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A B S T R A C T   

Technological properties of kaolins depend on the internal structure of the particles that constitute them. For this 
reason, unraveling the structural features from the micro to the nanoscale is a permanent matter of interest, even 
in the case of raw samples. From the experimental point of view, because naturally-occurring kaolins contain 
iron, Mössbauer spectroscopy is a very convenient technique to reach the nanoscopic scale avoiding experimental 
difficulties related to the sample’s lack of structural order at the crystallographic scale. 

In this work, first-principles calculations based on the Density Functional Theory (DFT) were used to model 
such iron environments in kaolinite, and to assess the performance of the Gauge-Included Projector Augmented 
Waves (GIPAW) method to describe the changes to the host structure and the electronic modifications produced 
by the iron atoms. To this purpose, structural relaxation, Grimme’s D2 dispersion, and Hubbard corrections 
(DFT+U approach) were considered. A detailed analysis was done for the obtained predictions for the Fe local 
structure, oxidation state, and Mössbauer quadrupole splitting, including comparisons with available experi-
mental data. The results contribute to better understand the naturally-occurring kaolins, and support the DFT+U 
approach for the description of the layer structure and the electronic properties of iron-containing clay minerals.   

1. Introduction 

Iron-bearing clay minerals are ubiquitous in soil, and are important 
redox agents in the subsurface as they contain structural iron in both FeII 

and FeIII forms. Because they can act as both electron donors and ac-
ceptors through the reactive Fe, they impact in a wide variety of 
geochemical processes (Soltermann et al., 2013; Latta et al., 2017). 
Among the clay minerals, kaolins are extensively used in the industry 
because of their many technological applications, which include ce-
ramics, cement, refractories, pharmaceuticals, paper, and plastics, 
among many others (Schroeder and Erickson, 2014). The clay techno-
logical performance may depend on the internal structural modifica-
tions produced during its processing, where the presence of impurities 
and the thermal treatments conducted are important conditions 
(Chakraborty, 2014). In this way, the study of the dehydroxylation re-
action of kaolinite and the establishment of realistic models are current 
challenges in this area, due to the complexity of the structural modifi-
cations that appear during the kaolin-metakaolin (K-MK) transition 

(Kloprogge, 2019). In the last years, different experimental strategies 
have been used to analyze the changes in the structural order and the 
formation of intermediate phases during the dehydroxylation process 
(Gasparini et al., 2013; White et al., 2013; Andrini et al., 2016; Drits 
et al., 2016; Gadikota et al., 2017; Yan and Wang, 2018; Conconi et al., 
2019; Drits et al., 2019; Daou et al., 2020). Among them, it is common to 
find studies that involve NMR, XANES, and Mössbauer spectroscopies 
applied to kaolinites (Fabbri et al., 2013; Lin et al., 2013; Andrini et al., 
2016; Gadikota et al., 2017; Danner et al., 2018). These techniques 
allow accessing the sample structure locally (at the sub-crystallographic 
scale), and avoid typical experimental difficulties related to the lack of 
structural order, which are typical in MK. Then, these techniques emerge 
as very appropriate to sense the local structures and gain insight during 
clay processing. In particular, 57Fe Mössbauer spectroscopy is a perfect 
tool to study raw kaolins, considering that Fe is known to occur in them 
as the main impurity into the kaolinite host lattice and also in the 
accessory clay minerals. Investigations have used the high sensitivity of 
the Mössbauer spectroscopy to learn about the local environments of 
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iron in kaolins, and also as a tool to study the materials through prop-
erties that depend on the structural Fe vicinity (St. Pierre et al., 1992; 
Castelein et al., 2002; Hart et al., 2002; Soro et al., 2003; Sei et al., 2004; 
Scorzelli et al., 2008; Andji et al., 2009; Silva et al., 2009; Santos et al., 
2012; Zalutskii, 2014; Gonçalves et al., 2020). Mössbauer spectroscopy 
allows the determination of the isomer shift (IS) and the quadrupole 
splitting (QS). The IS is sensitive to the oxidation state of iron, and can 
provide information on the Fe coordination, whereas the QS provides a 
measure of the Fe site distortion (Murad, 2010). The QS arises from the 
interaction of the electric quadrupole moment of the Fe nucleus with its 
surrounding electric field gradient (EFG), which is extremely sensitive to 
changes in the symmetry of the electronic charge density close to the Fe 
nucleus (due to its r− 3 dependence from the charge sources). Mössbauer 
results in kaolins indicate that samples from different sources present 
trivalent iron (FeIII) and, in many cases, a lower amount of divalent iron 
(FeII), both in the high-spin state and in octahedral coordination. These 
observed iron coordinations indicate that Fe atoms occur as isomorphic 
substitutions of Al atoms in the octahedral sheet, with very different 
values of QS for the high-spin FeIII and FeII contributions (about 0.5 mm/ 
s and 2.5 mm/s, respectively) (Murad, 2010). Because it occurs in two 
oxidation states which are easily distinguished with Mössbauer spec-
troscopy, this structural Fe can be used as an indicator of the nature of 
the clay mineral and other geochemical features, such as the changes in 
oxidizing properties during chemical and thermal treatments (Gualtieri 
et al., 2000; Wagner and Wagner, 2004; Rivard et al., 2013; Zhu et al., 
2019). Yet, there is still much work to do in order to sketch effective 
models that account for the amorphous phases that appear in raw kao-
linites after the subsequent treatments (Provis et al., 2009). 

