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a b s t r a c t

Removal of Mg from hydrated Ni sulfates has long been a problem in the industrial purification process
of hydrated Ni sulfates. In this work, we have investigated this industrial problem using state-of-the-art
molecular simulations. Periodic Density Functional Theory (DFT) and cluster DFT calculations are used to
study the crystal structures and phase stability of the hexahydrated and heptahydrated Ni and Mg
sulfates and their mixed phases. The calculated lattice parameters of MSO4(H2O)n (M¼Ni, Mg; n¼6, 7)
crystals are in good agreement with available experimental data. The relative energy differences of the
mixed phase for both hexahydrated and heptahydrated Ni/Mg sulfates obtained from both the periodic
and cluster DFT calculations are generally less than kT (25.8 meV, T¼300 K), indicating that a continuous
solid solution is formed. We also investigated the Bader charges and electronic structures of the
hexahydrated and heptahydrated Ni/Mg sulfates using the periodic DFT calculations. The energy band
gaps of the hexahydrated and heptahydrated Ni and Mg sulfates were predicted by first-principles
calculations. Large energy band gaps of about �5.5 eV were obtained from the DFT–GGA calculations for
hydrated Mg sulfates, and band gaps of about �5.1 eV were obtained by the DFT–GGAþU calculations
for hydrated Ni sulfates.

& 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Hydrated metal (II) sulfates, MSO4(H2O)n (M¼Ni, Mg; n¼1–11)
are widely used in different industrial processes. For instance,
NiSO4(H2O)n-based solutions are commonly used in nickel plating,
surface coating, super-capacitors, and highly efficient photocatalysts
production (Patterson, 1994; Lascelles et al., 2005; Carja et al., 2011;
Dar et al., 2013). While also being produced from nickel and copper
ore as a side product, most part of nickel sulfate is recovered from

recycling products containing nickel. For producing solid phase nickel
sulfate for commercial sale, crystallization is obligatory as the last
step during producing process (Ramachandran et al., 1991; Abbas et
al., 2002; Moldoveanu and Demopoulos, 2002) and highly pure
nickel sulfate is usually required in applications. Among the most
common impurities in solid nickel sulfate heptahydrate products, Mg
is one impurity which is difficult to be removed because of the
isomorphous replacement between Mg and Ni in MSO4(H2O)7
(Smolik, 2000). Recent work on eutectic freeze crystallization
showed that nickel sulfate heptahydrate can be recovered from
industrial nickel sulfate streams with high purity, except for an
accumulated Mg uptake in NiSO4(H2O)7 crystals (Lu et al., 2014a,b).
Afterwards, recrystallization of NiSO4(H2O)7 obtained from eutectic

Contents lists available at ScienceDirect

journal homepage: www.elsevier.com/locate/ces

Chemical Engineering Science

http://dx.doi.org/10.1016/j.ces.2014.07.026
0009-2509/& 2014 Elsevier Ltd. All rights reserved.

n Corresponding author.
E-mail address: t.j.h.vlugt@tudelft.nl (T.J.H. Vlugt).

Chemical Engineering Science 121 (2015) 77–86

www.sciencedirect.com/science/journal/00092509
www.elsevier.com/locate/ces
http://dx.doi.org/10.1016/j.ces.2014.07.026
http://dx.doi.org/10.1016/j.ces.2014.07.026
http://dx.doi.org/10.1016/j.ces.2014.07.026
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ces.2014.07.026&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ces.2014.07.026&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ces.2014.07.026&domain=pdf
mailto:t.j.h.vlugt@tudelft.nl
http://dx.doi.org/10.1016/j.ces.2014.07.026


freezing crystallization into NiSO4(H2O)6 was used as a further
purification process to remove Mg impurity. But according to
experimental results (Lu et al., 2014a,b), this recrystallization process
is a solvent mediated process, which means that the impurity
content of Mg in the recrystallization liquid highly affects the final
quality of product NiSO4(H2O)6.

Hydrated metal (II) sulfates are not only of industrial interest,
but are also commonly studied as model systems for their
fundamental physical and chemical properties (Cox et al., 1955;
Baur, 1964; Zalkin et al., 1964; Wells, 1984; Maneva et al., 1990;
Koga and Tanaka, 1994; Patterson, 1994; Nesbitt et al., 2000;
Squyres et al., 2004; Lascelles et al., 2005; Delorme et al., 2009;
Grevel and Majzlan, 2009; Nordstrom, 2009; Hawthorne, 2012;
Dar et al., 2013). The crystal structures and chemical bonds of Mg
and Ni sulfate hexahydrates were measured by X-ray diffraction
(Zalkin et al., 1964; Ptasiewicz-Bak et al., 1993) and an ionic
model of [Ni(H2O)6]2þ(SO4)2� was proposed for NiSO4(H2O)6
(Ptasiewicz-Bak et al., 1993). Schlapp and Penney (1932) pointed
out that, for a Ni2þ ion surrounded by an octahedron of negative
ions or water molecules, the ground orbital state is a singlet.
However, later this turned out to be erratic: all hydrated nickel
sulfates and nitrates are paramagnetic (Swift and Connick, 1962).
The magnetic properties of NiSO4(H2O)6 have been intensively
investigated by different experimental techniques (Schlapp and
Penney, 1932; O'Connor et al., 1941; Watanabe, 1962; Stout and
Hadley, 1964; Fisher et al., 1967; Pontusch et al., 1973). O'Connor
et al. (1941) explored the magnetic rotatory power of NiSO4(H2O)6
in the ultraviolet region. The magnetic susceptibility of single
crystalline NiSO4(H2O)6 and NiSO4(H2O)7 were measured in the
temperature range between liquid He and room temperature
(Watanabe, 1962). From the specific heat measurements of
NiSO4(H2O)6 single crystals between 1 K and 20 K, a peak was
observed at 2.58 K (Stout and Hadley, 1964). Particularly important
for our study is the work of Benrath and Neumann (1939), who
provided experimental evidence for the formation of a solid
solution of NixMg1�xSO4(H2O)n (x¼0–1; n¼6, 7). In addition,
Ni0.4Mg0.6SO4(H2O)6 was reported being found in nature
(Osborne, 1947).

