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a b s t r a c t 

Nanomaterials – magnetic nanoparticles in particular have been shown to have significant potential in cancer 
theranostics, where iron oxides are commonly the materials of choice. While biocompatibility presents an advan- 
tage, the low magnetisation is a barrier to their widespread use. As a result, highly magnetic cobalt nanoparticles 
are attracting increasing attention as a promising alternative. Precise control of the physiochemical properties of 
such magnetic systems used in biomedicine is crucial, however, it is difficult to test their behaviour in vivo . In 
the present work, density functional theory calculations with the Dudarev approach (DFT + U) have been used to 
model the adsorption of oxygen on low Miller index surfaces of the hexagonal phase of cobalt. In vivo conditions 
of temperature and oxygen partial pressure in the blood have been considered, and the effects of oxidation on the 
overall properties of cobalt nanoparticles are described. It is shown that oxygen adsorbs spontaneously on all sur- 
faces with the formation of non-magnetic cobalt tetroxide, Co 3 O 4 , at body temperature, confirming that, despite 
their promising magnetic properties, bare cobalt nanoparticles would not be suitable for biomedical applications. 
Surface modifications could be designed to preserve their favourable characteristics for future utilisation. 

1. Introduction 

Cancer remains one of the most devastating contemporary diseases 
with worldwide cases predicted to increase by 50% in the next two 
decades [1] . In spite of improved detection techniques and therapies, 
limited efficiency and damage of adjacent tissue remain a huge concern 
[2] . In order to destroy only targeted cancer cells whilst leaving the 
surroundings intact, more intelligent approaches need to be developed 
beyond drug injections and chemotherapy. Nanomaterials are offering 
a promising solution, due to their exceptional properties, changeable 
size, and simple modifications, providing controllable means for target- 
ing and interacting with specific cells [3] . 

Metal nanoparticles are especially interesting – with dimensions pro- 
portional to the size of entities controlling body processes, and through 
the easy manipulation of their optical, mechanical, magnetic, and elec- 
tronic properties, they can be readily utilised in biomedicine [4] , trans- 
forming outside-in treatments to inside-out . Perhaps the best example of 
their efficacy is hyperthermia therapy, where implementation of mag- 
netic nanoparticles moves the source of heat into the targeted cells, 
minimising the temperature gradient in surrounding tissues [5] . How- 
ever, finding the perfect match between nanoparticles’ type, size, and 
desired properties is still the biggest challenge for this new area of 
research. 

∗ Corresponding author. 
E-mail address: deleeuwn@cardiff.ac.uk (N.H. de Leeuw). 

Magnetite (Fe 3 O 4 ) nanoparticles are the most thoroughly tested, 
since they are highly biocompatible. However, due to their low 

saturation magnetisation, relatively large nanoparticles and strong 
external fields, usually unfavourable for humans, are required to 
achieve sufficient effects [6] . Transition metal particles have much 
higher saturation magnetisation, which means that higher heating rates 
could be achieved for the same or even lower concentrations compared 
to the corresponding oxides. To date, none of the studied materials 
has met the requirements of hyperthermic treatments at reasonable 
concentrations to target even the smallest tumours [7] . Unfortunately, 
intensive interaction of the metals with compounds present in vivo 
hinders their otherwise advantageous magnetic properties. 

Recent studies have revealed promising shift when doping magnetite 
with transition metals, e.g. cobalt, resulting in smaller nanoparticles 
with simultaneous improvement of the magnetic properties: up to 
fourteen-fold increase in MRI contrast and a fourfold enhancement in 
hyperthermic effects [8,9] . However, despite these major advances, 
the overall efficacy of (doped) magnetite is still insufficient, and pure 
metallic nanoparticles, although reactive, may provide an alternative 
solution as their performance exceeds by far any metal oxide. Therefore, 
there is a growing interest in new modification processes which will 
provide protection of the metal nanoparticles against oxidation, while 
retaining their magnetic properties. Two potential candidates with the 
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highest heating power are iron and cobalt. Although iron has better 
heating effects [7] , the maximum occurs for higher diameters compared 
to cobalt and, once coupled with modification agents, larger particles 
would quickly be endocytosed by macrophages and removed from the 
body. Cobalt therefore offers better functionalisation, which can be 
conducted to a greater extent and coupled with additional features like 
drug delivery. 

To date, cobalt nanoparticles have mainly been investigated for their 
magnetic [10] and catalytic [11] applications, whereas relatively less 
effort has been expended on their implementation in biomedical appli- 
cations, owing to the possible toxicity of elemental cobalt [12] . Despite 
intensive research, toxicity mechanisms for nanoparticles, and the ex- 
act effects of cobalt in human organism, are still not completely under- 
stood [13] . What is well known is the oxidation of cobalt at room tem- 
perature, with both cobalt (II) oxide and cobalt (II,III) tetroxide losing 
their antiferromagnetism above 291 and 40 K, respectively, and becom- 
ing nonmagnetic [14] . Thus, if oxidation of the cobalt nanoparticles was 
to occur in the presence of oxygen in vivo, e.g. in blood, the formation 
of oxides would cause the loss of the highly desirable magnetic prop- 
erties and the nanoparticles could therefore not be used in biomedical 
treatments without additional modifications. 

As adsorption of oxygen on metal surfaces is highly relevant to 
general material processes, such as catalysis and corrosion, it has 
been extensively studied both experimentally [15–17] and theoretically 
[18–21] . Oxidation has been associated with oxygen adsorbed on the 
surface, the formation of surface oxide films, and the formation of bulk 
metal oxides of transition metals, nominally ranging from Sc [22,23] to 
Zn [24,25] , and rare earth metals such as La [26,27] and U [28,29] . 
Even on the noblest of metals, Pd, Ag, Pt, and Au, oxidised surfaces or 
islands have been implicated in the observed oxidation activity [30–35] . 
Cobalt is not an exception and, as it has been recognised as a good cat- 
alyst in the Fischer–Tropsch synthesis, a number of works have been 
devoted to explore its oxidation behaviour in the cubic phase [36–38] . 

However, to the best of our knowledge, apart from the Co (0001) 
surface [39,40] , no theoretical work on the interaction of oxygen with 
the hexagonal phase of cobalt has been published. Therefore, in the 
present work the oxygen adsorption on hexagonal closed packed (hcp) 
cobalt considering five low Miller index surfaces has been systematically 
analysed to confirm aforementioned hypothesis. Coverage-dependent 
adsorption properties ranging from energetics and site preference to 
atomic and electronic structures ( e.g. bond distances, densities of state, 
charge density differences) are discussed in comparison with available 
experimental data. Thermodynamic phase diagrams based on ab initio 
thermodynamics have been proposed, taking into account the effects of 
temperature and pressure. Our work aims to provide insight into two 
issues: 

1) Is the oxidation spontaneous and should it be prioritised over the 
possible toxicity of cobalt nanoparticles? 