In regard to theoretical studies, first-principles calculations based on 
the Density Functional Theory (DFT) have become very useful tools to 
model kaolinites and other related clay minerals. In the last decade, 
DFT-based methods were successfully used to investigate different 
properties of defect-free kaolinites (Mercier and Le Page, 2008; Zhou 
et al., 2009; Smrcok et al., 2010; Paris, 2014) and also kaolinite with 
defects (vacancies and impurities) (He et al., 2009; Nisar et al., 2011; 
Johnson and Otero-de-la-Roza, 2012; Pietzsch et al., 2015; Fu and Yang, 
2017; Zhao et al., 2020). In particular, DFT modeling aided to reconcile 
discrepancies regarding the exact geometry of the kaolinite layer 
structure (White et al., 2009; Richard and Rendtorff, 2019). However, 
the most conventional DFT functionals are not accurate enough for some 
physical situations: they usually fail in the description of weak 
nonbonding interactions (such as hydrogen bonding) and, when Fe is 
present in the system, they are known to underestimate the Coulomb 
repulsion between the delocalized 3d-electrons. Therefore, the current 
state-of-the-art of ab initio methods indicates that depending on the 
considered clay mineral system different corrections must be included. 
In this sense, it has been shown that dispersion corrections may play a 
significant role in the correct description of the structural parameters in 
phyllosilicates (Tunega et al., 2012) and, for Fe-bearing clay minerals, 
an accurate description of the 3d-electrons of Fe generally requires the 
use of Hubbard corrections (the so-called DFT+U method) (Geatches 
et al., 2013; Kéri et al., 2017, 2020). On the other hand, DFT-based 
methods have been shown an overall good performance for predicting 
Mössbauer parameters in many different structures (Bochevarov et al., 
2010; Pápai and Vankó, 2013; Zyabkin et al., 2020; Mudarra Navarro 
et al., 2021). Then, considering all this experimental and theoretical 
background, it becomes relevant to assess the DFT methods for pre-
dicting structural Fe local environments in kaolinite. In particular, ac-
curate predictions for the QS values in Fe-doped kaolinites can provide 
alternative and valuable approaches for describing such systems, which 
would complement the experimental data, and help to obtain more 
reliable methods to model clay materials at this level. 

This work presents a study of the Fe-doped kaolinite using the gauge- 
including projector augmented wave (GIPAW) method (Pickard and 
Mauri, 2001; Profeta et al., 2003). GIPAW has been mostly used for 
predicting the EFG and other hyperfine properties in minerals and 

ceramics (Apaolaza et al., 2020; Charpentier, 2011) and, most recently, 
in pure kaolinite (Richard and Rendtorff, 2019) and doped compounds 
(Richard and Gil Rebaza, 2020; Rocha-Rodrigues et al., 2020). The aim 
of this work is to extend such investigations to the case of Fe-doped 
kaolinite, by doing a comprehensive analysis of the current DFT ap-
proaches for predicting the FeIII and FeII local environments in the 
kaolinite bulk structure, and relate them with the electronic structure of 
the clay mineral. To this purpose, Fe atoms were substitutionally 
introduced at Al sites of the kaolinite host structure, and different 
calculation approaches were assessed for predicting the QS values. Re-
sults from calculations on this clay mineral using GIPAW can be used to 
improve models in other iron-bearing clay minerals, which are of 
importance to unravel both the geochemical processes related to the 
presence of the Fe redox buffer, and the clay technological performance 
in their industrial applications. 