The number of theoretical studies on Mg sulfate hydrates is
limited. The thermoelastic properties of MgSO4(H2O)7 were recently
studied using the density functional theory with generalized gradient
approximation (DFT–GGA) (Fortes et al., 2006). Luo et al. (2013)
investigated absorption of water on MgSO4 surfaces using GGA–DFT
with the ultrasoft pseudopotential method. Separations between Mg
and O surface atoms after water adsorption were observed in their
modeling which indicated that deliquescence occurs on the MgSO4

surfaces (Luo et al., 2013). Maslyuk et al. (2005) calculated the crystal
structure of MgSO4 �H2O using a combination of DFT and semiempi-
rical methods, while the electronic structure of MgSO4H2O was
calculated by a hybrid density functional theory-Hartree–Fock
(DFT-HF) approach. The calculated band gap for MgSO4H2O was
7.77 eV, which is in agreement with the experimentally determined
band gap of 7.4 eV (Maslyuk et al., 2005). The configurations of
isolated MgSO4(H2O)n (n¼1, 5) molecules were optimized at a DFT
PW91-TZ2P level (Iype et al., 2012). A proton transfer was found in
MgSO4(H2O)6 (Iype et al., 2012), which we believe is an unrealistic
erroneous result due to the single MgSO4(H2O)6 molecule chosen in
these calculations (see our discussion in Section 2.2).

First-principles studies on Ni sulfate hydrates are even rarer in
literature (Schröder et al., 2011). This is probably because of the
difficulties in dealing with the Ni 3d state in the Ni-contained
compounds. The relatively large systems of MSO4(H2O)n (�100
atoms/unit cell) also make the computations very time-
consuming. Due to the presence of the water molecules in the
system, describing the dispersion interactions by DFT calculations
is also difficult.

In this work, we study the crystal structure, phase stability and
electronic structures of Ni and Mg sulfate hexahydrates and
heptahydrates using state-of-the-art molecular simulations. The
purpose of this study is threefold:

1. We are looking for a definite answer to the question which is
arousing the interest of the hydrometallurgy industry: Can Mg
incorporation in NiSO4 products be prevented by recrystalliza-
tion? Or do hydrated Ni and Mg sulfates form a continuous
solid solution as suggested by Benrath and Neumann (1939)?

2. As mentioned above, first principles calculations on the
hydrated Ni/Mg sulfates are very challenging. Using a combina-
tion of state-of-the-art energy functionals in the periodic DFT
calculations, we aim to provide a trustful description of the
physical interactions.

3. We are also exploring another molecular modeling approach,
the DFT cluster calculations, which require less computational
power and are therefore able to simulate larger systems or to
shorten the simulation time. A comparison between the peri-
odic and cluster DFT calculations will be made.

The paper is structured as follow. Section 2 introduces the
methods used in the periodic and cluster DFT calculations in detail.
The crystals structures and the cluster models are also introduced.
Section 3.1 presents the crystal structures and chemical bonding of
hexahydrated and heptahydrated Ni/Mg sulfates calculated by
both the periodic and cluster DFT calculations. Section 3.2 shows
a comparison of the periodic and cluster DFT calculations of the
relative stability of the NixMg1�xSO4(H2O)n (n¼6, 7). Sections
3.3 and 3.4 discuss Bader charges of atoms and the electronic
structure of the MSO4(H2O)n from the periodic DFT calculations,
respectively. Our conclusions are summarized in Section 4.

2. Methods

2.1. Periodic density functional theory calculations

In periodic DFT calculations, the projector-augmented wave
(PAW) method (Blochl, 1994; Kresse and Joubert, 1999) was
adopted. The first-principles code Vienna Ab-initio Simulations
Package (VASP) (Kresse and Hafner, 1993, 1994) was employed for
the structural optimizations and the electronic structure calcula-
tions. A nonlocal van der Waals density functional, optB86-vdW,
was used in combination with the generalized gradient approx-
imation (GGA) (Dion et al., 2004; Klimes et al., 2010, 2011) to
describe the exchange and correlation energy terms. This choice is
based on two considerations: First, this newly developed correla-
tion functional is based on the GGA approximation (Perdew et al.,
1996) with the integration of the dispersion interactions, which is
able to describe the hydrogen bonds of the water in the hydrated
metal sulfates. Second, it has been established that GGA offers a
better description of (spin-polarized) transition metals and com-
pounds compared to the local (spin-polarized) density approxima-
tion (LDA), and it provides energetics of the compounds quite well
(Amador et al., 1992; Fang et al., 2010). However, it is well known
that the standard density functionals such as LDA and GGA fail to
describe localized states (e.g. the Ni 3d states in NiO and NiSO4)
(Hubbard, 1963; Sawatzky and Allen, 1984; Madsen and Novak,
2005; Larsson, 2006). This deficiency can be solved by describing
the on-site interactions of the localized 3d states with a simple
parameter, the Hubbard U (Hubbard, 1963) with U¼5.96 eV for Ni
3d in NiO (Madsen and Novak, 2005).

