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Ruetschi defects decrease the band gap energy in MnO2 nanosheets 

Kideok D. Kwon1, Keith Refson2, and Garrison Sposito1 
1Department of Geochemistry, Lawrence Berkeley National Laboratory, Berkeley, CA 94720, 
USA 
2STFC Rutherford Appleton Laboratory, Didcot, Oxfordshire OX11 0QX, UK 
 
 

Manganese oxide nanosheets have emerged recently as attractive materials for a host of 

potential applications in energy storage, solar cell fabrication, and catalysis.1-3 Structurally, these 

compounds are layer-type Mn(IV)O2 comprising stacked sheets of edge-sharing MnO6 octahedra. 

An important characteristic of the sheets in all materials synthesized thus far is the presence of 

cation vacancies (Mn1-xxO2, where x represents a Mn vacancy) whose negative charge is 

compensated by interlayer metal cations or protons. Vacancies in metal oxides can function as 

electron donors or acceptors, thereby enhancing material conductivity, 4-7 and a similar role of 

the vacancies in Mn oxide nanosheets is possible. Here we show, using density functional theory 

(DFT), that a Mn(IV) vacancy compensated by protons (a Ruetschi defect8) introduces new 

electron donor-like states above the valence bands of Mn oxide nanosheets, thereby reducing the 

energy gap between occupied and unoccupied electronic states.  

Sakai et al.9 have explored the photoelectrochemical properties of protonated Mn oxide 

nanosheets prepared by delaminating a product resulting from acid digestion of layer type 

K0.45MnO2.1 These protonated nanosheets, derived from a product which contained 

approximately 3 mol % vacancies (H0.13[Mn(IV)0.970.03]O2, mean Mn oxidation number 3.871), 

generated photocurrents under visible light radiation (λ < 500 nm).9 The band gap energy was 

estimated to be 2.23 eV from the excitation wavelength dependence of the incident photon-to-

electron conversion efficiency, which was 0.16 % at 400 nm for a monolayer film. Sakai et al.9 

speculated that nanosheet thickness (< 1 nm) plays a significant role in facilitating photocurrent 

generation. Understanding electronic structure near the band gap of Mn oxide nanosheets is 

clearly essential to developing the full potential of these new materials for harvesting visible 

light. Our DFT results imply that nanosheet MnO2 with cation vacancies offers an effective 

material for utilizing localized d electrons in photoinduced electron-transfer reactions. 
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Protonated Mn vacancies in Mn(IV) oxides are known in the literature as Ruetschi 

defects.8 More specifically, the Ruetschi defect is a Mn(IV) vacancy coordinated with four 

protons on the O ions around the vacancy to form structural OH groups. Balachandran et al.10 

have reviewed the properties of Ruetschi defects and examined their impact on the structures of a 

number of MnO2 polymorphs, including a layer type variety. Using DFT with electron 

correlations accounted for in the generalized gradient approximation, they found that a Ruetschi 

defect tends to stabilize MnO2 polymorphs, especially those with more “open” structures, which 

feature tunnels formed by chains of edge-sharing octahedra linked by shared corners (e.g. 

ramsdellite11). This allows the Ruetschi protons to avoid Mn and one another while bonding 

covalently with the O atoms near a vacancy site. A similar defect in TiO2, i.e. a Ti(IV) vacancy 

charge-compensated with four protons, has also been predicted to be a stable entity.12 In the 

present study, we investigated the comparative impact of the Ruetschi defect on the structure and 

electronic properties of nanosheet MnO2 bearing 0.033 and 0.125 Mn vacancies per octahedron.  

We have geometry-optimized vacancy-free MnO2 and its supercells containing the 

Ruetschi defect using DFT with two different electron-correlation methods: local density 

approximation (LDA) and generalized gradient approximation (GGA). Vacancy-free Mn(IV)O2, 

which has not yet been synthesized in the laboratory, was optimized starting from the Mn and O 

atomic coordinates for a microcrystalline layer type MnO2 prepared by thermal decomposition of 

KMnO4 at 800°C.13 This Mn oxide has space group P63/mmc and a two-layer unit cell with 

hexagonal lattice parameters a = 2.840 Å and c =14.031 Å. The Ruetschi defect was 

incorporated in MnO2 supercells by coordination of one Mn vacancy at the center of each 

supercell to four H on dangling O ions around the vacancy (Fig. 1). Two different defect 

concentrations were modeled, with one Mn vacancy placed in the 4x4x1 (32 Mn atoms) and 

2x2x1 (8 Mn atoms) supercells, corresponding to structural formulas, H0.13[Mn0.9670.033]O2 and 

H0.50[Mn0.8750.125]O2, respectively. As expected, in both the vacancy-free MnO2 and the 

Ruetschi-defected supercells, LDA predicted smaller lattice parameters, as well as shorter Mn-O 

bond distances, whereas GGA predicted larger values than the available experimental ones2, 3, 

13,14 (Table 1). 