2. Methodology 

The kaolinite starting structure in this investigation corresponds to 
that of the theoretical defect-free kaolinite calculated in a recent 
investigation with the GIPAW method (Fig. 1). This structure was used 
as the clay mineral host lattice, in which an Fe atom is introduced as a 
bulk impurity, replacing one Al atom in the 34-atom unit cell. The 
resulting doping amount is similar to that considered in recent studies 
for other heavy doped-kaolinites (Fu and Yang, 2017; Zhao et al., 2020). 

DFT calculations were performed using the open-source Quantum 
ESPRESSO (QE) package, based on pseudopotentials and plane waves 
(Giannozzi et al., 2017). The DFT-D2 and DFT-D2+U approaches were 
considered to account for the electron correlations in the system. The 
role of the structural relaxations after Fe inclusion were evaluated. To 
this purpose, the initial structure input (non-relaxed structure) was 
optimized until forces in all atoms were below 0.025 eV/Å (relaxed 
structure). Also, three charge states were considered for the doped 
kaolinite system: that neutral, obtained after the substitution of the Al 
atom by the Fe atom (total charge = 0 in QE), and the other two after 
adding or subtracting one electron to the unit cell after substitution 
(total charge − 1 and +1, respectively). Further details about the 
calculation procedure can be found in the supplementary material. 

Because the kaolinite structure has two similar but inequivalent Al 
sites, the substitution leads to two possibilities: Fe at Al1 or Al2 sites (see 
Fig. 1), which are called Kaol-Fe1 and Kaol-Fe2 systems, respectively. 
From the analysis of the energy difference between Kaol-Fe1 and Kaol- 
Fe2, it was found an Fe occupation preference for Al2 site over Al1 
(see Fig. S2 in the supplementary material). Therefore, in the following 
the Kaol-Fe2 case will be considered. 

Finally, the GIPAW method was used for predicting the EFG tensor at 

Fig. 1. Kaolinite unit cell, representation of the structure obtained using the 
atomic coordinates reported in Richard and Rendtorff (2019). The white, red, 
light blue, and blue spheres stand for H, O, Al, and Si atoms, respectively. (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
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the Fe site in each obtained doped kaolinite structure. From this EFG, the 
Mössbauer QS was calculated as described in the supplementary mate-
rial. This procedure allows the assessment of the predicted Fe local en-
vironments through the comparison of the calculated QS with those QS 
values determined in Mössbauer experiments. 

3. Results 

3.1. Electronic properties 

The density of electronic states (DOS) of the undoped kaolinite has a 
forbidden energy band gap of about 5 eV (see Fig. S1). This value is in 
agreement with other reported theoretical data (Nisar et al., 2011; Fu 
and Yang, 2017; Richard and Rendtorff, 2019), but it is known that real 
kaolinites present multiple structural defects which vastly changes the 
electronic structure, introducing different defect states in the band gap 
(Pietzsch et al., 2015). In the case of Fe-doped kaolinite, after 
substituting an Al atom by the Fe atom, impurity levels appear in the 
band gap in the form of narrow bands. These levels may favor electron 
transfer and hence improve the reactivity of kaolinite (Chen et al., 
2020). 

In Fig. 2 are presented the spin-resolved DOS for the different charge 
states after structural relaxations in Kaol-Fe2. Spin-polarized calcula-
tions predict a small band gap between the impurity levels, even for the 
neutral system (charge state 0). On the left side of Fig. 2, it can be seen 
how the total DOS changes from one charge state to another. In 
particular, the electron subtractions from charge state − 1 to +1 make 
the Fermi level EF shift from near the conduction band minimum to near 
the valence band maximum, and modify the kaolinite semiconductor 
character from n-type to p-type. On the right side of Fig. 2, there is a 

detail of the impurity levels near EF, including the projected density of 
states (PDOS) of the iron d orbitals and its six oxygen nearest neighbors 
(ONN). These PDOS show that impurity levels are mainly composed by 
Fe-3d orbitals, and there is also a minor contribution to these levels from 
the ONN to the Fe impurity, which implies that it is a slightly covalent 
component in Fe–O bonds. 

The unbalanced occupation of the spin-up and spin-down impurity 
levels (unpaired electrons) produces a total magnetization of 0, 1 and 2 
μB per cell for the charge states − 1, 0, and +1, respectively. Assuming a 
3d5 configuration for FeIII, these magnetization values indicate that DFT 
predicts the low-spin states of the different Fe oxidation states, and not 
the experimentally observed high-spin states corresponding to FeIII and 
FeII. According to the PDOS of Fig. 2, the d orbitals of the iron impurity 
are splitted by the crystalline field in the material, and their occupation 
depends on the charge state of the system. Similar descriptions for these 
levels have been reported in the literature, in terms of t2g and eg-like 
orbitals (Fu and Yang, 2017; Ferreira et al., 2019) or, alternatively, using 
the HOMO-LUMO nomenclature for their occupation (Chen et al., 2020). 