The crystal models of MSO4(H2O)n (M¼Ni, Mg; n¼6,7) were
constructed on the basis of the available experimental data
(Frondel and Palache, 1949; Baur, 1964; Zalkin et al., 1964;
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Kavitha and Mahadevan, 2013). For the MSO4(H2O)6, two different
phases, i.e. T (space group: P41212) and m (space group: C2/c),
were taken into consideration. Although the T-MgSO4(H2O)6 and
m-NiSO4(H2O)6 are not stable in nature, their lattice parameters
can be obtained by DFT optimization of Ni- and Mg-substituted
T-NiSO4(H2O)6 and m-MgSO4(H2O)6 unit cells, respectively. Beside
the hydrated metal sulfates, several related compounds were also
studied through the periodic DFT calculations for validation and
comparison. These related compounds include MO, α- and β-
MSO4, and ice_XI. The crystal structures of all materials involved
are shown in Fig. 1.

In the periodic DFT calculations, we used a cut-off energy of
600 eV for the wave functions and 850 eV for the augmentation
functions. These high cut-off energies are necessary to accurately
describe the localized Ni 3d states and the O 2p–S 3p and O sp–H
1s strong-bonding in the compounds. The electronic wave func-
tions were sampled on a 6�6�2 Monkhorst–Pack (MP) grid
(Monkhorst and Pack, 1976) with 18–36 k-points and a
8�4�4 MP grid with 16–64 k-points in the irreducible Brillouin
zone (BZ) for the T-MSO4(H2O)6 and O-MSO4(H2O)7 phases,

respectively. For the calculations of local electronic configurations
and partial density of states of the atoms, the Wigner–Seitz (WS)
radius was set as 1.2 Å for Ni and Mg, 0.9 Å for O and S and 0.4 Å
for H, respectively. Note that the 3d electrons of the Ni atom
exhibit an itinerant character in the metals and their compounds,
in principle belonging to the whole crystal. However, we can
decompose the plane waves in the atomic WS sphere and obtain
Ni 3d components in the spheres for both the spin-up (or
majority) and spin-down (minority) directions. In this way, a local
magnetic moment is obtained from the difference between the
number of spin-up and spin-down electrons in the WS sphere. The
choices of the MP k-meshes and cut-off energies are based on
convergence tests in which the energy convergence is kept below
1 meV/atom.

2.2. Cluster density functional theory calculations

The commercially available Spartan 14 package (Wavefunction
Inc., Irvine, California, USA. www.wavefun.com) was used for all
cluster calculations. The routine B3LYP/6-31Gn for DFT calculations

Fig. 1. Schematic representation of crystal structures for (a) ice_XI, (b) MO, (c) α-MSO4, (d) β-MSO4, (e) T-MSO4(H2O)6, (f) m-MSO4(H2O)6, (g) MSO4(H2O)7. The white, red,
gray, and yellow spheres are H, O, M (Ni or Mg), and S, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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were used. Despite its known incapability of describing particularly
van der Waals interactions correctly, or depicting electronic (fine)
structure more generally, both energies and geometrical structures are
usually reproduced quite well (Hehre, 2003). Typical bond length
errors are less than 0.02 Å. All metal sulfate hydrates display strong
static electrostatic behavior, both in the M(H2O)6 cation and the sulfate
anion, which should be adequately covered by B3LYP. Furthermore, by
direct comparison of the total energies of very similar complexes, a
cancellation of possible errors in the van der Waals interactions can be
expected. Finally, it should be noted that the cluster calculations
presented herein are only to be used for comparing their relative
energies and geometries, but not for the determination of bulk
electronic structure features of the solid state materials.

To set up meaningful comparisons with respect to geometry
and total energy, clusters were selected from the known crystal
structures of both MgSO4(H2O)6 and NiSO4(H2O)7. Fig. 2b shows a
tetrameric cluster from the unit cell of T-MgSO4(H2O)6 containing
four MgðH2OÞ 2þ

6 cations and four sulfates. Geometry optimization
of this tetrameric cluster leads to proton transfer from the M
coordinated water molecules to the sulfate anion. The same type
of proton transfer was reported also by Iype et al. (2012) using a
different DFT code. However, obviously this is an erroneous result
due to the fact that the cluster shows a too large charge separation
between the Mg(H2O)62þ cations and the sulfate anions at the
border of the parent unit cell. The crystal structure does not show
an indication for such a proton transfer. Therefore, we took the
dimeric cluster for MgSO4(H2O)6 (see Fig. 2c), wherein the two
sulfates are stabilized by H-bridges of the water molecules
coordinated to the M2þ cations. In case of NiSO4(H2O)7, the
tetrameric unit cell could be directly chosen (see Fig. 2d), as inside
this unit cell there is sufficient hydrogen bridging towards the
sulfate anions to avoid the previously-mentioned proton transfer.

3. Results and discussion

3.1. Structures and chemical bonds

Before discussing the hydrated Ni and Mg sulfates, we discuss
the periodic DFT calculations on several reference compounds
(MO, α- and β-MSO4, and ice_XI) for validation and comparison.
Table 1 lists the lattice parameters of these compounds calculated
using the periodic DFT calculations in comparison with available
experimental data. In general, the calculated lattice parameters of
all the related compounds are in good agreement with experi-
mental data with deviations less than 4%. Therefore, the computa-
tional schemes used here are suitable for the studies of these
reference compounds, thus, are also expected to be suited to the
hydrated Ni and Mg sulfates and their mixed phases.

