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The formation of nickel ferrite (NiFe2O4) nanoparticles under hydrothermal conditions has been modeled using a method that
combines results of ﬁrst-principle calculations, elements of aqueous thermochemistry, and experimental free energies of
formation. The calculations predict negative formation energies for the (111) surfaces and positive free energies for the
formation of bulk nickel ferrite. Based on classical nucleation theory, the combination of the negative surface and positive bulk
energies yields thermodynamically stable nickel ferrite nanoparticles with sizes between 30 and 150 nm in the temperature range
of 300 to 400 K under alkaline conditions. The surface and bulk energetics as well as the stability of the nickel ferrite
nanoparticle as a function of temperature and pH are discussed.

1. Introduction
Nanostructured materials can display physical properties
that are very diﬀerent from what they exhibit on the macroscale. This is because at nanoscale quantum eﬀects become
dominant, aﬀecting the electrical, optical, and magnetic
behavior of matter [1]. Furthermore, the reduction in particle
size leads to a larger relative surface area, and this can alter
the chemical reactivity and strength of the material. These
characteristics make nanostructured materials to be of great
scientiﬁc and technological interests [1–3]. Among nanostructured materials, magnetic nanoparticles have been the
focus of intense research because of their potential use in
numerous technological areas, for example, in catalysis, data
storage, nanoﬂuids, microwave devices, and defect sensors
[4–8]. Nanosized nickel ferrite (NiFe2O4) has received considerable scientiﬁc attention due to its magnetic characteristics that depend sensitively on the size, shape, purity, and
thermal history of the samples [9, 10]. Nickel ferrite nanoparticles have been synthesized through conventional techniques including solid-state reaction, sol-gel combustion,
coprecipitation, and hydrothermal methods [9–17]. Among

these methods, hydrothermal synthesis appears to be a
promising technique to produce highly crystallized, weekly
agglomerated powder, where particle size, morphology,
and other characteristics can be controlled by adjustment
of temperature, time, and pH value [18, 19].
Nickel ferrite is known to be present in the coolant of
pressurized water reactors (PWR), and it is also a major component in the porous oxide deposits that accumulate on fuel
rods during reactor operation. In previous work, we carried out ﬁrst-principle-based thermodynamic modeling to
describe the processes of formation and deposition of nickel
ferrite particles in PWRs [20–24]. We combined results
of density functional theory (DFT) calculations with experimental Gibbs free energies of formation to evaluate the surface energies of nickel ferrite as a function of temperature.
To mimic the conditions of pressure, ionic concentrations,
and pH in operating PWRs, we also incorporated
elements of aqueous chemistry into the model [20, 21].
Unexpectedly, it was found that several reconstructed nickel
ferrite surfaces had negative formation energies, while the
enthalpy of formation of the bulk material was positive. The
combination of negative surface and positive bulk free
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energies predicts thermodynamically stable nickel ferrite
nanoparticles in the PWR coolant.
In this paper, we use the ﬁrst-principle informed thermodynamics method developed earlier [20, 21], to model the
nucleation and formation of nickel ferrite nanoparticles from
solvated ionic species under hydrothermal conditions.

2. Theoretical Method
Details of the DFT-informed thermodynamics scheme as
well as details of the atomic structures used for the modeling
of bulk and surfaces of nickel ferrite are described in our previous work [20, 21]. Here, we only present a summary of the
method. To determine the surface energies as a function of
temperature, a set of temperature-dependent eﬀective chemical potentials (ECP) are calculated based on the following
system of linear equations:
Δ f GAx By Oz ðT, PÞ = EAx By Oz − xμ0A ðT Þ − yμ0B ðT Þ
z
− μ0O2 ðT Þ,
2