When the D2 correction is considered (DFT-D2 approach), minor 
changes appear in the calculated DOS, but they do not substantially 
modify the electronic character of the Kaol-Fe2 system from that 
observed in Fig. 2. Those DOS are provided in the supplementary ma-
terial for further analysis (see Fig. S3). On the contrary, the addition of 
the U parameter in the DFT-D2+U approach produces a larger gap be-
tween Fe-3d occupied and unoccupied levels: the occupied 3d states are 
shifted well below the Fermi energy, and the unoccupied are pushed to 
higher energies, so their separation is about U. Therefore, this ad-hoc 
Coulomb correction could be added to tune the electronic band gap. 
Fig. S4 in the supplementary material is provided to show how higher U 
values produce higher band gaps. As a consequence, the number of 
unpaired electrons may be changed when this correction is applied, 
modifying the total magnetization of the system. In this sense, it was 
found that for U equal to or larger than 4 eV the magnetization for 
system charge states − 1, 0, and +1 are 4, 5, and 4 μB per cell, respec-
tively. These results are in much better agreement with those expected 
for high-spin states of Fe: the first two values (charge states − 1 and 0) 
are equal to the magnetization corresponding to FeII and FeIII (4 and 5 
μB). In other words, the U correction can switch the low-spin to high-spin 
state and make the charge states − 1 and 0 to be in agreement with the 
experimentally observed high-spin states of FeII and FeIII, respectively 
(Murad, 1998; Hart et al., 2002; Murad, 2010). 

In Fig. 3 are presented the DOS for Kaol-Fe2 using the DFT-D2+U 
approach with U = 4 eV. As can be seen, in comparison to the DOS 
obtained with the DFT method (those of Fig. 2), the correction produces 
an asymmetrical shifting of the spin-up and spin-down levels. This 
causes the change of the total magnetization. Taking into account the 
agreement with the experimental spin states obtained when considering 
the charge states − 1 and 0, in the following, a more in-depth analysis 
will be performed for these two charge states. 

3.2. Iron local environments 

The isomorphic substitution of Al atoms by Fe produces a condition 
of non-equilibrium in the local structure that, after structural re-
laxations, leads to changes in the octahedral environments. In Table 1 
are summarized parameters of the iron octahedral environments ob-
tained with the DFT and DFT-D2+U approaches. As can be seen, after 
relaxations the octahedron volume V and the average Fe–O distances 
are increased in comparison to the starting non-relaxed structure. The 
highest changes are produced when the Hubbard correction is included: 
for charge state 0 the Fe–O distances are increased about 6%, and for 
charge state − 1 these distances practically duplicate their increments. 
These results are in agreement with estimations using tabulated ionic 
radii. In this sense, the sum of the ionic radii of Al3+ and O2− with co-
ordinations 6 and 3, gives 1.895 Å. This value is slightly lower than the 
sum of the ionic radii corresponding to high-spin Fe3+ and O2− (2.005 

Fig. 2. Spin-resolved DOS calculated with the DFT method in the Kaol-Fe2 
relaxed structure. On the left side is the total DOS corresponding to the 
different charge states, and the gray areas indicate the segments that are 
zoomed-in and showed in detail on the right side, together with Fe-d and ONN-p 
orbital partial DOS. Positive (negative) DOS is for spin-up (spin-down) states. 
For each DOS energies are referred to the Fermi energy EF, also indicated with 
dotted vertical lines. 
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Å), and those of high-spin Fe2+ and O2− (2.140 Å) (Shannon, 1976); i. e. 
compared to Al–O bond lengths, Fe3+-O2− and Fe2+-O2− present per-
centage increases of 6% and 12%, respectively. These incremental 
changes are in excellent agreement with the results obtained with the 
DFT-D2+U approach (see Table 1). The larger Fe–O distances 
compared to those of Al–O have been also predicted by first-principles 
calculations in the work of Fu and Yang (2017), as well as XRD mea-
surements have suggested slight increments in the lattice parameters 
where the iron impurities are present (Petit and Decarreau, 1990; Soro 
et al., 2003; Zhu et al., 2019). 