In the Ruetschi-defected MnO2, the four H formed covalent bonds with coordinating O 

(OH) (OH distance 0.984 to 1.001 Å) and hydrogen bonds (O-H…O distance 1.96 to 2.17 Å) 

with O coordinated to two Mn (O2Mn) near the cavity, such that the OH groups were oriented to 
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make a small angle (4º to 10º) with respect to the a-b plane (Fig. 1a). The interatomic distances 

between H are very short: 1.640 Å (LDA) and 1.732 Å (GGA) in the 2x2x1 supercells and 1.773 

Å (LDA) and 1.878 Å (GGA) in the 4x4x1 supercells. Possible H arrangements were explored 

by calculating total energies, with H thereby found to coordinate preferentially with O2Mn, as 

would be expected from Pauling’s rules, and to come into close proximity to one another 

(Supplementary Figure 1), similar to what was reported by Balachandran et al.10  

The Ruetschi defect caused considerable local distortion of octahedra near the vacancy 

site through significant displacements of neighboring O. The OH moved relatively outward, away 

from the Mn vacancy along the [111], [-1-11], [11-1], and [-1-1-1] directions, by 0.305 – 0.347 

Å in the 4x4x1 supercells and by 0.241 – 0.287 Å in the 2x2x1 supercells, as compared to their 

positions in vacancy-free MnO2 (Fig. 1). By contrast, the O2Mn moved relatively inward toward 

the Mn vacancy along the [1-1-1] and [-111] directions, by 0.108 – 0.072 Å in the 4x4x1 

supercells and by 0.089 – 0.084 Å in the 2x2x1 supercells. These atom displacements caused a 

corrugation of the oxygen surface of the MnO2 sheet (Supplementary Figure 1) and significantly 

changed d(Mn-Mn) and d(Mn-O) near the vacancy sites. However, minor changes were observed 

in the overall average values for d(Mn-Mn) and d(Mn-O) (Table 1).  

The most prominent structural change that the Ruetschi defect caused is in the thickness 

of a MnO2 sheet (i.e., the average distance between basal O planes in a sheet). In vacancy-free 

MnO2, both LDA and GGA yielded a smaller MnO2 sheet thickness than the experimental value 

(Table 1). Vacancy inclusion increased the sheet thickness by up to 0.1 Å (vacancy-free MnO2 vs. 

2x2x1 supercells), bringing it closer to the experimental result, mainly due to the outward 

movement of OH at the Mn vacancy sites. This thickness increase can be seen in the changes of 

the O-O distances along both shared (d(O-O)sh) and unshared (d(O-O)ush) octahedral edges (see 

Fig. 1a).  An octahedron having Oh point group symmetry has a d(O-O)sh/d(O-O)ush ratio equal to 

1.0, and deviations of this ratio from 1.0 indicate a trigonally-distorted octahedron, either 

compressed or elongated. Octahedra in vacancy-free MnO2 sheets have a ratio of 0.88, which 

shows a much-compressed form, such that each MnO6 octahedron takes on a trigonally- distorted 

symmetry (e.g., point group D3d) instead of perfect Oh symmetry. We observed an increase in the 

ratio of average d(O-O)sh to average d(O-O)ush as the vacancy rate increased (Table 1).  

The band structure and partial electronic density of states (PDOS) of the vacancy-free 

MnO2 (GGA approximation) are presented in Fig. 2. Because our LDA results were very close to 
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the GGA results, we mainly describe the latter. The vacancy-free MnO2 has spin-dependent 

mixing, mainly between Mn-3d and O-2p states, with an indirect band gap energy of 1.3 eV. In 

the spin-up state, the contribution of O to the total DOS was similar to that of Mn throughout. In 

the spin-down state, however, the O contribution was more significant than the Mn contribution 

to the valence bands (VB), whereas Mn-3d states predominated over O-2p states in the 

conduction bands (CB).  The hybridization of O-2p states with the spin-polarized Mn-3d states 

leads to exchange splitting of the O-2p states. This exchange splitting is reflected in their spin 

polarization. The calculated magnetic moments in the vacancy-free MnO2 are -0.04 µB for O and 

3.08 µB for Mn. Spin polarization of p states in non-magnetic elements is often observed in p-d 

hybridization of ferromagnetic transition metal compounds.15 In crystal field theory, degenerate 