ð1Þ

where the change in free energies, Δ f GAx By Oz ðT, PÞ, are taken
from the experiment [25, 26], EAx By Oz are the total DFT energies of various binary and ternary oxides, and μ0i are the ECPs
that are determined by solving the system of linear equations
(1) by the least squares method. Similar to the ECPs determined by equation (1), the chemical potentials for the solvated cations, μ0Mz+ ,aq , are calculated using
Δ f G0Mz+ ,aq ðT, PÞ = μ0M z+ ,aq ðT, PÞ − μ0M ðT Þ
z
+ μ0H2 ðT Þ − zμ0H+ ,aq ðT Þ:
2

ð2Þ

ð3Þ

Using the ECPs determined by equations (1) and (2),
combined with DFT total energies calculated for the slab
geometries, and assuming that the dissolved Fe and Ni are in
3+ and 2+ oxidation states, respectively, the temperaturedependent surface energies of nickel ferrite are calculated
through
γðT, PÞ =

nH 2
,
2
nO
nH
ΓNi = nNi − 2 + 2 ,
2
4
n O2 n H 2
−
:
ΓNiFe2 O4 =
2
4
ΓFe = n Fe − nO2 +

ð5Þ

In the case of nonstoichiometric surfaces, the free energies are dependent on the environment via the chemical
potentials. These are related to ECPs through the molal concentrations by the relation:
μiz+ = μ0iz+ ðT, PÞ + RT ln ½iz+ :

ð6Þ

The DFT calculations have been carried out using the
VASP package [29, 30] with the GGA-PBE exchange correlation functional [31]. The on-site Coulomb interactions were
added to the d-states of Ni and Fe in the Dudarev formulation
[32], with the values of 6.0 and 4.5 eV, respectively.
In addition to characterizing nickel ferrite nanoparticles,
the ﬁrst-principle informed thermodynamics scheme, brieﬂy
described above, has been successfully used to investigate
other processes that take place under operating PWRs, such
as boron uptake by nickel ferrite [33] and formation of
bonaccordite (Ni2FeBO5) on nuclear fuel rods [34].

3. Nucleation: Theory and Experiment

The Gibbs energies of formation of the aqueous species,
Δ f G0M z+ ,aq ðT, PÞ, used in equation (2) are taken from the
SUPCRT database [27, 28]. The chemical potential for the
solvated proton is evaluated in terms of the pH value as

μH+ ðT Þ = μ0H+ ðT r Þ + RT ln 10−pH :

In equation (4), Gslab and gNiFe2 O4 represent the DFT total
energies of the surface slab and the bulk, μiz+ are the
environment-dependent chemical potentials, and Γi represent
the surface excess quantities that are related to the number of
atoms used in the reconstruction of the nonstoichiometric
surfaces considered in the calculations. They are given by


1 
Gslab − ΓFe μFe3+ − ΓNi μNi2+
2A

− ΓNiFe2 O4 gNiFe2 O4 − nH2 μH2 O




3
:
−
Γ + ΓNi 2μH+ − μH2 + Δ f G H 2,aq
2 Fe
ð4Þ

Classical homogeneous nucleation theory gives the change in
free energy ΔGT as phase transformation proceeds as a sum
of two terms. The ﬁrst term is an interfacial energy per unit
area, γ, times the area between the two phases. The second
term is the diﬀerence in free energy of the two phases, ΔG,
times the volume of the transformed material. Therefore,
the free energy change as the transformation progresses is
given by
ΔGT = ðsurface areaÞ ⋅ γ + ðvolumeÞ ⋅ ΔG,

ð7Þ

where a combination of positive surface energy and a negative ΔG yields a free energy barrier for the nucleation process.
In general, the magnitude of ΔG increases as the temperature
is lowered below that of the phase transition, which produces
both a smaller nucleation barrier and critical cluster radius.
For direction-dependent γ values, a Wulﬀ construction can
be used to determine appropriate volume and surface energies for a given nanoparticle size.
Nanocrystalline nickel ferrite has been synthesized
through hydrothermal reaction and characterized in numerous experimental studies [11–17]. In hydrothermal processes,
Fe is usually in a 3+ oxidation state originating from
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Figure 1: Slab models with the lowest (111) surface formation energies. The most stable surfaces expose (a) tetrahedral and (b) octahedral
Ni/Fe cations. The red balls represent O atoms, and the grey and brown are Ni and Fe, respectively.

precursors such as FeO(OH), Fe(NO)3, and FeCl3 and the
typical mole ratio of Fe : Ni is close to 2 : 1. To simulate these
conditions, the molal concentrations of Fe3+ and Ni2+ were
set to 2 × 10−21 and 1 × 10−21 mol/kg. Furthermore, because
higher alkalinity of the solution enhances the crystallization
of nickel ferrite [11], the simulations were carried out for
pH values ranging from 7 to 8.

