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a b s t r a c t
We report the results of theoretical investigations of water adsorption on undoped and ﬂuorine-doped Co3O4
(100) surface by means of the plane-wave periodic density functional theory (DFT) calculations combined
with the Hubbard-U approach and statistical thermodynamics. We discuss the effect of ﬂuorine-doping of the
Co3O4 (100) surface and calculated oxygen evolution reaction overpotential based on the Gibbs free-energy
diagram of undoped and F-doped surfaces.
© 2015 Elsevier B.V. All rights reserved.

1. Introduction
The increasing consumption of energy in the world has stimulated
an intensive research of different sources of renewable energy. This
includes research on the electrochemical splitting of water, in order to
increase the efﬁciency of the oxygen evolution reaction (OER) by
means of reducing overpotential. The interaction of water with transition metal oxide surfaces plays an important role in catalysis, surface
chemistry, gas sensors [1], and photo- and electrochemistry [2,3]. One
of the promising materials for water splitting is spinel-type tricobalt
tetra oxide, Co3O4. Recently, Norskov et al. combined DFT + U calculations and atomistic thermodynamics in theoretical study of the OER
activity on pure Co3O4 and β-CoOOH (0112) surfaces as a function of
applied potential and pH [4]. Catalyst performance could be, in principle, improved using different promoters [5–7]. In particular, Xu et al.
[8] presented a comparative experimental study of water adsorption
on pure and cation, Al-doped Co3O4. It is also well known that the presence of different promoters in p-type semiconducting photocatalysts,
such as Co3O4, could lead to a signiﬁcant decrease of the OER
overpotential [9]. Indeed, in an experimental study by Gasparotto
et al. [10] anion, F-doping of nanostructured ﬁlms of Co3O4 resulted in
a signiﬁcant improvement of catalytic properties. It is expected that
this is related to an increase of concentration of Co2 + active centers.
Motivated by the latter experiments, in the present study we analyzed
the catalytic activity of different Co-sites on the pure and F-doped
Co3O4 (100) surface in H2O adsorption.
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⁎ Corresponding author.
E-mail address: kaptagai.gulbanu@mail.ru (G.A. Kaptagay).

http://dx.doi.org/10.1016/j.ssi.2015.03.012
0167-2738/© 2015 Elsevier B.V. All rights reserved.

Since the atomistic mechanism of the OER is complicated and not
fully studied, insights into the thermodynamics of the reaction could
be important, e.g. using the well-established approach developed by
Norskov and co-workers [11–13]. Their OER process consists of four
elementary reaction steps, each involving the coupled transfer of an
electron to the electrode and a proton to water (the * indicates
molecules at the surface) [9]


−

H2 O þ →OH þ H2 O þ e þ H




−

þ

OH þ H2 O→O þ H2 O þ e þ H




−

O þ H2 O→OOH þ e þ H


−

þ

þ

OOH →O2 þ e þ H :

ð1Þ
þ

ð2Þ
ð3Þ
ð4Þ

In order to calculate the energetics of this process, the Gibbs free
energies of H2O adsorption and of the intermediate products (O, OH,
OOH) should be calculated.
2. Method and surface model
2.1. Computational methodology
The calculations have been performed using the ab initio plane wave
computer code VASP [14,15] using the projector-augmented planewave (PAW) formalism [16] in conjunction with PBE (Perdew–Burke–
Ernzerhof) GGA exchange-correlation functional [17]. The standard
Monkhorst–Pack grid with the 4 × 4 × 4 sampling mesh for the bulk
calculations and the 2 × 2 × 1 for the slab calculations was used [18]
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Table 1
The calculated lattice constant (Å), bond distances (Å), heat of formation (kJ/mol), band gap (eV), and exchange coupling J (10−4 eV). The results of other calculations are presented for
comparison.
Method

Lattice constant (Å)

Distance Co2+–O2− (Å)

Distance Co3+–O2− (Å)

Heat of formation (kJ/mol)

Bandgap (eV)

Exchange coupling J (10−4 eV)