Table 1 also presents the octahedral distortion parameters: distance 

distortion ζ (sum of the deviation from the average Fe–O distance), 
tilting distortion ∆ (mean quadratic Fe–O elongation), angle distortion 
Σ (sum of the deviation of the cis angles from right angle), and torsional 
distortion Θ (sum of the deviation of the angles between two vectors of 
two twisting face from 60◦) (Ketkaew et al., 2019). In general, the ob-
tained ζ parameters are slightly smaller than that corresponding to the 
starting non-relaxed structure, showing that after structural relaxations 
the Fe–O distances tend to be less dispersed around the mean. This is 
also reflected by the differences in ∆. On the other hand, the behavior of 
Σ and Θ depends on the considered approach. For DFT, both Σ and Θ are 
near the corresponding values to the non-relaxed structure, or slightly 
decrease, which indicates that the octahedral site maintains similar 
distortion. By contrast, DFT-D2+U predicts higher values for Σ and Θ, 
which indicates higher deviations in the Fe–O6 geometry from the 
perfect octahedron. 

Finally, Table 1 presents the distance H between the octahedron 
faces at the inner and outer surfaces (see Fig. 1), the distance h from the 
Fe atom to the octahedron face at the outer surface, and the h/H ratio. 
These parameters serve to estimate the iron octahedron disposal near 
the kaolinite layer outer surface. As can be seen, the H values do not 
follow the same increase as Fe–O distances: for DFT predictions H is 
nearly constant, and for DFT-D2+U it is increased up to about 7% for 
charge state − 1. This indicates that after relaxation the octahedron 
presents a slight flattening in the [001] direction. The h/H ratio shows 
that in DFT calculations the Fe atoms are located practically at the center 
of the octahedron, while DFT-D2+U predicts a slight displacement to-
wards the outer surface, which means that Fe–O bonds at the layer 
outer surface side are shorter than those of the internal Si tetrahedral 
sheet side. The predicted octahedral features in Table 1 indicate that the 
high-spin description obtained through the inclusion of the U correction 
is also accompanied by changes in the iron vicinity that are consistent 
with ionic radii data. In the supplementary material, Fig. S5 helps to 
visualize the subtle structural changes obtained after relaxation. In 
addition, the atomic positions for all the calculated structures are pro-
vided for further analysis, and also complete tables with the octahedral 
parameters corresponding to the DFT-D2 approach (which in general 
presents similar structural features to those obtained with DFT) and the 
charge state +1 (see Tables S1-S3). 

In order to show the charge distribution around the Fe atom, in Fig. 4 
are presented the results of the electronic charge ρ via the integration of 
local density of states (ILDOS). Based on the good description of the 
system using DFT-D2+U approach, it was considered this method to 
represent the spatial distribution of ρ for the DOS representative energy 
ranges. Fig. 4a shows that the main contribution to the valence band is 
due to oxygen atoms, as observed through the DOS of the undoped 

Fig. 3. Spin-resolved DOS calculated with the DFT-D2+U method (U = 4 eV) 
method in the Kaol-Fe2 relaxed structure. On the left side is the total DOS 
corresponding to the different charge states, and the gray areas indicate the 
segments that are zoomed-in and showed in detail on the right side, together 
with Fe-d and ONN-p orbital partial DOS. Positive (negative) DOS is for spin-up 
(spin-down) states. For each DOS energies are referred to the Fermi energy EF, 
also indicated with dotted vertical lines. 

Table 1 
Iron octahedral environment parameters obtained using DFT and DFT-D2+U 
approaches for the charge states 0 and − 1 (indicated in parenthesis): octahe-
dron volume V, average distance <Fe-O>, distortion parameters ζ, ∆, Σ, and Θ, 
distance H between the octahedron faces at the inner and outer surfaces, dis-
tance h from Fe atom to the face at the outer surface, and h/H ratio.   

