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Abstract
Goethite and modified goethites have been found as good photocatalysts because their conduction 

band can mediate electron transfer in various redox processes. Many kinds of metal elements can be 
incorporated into the structure of goethite to form solid solutions in nature, but their optoelectronic 
properties have not been well disclosed. Mn-substituted goethite is one of the potential photocata-
lysts, which can exhibit high-photocatalytic activity in many Earth’s surface processes. Based on 
the first-principles calculation, pairwise interaction energies and static lattice energies of goethite-
groutite solid solution were computed, and the most thermodynamically stable configurations of 
Mn-substituted goethite were determined. The results indicate that Mn3+ ion tends to distribute within 
the cation layer parallel to the (001) plane. Phase relations of goethite-groutite solid solution were 
derived by subsequent configurational statistics with energies of all 232 configurations of a 2 × 1 × 4 
supercell with 32 exchangeable cations. The phase diagram shows that no more than 3 mol% Fe of 
goethite can be substituted by Mn ions. Therefore, Mn-substituted goethite is thermodynamically 
metastable or bears groutite-like clusters/lamellae. Furthermore, the effects of Mn substitutions on 
the band gap were experimentally and theoretically investigated. It is found that a small amount 
of Mn-substitution can reduce the band gap of goethite significantly, and the decrease ceases when 
the Mn content is higher than 3–4 mol%. Such a decrease in band gap causes red-shift to the photo 
response wavelength of goethite and improves the responding capability. This improvement was 
confirmed in the experiments of photocatalytic degradation of methylene blue (MB). Such kind of 
photocatalytic reaction probably can happen widely in natural environments. Therefore, the con-
tribution of photocatalysis of natural goethites to geochemical processes on Earth’s surface should 
be considered.

Keywords: Goethite, Mn substitution, solid solution, band gap, photocatalytic property, first-
principles calculation

Introduction
Goethite is one of the most important and common minerals 

among natural iron oxides and is usually applied to adsorb vari-
ous toxic anions or heavy metals in environments (Granados-
Correa et al. 2011; Mamindy-Pajany et al. 2011; Rahimi et al. 
2015). Goethite and modified goethites are good photocatalysts 
because of their nontoxic nature and natural abundance and 
have been widely investigated to develop the performance for 
photocatalytic decomposition of both natural molecules like 
nucleic acid, aldehydes (Kakuta et al. 2014; Murakami et al. 
2011; Shkrob et al. 2011) and artificial organic pollutants such 
as dyes, aniline, plastic, and so on (Du et al. 2008; Liu et al. 
2010, 2011; Zhou et al. 2010). The band gap of pure goethite 
is 1.6–2.5 eV [wavelength (nm) = 1240/band gap (eV)] due 
to the particle size (Sherman 2005; Zhang et al. 2011), so it 

is a visible-light-responsive photocatalyst but does not cover 
the whole visible spectrum. Many studies revealed that doped 
goethite shows higher photocatalytic ability than pristine one 
(Liu et al. 2010, 2011).

Natural goethite can incorporate many di-, tri-, and tetrava-
lent cations (e.g., Mn3+, Ni2+, Al3+, Co2+, Cr3+, Pb2+, etc.) on the 
Fe sites, and the incorporated ions can modify many properties 
of goethite such as thermodynamic stability, photocatalytic 
ability, and adsorption characteristics (Alvarez et al. 2007, 
2008, 2015; Carvalho-E-Silva et al. 2003; Kaur et al. 2009; 
Kusuyama et al. 2002; Liu et al. 2018). Among all the impurity 
elements, Mn3+ is the most similar cation to Fe3+ because they 
have the same valence and similar cation radii (~0.645 Å) 
(Shannon 1976). Thus, Mn can be readily incorporated into 
the goethite structure to form goethite-groutite solid solutions, 
where the Mn-Fe substitution can be up to 15 mol% (Cornell 
and Giovanoli 1987; Gasser et al. 1999; Scheinost et al. 2001).
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The change in structure caused by Mn substitution in goe-
thite and the distribution of Mn have been studied for decades. 
Although Mn3+ has a very similar cation radius as Fe3+, the 
substitution of Mn into goethite can cause lattice distortion 
because of the Jahn-Teller effect (Burns 1993). The four equato-
rial Mn-O bonds in an Mn3+ octahedron shorten and two axial 
Mn-O bonds elongate, which increases the cell parameter b 
while decreasing a and c (Alvarez et al. 2006, 2007; Liu et al. 
2018; Scheinost et al. 2001; Stiers and Schwertmann 1985). 
In theory, such distortion alters the electronic structure and 
significantly affects the band gap and photocatalysis ability 
of goethite. Rout et al. (2014) suggested that the band gap of 
goethite decreases as the Mn content increases, but they did 
not reveal the physical mechanism. Although the content of 
Mn in goethite and related effects have been well documented 
(Alvarez et al. 2006, 2007, 2015; Manceau et al. 2000; Sileo et 
al. 2001; Singh et al. 2002; Wu et al. 2007), few studies focused 
on the distribution of Mn in goethite. By plotting the fraction 
of Mn vs. the fraction of Fe dissolved during dissolution, the 
Mn distribution within goethite was considered a homoge-
neous distribution (Alvarez et al. 2007, 2015). However, other 
researchers suggested that there were groutite-like clusters 
or Mn-rich zones in the goethite structure even at low-Mn 
content (~2.5 mol%), based on experimental data from X-ray 
diffraction (XRD), X-ray absorption fine structure (XAFS) 
spectroscopy, and analytical transmission electron microscopy 
(TEM) (Gasser et al. 1999; Scheinost et al. 2001). The driving 
force for the cluster formation of groutite may be the incompat-
ibility between increasingly distorted MnO6 octahedra and the 
more isotropic host FeO6 octahedra. Our previous analysis of 
extended X-ray absorption fine structure (EXAFS) determined 
the average length of Mn-O and Mn-Fe/Mn bonds, but was not 
able to determine the presence of Mn cluster (Liu et al. 2018). 
High-resolution transmission electron microscopy (HR-TEM) 
seems to be the only experimental technique to recognize the 
actual distribution of Mn impurity yet still with difficulty.