The lattice parameters of m-MSO4(H2O)6, T-MSO4(H2O)6, and
MSO4(H2O)7 obtained from the periodic DFT calculations are listed
in Table 2 together with available experimental data. The com-
puted lattice parameters for all the hydrated Ni and Mg sulfates
phases show good agreement with the available experimental
data. The highest deviation from the experimental data is 3.1% in
the length of the a-axis of O–MgSO4(H2O)7 (Epsom salt). Table 3
shows the chemical bond lengths in these hydrated Ni and Mg
sulfates and their related compounds from the periodic DFT
calculations. In all the solid phases, both Ni and Mg atoms/ions
are in an octahedral coordination with oxygen atoms/ions, with
bond-lengths of about 1.99–2.25 Å for Mg–O and 1.99–2.21 Å for
Ni–O. In both Mg and Ni sulfates, each S atom/ion is tetragonally
coordinated by four oxygen atoms/ions with the S–O interatomic
distances ranging from 1.46 to 1.52 Å, revealing a high stability of
(SO4)2� clusters in the ionic model. The calculated O–H bond
lengths vary slightly around 0.99 Å.

In line with the periodic DFT calculations, structural optimiza-
tions of the hydrated metal sulfate clusters by cluster DFT calcula-
tions yield octahedral Ni H2Oð Þ 2þ

6 and Mg H2Oð Þ 2þ
6 cations, as well

as sulfate anions. Fig. 2a shows both the octahedral coordination in
Ni H2Oð Þ 2þ

6 and Mg H2Oð Þ 2þ
6 and the triplet spin state of the

simple Ni H2Oð Þ2þ6 cation. The volumes of these two cations are
118.08 Å3, and 119.54 Å3 respectively, which differ less than 1%.
Consequently, Mg–O bonds are slightly larger than Ni–O bonds:
Mg–OQ2.120 Å and Ni–OQ2.077 Å. This similarity in shape and
volume can be considered as an indication for a continuous solid
solution.

The average Ni–O bond length of the dimeric clusters
(MSO4(H2O)6) is slightly larger than the Ni–O bond length in the
crystal structure: 2.083 Å (cluster) vs 2.051 Å (crystal). For the S–O
bond lengths a similar observation can be obtained: 1.520 Å
(cluster) vs 1.481 Å (crystal). Mg–O distances in the clusters are
2.111 Å. In the full Ni cluster the Ni–Ni atomic distance is 6.258 Å,
while in the full Mg cluster the Mg–Mg atomic distance is 6.286 Å.
The volumes of the dimeric clusters are in line with the bond
length observations: the volume of the dimeric Ni cluster is
375.52 Å3 while the volume of dimeric Mg cluster is 379.12 Å3.
Ni and Mg dimeric clusters have a similar geometry.

As is shown in Fig. 2d, the B3LPY-optimized NiSO4(H2O)7
tetrameric structure shows a slightly decreased volume compared
to the initial unit cell, due to the lack of attractions from the
surrounding atoms which are no longer present in the cluster. It
can be concluded that the cluster calculation yields correct results
with respect to the overall spin state of the tetrameric Ni(H2O)7SO4

with 8 unpaired electrons (Swift and Connick, 1962). The results
are in line with the literature which states that all Ni(H2O)nSO4

phases are paramagnetic (Swift and Connick, 1962). As is shown in
Table 3, the average Ni–O bond length of the B3LYP-optimized
cluster is slightly larger than the Ni–O bond length in the crystal
structure: 2.078 Å (cluster) vs 2.065 Å (crystal). For the S–O bond
lengths a similar observation can be made: 1.520 Å (cluster) vs
1.488 Å (crystal). The average Ni–Ni distance is 6.504 Å in the
crystal and 5.546 Å for the optimized cluster. The volumes of the
clusters are: Vcrystal¼862.97 Å3 and Voptimized-cluster¼826.48 Å3, the
latter being considerably smaller than the former. The main reason
for the much lower volume of the optimized cluster is, the rather
large displacement of the four free water molecules from the side
of the crystal towards the inside of the cluster. This can be
explained by the fact that contrary to the real crystal, the cluster
does not see its neighboring cells.

The B3LYP-optimized full Mg clusters yield similar results as
the full Ni clusters (Table 3). The average Mg–O bond length of the
full Mg tetrameric cluster is 2.110 Å while the average from the
periodic DFT calculations is 2.080 Å. The average S–O bond lengths
are again 1.520 and 1.488 Å from the cluster and periodic DFT
calculations, respectively. The average Mg–Mg distance is 5.631 Å.
The volume of the full Mg cluster is 834.38 Å3, slightly larger than
the volume of the all Ni-cluster.

3.2. Phase stabilities

In order to assess the relative stability of the mixed phases
(NixMg1�x)SO4(H2O)n (x¼0�1; n¼6, 7), the relative energy dif-
ference (ΔE) is defined as

ΔE ðNixMg1� xÞSO4ðH2OÞn
� �

¼ E ðNixMg1� xÞSO4ðH2OÞn
� �

�x E NiSO4ðH2OÞn
� ��ð1�xÞ E MgSO4ðH2OÞn

� �Þ

Here, the relative energy difference ΔE and the absolute energy E
could either be the formation energy in the periodic DFT calcula-
tions or the total energy in the cluster DFT calculations.
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In the periodic DFT calculations, considering the strong simi-
larity of local structures between the T and m phases, only the
T-MSO4(H2O)6 structure was considered for the stability compar-
ison of the hexahydrate Ni and Mg sulfates. In the hydrate metal
sulfates, the distances between metal atoms/ions are very large,
typically larger than 5 Å. Such long metal–metal distances indicate
weak exchange interactions and small energy differences between
different configurations. Therefore, only one possible configuration
of the (NixMg1�x)SO4(H2O)n mixed phase was calculated. At 0 K,
the enthalpy difference is equal to the energy difference, ΔG¼ΔE,
where we ignore the zero-point vibration contribution.