2) What should be done to overcome either the problem of loss of 
magnetisation through the spontaneous adsorption of oxygen or any 
toxic effects of cobalt in vivo (if oxidation does not happen) to be able 
to utilise cobalt’s promising magnetic properties in biomedicine? 

2. Computational methods 

The Vienna Ab-initio Simulation Package (VASP) code [41] has been 
used to carry out spin-polarised calculations within the usual Kohn–
Sham (KS) implementation of the density functional theory (DFT) [42] . 
The generalised gradient approximation (GGA) was employed to ap- 
proximate the exchange-correlation functional using parametrisation 
developed by Perdew, Burke, and Ernzerhof (PBE) [43] . The long-range 
dispersion interactions were added through the DFT-D3 method with 
Becke–Johnson damping [44] as their inclusion is necessary for the cor- 
rect description of the surface properties [45] . The core electrons up to 
and including the 3p levels of Co and the 1s levels of O were kept frozen 

and their interaction with the valence electrons was described by the 
projector augmented wave (PAW) method [46] . 

As our primary interest is the partial oxidation of cobalt metal sur- 
faces and the resulting changes in the energetic and magnetic charac- 
teristics of the material, the DFT + U method [47] using the Dudarev 
approach was employed, as implemented in the VASP software, rather 
than standard GGA which is known to fail in the description of the en- 
ergies and electronic properties of the localised orbitals of transition 
metals and their oxides [48,49] . The U here is the effective Hubbard 
U eff = U –J , where J is equal to zero, and a value of 3.0 eV was adopted 
for the 3d orbitals of Co. This U value was obtained through a systematic 
study of oxidation energies for hcp cobalt to CoO and Co 3 O 4 , and CoO 

to Co 3 O 4 as the Hubbard Hamiltonian is known to affect differently the 
relative energies of transitions metals and their oxides [50,51] . At this 
point it is worth noting that although U = 3.0 eV was developed based on 
oxidation energy arguments, it is also consistent with the value required 
to reproduce accurately the electronic structure of cobalt and its oxides 
[52] . Thus, we are confident of our predicted energies and electronic 
properties for the partial oxidation of the major surfaces of hexagonal 
Co. Details are provided in the electronic Supplementary Information, 
SI. 

2.1. Bulk 

Bulk calculations were conducted on an hcp cell (P63/mmc space 
group) containing two cobalt atoms, both of which were fully relaxed 
until the required accuracy was reached. The hexagonal phase was con- 
sidered rather than the cubic one since the hcp → fcc phase transition 
occurs at high temperatures ( > 450 °C) which are not relevant in the 
biomedical field [53] . Calculations were carried out in reciprocal space 
with a 17 ×17 ×9 k-point mesh and a cut-off energy of 400 eV to de- 
termine the number of plane-waves required to describe the system. 
The conjugate gradient technique, with a force convergence criterion of 
0.01 eV/Å, has been used to perform geometry optimisations. 

2.2. Surfaces 

The METADISE code [54] was employed to construct the structures 
of the five inequivalent low Miller index surfaces: (0001), ( 01 ̄1 0 ), ( 10 ̄1 1 ), 
( 11 ̄2 0 ), and ( 11 ̄2 1 ). The studied surfaces were modelled as a slab of ma- 
terial with periodic boundary conditions and a vacuum in the direction 
orthogonal to the surface. The optimised slab model consisted of four 
layers with the bottom two layers fixed at their bulk equilibrium po- 
sitions and representing the bulk material, whereas the top two layers 
were allowed to fully relax. 16 Å of vacuum thickness was found to be 
sufficient to prevent interaction between two vertical images for all sur- 
faces. Supercells were constructed of 3 ×3 for (0001), 3 ×2 for ( 01 ̄1 0 ) , 
2 ×2 for ( 11 ̄2 0 ) and ( 11 ̄2 1 ) surfaces with 5 ×5 ×1 k-point mesh, and 3 ×2 
supercell with 5 ×4 ×1 mesh for ( 10 ̄1 1 ) surface due to the symmetry 
breaking. 

To characterise the surfaces, surface energies, 𝛾, as a measure of the 
thermodynamic stability have been calculated through the following 
equations: 

𝛾u = 
𝐸 DFT 
unrelaxedslab 

− n × 𝐸 DFT 
bulk 

2 𝐴 slab 
, (1) 

𝛾r = 
𝐸 DFT 
relaxedslab 

− n × 𝐸 DFT 
bulk 

𝐴 slab 
− 𝛾u (2) 

where 𝛾u and 𝛾r are the surface energies before and after relaxation, 
𝐸 DFT 
unrelaxedslab 

, 𝐸 DFT 
relaxedslab 

, and 𝐸 DFT 
bulk 

the DFT energies of the unrelaxed and 
relaxed slab, and bulk, respectively, A slab the surface area, and n the 
ratio between the number of Co atoms in the slab and the number of 
Co atoms in the bulk. The bulk model considered here is the same two- 
atom hcp cell used for calculations of fundamental hcp Co properties. 
The lowest surface energy after the relaxation represents the most stable 
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Table 1 
Calculated cell parameters, magnetic moment, and bulk modulus for the hcp Co bulk phase and comparison with previous studies. 

This work Experiment [59] Theory Percent error 

GGA [64] GGA + U [65] HSE06 [64] 

Cell parameter a, b/Å 2.444 2.51 2.496 – 2.508 2.6 
c/Å 4.051 4.07 4.030 – 4.470 0.5 
c/a 1.657 1.62 1.615 1.60 1.782 − 2.3 

Magnetic moment/µB 1.760 1.72 1.59 1.725 2.09 − 2.3 
Bulk modulus/GPa 182.532 191 207 166.3 107 4.4 

surface. Since it has been shown that the surface energy is insensitive 
to variations in temperature as the vibrations of the slab differ slightly 
from the vibrations of the bulk [19] , that contribution was not consid- 
ered. Surface energies have then been implemented in the Wulffmaker 
software [55] to obtain the Wulff morphology [56] of nanoparticles. 

The second parameter calculated to characterise each surface was the 
electronic work function, 𝜙, which is the energy required to completely 
withdraw an electron from the solid. It was obtained as the difference 
between the vacuum electrostatic potential energy, E vac , and the energy 
of the Fermi level, E F . 