Molecular simulation methods have become increasingly 
important in investigating atomic-level properties of minerals 
and sometimes become promising alternatives to experimental 
approaches. First-principles methods have been widely applied 
to calculate specific properties of minerals, such as structure 
(Chatterjee and Saha-Dasgupta 2010), phase transition (Oganov 
et al. 2005), adsorption (Zhao et al. 2018), diffusion (Ammann et 
al. 2010), and isotope fractionation (Huang et al. 2013). In this 
study, first-principles calculations were employed to investigate 
the Mn distribution in goethite phases and explain the thermo-
dynamical stability of Mn-substituted goethite from theoretical 
analysis based on a 2 × 1 × 4 supercell with 32 cations. Several 
representative configurations were chosen to compute the band 
structures and the density of state (DOS), which were subse-
quently applied to yield band gaps. In addition, synthetic Mn-
substituted goethites were prepared and characterized by using 
XRD, inductively coupled plasma-optical emission spectrometry 
(ICP-OES) and UV-vis diffuse reflection spectra (DRS). The 
indirect band gaps of goethite were inferred and then compared 
to our calculations. Subsequent degradation photocatalytic ex-
periments of MB with pure and Mn-substituted goethites were 
performed to verify the results of first-principles calculations.

Methods
Computational details

The configurational statistics method with Becker’s correction (Becker et al. 
2000; Liu et al. 2016) was used to calculate the free energy of mixing and phase 
relations of (Mn,Fe)OOH solid solution, where the energy of a supercell was 
computed by employing the cluster expansion method based on a series of pairwise 
interactions from the double-defect method (Vinograd et al. 2009; Vinograd and 
Winkler 2010). The details of the method can be found in related references. Here 
a 2 × 1 × 4 supercell was utilized with 32 cations based on a unit cell with the 
Pbnm space group (Nagai et al. 2003). For each end-member, one single-defect 
structure and 17 double-defect structures together with the pure end-member were 
selected to calculate the pairwise interactions. These 17 kinds of paired defects 
were placed in the supercell with the distance range of 3.0–8.3 Å to keep every 
configuration symmetrically independent. The size of the supercell was selected 
such that the pairwise interaction of the defect pair vanishes to zero as the dis-
tance increases. The static energies of all these configurations were calculated 
with density functional theory and an on-site Coulomb repulsion parameter U 
(DFT+U) in the PBE type gradient generalized approximation (GGA) (Perdew 
et al. 1996) using the projector augmented-wave method (PAW) (Blöchl 1994) 
integrated into the Vienna ab initio simulation package (VASP), version 5.4.4 
(Kresse and Furthmüller 1996; Kresse and Joubert 1999). The effective U values 
are 3.9 and 5 for Mn and Fe, respectively, which were utilized in some previous 
studies on electronic properties of Fe/Mn oxides or oxyhydroxides successfully 
(Alexandrov and Rosso 2015; Lee et al. 2020; Jain et al. 2011; Otte et al. 2012). 
The cutoff energy for the planewave basis set was 520 eV and the spin-polarized 
method was used. The k-space was sampled by the Monkhorst-Pack method to 
keep the actual spacing density at about 0.03 Å–1. The pairwise interactions, viz. 
Js, were calculated from the excess energies of these configurations, which were 
calculated by subtracting the mechanical mixing energies of the two end-members 
from the static energies. All these Js were consequently applied to calculate the 
energies of all the 232 configurations of different compositions of (Mn,Fe)OOH 
solid solution in a 2 × 1 × 4 supercell by employing the cluster expansion method. 
Then the isotherms of free energy of mixing can be calculated by thermodynamic 
statistics, which can be used to construct phase relations of (Mn,Fe)OOH solid 
solution by common tangent analysis (Liu et al. 2016).