4. Results and Discussions
The surface free energies of nickel ferrite with 12 diﬀerent
terminations along the low index surfaces have been calculated. To explore the eﬀect of the water chemisorption on surface stability, in addition to the bare surface conﬁgurations,
the calculations were also carried out with OH groups
attached to the surface metal ions and H attached to the surface oxygens. On several surface orientations, we also investigated the eﬀect of OH and H adsorptions separately.
The energy of a stoichiometric surface, which is always
positive, can be lowered by adsorbates or by surface reconstruction. Depending on the chemical potentials of the
adsorbed species or the species participating in the surface
reconstruction, the surface energies can become negative
[35–37]. In our modeling, under hydrothermal conditions,
several of the nickel ferrite surfaces have negative formation
energies. This can be related to the reference chemical potentials of the aqueous species used in the calculations that
depend on temperature, pressure, and pH value.
Under conditions of hydrothermal synthesis, the most
stable surfaces of nickel ferrite are predicted to be along the
(111) orientation. This is in agreement with earlier DFT simulations carried out on nickel ferrite surfaces [38]. Out of the
six nonequivalent surface terminations examined along the
(111) direction, the ones that expose the most metal cations
are the most stable. As illustrated in Figures 1(a) and 1(b),
these surfaces consist of metallic layers of tetrahedral and
octahedral Ni/Fe cations, respectively. Even though these surfaces create more broken bonds than other cuts along the

(111) direction, they are the most stable because the simulations were carried out under oxygen-poor conditions. Therefore, surfaces that expose more metal cations are more stable.
The calculated energies associated with these two terminations are nearly the same: they diﬀer by only 0.014 J/m2, with
the termination illustrated in Figure 1(a) being more stable.
This diﬀerence in the surface energies is related to the DFT
slab energies, and therefore, it is independent of temperature,
pH, or ion concentrations. The surfaces can be further stabilized through the adsorption of dissociated H2O, by capping
the exposed metal sites with OH groups and placing the H
atoms above O atoms in the subsurface layer.
Plotted in Figure 2(a) are the free energies of formation of the most stable nickel ferrite surface (represented in
Figure 1(a)) with and without H2O termination, as a function
of temperature, for three diﬀerent pH values. As mentioned
earlier, the surfaces are stabilized by the adsorption of H2O.
At 300 K, for instance, the presence of H2O lowers the surface formation energy by ~7 J/m2. However, as apparent in
Figure 2(a), the exotermicity of the adsorption process
decreases with temperature, such that around 600 K (not
shown), the surface becomes denuded. This trend is consistent with the IR powder spectroscopy measurements that
revealed water desorption from nickel ferrite surfaces at temperature above 400 K [11].
Using the conditions of temperature, pH, and concentration of aqueous species speciﬁed above, the free energy
for the formation of bulk nickel ferrite is evaluated through
the reaction:
Ni2+ + 2Fe3+ + 4H2 O → NiFe2 O4 + ð8H+ Þaq

ð8Þ

As illustrated in Figure 2(b), the bulk free energy of
formation, calculated by equation (8), decreases with temperature and pH but remains mostly positive for the entire
range of 300-400 K. As visible in Figures 2(a) and 2(b) as
the values of temperature and pH increase, the surfaces
become less stable while the bulk becomes more stable.
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Figure 2: (a) Surface formation energies for the bare and hydroxylated nickel ferrite (111) surfaces as a function of temperature and pH value.
The exotermicity of the H2O adsorption process decreases with temperature. (b) Free energy of formation for bulk nickel ferrite as a function
of temperature and pH. As the temperature and pH increase, the bulk becomes more stable.