2.3. Adsorption 

Adsorption of oxygen on-surface and sub-surface was carried out on 
all five surfaces. The initial position of the oxygen atom on-surface was 
2.2 Å above the surface, equalling cobalt-oxygen distances in cobalt ox- 
ides [57] . For each site on-surface, the oxygen atom and the top two 
layers of the slab were relaxed, whereas for sub-surface adsorption, slab 
models of 6 layers were used with the top 4 allowed to relax. The ad- 
sorption energy, E ads , was calculated as follows: 

𝐸 ads = 𝐸 DFT 
surface+O − ( 𝐸 DFT 

surface + 𝐸 DFT 
O ) (3) 

where 𝐸 DFT 
surface+O 

, 𝐸 DFT 
surface 

, and 𝐸 DFT 
O 

are the DFT energies of the system 

with adsorbed oxygen, the clean surface, and the oxygen atom, respec- 
tively. A negative adsorption energy represents spontaneous oxidation, 
with the lowest adsorption energy indicating the most favourable ad- 
sorption site. Work functions of the surfaces after the oxygen adsorption 
have been calculated as for the clean surfaces. Increased coverages have 
been performed afterwards for a certain number of possible configura- 
tions, with the adsorption energies calculated in the same way, and the 
cumulative adsorption energies, E ads,cum , calculated as: 

𝐸 ads , cum = 𝐸 
DFT 
surface+nO − ( 𝐸 

DFT 
surface+(n−1)O + 𝐸 

DFT 
O ) (4) 

where 𝐸 DFT 
surface+nO 

, 𝐸 DFT 
surface+(n−1)O 

, and 𝐸 DFT 
O 

are the DFT energies of the 
system with n adsorbed oxygen atoms, the system with n-1 adsorbed 
oxygen atoms, and the oxygen atom, respectively. 

As oxygen adsorbs or desorbs on the metal surface from or to the gas 
phase as O 2 , it is crucial to reference all DFT total energies to the ground- 
state energy of the O 2 molecule in the gas phase. To achieve this, the 
O 2 molecule has been modelled in vacuum. However, it should be noted 
that GGA leads to a large error in the binding energy of most covalent 
molecules, including the oxygen molecule, referred to in the literature 
as the over-binding [20,58] . To correct for this error, the DFT formation 
energy of the O 2 molecule was compared to the empirically measured 
formation energy using thermochemistry tables [50] . In order to ob- 
tain accurate results, the zero-point energy was also considered. Finally, 
over-binding in the surface-adsorbed molecules could then be approx- 
imated by subtracting the empirically measured energy from the GGA 
calculated energy: 𝐸 OB = Δ𝐻 DFT 

𝑓 
+ 𝐸 ZP − Δ𝐻 

exp 
𝑓 

where E OB is the over- 

binding energy, Δ𝐻 DFT 
𝑓 

is the calculated formation enthalpy, E ZP is the 

calculated zero-point energy, and Δ𝐻 
exp 
𝑓 

is the experimentally measured 
formation enthalpy. DFT values obtained were − 5.92 eV and 0.11 eV for 
Δ𝐻 DFT 

𝑓 
and E ZP , respectively. Combined with Δ𝐻 

exp 
𝑓 

of − 5.16 eV [59] , 
an over-binding energy of − 0.86 eV was thereby detected, giving a cor- 
rection of − 0.43 eV per oxygen atom. The binding energy per oxygen 

atom obtained is − 2.58 eV ( − 3.01 eV without correction, correspond- 
ing well to other DFT works: 3.12 eV [43] , 3.04 eV [18] ) with an O –O 

bond length of 1.23 Å and a vibrational frequency of 1567 cm − 1 . Agree- 
ment with experimental results ( − 2.56 eV, 1.21 Å, 1580 cm − 1 ) [60] is 
now excellent. 𝐸 DFT 

O 
has been corrected in all following adsorption and 

thermodynamic processes where oxygen atoms were present. 
Thermodynamics of different O coverages in equilibrium with an 

oxygen reservoir was introduced by comparing the surface free energy, 
𝜎, at constant temperature, T , with changes in the conditions conducted 
in the oxygen chemical potential, 𝜇O : 𝜎( 𝑇 , 𝑝 ) = 𝛾r + Δ𝜎( 𝑇 , 𝑝 ) [61,62] . To 
test the influence of the vibrational energy, the surface free energies of 
systems going from clean surfaces to surfaces with a full monolayer of 
oxygen are reported as a function of the oxygen chemical potential with 
and without inclusion of the vibrational contributions. Details are given 
in the SI. 

3. Results 

3.1. Bulk 

The structure of the optimised hcp Co bulk is shown in Fig. S2, SI. 
Final lattice parameters are a = 2.444, b = 2.444, and c = 4.051 Å, result- 
ing in a c / a ratio of 1.657. The calculated ratio deviates by less than 
3% from experiment (1.62 [59] ). A magnetic moment of 1.760 μB has 
been determined, corresponding well to the experimental value (1.72 
μB [59] ). Murnaghan’s equation of state [63] has been used to calculate 
the bulk modulus and a value of 182.532 GPa was obtained. Agreement 
with existing data is satisfactory, as shown in Table 1 . 

3.2. Surfaces 

The surface slab models are represented and described in Fig. S3, 
SI, while Table 2 contains the calculated relaxed surface energies, 𝛾r , 
interlayer relaxation displacements, ∆d 12 , ∆d 23 , and work functions, 𝜙, 
of five unequal low Miller index surfaces. 

With surface energy of 2.11 Jm − 2 , the ( 10 ̄1 1 ) surface is the most sta- 
ble and therefore the most prominent, while the (0001) and ( 01 ̄1 0 ) sur- 
faces have the highest energies. The final sequence in surface stability, 
according to the surface energies listed in Table 2 , is: ( 10 ̄1 1 ) > ( 11 ̄2 1 ) 

> ( 11 ̄2 0 ) > ( 01 ̄1 0 ) = (0001). The work function tends to be greater for 
dense crystal facets than for those with more open lattices [66] , which 
agrees with the (0001) surface having the highest value of 5.64 eV. Two 
most open surfaces, ( 11 ̄2 0 ) and ( 11 ̄2 1 ), have low work functions of 3.80 
and 3.57 eV, respectively. Other results are available only for the (0001) 
surface, with an experimental value of 5.55 eV [67] and a DFT value ob- 
tained using the local density approximation of 5.62 eV [68] . The per- 
cent error of our calculated value compared to the experiment is just 
1.62% which can mainly be ascribed to the temperature difference (ex- 
periment carried out at 180 K). 