To investigate the optoelectronic effect of the Mn substitution, several special 
structures (several structures with minimum energy, maximum energy, and random 
structure for different compositions due to the static lattice energy calculations) 
were selected in a 2 × 1 × 4 supercell and a 2 × 1 × 3 supercell, and then their 
band structures and DOS were calculated with the similar parameter setting except 
the k-space sampling. A much denser k-space sampling was applied to the DOS 
calculation, and a certain path in the Brillouin zone was selected in the calcula-
tions of band structures. The band gap was consequently analyzed from the band 
structures and DOS.

Experimental details
Preparation of goethite and Mn-substituted goethite. The Mn-substituted 

goethites were synthesized according to a reported method (Alvarez et al. 2007; 
Liu et al. 2018). Briefly, 25 mL 1 mol/L Fe(NO3)2 and x (the x = 0, 1, 2.5, 5) mL 
0.5 mol/L Mn(NO3)2 were mixed, thereafter 45 mL 5 mol/L KOH solution into 
the mixture was added with stirring. After adding the KOH solution, DI water was 
added to reach a concentration of 0.3 mol/L KOH. The suspensions were aged at 
60 °C for two weeks, then centrifuged and washed with DI water several times. 
The collected solids were re-suspended in dilute HCl to remove poorly crystallized 
materials before being washed with DI water again and air-dried.

Characterization of synthesized goethite samples. The mineral phases of the 
collected solids were characterized by XRD analysis with a Bruker D8 Advance 
Diffractometer using CuKα radiation (0.02° per step). The Mn and Fe contents 
in goethite samples were measured using an inductively coupled plasma-optical 
emission spectrometry (ICP-OES) (PerkinElmer, San Diego, California) with a 
relative standard deviation of ≤2% after completely dissolving in a 6 mol/L HCl 
solution at 80 °C. UV-vis DRS of the samples were collected using a DUV-3700 
spectrophotometer from 200 to 1000 nm, and BaSO4 was used as the reference 
material. The indirect band gap was calculated using the equation of (αhv)2 = 
A(hv-Eg), where α is the absorption coefficient, hv is the photon energy, A is a 
constant, and Eg is the band gap (Chernyshova et al. 2010). The indirect band gap 
was compared with the results from the first-principles calculations.

Photodegradation of MB by goethite samples. The photocatalytic proper-
ties of pure goethite and Mn-substituted goethite were evaluated by measuring 
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their effectiveness for MB degradation in an aqueous solution under visible light 
(400–780 nm) and infrared light (>800 nm). 20.0 mg of the photocatalyst was 
dispersed in the 20.0 mL of 10.0 mg/L MB aqueous solution in a 20 mL glass bottle, 
and then 1.5 mL of hydrogen peroxide (30%, w/w) was added to the suspension 
using a rolling Incubator (QB-328, Kylin-Bell Lab Instruments) with 30 rpm/min. 
The system was placed in a dark room for 2 h to reach the adsorption-desorption 
equilibrium condition. Then the glass bottle was illuminated by a 300 W xenon 
arc lamp (CEL-HXF300, AULTT). A 400 nm filter (exit spectrum 400–780 nm) 
was added to limit the spectrum within the visible light range, and an 800 nm filter 
(exit spectrum >800 nm) was added to limit the spectrum in the infrared light 
range. The degradation experiment was also operated in a totally dark situation 
as a control. 1 mL of the mixed solution was transferred from the bottle every 1 h 
and centrifuged for 10 min at 8854.56 × g. The supernatant was taken out to a 
semimicro-cuvette (Fisher Scientific) and measured on a UV-vis spectrophotom-
eter (UV3200, MAPADA) at a scan step of 1 nm within the wavelength range of 
800–200 nm. For comparison, the degradation of MB with only one of hydrogen 
peroxide, pure goethite, and Mn-substituted goethite, were also evaluated in vis-
ible light, infrared light, and dark condition, respectively. The production of free 
radical of goethites induced by light was investigated by electron paramagnetic 
resonance spectroscopy (EPR), and the experimental details were supplied in the 
Online Materials1 data file.