Non- 
relaxed 

DFT 
(0) 

DFT 
(− 1) 

DFT-D2+U 
(0) 

DFT-D2+U 
(− 1) 

V (Å3) 9.039 9.281 10.322 10.770 12.383 
<Fe-O>

(Å) 
1.912 1.926 1.999 2.028 2.134 

ζ (Å) 0.320 0.264 0.222 0.334 0.276 
∆ (×10− 4) 9.6 6.2 4.4 9.1 5.8 
Σ (◦) 82.64 79.56 82.86 82.99 94.20 
Θ (◦) 254.35 249.88 258.02 263.77 292.98 
H (Å) 2.057 2.022 2.014 2.130 2.199 
h (Å) 0.922 0.969 1.000 0.938 0.979 
h/H 0.45 0.48 0.50 0.44 0.45  

Fig. 4. Charge density ρ in Kaol-Fe2, DFT-D2+U relaxed structure and charge 
state 0 (U = 4 eV). Isosurfaces are at 0.15 e− /Å3 in (a) and (b), and 0.02 e− /Å3 

in (c) and (d). 
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kaolinite (Nisar et al., 2011; Chao et al., 2012; Richard and Rendtorff, 
2019; Zhao et al., 2020). In a similar way, in Fig. 4b it can be seen also 
the significant contribution of the electronic Si levels to the conduction 
band. On the other hand, Fig. 4c and d allow the inspection of the charge 
corresponding to the impurity levels presented in the DOS of Fig. 3 (total 
charge 0 case), and show that such charge is located in the impurity 
surroundings (Fe atom and its ONNs). In the case of the occupied levels 
of Fig. 4c (energy range − 3 eV to EF) it can be seen that the electronic 
distribution around the Fe impurity atoms is a combination of its 3d- 
orbital projections at the atomic site plus a contribution of the 2p or-
bitals of its oxygen neighbors. The unoccupied levels shown in Fig. 4d 
(energy range EF to 1 eV) have these same features. This local distri-
bution of the charge that occupies the impurity levels when one electron 
is added or subtracted to the system is consistent with the local struc-
tural distortions of the octahedral sites discussed above. 

3.3. Iron oxidation state assignment and Mössbauer quadrupole splitting 

The Hubbard correction has a key role to correctly describe the high- 
spin oxidation states observed in iron-bearing kaolinites. As mentioned 
above, when the U value is higher than 2 eV, the magnetization corre-
sponding to the charge states − 1 and 0 agrees with those of high-spin 
FeII and FeIII ions, respectively, and when U is 0 (which correspond to 
DFT-D2 method) or lower than 2 eV, the total magnetization of these 
charge states agrees with those of low-spin iron. In order to show this 
step-like behavior with more detail, Fig. 5a presents the total magneti-
zation μ as a function of U. As can be seen, for FeII μ changes from low- to 
high-spin state when U = 2 eV, while for FeIII this happens when U = 3 
eV. 

On the other hand, the GIPAW method allows the calculation of the 
EFG at the Fe atomic site, from which the Mössbauer QS can be deter-
mined. In order to show how the corrections due to the U parameter 
influence the QS value, in Fig. 5b the predicted QS as a function of U are 
presented for charge state − 1 and 0, using DFT-D2+U and the structure 
fixed to the U = 0 case (i.e., the DFT-D2 relaxed structure). In this figure, 
they have also indicated the range of experimentally determined QS 
values for both FeIII and FeII contributions (St. Pierre et al., 1992; Cas-
telein et al., 2002; Hart et al., 2002; Sei et al., 2004; Scorzelli et al., 2008; 
Andji et al., 2009; Silva et al., 2009; Murad, 2010; Santos et al., 2012; 
Gonçalves et al., 2020). In general, FeIII dominates the Mössbauer 

spectra of most kaolinites, with a temperature-independent QS of about 
0.5 mm/s. However, Mössbauer spectra in kaolinites can also show a 
contribution due to the presence of structural FeII (contribution up to 
about 40%), which is characterized by a QS of ~2.5 mm/s at room 
temperature. As can be seen from Fig. 5b, the U parameter has a strong 
effect on the predicted QS, and for U values higher than 2 eV it exists a 
good agreement between the QS predictions and the Mössbauer results. 
It must be taken into account that the GIPAW results of Fig. 5 correspond 
to the structure fixed at that obtained with the DFT-D2 method, because 
its purpose is to show solely how the electronic effects driven by the 
Hubbard correction modify the QS predictions. In view of this general 
agreement between DFT-D2+U calculations and the experimental data 
when U = 4 eV and also the good description of Fe local structures using 
this value for U (as already discussed in the previous section), it can be 
assigned the charge states 0 and − 1 to the high-spin states of FeIII and 
FeII in the iron-bearing kaolinites. Considering this assignment, in 
Table 2 are summarized the QS predictions before and after structural 
relaxations with this approach. The results presented in this table weight 
of the structural distortion effects on the QS predictions. As can be seen, 
the structural relaxations have minor effects on the predicted QS for 
both oxidation states. Therefore, the electronic modifications obtained 
after the Hubbard corrections are the ones that have the major control 
for the correct description of the experimentally observed QS values. 