Changes in the distances between layers after relaxation are also pro- 
vided in Table 2 , with negative and positive values representing contrac- 
tion and expansion, respectively, with respect to the unrelaxed structure. 
For the (0001) surface, 2.56% contraction in the spacing between first 
and second layer is observed. Quantitative structure determination with 
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Table 2 
Calculated relaxed surface energies ( 𝛾r ), interlayer relaxation rates ( ∆d 12 , ∆d 23 ), and work functions ( 𝜙) of five low Miller index 
hcp Co surfaces together with available experimental, semi-empirical, and theoretical relaxed surface energies. The last column 
shows the top views with possible adsorption sites - for (0001) surface, darker atoms are atoms of the first layer, while for the 
rest of the surfaces black, dark grey, and light grey atoms represent the first atomic layer in the higher row, the first atomic layer 
in the lower row, and the atoms of the other layers, respectively. For semi-empirical and theoretical work, methods are given in 
brackets. 

a low energy electron diffraction method [69] also predicts interlayer- 
distance contraction of ∼3% for the same pair of layers. The disparity 
in the values for the other distances can be ascribed to the choice of the 
slab model, but also to the diffraction method being exceptionally sen- 
sitive to the examination of high order layers [70] . Previous studies did 
not investigate other surfaces and a reference point is therefore missing. 

Inconsistencies in surface energies and stability orders published pre- 
viously make comparison with other works difficult. Nevertheless, the 
agreement with experimental results for the (0001) surface [71] is very 
good, thus providing confidence in the suitability of the parameters 
used. Discrepancies with available semi-empirical and computational 
results can be attributed to the choice of the slab model, exchange- 
correlation functional, and, most importantly, inclusion of the long- 
range dispersion interactions in the present work which have been dis- 
regarded in earlier studies [72,73] . 

The Wulff morphology of nanoparticles constructed using the calcu- 
lated relaxed surface energies is shown in Fig. 1 . All five surfaces appear 
in the morphology. 

3.3. Adsorption 

3.3.1. Structure, adsorption energy, and properties at low coverages 
An oxygen atom was initially placed at every possible adsorption 

site, defined in Table 2 , on the five surfaces. Sub-surface sites are rep- 
resented in Fig. S4, SI. To study the relative stabilities of different po- 
sitions, adsorption energies have been calculated and are listed, along 
with structural parameters, in Table S1, SI. The adsorption energies of 
the most stable adsorption sites have been summarised in Table 3 for all 
five low Miller index surfaces. 

Energetic and structural parameters: The calculated adsorption ener- 
gies indicate that the threefold hollow fcc site is the most stable ad- 
sorption position for the (0001) surface with an adsorption energy of 
− 3.69 eV. The difference in the adsorption energy between two hollow 

positions (fcc-hcp 0.24 eV) is considerably less than between the hol- 
low and top positions (fcc-top 1.46 eV and hcp-top 1.21 eV) which is 
expected since hollow sites only differ from each other from the second 
layer down. When the oxygen is initially positioned in the bridge site, 
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Table 3 
Top and side view alongside calculated adsorption energies, E ads , for the most stable adsorption sites on five 
low Miller index surfaces of hcp Co. Oxygen atoms are represented in red, with cobalt atoms of different 
layers being shown in shades of grey: the higher the layer, the darker the colour. 

Fig. 1. Wulff morphology of hcp Co 
nanoparticles. 

Fig. 2. Top and side views of the (0001) surface be- 
fore and after the adsorption of one oxygen atom in 
hollow fcc and bridge positions. Oxygen atoms are rep- 
resented in red, with cobalt atoms of different layers 
being shown in shades of grey: the higher the layer, the 
darker the colour. (For interpretation of the references 
to colour in this figure legend, the reader is referred to 
the web version of this article.) 

it rearranges the original stacking of the (0001) surface during relax- 
ation, Fig. 2 , and ends up in the hollow fcc site; the calculated adsorp- 
tion energy therefore cannot be compared to the rest of the positions. 
Three adsorption sites on the (0001) surface have been identified for 
sub-surface adsorption, i.e. two tetrahedral and one octahedral position, 
Fig. S4, SI. However, after geometry optimisation oxygen atom placed 
in the second tetrahedral position ended up on-surface. The most sta- 
ble sub-surface position is tetrahedral, but it is 1.29 eV less favourable 

than the most stable on-surface position. Thus, on-surface adsorption is 
preferred for single atom adsorption on the (0001) surface. 

From a structural point of view, the oxygen-surface distances are in 
accord with the energetic parameters – the lower the adsorption energy, 
the closer the adsorbate is to the surface, Table S1, SI. When considering 
the Co–O distances, among the positions with the same coordination 
number of oxygen, the oxygen atom will be closest to the cobalt atoms 
in the site with the lowest energy. A complete list of the coordination 
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Table 4 
Calculated adsorption energies (with respect to atomic oxygen) and distances between the adsorbed oxy- 
gen atom and the closest Co atom in comparison with previous theoretical studies. 

This work a Other theory 

0001 Hollow hcp E ads /eV − 5.35 − 5.52 [74] 5.12 [39] − 5.92 [75] 5.34 [76] 
𝑑 Co −O ∕ ∀ 1.879 1.86 1.885 

Hollow fcc E ads /eV − 5.59 − 5.43 [74] 
𝑑 Co −O ∕ ∀ 1.872 

a Expressed with respect to atomic oxygen. 

numbers for all sites is also given in Table S1, SI. The interlayer changes, 
induced by the oxygen adsorption, are as follows: inter-layer spacing 
between the first and second layer decreases (cobalt–oxygen attraction), 
and between the second and third layer increases (the third atomic layer 
is hardly affected by the oxygen atom). 

Among six possible adsorption sites on the ( 01 ̄1 0 ) surface, the only 
threefold site (hollow) is the most stable. Although there are three posi- 
tions which have higher coordination numbers compared to the hollow 

site (top 2, L bridge, and hollow 2), the oxygen atom is unable to settle 
in the centre therefore forming bonds of different lengths with four or 
five closest cobalt atoms. The top 2 position, which closely resembles 
the hollow hcp of the (0001) surface, results in an adsorption energy 
that is for 1.26 eV more favourable than the top site, as on the basis of 
the coordination number of oxygen. The oxygen coordination number 
has the same effect on the Co–O distances as in the case of the (0001) 
surface. There are two inequivalent sub-surface adsorption sites, Fig. S4, 
SI, and both are significantly less stable than even the least favourable 
on-surface adsorption site (top), thus significantly favouring any type of 
on-surface adsorption. 