At temperatures above 400 K and/or pH values above 8, the
free energy of formation of the bulk becomes negative
(Figure 2(b)), causing the crystallization of bulk nickel ferrite.
A Wulﬀ construction based on the surface energies
described above predicts that nickel ferrite particles only expose
their (111) surfaces, producing particles with octahedral morphology. This is consistent with the observation of the octahedral nickel ferrite particles ranging from 60 to 100 nm in size
generated through hydrothermal reactions [11, 12].
To evaluate the thermodynamic stability of the nickel ferrite particles under hydrothermal conditions, the free energy
associated with the formation of an octahedral particle is calculated as a function of size. This is done by adding the product of the negative (111) surface energy and the total surface
area of the octahedral particle to the product of the positive
formation energy of bulk nickel ferrite and the volume of
the particle. The change in free energy for the formation of
nickel ferrite particles as a function of particle size is plotted
in Figure 3(a) for diﬀerent temperatures. Interestingly,
instead of the energy barriers expected from the classical
nucleation theory, the calculated free energy curves in
Figure 3 display energy wells, where the nickel ferrite clusters
are predicted to be thermodynamically stable. This atypical
behavior of the nucleation curve occurs because in our simulation, the surface energies of nickel ferrite are negative while
the bulk formation energies are positive. As speciﬁed in the

previous paragraph, the free energy for particle formation is
the sum of a surface term and a volume term. Because the
volume term varies more rapidly with size than the surface
term, at small sizes, the surface term dominates and the free
energy is negative. At larger particle sizes, the volume term
takes over, and the free energy is dominated by the positive
formation energy of bulk nickel ferrite. This is illustrated in
Figure 3(a), where for temperatures ranging from 300 to
400 K and pH = 7, the free energy curves have minima corresponding to particle sizes of 30 to 60 nm. As visible in
Figure 3(b), the depth of the energy wells and the sizes of
nickel ferrite particles associated with the wells depend sensitively on the pH. As the alkalinity of the solution increases,
the clusters become larger; for instance, at 350 K and pH = 8
, the side length of the nickel ferrite octahedron is predicted
to be around 150 nm. This trend as well as the predicted cluster sizes appears to be in good agreement with experimental
results [11, 12].

5. Conclusion
This study combines results of ﬁrst-principle DFT calculations with experimental data and elements of aqueous chemistry to evaluate the energetics of nickel ferrite synthesis in
hydrothermal environments. Based on solid-liquid equilibrium conditions, the formation energies of the bare and
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Figure 3: Free energies of formation of an octahedral nickel ferrite particle as a function of particle size for various (a) temperature and (b) pH
values. The size of the nickel ferrite clusters associated with the free energy minima depends sensitively on temperature and pH.

hydroxylated nickel ferrite surfaces have been calculated.
The lowest formation energy belongs to the (111) surface
formed by tetrahedral cation terminations. As a general
trend, under conditions of temperature, ion concentration,
and pH characteristic to hydrothermal reactions, surfaces
that expose a larger number of metal cations are the most stable. These surfaces are further stabilized by the adsorption of
dissociated water molecules. At temperatures above 400 K,
however, the water-induced stabilization decreases and the
surfaces become denuded.
An important aspect of this study is related to the fact that
the formation energy of the most stable (111) surface is
negative, while the free energy of formation of the bulk
material, under identical thermodynamic conditions, is positive. When creating a nickel ferrite particle, the energy cost
associated with the formation of the bulk material is counterbalanced by the energy gained through the formation of
the interface between the bulk and its aqueous surrounding.
In terms of nucleation theory, the negative surface and positive bulk energies produce energy wells, with minima (and
corresponding particle sizes) that depend sensitively on
temperature, pH, and ion concentration. The general trend
regarding the phase stability and predicted nanoparticle size
and morphology as a function of thermodynamic conditions
agrees well with the experiment.
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