Results and discussion
Pairwise interaction energies in Mn-goethite

Pairwise interaction energies (Js) reflect the change in the 
interaction energy between a guest cation and a host cation as 
the distance changes. Ideal Js should converge to zero because 
the interaction between the defect pair should decrease with the 
increase in distance, so that they are applicable for calculating 
thermodynamic properties using a much larger supercell (Becker 
et al. 2000; Vinograd et al. 2007, 2009). Table 1 and Figure 1 
show the computed Js, which converge well with the increase in 
distance. Online Materials1 Figure S1 shows all the 17 kinds of 
crystal models used in calculating pairwise interaction energies. It 
is obvious that the energies calculated with the cluster expansion 
method are consistent with those calculated directly with VASP 
(Fig. 2), which shows a good performance of Js. Usually, the first 
several Js have relatively large absolute values and make the most 
contribution to the energy difference between different configu-
rations. In this system, the first three Js are the most important 
ones with the distances of 3.01, 3.29, and 3.43 Å, respectively, 
which represent the interactions between one impurity cation and 
the nearest neighbor cation in the [001] direction connected by 
two bridge O atoms (J1 in Online Materials1 Fig. S2), between 
one impurity cation and the nearest neighbor cation within (001) 

plane connected by two bridge O atoms (J2 in Online Materials1 
Fig. S2), between one impurity cation and the nearest neighbor 
cation within (001) plane connected by one bridge O atom (J3 
in Online Materials1 Fig. S2). Usually, a positive J value means 
that the impurity cations with the corresponding distance make 
a negative contribution to the enthalpy, and vice versa. Thus, the 
distribution of the impurity cation of the most stable and unstable 
configurations should obey this rule.

Most thermodynamically stable and unstable configurations
The principle of minimum energy tells that the most stable 

configuration has the lowest energy (Wang et al. 2011). For the 
composition of Mn2/32Fe30/32OOH based on a 2 × 1 × 4 super-
cell, the defect-defect distance of the two most stable structures 
(Figs. 3a and 3b), and the most unstable structures (Fig. 3c) are 
3.29, 3.43, and 3.01 Å, respectively. It is evident that these three 
structures are exactly corresponding to the first three Js. The two 
stable structures reflect the negative contribution to enthalpy 

Table 1. Pairwise interaction energies (Js) of Mn-goethite
n	 Distances	 Layers ||(100) across	 JMn-Mn in FeOOH	 JFe-Fe in MnOOH

	 (Å)	 by defect pairsa	 (kJ/mol)	 (kJ/mol)
1	 3.01	 1	 –2.4654	 –0.6153
2	 3.29	 0	 7.7676	 5.7979
3	 3.43	 0	 5.0776	 3.0528
4	 4.58	 0	 0.5255	 0.5474
5	 5.27	 0	 –0.5398	 –0.0077
6	 5.29	 0	 –0.5431	 –0.0671
7	 5.38	 1	 1.5820	 1.3229
8	 5.47	 1	 0.5430	 0.6643
9	 5.48	 1	 0.0574	 0.2114
10	 5.66	 0	 –0.6076	 –0.9283
11	 6.03	 2	 –1.0676	 –0.6651
12	 6.09	 1	 0.2665	 0.2085
13	 6.41	 1	 0.9125	 0.5646
14	 6.77	 1	 0.0608	 0.4828
15	 7.57	 2	 0.1323	 0.0928
16	 8.02	 2	 –0.0791	 0.0360
17	 8.27	 2	 0.1401	 0.3194 
a The third column indicates how many layers ||(100) across by defect pairs.

Figure 1. Pairwise interactions in Mn-goethite calculated from the 
excess energies of the single- and double-defect structures. (Color online.)

Figure 2. Comparison of the excess energies calculated from VASP 
and the cluster expansion method for all the symmetrically independent 
configurations for compositions Mn2/32Fe30/32OOH and Mn3/32Fe29/32OOH 
based on a 2 × 1 × 4 supercell. (Color online.)
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from the distribution of the impurities with intervals of 3.29 Å, 
3.43 Å within the same layer approximately parallel to the (001) 
plane, while the unstable structure reflects the positive contri-
bution to enthalpy from the distribution of the impurities with 
interval 3.01 Å across 1 layer approximately parallel to (001) 
plane. Based on the above analysis, the impurities distributed 
within the cation layer approximately parallel to the (001) plane 
can produce more stable structures. For instance, the four most 
stable structures for the composition of Mn3/32Fe29/32OOH based 
on a 2 × 1 × 4 supercell are shown in Figure 4. In fact, besides 
the configuration with two defect pairs with an interval of 3.29 Å 
(Fig. 4c), the other three configurations include two defect pairs 
with an interval of 3.29 and 3.43 Å. All these defect pairs can 
yield conspicuous negative contributions to the lattice energy 
of the supercell, which makes these structures most stable with 
the lowest energies.