Finally, a complete table with the calculated values for QS is pro-
vided in the supplementary material for further analysis (see Table S4), 
which includes the EFG values obtained with the DFT, DFT-D2, and DFT- 
D2+U approaches for the three considered charge states of the Kaol-Fe2 
system. Also, a Fig. S6 is included to show the behavior of charge state 
+1 results for total magnetization and QS as a function of U when the 
structure is kept fixed. As can be seen in Fig. S6, for this charge state the 
U parameter also produces a change in the values of the total magneti-
zation and the QS for U = 4 eV. 

3.4. Discussion 

The initial strategy of this work of adding or subtracting an electron 
to recover the insulator character of the system was similar to the one 
used in other DFT-based models for iron-bearing clay minerals, where 
additional defects are included (vacancies or intercalated atoms) (Nisar 
et al., 2011; Ferreira et al., 2019; Chen et al., 2020). It is common that 
first principles studies use simplified models of materials, in order to 
describe some of their properties. Hence, a hypothesis in this work was 
that in real samples, structural defects can provide the electric charge 
here included arbitrarily, considering that the purpose of the present 
investigation was to strictly analyze the Fe-atom environments through 
the simplified case of structural Fe in an idealized kaolinite bulk struc-
ture. In this sense, in this work three charge states were evaluated, which 
model a kaolinite system with a semiconductor character that ranges 
from n-type to p-type. Nevertheless, raw clays present a higher 
complexity due to their multiple structural defects and impurities, which 
can strongly modify the electronic structure (Pietzsch et al., 2015). 

It was shown that Hubbard correction on Fe-3d electrons is needed 

Fig. 5. DFT-D2+U results for (a) total magnetization μ and (b) QS as a function 
of the U parameter in the Kaol-Fe2 system. The structure is fixed to the U =
0 case. In (a) are indicated the nominal magnetization for FeIII and FeII high- 
spin oxidation states (5 and 4 μB per cell, respectively), and in (b) the range 
of QS experimental values for both oxidation states are indicated by the colored 
filled areas. 

Table 2 
Comparison of QS predictions (expressed in mm/s) using the DFT-D2+U 
approach (U = 4 eV) before and after the structure relaxations. Fe oxidation state 
assignment is based on the total magnetization analysis. In the last row are 
included the range of QS experimental values obtained from Mössbauer spectra 
by other authors (St. Pierre et al., 1992; Castelein et al., 2002; Hart et al., 2002; 
Sei et al., 2004; Scorzelli et al., 2008; Andji et al., 2009; Silva et al., 2009; Murad, 
2010; Santos et al., 2012; Gonçalves et al., 2020).   

FeIII FeII 

Predicted QS (this work)   
Non-relaxed structure 0.54 2.93 
Relaxed structure 0.64 2.86 
Experimental QS (from literature) 0.35–0.63 2.00–2.97  
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for a correct description of many properties of Fe-doped kaolinite 
simultaneously. Only after the inclusion of a U parameter larger than 2 
eV is reproduced the insulator character of the compound, the impurity 
oxidation states, and the local structure and QS at the Fe site. In general, 
the predicted DOS are in agreement with the background of recent in-
vestigations in kaolinite using different first principles calculation 
methods (He et al., 2009; Nisar et al., 2011; Pietzsch et al., 2015; Fu and 
Yang, 2017; Richard and Rendtorff, 2019; Zhao et al., 2020). Also, the 
inclusion of the U parameter was recently tested for other Fe-bearing 
clay minerals such as smectites and montmorillonites (Geatches et al., 
2013; Kéri et al., 2017, 2020). In this work it was shown that the U 
correction changes the electronic band gap in the Fe-doped kaolinite, 
and also can modify the total magnetization of the system. These effects 
were used to select values of U to describe FeIII and FeII forms, consid-
ering an ionic picture for the system in which FeIII is expected to assume 
a 3d5 configuration, and FeII is expected to assume a 3d6 configuration, 
both in the high-spin state, and in agreement with the experimental 
observations in kaolins (Murad, 2010). Furthermore, the assignment of 
the different calculation approaches to FeIII and FeII based on total 
magnetization calculations is similar to those recently used by other 
authors for Fe doped montmorillonite (Ferreira et al., 2019). In this 
sense, in this work it was shown how for both oxidation states the U 
correction can switch from low-spin to high-spin states. This “switching 
effect” is also accompanied by a change in the distances from Fe to their 
oxygen neighbors, producing an Fe local environment with bond lengths 
in a better agreement with those expected according to the sum of Fe and 
O atomic radii. On the other hand, following the same charge state 
assignment, the initially proposed charge state +1 may correspond to a 
hypervalent FeIV or, in terms of the system modeling, to a simplified 
model that represents the case of a high amount of acceptor impurities in 
the Fe-doped kaolinite system (experimentally non observed). 