The relative Gibbs free energy difference for (NixMg1�x)SO4(H2O)n
(n¼6, 7) obtained by the periodic DFT calculations are shown in
Fig. 3. Note that the density-functional theory only works for the
ground states of materials, i.e. it describes the total valence electron
energy at 0 K. As shown in Fig. 3, the relative energy differences of
the mixed phases with respect to the pure hydrate metal sulfates at
0 K are rather small (typically about a few meV/f.u.). This can be
understood as the consequence of the long atomic distances and the
weak exchange interactions between metals. These results are in line
with experiments that a magnetic ordering occurs at very low
temperatures (2–3 K) (Maslyuk et al., 2005).

Fig. 2. Constructed and B3LYP-optimized clusters of (a) Ni H2Oð Þ2þ6 and Mg H2Oð Þ2þ6 with spin densities on Ni H2Oð Þ2þ6 (0.002e/au3), (b) optimized tetrameric NiSO4,
(c) dimeric MSO4(H2O)6 clusters, (d) unit cell of NiSO4(H2O)7 (left) and optimized tetrameric cluster (right) with spin densities on Ni H2Oð Þ2þ6 (0.002 e/au3). The white, red,
green, purple, and yellow spheres are H, O, Ni, Mg, and S, respectively. Four free water molecules (see the main text) are shown in the vdW presentation. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)
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At elevated temperatures, configuration entropy plays a more
important role in the free energy of the system. The weak
interactions between the metal ions suggest that a random model
for the configurations for the alloying phases can be used as a
correction for the Gibbs free energy calculations. We considered a
unit cell containing four metal ions. The configuration number (W)
for one unit cell is 4 for Ni0.25Mg0.75SO4(H2O)n and Ni0.75Mg0.25-
SO4(H2O)n, and is 6 for Ni0.5Mg0.5SO4(H2O)n. The correction of the
configuration entropy, S¼k lnW (per unit cell), was included to
estimate the free energies of the mixed phases at finite tempera-
tures. It is suggested in Fig. 3 that the mixed phases with different
fractions of Ni can be formed at room temperature (300 K). Note
that our calculations also show an unstable (Ni0.25Mg0.75)
SO4(H2O)7 phase with a relatively large positive energy difference
(�11 meV/f.u.). Considering the small energy differences
(�40 meV) and the large number (88–108) of atoms per unit cell,
we believe this exception is just a marginally numerical error. The
result of our periodic DFT calculations indicates that it is difficult to
obtain hydrated Ni sulfate of high purities by recrystallizing Ni
sulfates liquids with Mg2þ contamination at ambient conditions.

The typical computing time for a similar system (same number
of atoms) by the cluster DFT calculations (about one day for a
tetrameric cluster) is one tenth of that by the periodic DFT
calculations (more than one week for one unit cell). Therefore,
we investigated the relative stabilities of a mixed phase of hydrate
metal sulfates with more possible configurations in the cluster DFT
calculations. For the mixed phases of the dimeric clusters (hex-
ahydrate metal sulfates), both possible Ni0.5Mg0.5(H2O)6SO4 con-
figurations were chosen, while for the mixed phases of the

tetrameric clusters (heptahydrate metal sulfates), all possible four
Ni0.75Mg0.25(H2O)7SO4 clusters, one Ni0.5Mg0.5(H2O)7SO4 clusters,
and one Ni0.25Mg0.75(H2O)7SO4 clusters were chosen for full
optimization and energy calculation. In the Ni0.5Mg0.5(H2O)6SO4

dimeric clusters, the averaged Ni–Mg distance in the mixed
clusters is 6.260 Å, slightly larger than the Ni–Ni distance
(6.258 Å) in the full Ni dimeric cluster and smaller than the Mg–
Mg distance (6.286 Å) in the full Mg dimeric cluster. The optimized
volume of these Ni0.5Mg0.5(H2O)6SO4 clusters (377.20 Å3) is also
between that of the full Ni dimeric cluster (375.52 Å3) and the full
Mg dimeric cluster (379.12 Å3). All of them are very similar, but
increase with Mg concentration. In the optimized mixed phases of
the tetrameric clusters, the average Ni–O bond length in the
various clusters is 2.078 Å, The average Mg–O bond length is
2.110 Å, and the average S–O bond length is 1.520 Å. The calculated
volumes of the Ni0.75Mg0.25(H2O)7SO4, Ni0.5Mg0.5(H2O)7SO4, and
Ni0.25Mg0.75(H2O)7SO4 clusters are 828.26 (averaged), 830.80, and
832.42 Å3, respectively, perfectly in line with the results for the all
Ni- and all Mg-clusters. It is important to note that all 6 clusters
remain visually intact, however slightly increasing in volume with
increasing Mg-content. The larger deviation of the volume of the
M(H2O)7(SO4) clusters from the original unit cell is due to the
displacement of the seventh water molecule from the outside to
the inside of the cluster, still maintaining the relative position of
the octahedral M H2Oð Þ 2þ

2 cation and the sulfate anion.
From cluster DFT calculations, it is clear that size and volume of

the simple cations Mg H2Oð Þ 2þ
2 and Ni H2Oð Þ 2þ

2 are very similar,
the former being slightly larger (�1%). This behavior is consis-
tently shown for the various dimeric and tetrameric clusters.
However, cluster calculations cannot answer the question if partial
or full isomorphous substitution of Ni H2Oð Þ 2þ

2 by Mg H2Oð Þ 2þ
2 is

Table 1
Calculated lattice parameters for ice_XI, MgO, MgSO4, NiO, and NiSO4 from the
periodic DFT calculations and available experimental data. The lattice parameters a,
b and c are in Å.

Compound Space group (Nr.) Bulk calc. Exp.

