

layers are partially greyed out. The arrows indicate the reconstruction of the

Fe3+(tet)

.
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(a) (b)

(c) (d)

(e) (f)

Figure 7: radial distribution function (left) of the lattice oxygens to cobalt and

iron ions in the 4 outermost layers (L0-L3) and density profiles (right) of the

latter on the A-terminated surface. The center of mass of layer L1 (see Figure

1) is taken as reference position z=0.

.
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(a) pristine (b) pristine

(c) vacuum (d) water

Figure 8: Top views of the initial (top row) and final (after 10 ps; bottom row)

surface structures for B-terminated water-free (left) and water covered (right)

CoFe2O4 (001) surfaces, with atom colouring Fe3+(oct): brown, Fe3+(tet):

green, Co3+: purple, O: red as in Fig. 2. Fe3+(tet) ions below the top surface

layers are partially greyed out. The arrows indicate the reconstruction of the

Fe3+(tet)

.
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(a) (b)

(c) (d)

(e) (f)

Figure 9: radial distribution function (left) of the lattice oxygens to the cobalt

and iron ions in the 4 layers outermost (L1-L4) and density profiles (right) of

the latter on the B-terminated surface. The center of mass of layer L1 (see

Figure 1) is taken as reference position z=0.
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4 Conclusion

Our investigations have shown that on both the A- and B-terminations wa-

ter is partially dissociated in the contact layer. Molecular water can bind on

all cation sites, while hydroxide binds to specific sites. On the A-terminated

surface, hydroxide molecules mainly bind on the 2-fold coordinated iron ions

Fe3+(tet), while on the B-terminated surface, they sit exclusively ontop the

5-fold coordinated iron ions Fe3+(oct) which are more reactive. The dissocia-

tion degree on the A-terminated surface is higher than on the B-termination

(A: 7/24, 30% B:3/16, 19%). Following water dissociation, proton transfer to

a nearby surface oxygen occurs, resulting in a surface hydroxide. On the A-

termination, proton transfer to the surface oxygens O1 in the topmost layer

(L1) that are coordinated to one Fe3+(tet) in the adjacent subsurface layer L2

is more pronounced while on the B-termination it occurs exclusively on the

O2 surface oxygens in the layer L1. Both surface terminations undergo recon-

struction in dry conditions. The Fe3+(tet) in the top most layer L0 on the

A-termination and those in L2 on the B-termination move towards the nearby

unoccupied octahedral voids in layer L1. Water partially lifts the reconstruc-

tions on the A- termination and does it completely on the B-termination as

on the latter the undercoordinated surface atoms converge more faster to their

bulk-like environment in presence of a thin film of 32 water molecules.
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activity relation of spinel-type co–fe oxides for low-temperature co oxidation.
Catalysis Science & Technology, 4(9):3359–3367, 2014.

11 Dong Gu, Chun-Jiang Jia, Claudia Weidenthaler, Hans-Josef Bongard,
Bernd Spliethoff, Wolfgang Schmidt, and Ferdi Schueth. Highly ordered
mesoporous cobalt-containing oxides: structure, catalytic properties, and ac-
tive sites in oxidation of carbon monoxide. Journal of the American Chemical
Society, 137(35):11407–11418, 2015.

12 Jasmine Thomas, Nygil Thomas, Frank Girgsdies, Malte Beherns, Xing
Huang, VD Sudheesh, and Varkey Sebastian. Synthesis of cobalt ferrite
nanoparticles by constant ph co-precipitation and their high catalytic activ-
ity in co oxidation. New Journal of Chemistry, 41(15):7356–7363, 2017.

13 Sven Anke, Tobias Falk, Georg Bendt, Ilya Sinev, Michael Haevecker, Hen-
drik Antoni, Ioannis Zegkinoglou, Hyosang Jeon, Axel Knop-Gericke, Robert
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