Table 2 lists the cell parameters of synthesized and calculated 
pure goethite and Mn-substituted goethite. Cell parameters a, b, 
and c were refined with Rietveld Program Topas 6.0. The biggest 
deviation between calculated parameters and those from XRD 
analysis (Fig. 5) of synthesized minerals is no more than 1.5%, 
which shows the good performance of DFT calculations. The 
variations of cell parameters a, b, and c with the content of Mn in 
goethite are plotted in Figure 6. It shows that a decreases strongly 
and c decreases slightly when the content of Mn increases while 
b increases strongly, and all the trends are approximately linear, 
i.e., in accord with Vegard’s Law (West 1984). One of our previ-
ous experimental studies also confirmed such tendencies (Liu 

et al. 2018). The changes are caused by the Jahn-Teller effect 
of the MnO6 octahedron with four shortened equatorial Mn-O 
bonds (approximately parallel to the a-c plane) and two elongated 
axial Mn-O bonds (approximately parallel to b axis) (Alvarez et 
al. 2006, 2007; Scheinost et al. 2001; Stiers and Schwertmann 
1985). Indeed, the two axial Mn-O bonds (2.24 and 2.15 Å) are 
significantly longer than the other four (1.96–2.06 Å) (Fig. 3d). 
By contrast, the corresponding parameters do not exhibit large 
variations in pure goethite (2.00 Å for Fe-O(H) bond and 2.11 Å 
for Fe-O bond).

Gibbs free energy and phase relations of goethite-groutite 
solid solution

Isotherms of Gibbs free energy of mixing can be computed 
with configurational statistics based on the energies of all the 
possible configurations calculated with the cluster expansion 
method, and here we introduced the entropy correction after 
Becker et al. (2000). The free energies are positive for all com-
positions when the temperature is below 423 K (Fig. 7). For 
the Mn-rich end-member, the free energy becomes negative 
when the temperature is higher than 423 K, but for the Fe rich 
end-member, it starts from 523 K. The isotherms are slightly 
asymmetric, which implies the incorporation of a Fe cation into 
groutite is easier and costs less energy than a Mn cation into 
goethite. Although the ion radii of Fe3+ and Mn3+ are nearly equal, 
because of the Jahn-Teller distortion in the Mn3+ octahedron, the 
volume of Mn3+ octahedron is slightly larger than that of Fe3+. 
It makes sense that a small cation is easier to substitute into a 
site occupied by a larger cation than a reverse process. As there 
is a phase transition from goethite to hematite at about 573 K 
(Christensen et al. 2007; Gialanella et al. 2010), isotherms of 
higher temperatures than 573 K seem meaningless. Although 

Figure 3. The most stable configuration (a), the second most 
stable configuration (b), and the most unstable configuration (c) for 
Mn2/32Fe30/32OOH based on a 2 × 1 × 4 supercell. (d) Ball and stick 
model for MnO6 octahedron from configuration (a) and bond lengths. 
The red and white balls are oxygen and hydrogen, and the purple ball 
represents Mn. FeO6 and MnO6 octahedra are marked with brown and 
purple, respectively. The dash lines are hydrogen bonds. (Color online.)

Figure 4. The four most thermodynamically stable configurations 
for Mn3/32Fe29/32OOH based on a 2 × 1 × 4 supercell. The lattice energy 
increases from a to d. (Color online.)
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these isotherms remain meaningless at low pressures, they are 
meaningful at higher pressures because high pressures bring 
higher phase transition temperatures for goethite (Majzlan et al. 
2003). Because the influence of pressure on free energy is very 
small (Jung and Schmidt 2011; Jung et al. 2010), the isotherms 
hardly change in a wide pressure range. Thus, these isotherms 
are still applicable for the calculation of phase relations.

Generally, negative free energy reflects stability or metastabil-
ity. The positive values for the compositions near the goethite 
end-member at room temperature, therefore, imply that they are 
unstable. On the one hand, considering that the absolute value is 
very small and some other effects, such as vibrational entropy 
and pV term in free energy, are neglected in our calculation, the 
actual value for these compositions may still be negative. Many 
studies suggest that vibrational entropy can be neglected for such 
a system because it contributes only no more than 1% to the free 
energy (Benny et al. 2009; Liu et al. 2015; Ruiz-Hernandez et 
al. 2010; Wang et al. 2011). Due to the very little deviation of 
volume from the mechanical mixing of the two end-members 
in a wide range of pressures, the pV term is very small and can 
also be neglected. On the other hand, the natural and synthetic 
substituted goethite with high-Mn contents may be metastable if 
no groutite cluster is formed, just because there is a high-energy 
barrier for the transition to stable phases. Hence, the calculated 
results are not exactly inconsistent with experiments, especially 
for these very low absolute values of free energy.