Compared to the Fe-doped kaolinite relaxed structures obtained with 
DFT, the addition of the dispersion (D2) correction produces minor 
changes in what refers to the Fe surroundings (as summarized in 
Tables S1 and S2). Nevertheless, it must be mentioned that the DFT-D2 
relaxed structures present some differences compared to the DFT ones in 
the OH layer outer surface, which were not explored in detail in this 
work but it can be seen in Fig. S5. As mentioned, these modifications in 
the interlayer obtained with D2 practically do not affect the Fe envi-
ronments, but may be important for describing many processes in 
phyllosilicates, as other authors warn (Tunega et al., 2012; Cutini et al., 
2020). 

In regard to the predictions of QS at the Fe sites, this is the first time 
the GIPAW method is applied to this purpose in an iron-bearing clay 
mineral. The QS values for high-spin FeIII and FeII calculated with the 
DFT-D2+U approach are in very good agreement with the experimental 
results reported in the literature. Therefore, DFT+U is an effective 
approach that can be used as an alternative to DFT-based methods that 
made use of hybrid functionals to predict hyperfine parameters at Fe 
atoms (Pápai and Vankó, 2013). 

Although the experimental QS values for both contributions are 
known to be very different (about 0.5 mm/s and 2.5 mm/s), in Table 2 
were presented the whole range of reported values. This allows visual-
izing the effects of real kaolinite structural disorder (vacancies, impu-
rities, etc.) on the QS. As shown, the proposed simplified model for the 
Fe-doped kaolinite, in which idealized pristine kaolinite only has one 
substitutional Fe atom as a structural defect, adequately describes a 
much more complex system such as the raw kaolins studied by 
Mössbauer spectroscopy. This is a consequence of the extremely local 
character of this hyperfine technique, in which the QS quantity is 
practically determined by the Fe atom and its direct neighbors. In this 
sense, in Mössbauer experiments, it is common to broke down the QS 
into two contributions: the one from the asymmetric distribution of the 
Fe valence electrons, and the lattice contribution from the neighbor 
atoms (Murad, 2010). In general, the valence contributions are larger 
than the lattice contributions, but the half-filled 3d shell with five 

unpaired electrons in FeIII has a near-spherical valence electron distri-
bution, which leads to a relatively low QS (of about 0.5 mm/s). In 
contrast, high-spin FeII has a large QS valence contribution from the 6th 
d electron. This behavior for the QS is clearly reflected in Fig. 5b using 
GIPAW calculations. 

In summary, in this work it has been proven that through the DFT- 
D2+U approach many properties of Fe-doped kaolinite can be correctly 
described, analyzed, and related to the presence of the different forms of 
structural Fe into the kaolinite host. 

4. Conclusions 

A detailed analysis of the structural Fe local environments in kao-
linites, their oxidation states, and Mössbauer QS were performed with 
different DFT-based approaches and considering a simple Fe-doped 
kaolinite model. Grimme’s D2 dispersion and Hubbard corrections 
were assessed using the GIPAW calculation method. It was shown that 
the different properties at Fe impurity sites can be correctly described 
using DFT-D2+U. As the QS is a quantity highly sensitive to the local 
environments, the very good accuracy in its prediction contributes to 
better understand the origin of the measured QS in naturally-occurring 
kaolins, and supports the GIPAW method for the description of the 
structural and electronic properties in other iron-containing clay min-
erals. The obtained results encourage further studies on more complex 
Fe-doped systems, where typical experiments present difficulties, such 
as other iron-bearing clay minerals or MK. Some of these investigations 
are now in progress. 
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Murad, E., 2010. Mössbauer spectroscopy of clays, soils and their mineral constituents. 
Clay Miner. 45, 413. https://doi.org/10.1180/claymin.2010.045.4.413. 

Nisar, J., Århammar, C., Jämstorp, E., Ahuja, R., 2011. Optical gap and native point 
defects in kaolinite studied by the GGA-PBE, HSE functional, and GW approaches. 
Phys. Rev.B 84, 075120. https://doi.org/10.1103/PhysRevB.84.075120. 
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