On the ( 10 ̄1 1 ) surface, the oxygen atom also prefers to adsorb in the 
hollow site. However, the adsorption energies for the two hollows are 
only 0.01–0.10 eV lower than for any other position. These close values 
of the adsorption energies can be explained by the movement of the oxy- 
gen atom from all top and bridge starting positions towards the hollow 

sites during relaxation, which results in all positions having the same 
coordination number. Contrary to the (0001) surface, change in posi- 
tion is not followed by the shift of the first and second layer of cobalt 
atoms and the adsorption energies are therefore comparable. The Co–O 

distances, similarly to the adsorption energies, differ by less than 0.02 Å. 
One sub-surface oxidation site was found, Fig. S4, SI, but, as it was the 
case for the other surfaces, with an adsorption energy of − 1.39 eV it is 
not as exothermic as on-surface adsorption. 

In the case of the ( 11 ̄2 0 ) and ( 11 ̄2 1 ) surfaces, the most favourable 
adsorption sites are short bridge 2 and short bridge, respectively. Con- 
sidering previous surfaces, the situation on the ( 11 ̄2 0 ) and ( 11 ̄2 1 ) sur- 
faces is different for two reasons: first, the z coordinate of the elevated 
Co rows differs by less than 0.15 Å which is significantly lower than for 
the other surfaces. Second, the closest cobalt atoms are 4.05 and 4.23 Å
away from each other on the ( 11 ̄2 0 ) and ( 11 ̄2 1 ) surfaces, respectively, 
which is ∼1.50 Å further away compared to the rest of the surfaces. As 
a result, bridge sites resemble hollow which therefore loses its predom- 
inance and can even become less stable than certain bridge positions. 
Dependence of Co–O distances on the oxygen coordination number at 
the adsorption sites is still important as for the other surfaces. Surfaces 
( 11 ̄2 0 ) and ( 11 ̄2 1 ) were found to be too open to accommodate an oxygen 
atom in-between the layers. 

Generally, on-surface adsorption is more than twice as favourable 
compared to sub-surface adsorption for all hcp Co surfaces. The most 
favourable positions are threefold sites, since they offer the highest co- 
ordination number where oxygen atom can still remain perfectly centred 
with respect to the closest equivalent cobalt atoms. The sites presenting 
less local symmetry (top and long bridge) are the least stable, with dif- 
ferences in the adsorption energies being as large as 1.65 eV between 
the top and hollow sites on the ( 01 ̄1 0 ) surface. As such, the adsorbed 

oxygen atom tends to occupy the exact positions which would be taken 
by cobalt atoms in the next layer and adsorbate atoms thus continue the 
substrate’s stacking sequence whenever possible. This tendency helps to 
explain the finding that only minor structural changes are observed in 
the positions of slab atoms with respect to their starting geometry. 

Comparison with previous theoretical studies is limited owing to the 
absence of data in the literature on all surfaces except the (0001) surface. 
The energetic and structural parameters obtained in this work for the 
(0001) surface are overall in a good agreement with existing data, as 
shown in Table 4 . 

3.3.2. Effect of surface coverage 
Higher coverages (expressed as N O adsorbed / N Co per layer with a full 

monolayer, 1.00 ML, reached for 𝑁 O adsorbed = 𝑁 Co per layer ) have been in- 
vestigated in order to understand the influence of the concentration of 
oxygen on the properties of the cobalt surfaces, especially magnetisa- 
tion. 

With a growing coverage of oxygen atoms, the number of possible 
combinations of their arrangements increases drastically. Although all 
sites should be considered, the adsorption energies from the single oxy- 
gen atom adsorption have been taken as criteria for choosing a reason- 
able number of site combinations. Additionally, both sub-surface and a 
combination of on- and sub-surface adsorption were modelled. Included 
sites and final energetic and structural parameters are listed in Tables 
S2 and S3, SI. 

Energetic and structural parameters: On the (0001) surface, multiple 
adsorption of oxygen was considered for both threefold fcc and hcp hol- 
low sites along with their combinations. The differences in the cumu- 
lative adsorption energies between hollows fcc and hcp decrease with 
the increase in coverage, showing that the site preference of oxygen be- 
comes negligible. Similarly to the adsorption of one oxygen atom, the 
adsorbed oxygen atoms situated closer to the surface have the lowest ad- 
sorption energies. Additionally, the distance between the oxygen atoms 
increases after relaxation and displacement towards one edge of the tri- 
angular hollow facet can be observed owing to the lateral interactions 
between oxygen atoms which are uniformly repulsive for all surfaces. 
The repulsive interaction is emphasised particularly between the oxy- 
gen atoms that are bonded to the same surface cobalt atom and/or are 
closer to each other. As the repulsion gets stronger with the increase in 
the number of oxygen atoms, the adsorbates are moving further away 
from the surface. Generally, oxygen co-adsorption induces similar relax- 
ation of the lattice and layer displacements as single oxygen adsorption 
but modified by the mutual effect of oxygen atoms on interposed cobalt 
atoms. With full coverage reached, small expansion in the interlayer dis- 
tance between the second and third cobalt layer can be observed, em- 
phasizing the stronger impact of multiple O atoms on the second layer 
compared to the single oxygen adsorption. 

The cumulative adsorption energy becomes more positive with the 
increase in oxygen coverage, Table S2, SI, a trend which has already 
been reported for other transition metals [58,77] and the Co (0001) 
surface [39] . However, for the rest of the hcp surfaces, the cumulative 
adsorption energy is lowered upon the adsorption of two oxygen atoms 
before becoming less negative with a further increase in the number of 
oxygen atoms. This unusual trend is connected to the Co–O island forma- 
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Fig. 3. Calculated cumulative adsorption en- 
ergies as a function of the oxygen coverage for 
the ( 01 ̄1 0 ) surface. 

tion, as shown in Fig. 3 for the ( 01 ̄1 0 ) surface. The cobalt atom within the 
Co–O island reduces to some extent the repulsive forces between oxygen 
atoms, thereby lowering the cumulative adsorption energy. Moreover, 
the distance between the oxygen atoms and the surface is shortened. 
With coverages higher than 0.40–0.50 ML, the influence of the cobalt 
atom in the Co–O islands decreases while the oxygen-oxygen repulsion 
becomes dominant, making the cumulative adsorption energy more and 
more positive with each added oxygen. Correspondingly, the oxygen 
atoms adsorb slightly further away from the surface. This trend can also 
be observed on the (0001) surface, where the adsorption of three and 
four oxygen atoms (0.33 and 0.44 ML, respectively) results in similar 
cumulative adsorption energies. In the case of four oxygen atoms, the 
cobalt atom in the Co–O island is placed in the centre of three oxygen 
atoms, leaving repulsion with the fourth oxygen atom unhindered and 
the cumulative adsorption energy therefore does not experience as ma- 
jor changes as for the other surfaces. The existence of the cobalt-oxygen 
islands has already been confirmed experimentally on different hcp Co 
surfaces [78–80] . 