Ice_XI Cmc21 (36)
a 4.343 4.5019a

b 7.609 7.7978a

c 7.035 7.3280 a

MgO Fm-3m (225)
a 4.235 4.13b

α-MgSO4 Cmcm (63)
a 5.223 5.1686 c

b 7.863 7.8678 c

c 6.442 6.5667 c

β-MgSO4 Pnma (62)
a 8.654 8.5817 c

b 6.667 6.6727 c

c 4.743 4.7343 c

NiO Fm-3m (225)
a 4.156/4.203g 4.1705 d

α-NiSO4 Cmcm (63)
a 5.196/5.195 g 5.188 e, 5.155 f

b 7.840/7.816 g 7.848 e, 7.842 f

c 6.267/6.290 g 6.300 e, 6.338 f

β-NiSO4 Pnma (62)
a 8.615/8.613 g

b 6.460/6.464 g

c 4.720/4.721 g

a Experimental report in Leadbetter et al. (1985).
b Experimental report in Wyckoff (1921).
c Experimental report in Fortes et al. (2007) (at 4.2 K).
d Experimental report in Bartel and Morosin (1971) (extended to 0 K).
e Experimental report in Wildner (1990).
f Experimental report in Frazer and Brown (1962).
g DFTþU with U¼5.96 eV (see main text).

Table 2
Calculated lattice parameters for hydrated metal sulfates from the periodic DFT
calculations and available experimental data. The lattice parameters a, b and c are
in Å.

Compound Space Group (Nr.) Calc. Exp.

m-MgSO4:(H2O)6 (Hexahydrite) C2/c (15)
a 9.883 10.110a

b 7.282 7.212a

c 24.005 24.41a

β 98.341 98.301a

T-MgSO4(H2O)6 P41212 (92)
a 6.794 –

c 18.068

MgSO4:(H2O)7 (Epsom salt) Cmcm (63)
a 6.646 6.858b

b 11.810 11.86b

c 11.943 11.99b

m-NiSO4:(H2O)6 C2/c (15)
a 9.830/9.845e –

b 7.102/7.238 e

c 23.416/24.025e

β 98.671/98.701 e

T-NiSO4:(H2O)6 (Retgersite) P41212 (92)
a 6.755/6.761 e 6.765c

c 17.936/18.002 e 18.20c

NiSO4:(H2O)7 (Morenosite) Cmcm (63)
a 6.601/6.608 e 6.712d

b 11.737/11.758 e 11.8d

c 11.863/11.861 e 11.99d

a Experimental report in Zalkin et al. (1964).
b Experimental report in Baur (1964).
c Experimental report in Frondel and Palache (1949).
d Experimental report in Kavitha and Mahadevan (2013).
e DFTþU with U¼5.96 eV (see main text).
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possible. Cluster calculations still can answer the question
whether the solid phases can be mixed or form a continuous solid
solution by comparing the ΔE with kT (kT¼25.8 meV, T¼300 K).
The result from cluster calculations in Fig. 3 (blue crosses) provides
an unambiguously answer to the question. Indeed, ΔEokT for all
cases studied. Therefore, the cluster DFT calculations are in full
agreement with the periodic DFT calculations in that both
NixMg1�xSO4(H2O)6 and NixMg1�xSO4(H2O)7 should form a con-
tinuous solid solution.

3.3. Charges and charge transfer

To better understand the chemistry of compounds, we calcu-
lated the charge of the ions/atoms and the charge transfer
between them. In 1971, Bader and Beddal proposed an unambig-
uous definition of an atom/ion in a molecule/solid by dividing the
molecule/solid into spatial regions defining the atoms. The charge
on an atom is determined by the number of electrons in its region
(Bader and Beddall, 1971; Bader et al., 1981). The boundary of an
atom is defined by the zero-flux surfaces between that atom and
its neighboring atoms. The Bader charges at the atomic/ionic sites
in the related compounds from the periodic DFT calculations are
listed in Table 4.

The Bader charges of each element are almost the same for the
sulfates, sulfate hydrates, or monoxide. All Mg ions/atoms are
more charged compared to the Ni atoms/ions in the same
structures, which corresponds to the significantly larger electro-
negativity of Ni (1.91) than that of Mg (1.31) in the Pauling scale.
All the S atoms/ions in the sulfates and their hydrates have almost
the same Bader charges (þ3.80 to 3.90 e) in spite of the differ-
ences between Ni and Mg compounds, which are in agreement
with the different electronegativity of 2.58 for S and 3.44 for O.
According to the Bader charge analysis, the electronegativity of the
(SO4)2� cluster is significantly higher than that of O from the
comparison between MO and M(SO4) (0.96 vs 1.27 for M¼Ni and
1.6 vs 1.7 for M¼Mg).

3.4. Electronic properties

Considering the significant structural differences (Fig. 1), it is
also interesting to investigate the electronic properties of the Mg
and Ni oxides, sulfates, hexa-, and hepta-hydrates. The calculated
total density of states (tDOS) for the studied compounds are
shown in Fig. 4. Fig. 5 shows the partial density of states (pDOS)
of different atoms in selected phases. In Table 5, the electronic
energy gaps of the compounds are summarized and compared
with the available experimental data.

First we discuss the electronic structure of MgO (Fig. 4a). The
ionic nature of this oxide indicates a simple electronic picture with
three separate parts: (1) the O 2s states at about 15 eV below the
Fermi level which is set as the top of the valence band; (2) the O
2p states dominating the valence band starting from about 5 eV up
to the Fermi level; (3) the energy gap between the top of the
valence band and the bottom of the conduction band. In this work,
the calculated energy band gap of MgO is about 5.25 eV using the
optB86-vdW density functional, which is smaller than the experi-
mental value of 7.8 eV (Roessler and Walker, 1967). The eigen-
character of the states at the bottom of conduction band for ionic
compounds such as MgO was dominated by O 3s states, rather
than empty Mg 3s/sp states (de Boer and de Groot, 1998a,b).