PBE + U (this work)a
PBE [22]
PBE + U [22]b
PBE0 [22]
Exp. [23]

8.15
8.19
8.27
–
8.08

1.96
1.95
1.93
–
1.93

1.93
1.93
1.95
–
1.92

−894
−683
−884
–
−891

1.60
1.39
1.96
3.42
1.65

−12
−25
+1
−50
−6.26

a
b

Exchange coupling constant J was calculated with the cutoff energy of 800 eV and with the sampling mesh 4 × 4 × 4.
Two different U-parameters (4.4 eV and 6.7 eV) used for Co2+ and Co3+ ions, respectively.

along with the cutoff energy of 600 eV and the Methfessel–Paxton [19]
smearing with σ = 0.1 eV. In performed calculations for the periodic
slab model (inﬁnite in two dimensions) the positions of all ions were
fully relaxed, to render the net forces acting upon the ions smaller
than 1 × 10− 2eV ⋅ Å− 1. In order to avoid the interaction between
periodically translated images along the direction normal to the surface,
we used vacuum gap of 12 Å.
Co3O4 has a spinel structure ( Fd3m ) which contains half-ﬁlled
octahedral sites with Co3 + (d6) cations and tetrahedral sites with
Co2 + (d7) cations, which are four-fold-(Co4f) and three-fold-(Co3f)
coordinated at the (100) surface, respectively, whereas all surface
oxygen ions are equivalent. One unit cell in the bulk contains 2 formula
units, i.e. 14 ions. In this study, we focus on the water interaction with
the Co3O4 (100) surface. The layer was deﬁned by the subset of the
ions lying in the same plane perpendicular to the given Miller index in
the idealized spinel structure.
We simulated symmetric slabs with an odd number of layers, for
which the total dipole moment is zero. As the number of slab layers
exceeds seven, the atomic relaxation and the surface energy ﬁnally
converge. This slab is stoichiometric and symmetric along the surface
normal plane. Totally, the 7-plane slabs contain 70 ions.
2.2. Thermodynamic description
In thermodynamic modeling the free enthalpy of a surface (A) as a
function of the thermodynamic parameters (T, p) and the number of
adsorbed molecules nads
could be found using a general expression:
i
a

Ghkl ðT; p; θÞ ¼

n
o X
i
1 h slab 
ads
ads
G
− i ni μ ðT; pÞ
T; p; ni
A

  
0
0
Δμ ð p; T Þ ¼ Δμ ðT Þ þ RT ln p p
and can be computed using standard statistical thermodynamics:

h
i


0
osc
rot
trans
osc
rot
trans
Δμ ðT Þ ¼ Δ EZPE þ E ð0→T Þ þ E þ E
þ RT−T S þ S þ S
:

ð10Þ
Those thermal contributions cover changes in the translational,
rotational, and vibrational degrees of freedom upon adsorption of n
molecules. In the adsorbed state the parent gas-phase translations and
rotations are converted into low-frequency soft oscillations (so-called
frustrated rotations and translations), whereas the hard stretching OH
modes were only slightly modiﬁed (by 20 cm−1 toward lower values)
when water adsorbs associatively and by about ∼200 cm−1 for dissociative mode of adsorption. The frustrated modes due to strong binding of
H2O to the surface exhibit rather elevated, as for those type of molecular
motion, frequencies of 200–300 cm−1. However, the contribution to
entropy and energy changes from the frustrated modes are quite
small, and the major part of the thermal contribution to the chemical
potential of the adsorbed water species comes from hard vibrations
and is approximated by zero-point energy of the gas-phase H2O
molecule:
  
0
0
g
0
Δμ ðT; pÞ ¼ μ ðT Þ−EZPE ðH2 OÞ þ T ln p p :

pV m ¼ RT ð1 þ B=V m Þ:

ð12Þ

ð6Þ

Total DOS
2+
Co
3+
Co
O

ð7Þ
where Gg(H2O) = nμ(H2O). Assuming that the vibrational terms of the
surface do not vary signiﬁcantly upon water adsorption (ΔGs ≅ ΔEel),
one can factorize the free energy of adsorption in two parts: the electronic contribution, ΔaEel, calculated as difference of the corresponding
static DFT energies at 0 K, and the change in the chemical potential of
water molecules upon adsorption:

Density of states

 s

s
g
Δa Ghkl ðp; T; nH2 OÞ ¼ G ðCo3 O4 ðhklÞ=fH2 OgÞ− G ðCo3 O4 ðhklÞÞ þ G ðH2 OÞ

Egap=1.60eV
(exp. 1.65eV)

-1
Δa Ghkl ð p; T; nH2 OÞ ¼ Δa E −nΔμ ðH2 OÞ

ð11Þ

The pressure term in expression (11) was corrected by using virial
expansion, up to the ﬁrst power of the molar volume:

The related adsorption Gibbs energy, ΔaGhkl(p, T), can be deﬁned as

el

ð9Þ

ð5Þ

where μ(T, p) is the chemical potential of water.
The minimum of a given function ΔaGhkl(p, T, nH2O) is not searched
directly. Adsorption process can be as expressed:
Co3 O4 ðhklÞ þ nH2 O↔Co3 O4 ðhklÞ=fnH2 Og :

In turn, changes in the chemical potential of a gas phase and
adsorbed water are described in a standard way:

ð8Þ

where ΔaEel = Eel(Co3O4(hkl)/{H2O}) − Eel(Co3O4(hkl)) − nEel(H2O).

0

1

2

3

E-EFermi / eV
Fig. 1. The electronic DOS of a pure Co3O4.
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Co0.5-(terminating)
Co2O4
Co-planes

a)

b)

Fig. 2. Co3O4 (100) Co0.5-terminated surface top view (a) and side view (b). Color coding: Co°5c, blue; CoT4c, green; CoT2c, purple; O3c, black; O4c, gray; The empty cube indicates Co site.

of 0.5. The calculated GGA + U (100) surface energy is equal to
1.23 J ⋅ m−2 smaller than 1.39 J ⋅ m−2, obtained in the GGA calculations
[24].

3. Results
3.1. Determination of the Hubbard parameter U
In this work the electron correlation effects were accounted using
the rotationally invariant formulation of the on-site model by Dudarev
et al. [20]. In previous studies on pure Co3O4 [4,9] the Hubbard-U
parameter of 3.5 eV was used. We optimized the effective U parameter
(corresponding to Ueff = U − J in the original GGA + U formulation) for
Co ions and found that the parameter Ueff = 3 eV reproduces very well
both the experimental structural parameters as well as the band
gap—see Table 1 and Fig. 1.
The self-consistent magnetic moments on Co2+ and Co3+ ions are
2.63 μβ and zero, respectively, to be compared with 2.61 μβ obtained
in previous PBE calculations, Ref. [21]. Fig. 1 presented the electronic
DOS of a pure Co3O4.
The optimized lattice constant of Co3O4 spinel structure, a0 =
8.312 Å and the internal u parameter (position of oxygen anions in the
unit cell) of 0.268 are in good agreement with the experimental values
of 8.082 Å and 0.263, respectively. Octahedral cobalt–oxygen and tetrahedral cobalt–oxygen bond lengths were equal to dO
Co − O = 1.942Å and
dTCo − O = 1.963Å are close to the experimental ones dO
Co − O = 1.920Å
and dTCo − O = 1.935Å.
In our calculations we consider the energetically most stable Co3O4
(100) surface. As was shown by Zasada et al. [24], the surface energies
(under vacuum conditions) for (100), (110) and (111) surfaces are
1.39, 1.65 and 1.48 J ⋅ m−2 that is, the most stable is the (100) surface.
Thus, the most stable structure of the terminating (100) plane consists of four coordinationally unsaturated 5-fold Co°5c, two recessed,
fully coordinated 4-fold CoT4c, and two protruding 2-fold CoT2c. (Fig. 2).
The distance between the nearest Co° ions in a slab is 2.91 Å and the
CoT ions are separated by 7.63 Å. There are two types of exposed oxygen
ions: the 4-fold O4c and 3-fold O3c. Following [4,21], we modeled the
(100) surface with 7 layer symmetrical and stoichiometric slabs shown
in Fig. 2. In order to get equivalent both upper and lower terminations,
one CoT was moved from the upper plane to the bottom plane. This is
why we denote this as Co0.5 termination. Thus, the Co3O4 (100) surface
termination has a composition of {1CoT2c, 4Coo5c, 2CoT4c, 6O3c,2O4c}.
The surface energy was calculated as:
γ ¼ ðEslab −nEbulk Þ=ð2  m  sÞ