Results for higher coverages of sub-surface adsorption and combined 
on- and sub-surface adsorption are summarised in Table S3, SI, for the 
surfaces that showed potential to accommodate a single oxygen atom 

in between the first and second layer of the slab. For all coverages 
up to 1.00 ML, the (0001) surface showed no preference for complete 
sub-surface oxidation, or on-surface oxidation with one oxygen atom 

positioned under the surface. Moreover, after geometry optimisation, 
mixed on- and sub-surface adsorption often resulted in a structure with 
sub-surface oxygen atoms above the surface. Any higher coverage sub- 
surface adsorption on the ( 10 ̄1 1 ) surface resulted in at least one of the 
oxygen atoms relaxing on top of the surface with considerable disrup- 
tions of the metallic slab; the same applies to all on- and sub-surface 
combinations. The only systems that showed any propensity towards 
mixed on- and sub-surface adsorption are ∼0.70 and 1.00 ML of oxygen 
on the ( 01 ̄1 0 ) surface, with one oxygen atom located in the sub-surface 
position and the rest in the hollow on-surface positions. Surprisingly, 
systems with uneven numbers of oxygen atoms per unit cell experienced 
high levels of deformation. This behaviour could be assigned to the ef- 
forts of on-surface oxygen atoms to bind with the surface cobalt atom 

that became elevated by the oxygen atom placed under the surface. In 
view of the above, mixed oxidation has only been included in the ther- 
modynamic analysis of the ( 01 ̄1 0 ) surface. 

Available experimental data mainly consist of structural parameters. 
For example, for the ( 01 ̄1 0 ) surface and a high coverage of three-fold 
chemisorbed oxygen, low energy electron diffraction (LEED) analysis 

gave values of 0.74 ± 0.05 Å for oxygen-surface distance, 1.13 ± 0.10 Å
for oxygen–cobalt lateral distances, and 1.83 ± 0.10 Å for oxygen–cobalt 
bond distances, with expansion of the first inter-layer spacing to 0.90 Å
[81] . For the full coverage in the hollow position in this work, GGA + U 

gives 0.764 Å, 1.079 Å, 1.801 Å for the oxygen-surface, oxygen–cobalt 
lateral, and oxygen–cobalt bond distances, respectively, with the first 
inter-layer spacing expanded to 0.85 Å. All distances obtained in this 
study are within the experimental ranges, thus justifying the chosen 
model and providing assurance that the predicted structures are reli- 
able. 

Work function and magnetisation: Hybridisation of the electronic 
bands of the oxygen with the bands of the substrate cobalt atoms leads 
to significant changes in the electronic properties of the topmost lay- 
ers. Relative to the clean surface, the work function increases with 
the number of adsorbed oxygen atoms, Table S4, SI. This behaviour 
is characteristic for the adsorption of oxygen on any metal due to a 
significant transfer of electrons from the surface atoms to the oxygen 
(resulting from differences in the electronegativity: 𝜒O = 3.44 eV and 
𝜒Co = 1.88 eV [82] ) generating a large inward pointing surface dipole 
moment. The changes in the work function of the fully covered and 
clean surfaces are between 1.40 and 1.90 eV, depending on the sur- 
face (except for ( 11 ̄2 1 ) where the difference is 0.47 eV). This corre- 
sponds well to previous experimental results [83] and similar mea- 
surements carried out on other transition metals, where metals with 
electronegativity closer to oxygen do not experience changes as big as 
cobalt (Rh ∼1.50 eV [84] ( 𝜒Rh = 2.28), Pd ∼1.60 eV [85] ( 𝜒Pd = 2.20), 
Ru ∼1.61 eV [77] ( 𝜒Ru = 2.20), Pb ∼0.84 eV [86] ( 𝜒Pb = 2.33)). The 
( 11 ̄2 1 ) surface is an exception as the first layer cobalt atoms are located 
far away from each other (4.23 Å), which results in longer Co–O dis- 
tances and decreased charge transfer. 

The magnetisation trend for all surfaces is shown in Fig. 4 and val- 
ues are listed in Table S4, SI. The surface atoms have larger magnetic 
moments than the bulk atoms (magnetic moment higher from 0.08 𝜇B 
for the (0001), to 0.37 𝜇B for the ( 11 ̄2 1 ) surface), which is influenced by 
the narrowing of the 3d electron bands. When oxygen adsorption takes 
place, an initial enhancement of the magnetic moment is the result of the 
oxygen-induced surface expansion with a drop of magnetisation noted 
only when the oxide is formed and/or oxygen penetrates into the metal 
slab. Bigger changes can initially be triggered by the formation of Co–O 

islands. As the oxygen is adsorbed and the coverage is growing, magneti- 
sation drops as expected, but only for two surfaces, (0001) and ( 01 ̄1 0 ) . 
For a full monolayer of oxygen, cobalt atoms in the first layer of the 
(0001) surface became almost nonmagnetic with a magnetic moment 
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Fig. 4. Magnetisation as a function of the oxy- 
gen coverage for five low Miller index hcp Co 
surfaces. 

Fig. 5. Densities of state (DOS) of the (0001) surface for low, ΓO = 3 (left) and high coverage, ΓO = 9 (right). The red line, the area with transverse lines, and the 
grey area represent the projected DOS of the O 2p, the Co 3d of the first atomic layer after the adsorption, and Co 3d of the first atomic layer of the clean surface, 
respectively. Both spin-up and spin-down are represented. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version 
of this article.) 

of only 0.34 𝜇B , while the magnetic moment of the second layer atoms 
slightly increased by ∼0.07 𝜇B . As magnetisation of the first layer cobalt 
atoms of the close-packed (0001) surface first rises with increasing the 
coverage before a steep fall starting from a coverage of about 0.50 ML 
to the minimal values at 1.00 ML, it is possible that higher oxygen cov- 
erages are required to observe the same trend for the surfaces that do 
not experience any lowering of the magnetic moment. 