The crystal structure of NiO is similar to that of MgO. The only
difference is that Ni (electronic configuration of 3d8 4s2 in the
outer shell) is a 3d transition metal. NiO (3d8) is the prototype of a
strongly correlated electron system (Hubbard, 1963; Sawatzky and
Allen, 1984; Madsen and Novak, 2005; Larsson, 2006). The van der
Waals density functional–GGA calculations shows a metallic beha-
vior even for the antiferromagnetic ordering (Figs. 4b and 5a).
Furthermore, in contrast to the experimental observation
(Sawatzky and Allen, 1984; Madsen and Novak, 2005; Larsson,
2006), the present calculation shows a low-spin solution with
local moment of about 0.45 μB/Ni. When we employed the
Hubbard U approach with U¼5.96 eV and J¼0.0 (Hubbard, 1963;
Madsen and Novak, 2005), an energy gap of about 2.3 eV was
obtained for the anti-ferromagnetic ordering. The Ni ions have

Table 3
Calculated chemical bonds in hydrated metal sulfates and related compounds from both periodic and cluster DFT calculations. All bond lengths are in Å.

Phase Bonds Periodic DFT calc. Cluster DFT calc.

Ice_XI H–O 1.01 (�2) —
MgO Mg–O 2.14 (�6) —
NiO Ni–O 2.08 (�6) —
α-MgSO4 Mg–O 2.03 (�2), 2.14 (�4)

—
S–O 1.46 (�2), 1.51 (�2)

α-NiSO4 Ni–O 2.02 (�2), 2.10 (�4)
—

S–O 1.46 (�2), 1.52 (�2)
β-MgSO4 Mg–O 1.99 (�2), 2.11 (�2), 2.25 (�2)

—
S–O 1.46 (�2), 1.49, 1.50

β-NiSO4 Ni–O 1.99 (�2), 2.06 (�2), 2.21 (�2)
—

S–O 1.46 (�2), 1.51, 1.52
m-MgSO4:(H2O)6 Mg–O 2.06 (�2), 2.08 (�2), 2.09 (�2)

—
S–O 1.48, 1.49 (�2), 1.50

m-NiSO4:(H2O)6 Ni–O 2.06 (�2), 2.07 (�2), 2.08 (�2)
—

S-O 1.48, 1.49 (�2), 1.50
T-MgSO4:(H2O)6 Mg–O 2.02 (�2), 2.09 (�2), 2.11 (�2) 2.112a

S–O 1.49 (�4) 1.520a

H–O 0.98–1.00 —
T-NiSO4:(H2O)6 Ni–O 2.02 (�2), 2.08 (�2), 2.09 (�2) 2.083a

S–O 1.49 (�4) 1.520a

H–O 0.99–1.00 —
MgSO4:(H2O)7 Mg–O 2.05 (�2), 2.06, 2.07, 2.11, 2.14 2.110a

S–O 1.47, 1.48, 1.49, 1.51 1.520a

H–O 0.98–1.00 —
NiSO4:(H2O)7 Ni–O 2.04, 2.05 (�3), 2.08, 2.12 2.078a

S–O 1.47, 1.48, 1.49, 1.51 1.520a

H–O 0.99–1.01 —

a Average value for all chemical bonds.
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high-spin state (2 μB/Ni). Although the calculated energy gap is
still smaller than the experimental values (about 3.5–4.3 eV)
(Sawatzky and Allen, 1984; Madsen and Novak, 2005; Larsson,
2006), the results are greatly improved by the Hubbard U
approach (Table 5). For all the Ni-containing phases, our calcula-
tions also show that the anti-ferromagnetic solution is more

stable. Therefore, all electronic calculations are based on the
anti-ferromagnetic ordering for the Ni-containing phases (if pos-
sible) in the remainder of the paper.

As shown in Figs. 4 and 5b, the electronic structures of the
sulfates are more complex than the oxides. For Mg sulfate, there
are six independent bands below the Fermi level. For Ni sulfate,
the lowest narrow band at about �23 eV is dominated by S 3s
states with some O sp character as well (Fig. 4a). The second
lowest band at about �18 eV is composed of O 2s states hybridiz-
ing with S 3sp states, which corresponds to the sp3 bonding in the
tetragonal coordination in the (SO4)2� cluster. Such sp3 bonding
can also be seen for the third and fourth bands consisting of S 3s
and O 2p states (Fig. 4). The top two band for magnesium sulfate
(Fig. 4a) are non-bonding O 2p states, while the bands in the same
region for the NiSO4 originate from Ni 3d/O 2p mixing with the Ni
3d states dominating the upper part. The calculations give energy
gaps for both MgSO4 and NiSO4. However, the nature of the bands
are different: for MgSO4, the top of valence band is dominated by
(nonbonding) O 2p states and the bottom of the conduction band
by O 3s, while for NiSO4, both the top of the valence band and the
bottom of the conduction band are dominated by Ni 3d states.

Fig. 3. Relative stability of (a) (NixMg1�x)SO4(H2O)6 and (b) (NixMg1�x)SO4(H2O)7
calculated by periodic and cluster DFT calculations. The black squares are the
relative formation energy difference ΔE from periodic DFT calculations at 0 K
(ΔG¼ΔE, the zero-point vibration energy is ignored); The red circles are those at
300 K with consideration of configuration entropy correction; The blue crosses are
the relative total energy difference ΔE from cluster DFT calculations at 0 K (ΔG¼ΔE,
the zero-point vibration energy is considered). The scale of the y axes is from 25.85
to �25.85 meV/f.u., corresponding to the value of kT at 300 K. (For interpretation of
the references to color in this figure legend, the reader is referred to the web
version of this article.)

Table 4
Calculated Bader charges in hydrate metal sulfates and related compounds from the
periodic DFT calculations. All charges are in e.