3.2. Water adsorption
In the present study, we studied the catalytic activity of CoT2c and
CoO
5c sites for H2O adsorption on the pure and F-doped Co3O4 (100) surface. To investigate the effect of ﬂuorine doping, one 3-fold O3c (with
one missing bond to CoT) surface oxygen atom was substituted by a
ﬂuorine ion as shown in Fig. 3 (The relative CoT2c − F distances are
4.12 Å and 2.14 Å for CoO
5c − F). Therefore, the F dopant concentration
was 12.5%. After ﬂuorine doping the slab structure was reoptimized.
The calculations predict no essential lattice relaxation around the substitutional F ion: the change of the equilibrium bond length between
O and catalytic active cobalt, CoT2c − O3c is larger than CoT2c − F bond
by Δl = 0.001Å only. The effective F ion charge was − 1.01e, slightly
larger than −0.96e for the host O ion.
We have investigated a large number of starting geometries of water
ad-molecule for detection of the most stable adsorption conﬁguration.
The most stable sites for water adsorption were found on the most
unsaturated Co ions. For water adsorption simulations molecule was
added on the top of CoT2c and CoO
5c ions at perfect and ﬂuorine doped
Co3O4 (100) surface. Fig. 4 shows H2O adsorption geometries at the
CoT2c site on the Co3O4 (100) surface.

ð13Þ

where Eslab denotes the slab energy and nEbulk energy of the corresponding number of Co3O4 units in the bulk, m is the number of elementary
surface units s. Because the surface system is modeled by a slab with
two equivalent surfaces, the surface free energy is multiplied by a factor

Fig. 3. Top view and side view of ﬂuorine doping on the Co3O4 (100) Co0.5-terminated
T
T
surface. Color coding: CoO
5c, blue; Co4c, green; Co2c, purple; O3c, black; O4c, gray; F, cyan.
The empty cube indicates Co site.
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O
T
T
Fig. 4. Side view of H2O adsorption at the CoT2c (a) and CoO
5c (b) sites on the Co3O4 (100) Co0.5-terminated surface. Color coding: Co5c, blue; Co4c, green; Co2c,purple; O3c, black; O4c, gray; F,
cyan; Oads (H2O), red; H, white. The empty cube indicates Co site.

Zasada et al. [24] found that water molecules dissociate on twofold
coordinated CoT2c site on the pure surface with formation of terminal
hydroxyl groups (CoT2c − OH distance is 1.81 Å) and bridging hydroxyl
groups by involving an O3c surface ion with − 1.18 eV adsorption
energy. In our study, water adsorbs dissociatively on the CoT2c site on the
perfect surface with energy of −1.6 eV (CoT2c − OH distance is 1.85 Å).
The adsorption and dissociation energy of water molecules are
calculated as
ΔEads ¼ Eadsorbate=surface −ðEadsorbate þ Esurface Þ;