The temperature-composition phase relation can be derived 
from the isotherms of Gibbs free energy of mixing with common 

tangent analysis (Fig. 8). The zone below the solvus is unstable 
or metastable, and the remaining is the stable zone. The phase 
diagram shows that only a low concentration of Mn impurity 
(<3 mol%) can be thermodynamically stable in goethite. There-
fore, samples with higher Mn impurity may be metastable, or the 
extra Mn may occur as nanoscale Mn-rich lamellae or clusters in 
the goethite structure. Gasser et al. (1999) reported Mn-rich zones 
in Mn-goethites from line scan of XMn based on transmission 
electron microscopy (TEM) observation and energy-dispersive 
X-ray (EDX) analysis. The needle cores of goethite generally 
had a significantly higher XMn than the tips. Scheinost et al. 
(2001) also found groutite-like clusters in Mn-goethites when 
XMn is higher than 0.13. According to the analysis of most stable 
configurations, we deduce that Mn cations prefer to distribute 
within the cation layer approximately parallel to the (001) plane 
and form Mn-rich lamellae or clusters.

Several studies suggest the existence of nanoscale lamellae or 
nanoparticles of impurity during the formation of various solid 

Table 2.	 Cell parameters of goethite with the content of Mn from 
DFT+U calculations and experiments, all the data are based 
on 2 × 1 × 4 supercells

Mn content (mol %)	 a (Å)	 b (Å)	 c (Å)
DFT+U calculations

0	 9.276	 10.062	 12.268
0.031	 9.271	 10.087	 12.249
0.063	 9.270	 10.108	 12.233
0.094	 9.266	 10.124	 12.219

Experiments
0	 9.219	 9.948	 12.087
0.018	 9.208	 9.950	 12.078
0.046	 9.196	 9.955	 12.070
0.095	 9.183	 9.972	 12.052

Figure 5. XRD patterns for pure goethite and Mn-substituted goethite.

Figure 6. Variations of cell parameters (a, b, and c) of goethite with 
the content of Mn from DFT+U calculations. All the data are based on 
2 × 1 × 4 supercells.

Figure 7. Isotherms of Gibbs free energy of mixing as a function of 
mole fraction of MnOOH from 273 to 1073 K with an interval of 25 K.
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solutions (Ciobanu et al. 2011; Gasser et al. 1999; Scheinost et 
al. 2001; Wu et al. 2019). Because isostructural solid solutions 
have similar cell parameters, XRD cannot exactly distinguish 
the intergrowth between two end-members. Such heterogeneous 
phenomena can only be visualized by a few technological means, 
for instance, HR-TEM, atomic probe tomography (APT), and 
other atomic analysis techniques. Hence, the high content of 
impurities in the mineral should be handled cautiously. Thus, 
revealing the structure of a solid solution mineral at the atomic 
level is necessary because mineral properties can be significantly 
changed by impurity, i.e., “properties depend on structure.”

Band structures and DOS
Band structure and DOS of pure goethite and a series of Mn-

substituted goethite (several structures with minimum energy, 
maximum energy, and random structure for different composi-
tions) were calculated in detail by using the DFT+U method, 
and band gaps were discerned subsequently. Figure 9 shows the 
dispersion relations of the electronic structure and related DOS 
plots for pure goethite and single-Mn-substituted goethite. The 
unfolding band structure of Mn-substituted goethite calculated 
based on 2 × 1 × 4 supercell is shown to be compared with that of 
pure goethite using the method provided by Popescu and Zunger 
(2012). The bands caused by Mn impurity are very clear in 
Figure 9b. It is obvious that the DOS plots are asymmetric for up 
and down electrons because the spin-polarized DFT calculations 
were executed. The valence band and conduction band can both 
be divided into two parts, spiculate lower part and relatively flat 
upper part (Fig. 9). The spiculate lower part contains mainly 3d 
state electrons of Fe, and the relatively flat upper part contains 
mainly 2p state electrons of O, while the contribution from 1s 
state electron of H is quite small. The band gap of pure goethite 
is 1.87 eV (Fig. 9a). In the single-Mn-substituted goethite, the 
substituted Mn brings two impurity peaks (mainly containing 
3d state electrons of Mn and 2p state electrons of O) between 
the valence band and conduction band of goethite, which can 
decrease the band gap significantly by about 0.8 eV (Fig. 9b). 
The other structures with more Mn impurity can also decrease 