Electronic structure: DOS and d - band centre: For the analysis of the Co–
O interactions, densities of states (DOS) have been plotted. Fig. 5 shows 
the O 2p and Co 3d orbitals of the first layer atoms for low and high cov- 
erage ( ΓO = 3 and ΓO = 9 ), along with the Co 3d of the first layer atoms 
of the clean (0001) surface. The DOS for the remaining coverages can be 
found in Fig. S5, SI. A spin-split of O 2p overlaps with the Co 3d states 
throughout the whole range considered, with a striking hybridisation 
peak between oxygen and cobalt occurring at ∼− 5.5 eV for low cover- 
ages ( ΓO < 5) and splitting into two peaks at ∼− 5.0 and ∼− 7.5 eV for 
high coverages ( ΓO > 6). This shift of the hybridisation peak and widen- 
ing of overall O 2p energy distribution with the increase in the number 
of adsorbed oxygen atoms is caused by the increasing oxygen–oxygen 
repulsion, in line with the structural parameters discussed above. The 
majority of the anti-bonding states are located close to the Fermi level, 
between 1.0 and 2.0 eV, for both low and high coverages. 

Where the coverage is below 0.50 ML, the O 2p bands experience 
splitting which proves that there are no magnetically inactive layers on 
the Co surface due to the oxygen adsorption. It is also an indication of 
the presence of the oxygen magnetic moment, which for three adsorbed 
oxygen atoms on the (0001) surface equals to 0.28 𝜇B per oxygen atom. 
Following further adsorption, the spin polarisation vanishes, which is 
represented with a symmetry of up and down spins and can easily be 
seen in Fig. 5 , causing the loss of magnetisation of the first layer cobalt 
atoms. This is in agreement with the assignment of the formation of 
CoO at room temperature, and mainly Co 3 O 4 at low temperatures, as 
discussed below, which are both antiferromagnetic materials at 0 K. The 
same observations are made for the other surfaces, and, although up and 
down spins do not reach symmetry, the difference between the clean 
and covered surfaces is clearly visible (Figs. S6-9, SI). It is possible that 
further increase in the number of oxygen atoms would lead to the loss 
of magnetism of the first atomic layer. 

The plot of the d-band centre in Fig. 6 (up) shows an initial shift of 
the spin-up states towards negative energies with the increase of oxygen 
coverage (up to five oxygen atoms in the surface unit cell) whereas with 
the further increase from moderate to high coverages ( ΓO > 5) the d- 
band centre becomes more positive in energy, and vice versa for spin- 
down. 
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Fig. 6. Up row: d-band of the first layer of the (0001) surface for the clean surface, low, moderate, and high oxygen coverage. Down row: crystal orbital Hamiltonian 
population for the (0001) surface for low, moderate, and high oxygen coverage (pCOHP projections have been made using LOBSTER [88] ). 

Since there are two contributions to this phenomenon, half coverage 
represents a switch in dominance between them. The first contribution 
is interaction of cobalt d electrons with oxygen 2p states, where the lat- 
ter must become orthogonal with respect to the cobalt atom’s unpaired 
electrons when they come into contact, giving a rise to the kinetic energy 
due to the repulsive forces. The second contribution originates from the 
emptying of the antibonding cobalt d states. To prove that with higher 
coverages second contribution predominates, crystal orbital Hamilto- 
nian populations (COHP) have also been plotted in Fig. 6 (down) for 
low ( ΓO = 1 ), moderate ( ΓO = 5 ), and high oxygen coverage ( ΓO = 9 ) for 
the (0001) surface, with bonding and antibonding states represented in 
red and blue, respectively. While almost no change can be observed in 
the antibonding populations when going from 1 to 5 adsorbed oxygen 
atoms, when full coverage is reached, empty antibonding states appear 
at ∼1.5 eV above the Fermi level. 

Charge analysis: Confirmation of the increase in the work function 
comes from the Bader analysis [87] , Table S4, SI, where it can be 

seen that oxygen atoms are negatively charged, which implies a 
charge transfer from the surface to the adsorbate. At low coverages 
( 𝜃 < 0.50 ML), the Bader charge of oxygen on the (0001) surface is close 
to 1.00 e − per oxygen atom, which is reduced to 0.69 e − at 𝜃 = 1 . 00 ML , 
indicating once again the repulsive force between oxygen atoms and 
return of some negative charge to the surface. The same trend is 
followed in all other surfaces, with the exception of the first structure 
experiencing Co–O island formation, where both Bader charges and the 
work function complement the adsorption energies. 

Moreover, charge rearrangements leading to the bond dipole were 
analysed through the charge density difference as the difference be- 
tween the charge density of a system containing oxygen adsorbed on 
the surface and the sum of the charge densities of the two subsystems, 
namely the freestanding adsorbate layer and the slab in the same ge- 
ometry, Δ𝜌 = 𝜌surface + oxygen − ( 𝜌surface + 𝜌oxygen ) . Fig. 7 shows the charge 
density difference as an isosurface and the plane-averaged differential 
charge distribution along the z axis for one oxygen atom adsorbed on the 
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Fig. 7. Charge density difference plotted as an isosurface (left) and as x,y plane-average (right) for single oxygen adsorbed on the (0001) surface. Red and blue 
colours represent charge accumulation and depletion, respectively (isosurface value = 0.0062 electrons per Å3 ). (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 

Fig. 8. Wulff crystal morphologies for hcp Co nanoparticles with ∼0.15, ∼0.50, and 1.00 ML of oxygen. 

(0001) surface, with red regions denoting charge accumulation and blue 
regions charge depletion. Redistribution of charge takes place mostly in 
between the closest surface atoms and adsorbed oxygen, whereas al- 
most no charge transfer occurs further away due to weak interactions 
between the remote cobalt atoms and the adsorbate. Altogether, both 
charge accumulation at oxygen and charge depletion at nearby cobalt 
atoms contribute to the inward-facing electric dipole, which is respon- 
sible for the increase of the work function. 

Morphology: Fig. 8 displays the Wulff morphologies for low 

( ∼0.15 ML), moderate ( ∼0.50 ML), and full coverages of oxygen. 
The influence of the oxygen adsorption on the overall structure of 
the nanoparticles cannot be neglected as major changes happen even 
with only one adsorbed atom. Going from 0.15 to 0.50 ML trig- 
gers a significant increase in the share of the (0001) surface and 
reappearance of the ( 11 ̄2 1 ) surface with only minor changes in sur- 
face ratios when reaching a full oxygen monolayer. The most im- 
portant result of the transformations from clean to fully covered 
nanoparticle is the enhancement in the expose areas of the (0001) 
and ( 01 ̄1 0 ) surfaces since these planes experience drastic lower- 
ing of magnetisation upon oxygen adsorption, which should conse- 
quently lead to a significant loss in the total magnetisation of the 
nanoparticles. 