ð14Þ

where Eadsorbate/surface, Eadsorbate and Esurface correspond to the total
energies of a system formed by the adsorbate at the surface, the isolated
adsorbate molecule in gas phase and the bare surface, respectively.
Fig. 5 presents the water dissociation geometry on the Co3O4 (100)
Co0.5-terminated surface.
On the ﬂuorine-doped surface a water molecule at CoT2c site adsorbs
without dissociation, with the small energy of −1.66 eV.
On the F-doped surface CoO
5c site adsorption of water molecule
occurs in an associative manner, the calculated adsorption energy was
−1.49 eV. On a twofold coordinated CoT2c site on the pure surface OOH
species adsorbs with the energy of 3.03 eV (CoT2c − O(H) distance is
1.81 Å), whereas on the CoO
5c site OOH adsorbs with the energy of
3.26 eV and the CoO
5c − O(H) distance of 2.08 Å. In its turn, OOH species
on twofold coordinated CoT2c site on the ﬂuorine-doped surface
adsorbs with 2.35 eV (CoT2c − O(H) the distance is 1.81 Å), whereas on

the CoO
5c site OOH species adsorbs with the energy of 2.75 eV and the
CoO
5c − O(H) distance of 2.09 Å (Table 2).
The Gibbs free energies of the reactions (1) to (4) were calculated as
ΔGi ¼ ΔEi þ ΔZPEi −TΔSi :

ð15Þ

T is the temperature, and Si entropy, where the binding energies of
the intermediates are
 
1
ΔЕОН ¼ Е ОН −ЕðÞ− EðH2 OÞ− EðH2 Þ
2

ð16Þ

 
ΔЕО ¼ Е O −ЕðÞ−½EðH2 OÞ−EðH2 Þ

ð17Þ


3

ΔЕOОН ¼ Е ОOН −ЕðÞ− 2EðH2 OÞ− EðH2 Þ :
2

ð18Þ

The binding energies of O, OH and OOH (ΔEO, ΔEOH, ΔEOOH) and
the bond lengths on the undoped and F-doped Co3O4 (100) Co0.5terminated surface are summarized in Table 3. We reveal that the binding energies of O*, OH* and OOH* on the cobalt oxide surface, calculated
with PBE + U, scale according to the relation ΔEOOH ⁎ = ΔEOH ⁎ + 3.2
within ± 0.4 eV as was shown in Ref. [4,13].
We have calculated the Gibbs free energy changes along the reaction
pathway using the computational standard hydrogen electrode (SHE)
allowing us to replace a proton and an electron with the half a hydrogen
molecule at V = 0 V vs SHE according to theory [11,13]. The theoretical
overpotential is found according to the standard relation
η ¼ max½ΔGi =e−1:23½V:

ð19Þ

Fig. 6 presents the free energy changes of reactions (1) –(4) based on
DFT + U calculations of adsorbed intermediates on the perfect and
ﬂuorine-doped Co3O4 (100) surface at 0.2 ML water coverage. The
Table 2
Basic characteristics of water adsorption process on undoped and ﬂuorine-doped Co3O4
(100) Co0.5-terminated surface. ΔEads—adsorption energy; d—dissociative mode;
a—associative mode; dCo − O(H2)—bond length in Å.* denotes present work.
Adsorption center CoT2c
Undoped

Fig. 5. Top view of dissociation geometry on the Co3O4 (100) Co0.5-terminated surface.
T
T
Color coding: CoO
5c, blue; Co4c, green; Co2c,purple; O3c, black; O4c, gray; Oads(H2O), red;
H, cyan.

F-doped

ΔEads/eV

Adsorption
type

dCo−OðH2 OÞ

ΔEads/eV

Adsorption
type

dCo−OðH2 OÞ

*
−1.6

*
d

*
1.85

*
−1.66

*
a

*
1.62

[24]
−1.18

[24]
d

[24]
1.81
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Table 3
The binding energies of O, OH and OOH (ΔEO, ΔEOH, ΔEOOH in eV) and bond length on the undoped and F-doped Co3O4 (100) Co0.5-terminated surface. dx—is bond length in Å, * denotes
adsorbate atom.
ΔEO

dCo − O

ΔEOH

dCo − O(H)
dO(⁎) − H(⁎)

ΔEOOH

dCo − O
dO(⁎) − H(⁎)
dO(⁎) − O(⁎)

Adsorption center CoT2c

ΔEO

dCo − O

ΔEOH

dCo − O(H)
dO(⁎) − H(⁎)

ΔEOOH

dCo − O
dO(⁎) − H(⁎)
dO(⁎) − O(⁎)