by similar values, and the final indirect band gaps are shown in 
Figure 10. It is reasonable to believe that the band gap of actual 
Mn-substituted goethite should be within the envelope area 
outlined by all the calculated results. Note that there is a sharp 
decrease when the content of Mn is lower than 3 mol%, then it 
turns out to be a very slow decrease with the increase of Mn con-
tent. Such a decrease in band gap will bring the photo response 
wavelength of goethite from visible light to near-infrared light, 
i.e., redshift happens. Thus, the existence of the impurity can 
reduce the band gap and extend the photo response coverage from 
partial visible light to whole visible light and near-infrared light.

Comparison with measured band gaps of Mn-goethite 
samples

To verify the DFT calculation results, a series of Mn-
substituted goethites and pure goethite were synthesized and 
characterized. The XRD patterns show that all the synthetic 

Figure 8. Phase relations of MnxFe1-xOOH solid solution derived from 
isotherms of Gibbs free energy of mixing with common tangent analysis.

Figure 9. The dispersion relations of the electronic structure and 
related DOS of pure goethite (a) and single-Mn-substituted goethite (b). 
Although all the selected configurations (black points in Fig. 10) were 
calculated, the DOS plots are quite similar for goethite with different 
concentrations of Mn, so only the DOS of single-Mn-substituted goethite 
is shown here. Orange lines in dispersion relations indicate lower spin 
bands and cyan lines indicate upper bands. (Color online.)
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samples are goethite (Fig. 5). The Mn contents are 1.8, 4.6, and 
9.5% mole fractions determined using ICP-OES after completely 
dissolving in a 6 mol/L HCl solution. Then UV-vis DRSs of 
pure and Mn-goethites were collected (Fig. 11a). Usually, the 
UV-vis DRSs should be converted to Tauc-Mott (TM) plots 
to disclose the indirect band gap of semiconductor material 
(Chernyshova et al. 2010). Figure 11b shows the TM plots of 
pure and Mn-substituted goethites with Ahν/2 against hν, where 
A represents the UV-vis absorbance and hν the photon energy. 
The intercept on hν axis from the extrapolation of the linear 
section of the Tauc-Mott plot defines the indirect band gap. It 
is observed that the measured band gaps also decrease with the 
increase of mole fraction of MnOOH and deviate only slightly 
from the DFT calculated area (Fig. 10). The band gap of pure 
goethite is 1.84 eV by experiment, which is in accordance with 
a previous study (Zhang et al. 2011). The decreasing tendency 
of the band gap with the increase of Mn content agrees with our 
simulations but with a decrease of about 1 eV. The turning Mn 

content is about 4 mol%, comparable with the 3 mol% Mn of 
our simulation. Considering many approximations have been 
employed in our DFT calculations, the calculated results are 
quite close to those of the experiment. As there is a transition Mn 
content controlling the decrease of the band gap, it indicates that 
a structure change happens. Meanwhile, the relative flat tendency 
after the turning point also illustrates a new electron structure 
in the lattice. Combining previous and our results, we infer that 
Mn-rich clusters or lamellae can emerge in the goethite lattice 
even when the content of Mn is slightly higher than 3–4 mol%.

MB photocatalytic degradation of goethite
Both simulation and experimental studies indicate that Mn 

substitution can bring a significant decrease in the band gap of 
goethite, which should extend the photo response coverage of 
goethite to near-infrared light. Thus, a series of reactant combi-
nations for the MB degradation in a dark situation, visible light 
(400–780 nm), and infrared light (>800 nm) were tested. The MB 
absorption equilibrium was achieved after 2 h of dark reaction 
to eliminate the absorption effect of goethite. The results plotted 
in Figure 12 show the residual MB concentration as a function 
of reaction time. As a semiconductor mineral, goethite can pro-
duce hydroxyl radicals as the main effective oxidizing agent to 
degrade organic pollutants on its surface with irradiation, and the 
incorporation of goethite and hydrogen peroxide increases the 
efficiency of the generation of hydroxyl radicals (Mameri et al. 
2016; Ravina et al. 2002). Figure 12a indicates that the catalytic 
reaction was weak under dark condition compared to Figures 
12b and 12c where photocatalytic degradation happened. After 
5 h of illumination of visible light, both pure goethite and Mn-
substituted goethite show the photodegradation ability of MB 
(Fig. 12b), but in the infrared light situation, only Mn-substituted 
goethite shows obvious photodegradation ability of MB with 
higher efficiency than in visible light (Fig. 12c). The band gap 
of pure goethite is 1.84 eV (674 nm) from the experiment, which 
means photogenerated hydroxyl radicals can be released easily 
at the surface of minerals. This may explain why photocatalytic 
degradation can happen easily in visible light but cannot in 

Figure 10. Calculated band gaps based on DFT and experimental 
band gaps based on UV-vis DRS for different compositions of the solid 
solution. (Color online.)