3.3.3. Phase diagram of surface energy 
Surface phase diagrams have been constructed for all surfaces (Figs. 

S10–13 SI) for a wide range of chemical potentials, from − 6.0 to 0.0 eV, 
and shown for the (0001) surface in Fig. 9 . Scale of pressure ratio (with 
p 0 = 1 bar) for ∼36–37 °C, as the temperature matching the body envi- 

ronment, has been provided as well as conditions of the oxygen chemical 
potential for the formation of the two most stable cobalt oxides, namely 
cubic rocksalt-structured CoO at − 2.22 eV and normal spinel Co 3 O 4 at 
− 0.45 eV. Under these conditions the following reactions occur: 

Co+ 1 ∕ 2 O 2 ⇄ CoO (6) 

3CoO+ 1 ∕ 2 O 2 ⇄ C o 3 O 4 (7) 

From a thermodynamics point of view, the surface or nanoparticle 
composition in equilibrium with the oxygen environment under partic- 
ular chosen conditions of temperature and pressure is determined by the 
minimum energy over possible compositions. As the chemical potential 
of oxygen becomes less negative, successive surfaces containing higher 
oxygen coverages will become thermodynamically stable. Therefore, 
considering the phase diagram of the (0001) surface shown in Fig. 9 , 
the clean surface will appear at negative potentials up to ∼− 3.70 eV. 
Upon further increase of Δ𝜇O 2 from − 3.70 to − 2.22 eV, oxygen overlay- 
ers become progressively more favourable than the clean surface, with 
ΓO = 1 dominating between − 3.70 and − 3.45 eV, ΓO = 2 between − 3.45 
and − 3.35 eV, where the surface with three adsorbed oxygen atoms be- 
comes dominant. At ∼− 3.00 eV the most stable surface contains four 
adsorbed oxygen atoms, and then from ∼− 2.70 eV to the boundary 
where cobalt oxides are formed, a coverage with five O atoms persists. 
Around the upper limit of Δ𝜇O 2 = − 2.20 eV, adsorbed oxygen overlay- 
ers may exist as metastable structures, with CoO representing the ther- 
modynamically most stable phase. Other surfaces follow the same pat- 
tern, with the clean surface being stable at low chemical potentials (up 
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Fig. 9. Changes in the surface Gibbs free energy for 
various oxygen-containing surface structures with de- 
creasing oxygen molecule chemical potential, 𝜇

𝐎 2 , for 
the (0001) surface. Corresponding pressure scale at 
body temperature of ∼36 °C is indicated. Long and 
short dashed lines denote potentials of formation of 
bulk cobalt oxides CoO and Co 3 O 4 , respectively. 

Fig. 10. Pressure–temperature phase diagram without (first row) and with (bottom row) vibrational contributions for five low Miller index surfaces of hcp Co; 
pressure and temperature scales are the same for all figures. Conditions of formation of both cobalt oxides and hcp → fcc phase transition have been provided. 

to − 4.00 or − 3.50 eV) through surfaces with a few chemisorbed oxy- 
gen atoms dominating at moderately negative potentials (from − 3.50 to 
− 2.50 eV) to high coverages leading to oxides at potentials higher than 
− 2.22 eV. 

Fig. 10 shows phase diagrams as a function of pressure and tem- 
perature for all the surfaces. Regardless of the pressure, the ordering 
of the oxygen coverages is kept constant, and the same phase should 
be observable for different pressures with accordingly adjusted temper- 
ature, unless the formation of the structure is constrained by slow ki- 
netics. Inclusion of vibrational corrections showed noticeable effects, 
with transitions between surfaces with different numbers of adsorbed 
oxygen atoms shifting down by approximately 100 K. The overall or- 
der of the phases does not change, but their ratio does. These results 
correspond well to the experimentally tested formation of cobalt oxides 
[89,90] and temperatures obtained for the Co 3 O 4 →CoO conversion. 
For the (0001) surface, spectroscopic methods revealed that high oxy- 
gen exposure ( 𝑝 O 2 = 0.5 Torr) at 295 K tends to form the spinel oxide, 
but the situation changes with annealing at 700 K in favour of CoO; at 
low exposures CoO is formed even at 295 K [90] . Meanwhile, for the 

( 11 ̄2 0 ) surface, conversion happens at 170–230 K with CoO intensities 
growing until 450 K [83] . These examples and other data [78,91] cor- 
respond well with obtained theoretical phase diagrams. 

If the partial pressure of oxygen in blood is considered ( p = 0.133 bar) 
at body temperature ( ∼36–37 °C), it can easily be seen that, with a 
corresponding oxygen chemical potential of − 0.31 eV, the predominant 
structure is far into the cobalt oxides area, making it impossible to ob- 
tain or retain a clean surface under these conditions. 

4. Conclusions 

To test the influence of oxygen on hcp cobalt nanoparticles in vivo , 
adsorption on low Miller index surfaces has been investigated by means 
of periodic DFT calculations. The results indicate spontaneous adsorp- 
tion with oxygen’s preference for the sites with the highest coordina- 
tion number and to remain centred in between structurally equivalent 
surface atoms for all surfaces. The coverage-dependent energetic and 
structural parameters consistently show the dipole nature of the oxygen–
cobalt bond. When considering thermodynamics, for temperatures be- 
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low the hcp → fcc transition a full monolayer of oxygen is thermody- 
namically preferred over a whole range of relevant pressures. 

From these findings, aforementioned concerns can be appropriately 
discussed: 

1) If only body conditions are observed ( ∼36–37 °C and 𝑝 O 2 
= 

0.133 bar), Co 3 O 4 represents the thermodynamically most stable 
phase. Consequently, surfaces rapidly lose their magnetisation with 
the increase in the chemical potential of oxygen. Thus, if cobalt 
nanoparticles are injected in the blood system, non-magnetic oxide 
would be formed, making re-establishing of highly needed magneti- 
sation by far more important issue than toxicity itself. 

2) To prevent contact between surfaces and oxygen, a covering layer 
that would provide biocompatibility without affecting the magnetic 
properties of cobalt should be added. Additional functionalisation 
possibilities such as drug delivery, although not crucial, are also of 
significant importance. 

Future work will focus on finding the most appropriate coating and 
making it possible to utilise the promising properties cobalt nanopar- 
ticles are offering in respect with the further improvement of cancer 
treatments. 
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