2.08
0.98
1.45
2.09
0.98
1.47

Adsorption center Co°5c

Undoped

2.23

1.59

−0.11

1.78
0.97

3.03

Fluorine doped

1.81

1.6

−0.54

1.77
0.97

2.35

1.81
0.98
1.47
1.81
0.98
1.48

calculations suggest that the theoretical overpotentials for water
adsorption on the site CoT2c on the doped and F-doped surfaces are
nearly the same (0.77–0.78 V). In contrast, on Co°5c site at undoped
surface the overpotential is 0.81 V, with the formation of O* as the
determining step. However, at ﬂuorine-doped surface the water adsorption on CoO
5c site shows much smaller overpotential, only 0.44 V,
with the same potential determining step as for the undoped surface.
In this case the adsorption energy of O* species is strongly reduced
relative to that on undoped surface, which results in decrease of the
Gibbs free energy.
To elucidate in more detail the reasons for the reduced overpotential
on the ﬂuorine-doped surface and the CoO
5c sites, in Table 4 are listed the

2.29

1.86

−0.09

1.79
0.97

3.26

1.82

1.85

−0.19

1.80
0.97

2.75

Bader charges and the local magnetic moments at the CoO
5c sites are presented along with the O, OH, OOH charges. The oxidation states assigned
according to Ref. [9]. An initial oxidation state of the Co° changes from
3+ to 4+ for OOH species on the undoped surface, and for O on both,
doped and undoped, surfaces. We neglect any additional kinetic barriers
that may be present between the intermediates.
4. Conclusions
Using accurate DFT + U calculations, we have shown that water can
be dissociatively adsorbed on the tetrahedrally coordinated Co2+ ions
on the Co3O4 (100) surface. From the computed Gibbs free-energy

Undoped surface

Fluorine doped surface

Fig. 6. Free-energy diagram at pH = 0 and T = 298 K for the four steps of the OER at V = 0 and V = 1.23 V. Results for the CoT2c and CoO
5c sites at 0.2 ML water coverage for undoped and
F-doped surfaces shown; For each case the characteristical difference ΔEOOH ⁎ − ΔEOH ⁎ [4,13] and ηover are shown.
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Table 4
T
Bader atomic charges on Co (q, e), and the magnetic moments (m, μβ) on the CoO
5c and Co2c as well as charges of O, OH and OOH on the undoped and F-doped Co3O4 (100) Co0.5-terminated
surface. The atomic charges of regular O ions are −1.15e. The oxidation states of Co ions are also indicated.
No adsorbate —
(*)

Co0.5-terminated
surface

undoped

CoT2c
Co°5c

F-doped

CoT2c
Co°5c

OH*

O*

OOH*

q

|m|

q

|m|

q:OH

q

|m|

q:O

q

|m|

q:OOH

1.27
2+
1.46
3+
0.84
2+
1.43
3+

2.61

1.25
2+
1.45
3+
1.26
2+
1.46
3+

2.61

−0.56

1.53

−0.64

−0.51

−0.56

1

−0.82

1.32

−0.52

2.6

−0.57

1.53

−0.64

2.55

−0.55

0.04

−0.6

1.1

−0.87

1.27
2+
1.53
4+
1.25
2+
1.44
3+

2.53

0.05

1.21
2+
1.55
4+
1.22
2+
1.58
4+

0.04

−0.57

0.03
2.1
0.07

changes along the OER, we found that the ﬂuorine-doped Co0.5terminated Co3O4 (100) surface is catalytically active.
We found also that at the CoO
5c site on ﬂuorine-doped surface theoretical overpotential on the Co3O4 (100) surface is considerably reduced,
from 0.81 to 0.44 V. Due to large overpotential, the OER efﬁciency on
the pure Co3O4 substrate is expected to be low and thus F doping does
improve it. This implies that ﬂuorine-doped Co3O4 is active for electrochemical oxidation of water, in full agreement with experimental observations [10]. In the forthcoming paper we will discuss cation, Cs doping
effects.
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