Phase Mg Ni S O H

Ice_XI — — — �1.30 to �1.31 �0.65
MgO 1.64 — — �1.64 —

NiO — 0.96 — �0.96 —

α-MgSO4 1.71 — 3.90 �1.36 to �1.45 —

α-NiSO4 — 1.29 3.87 �1.26 to �1.32 —

β-MgSO4 1.71 — 3.91 �1.38 to �1.41 —

β-NiSO4 — 1.29 3.88 �1.26 to �1.31 —

m-MgSO4:(H2O)6 1.63 — 3.47 �1.16 to �1.29 0.58—0.65
m-NiSO4:(H2O)6 — 1.32 3.79 �1.19 to �1.38 0.54—0.69
T-MgSO4:(H2O)6 1.70 — 3.83 1.31 to �1.38 0.64—0.69
T-NiSO4:(H2O)6 — 1.26 3.87 �1.24 to �1.30 0.64—0.66
MgSO4:(H2O)7 1.70 — 3.81 �1.29 to �1.37 0.65—0.68
NiSO4:(H2O)7 — 1.25 3.80 �1.24 to �1.36 0.64—0.68

Fig. 4. Total density of states (tDOS) from the periodic DFT calculations for (a) Mg-
containing compounds and (b) Ni-containing compounds (AFM ordering) with
Hubbard corrections for Ni 3d states.
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For the hydrated sulfates, the electronic structure is similar to
that of anhydrous sulfates as shown in Fig. 4. However, there are
some notable differences: (1) the semicore S 3 bands and the Ni 3d
bands of the hydrated phases become narrower than those of the

corresponding anhydrous phases; (2) The calculated energy gaps
of the hydrated Mg sulfates are smaller than that of the anhydrous
phase, while for Ni sulfates, the opposite is true due to the longer
Ni–Ni distances in the hydrated phases in comparison to the
corresponding anhydrous phases.

As is shown in Table 5, the calculated band gaps for all
MSO4(H2O)n are relatively large (�5 eV), indicating all these
hydrated Mg and Ni sulfates are intrinsically colorless. However,
without available experimental data for comparison, the accuracy
of the DFT-predicted energy gaps are unclear. DFT functionals in
general underestimate the energy gaps of an insulator/semicon-
ductors (Perdew et al., 1996; Madsen and Novak, 2005). The
energy gaps calculated with optB86-vdW functionals (standard
GGA) for the ice phase and the Mg-compounds are smaller
than the experimental values, but in an acceptable range (Table 5).
The calculated energy gaps for the Ni-compounds are too small,
even for the metallic NiO phase (Table 5). Compared to the
standard DFT–GGA method, the optB86-vdW-GGAþU approach
significantly improves the calculated energy gaps for the Ni-
compounds. However, the differences between DFT calculations
and experimental data are significant. For example, the calculated
band gap for NiO with Hubbard U approach is smaller than the
experimental measurements. Besides the urgent needs of the
improved new computational techniques, systematic experimental
measurements about the electronic structures of these hydrated
transition metal sulfates are worth future investigations.

4. Conclusions

In summary, we presented a comparative first-principles study
for a series of Mg and Ni oxides, sulfates and hydrated sulfates,
using both periodic and cluster DFT calculations. In the periodic
DFT calculations, the van der Waals density functional (optB86-
vdW) with Hubbard U for Ni 3d states was used. The calculated
lattice parameters of all compounds agree well with the available
experimental data. The total energy calculations showed a rela-
tively small energy difference of the Mg substituted configuration
of NiSO4(H2O)n (n¼6, 7) for all concentrations. The energy
differences are typically a few meV/f.u., which are smaller than
kT (25.85 meV, T¼300 K) indicating the formation of continuous
solid solutions at ambient conditions. Considering the cumber-
some computing in the periodic DFT calculation, we also investi-
gated the metal sulfates with the computationally less demanding
cluster DFT calculations. Though a dimeric or tetrameric cluster
contains only a few tens to a few hundred atoms, surprisingly good
agreement was found in the calculated results of crystal structures
and phase stabilities. This shows that large complex systems such
as the hydrated metal sulfates can be efficiently investigated first
principles methods. As there is a lack of systematic study of the
electronic properties of the Hydrated metal (II) sulfates, we further
extended our work to study the electronic structures of these
compounds using the periodic DFT calculations. Our electronic
structure calculations predict an insulating nature of the com-
pounds. The itinerant nature of the localized Ni 3d states deter-
mines largely the electronic properties, in particular the energy
gaps of the related phases.
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Fig. 5. The partial density of states (pDOS) and total density of states (tDOS) from
the periodic DFT calculations for (a) α-NiSO4 and for (b) NiSO4(H2O)6 computed
using the optB86-vdWþU method. The red, black, and blue lines represent O 2s, O
2p and Ni 3d states, respectively. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)

Table 5
Calculated energy gaps for MO, MSO4 (M¼Mg or Ni) and the hydrates from the
periodic DFT calculations with comparison with available experimental data. The
energy gaps are in eV.

Phase optB86-vdW þU Exp.

Ice_XI 5.55 — 8.75a

MgO 5.25 — 7.8b

NiO 0 2.25 4.3c

α-MgSO4 6.02 — —

α-NiSO4 1.02 3.56 —

β-MgSO4 — — —

m-MgSO4:(H2O)6 5.56 — —

m-NiSO4:(H2O)6 1.75 5.14 —

T-NiSO4:(H2O)6 1.86 5.05 —

MgSO4:(H2O)7 5.68 — —

NiSO4:(H2O)7 1.78 5.24 —

a Experimental report in Coe (2001).
b Experimental report in Roessler and Walker (1967).
c Experimental report in Sawatzky and Allen (1984).
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