Figure 11. (a) UV-vis DRS of pure goethite and Mn-substituted goethite; (b) Tauc-Mott plots of UV-vis DRS of pure goethite and Mn-
substituted goethite. (Color online.)
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infrared light. Both experiment and DFT calculations indicate 
the incorporation of Mn into goethite brings a ~1 eV decrease of 
the band gap, resulting in the release of photogenerated hydroxyl 
radicals under infrared light.

Electron paramagnetic resonance (EPR) experiments also 
show Mn-substituted goethite can produce a lot of ·OH radicals, 
but pure goethite can hardly produce radicals under infrared 
light (Online Materials1 Fig. S3). It again confirms that Mn-
substituted goethite can generate photoinduced electrons and 
holes but pure goethite cannot under infrared light. As a result, 
Mn-substituted goethite has photo response ability in infrared 
light, while pure goethite does not. Besides, from our previ-
ous FE-SEM work (Liu et al. 2018) and the study of Alvarez 
et al. (2015), the morphology of goethite was not significantly 
changed by Mn substitution. Both the pure goethite and Mn 

substituted goethite exhibit acicular shape with similar average 
length/width (L/W) ratio and no facet change. Thus there is also 
no evidence for the facet-dependent effect in the photocatalytic 
degradation process.

In conclusion, the photocatalytic degradation experiments 
of MB confirm that Mn-substituted goethite has photo response 
ability not only in visible light but also in infrared light, which 
means Mn substitution indeed improves the photo response abil-
ity of goethite. As goethite widely exists on the Earth’s surface, 
such kind of enhancement of photocatalytic ability probably 
affects many surface geochemical processes and subsequently 
affects element cycling.

Implications
As the most stable and common phase of iron oxides in 

nature, goethite has a strong adsorption capacity for various 
toxic cations and anions, which has been successfully applied 
in environmental restoration (Asta et al. 2009; Giménez et al. 
2007). The Mn substitution can evidently affect the structural 
characteristics and surface properties of goethite and enhance 
its adsorption ability. As the Mn distribution in goethite de-
termines its physical-chemical properties, this study provides 
one simulation frame and reveals the distribution pattern of Mn 
impurities in goethite, i.e., the Mn cations prefer to distribute 
within the cation layer approximately parallel to the (001) 
plane. We also predict that there may be Mn-rich nanoscale 
clusters or lamellae in Mn-substituted goethite even with as 
low-Mn content as 3–4 mol% based on the phase diagram and 
band gap analysis.

Goethite is a semiconducting mineral on the Earth’s and 
Mars’s surface (Klingelhöfer et al. 2005) as its band gap is 
about 1.6–2.5 eV (Sherman 2005; Zhang et al. 2011), and 
1.84 eV from this study, which makes it an active material in 
photocatalytic processes activated by UV and partial visible 
light. The incorporation of impurity ions can significantly 
decrease the band gap of goethite because of the involvement 
of impurity bands, where Mn substitution enlarges the poten-
tial photocatalytic range of goethite to the whole visible and 
partial near-infrared light. Because visible light is the main 
solar radiation reaching the Earth, the enlargement of the 
photocatalytic range provides more solar energy for photo-
catalysis. Besides, it still has photocatalytic ability while the 
visible light is blocked or insufficient in some special environ-
ments, not only on the Earth but also on some other terrestrial 
planets like Mars. Doped goethite may be involved in various 
photochemical processes, for instance, solar-induced genera-
tion of reactive oxygen species (ROS) (Nguyen et al. 2018). 
ROS values can initiate subsequent degradation of organic 
compounds, which may be one possible reason to explain the 
abiotic oxidation of organic compounds in the desert on Earth 
and the absence of organics on Mars (Georgiou et al. 2015; 
Schuttlefield et al. 2011). In summary, not only goethite but 
also some other semiconductor minerals can be modified by 
impurities under complex hypergenic environments, which 
may bring obvious changes in photocatalytic properties (Li et 
al. 2018). Such photocatalytic ability can probably affect the 
element cycling to a non-negligible extent on both early and 
modern terrestrial planets.

Figure 12. Plotted MB concentration as a function of reaction time 
for a series of reactant combinations in (a) a dark situation, (b) visible 
light (400–780 nm), and (c) infrared light (>800 nm). The first 2 h are 
for adsorption–desorption equilibrium in b and c. (Color online.)
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