3-d states of a transition metal ion split into higher energy eg (e.g., dx2-y2 and dz2) and lower 

energy t2g (e.g., dxy, dyz, and dzx) states under octahedral coordination. Direct σ-type overlap 

between the transition metal eg states and surrounding anion p states produces bonding (eg
b) 

levels and antibonding (eg*) levels. In ligand field theory, π-type overlap between t2g states and 

ligand p states can give rise to bonding (t2g
 b) levels and antibonding (t2g*) levels. Detailed orbital 

analysis revealed that the bands around -7 to -5 eV below the Fermi energy (EF) correspond to 

bonding dominantly between Mn-eg states and O-p states (i.e., mostly eg
b levels), whereas the 

bands from -5 eV to EF correspond to bonding dominantly between Mn-t2g states and O-p states 

(i.e., mostly t2g
b levels). In particular, the bands between -1.5 to -0.5 eV, consisting of only spin-

up Mn-t2g and O-2p states, are regarded as occupied bands of the t2g* levels. Perfect high-spin 

Mn(IV) does not occur because of slight hybridization between spin-down Mn-3d and O-2p 

states. A formal configuration of t2g
3-eg

0 for Mn can be assigned, however, based on the band 

structure where the three spin-down t2g and two eg states are all unoccupied, and two spin-up eg 

states are unoccupied.  

In Ruetschi-defected MnO2 supercells, the band structure is not as instructive as was 

observed for the vacancy-free MnO2. Instead, the formal configuration of Mn atoms in the 

Ruetschi-defected MnO2 can be determined based on an apparent relationship between Mn-3s 

splitting and Mn formal valence states (Fig. 3). In X-ray photoelectron spectroscopy (XPS), 

spectral splitting of Mn-3s has been used to identify formal Mn valence states.16 The Mn-3s 

splitting originates from exchange interactions between Mn-3s and Mn-3d electrons, as well as 

from intrashell electron-correlation and charge-transfer effects.17 According to the DFT 
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calculations, Mn-3s states were strongly polarized, and the splitting between spin-up and spin-

down states of Mn-3s (ΔEMn3s) corresponds to the Mn-3s spectral splitting measured by XPS. 

The GGA results underestimate ΔEMn3s, but in a systematic way when compared to the 

experimental Mn-3s splitting16, 18, 19 (Fig. 3). The calculated ΔEMn3s are 3.9 eV for vacancy-free 

MnO2 and 3.8 to 4.0 eV for Ruetschi-defected MnO2. This slight change indicates that the 

influence of Ruetschi defects on magnetic moments of the Mn atoms around the defect sites is 

minor and, therefore, the same formal configuration t2g
3-eg

0 Mn (IV) can be assigned to Mn 

atoms in the Ruetschi-defected MnO2.   

The PDOS of the Ruetschi-defected MnO2 (Fig. 4) shows that the Ruetschi defect 

substantially changes electronic structure near the band gap. Although O-2p and Mn-3d 

hybridization occurs similarly to that in vacancy-free MnO2, it decreases the band gap energy 

from 1.3 eV to 0.9 eV (GGA) in the 4x4x1 supercell and to 0.3 eV in the 2x2x1 supercell. (It is 

well known that DFT generally underestimates the band gaps of semiconductors. Improved band 

gap estimates may be obtained with the DFT+U approach20 or the screened exchange method21.) 

This substantial reduction in band gap is due to the introduction of states at the top of the VB by 

the Ruteschi defect. When compared to the total DOS of the vacancy-free MnO2, these newly- 

introduced states (around -1 eV to EF) are contributed almost entirely by nearest-neighbor Mn 

and O atoms around the cation vacancy. In particular, the localized states are mostly O2Mn-p 

states and Mn-3d states around the Ruetschi defect (see the inset in Fig. 4). The O2Mn-p states are 

oriented parallel to the axial Mn-O bonds in the MnO6 octahedra and are a consequence of Mn-O 

bonds lost by removal of Mn4+, which results in ‘dangling’ states like the non-bonding states 

compared to OH (around -8 eV in Fig. 4) or to the saturated O coordinated with three Mn atoms 

(O3Mn). The O2Mn states are reflected also in the noticeable induction of spin polarization on the 

O2Mn, increasing the magnetic moment from -0.04 µB to + 0.12 – 0.14 µB under GGA.  

To the best of our knowledge, the results presented here show for the first time that a 

Ruetschi defect in nanosheet MnO2 reduces the energy gap between occupied and unoccupied 

electronic states relative to a hypothetical defect-free layer-type Mn oxide. Vacancy-free MnO2 

would have an indirect band gap (see Fig. 2) and light absorption would therefore typically be 

weak. Thus, our finding of band gap energy reduction by a Ruetschi defect suggests that 

photoinduced electronic transitions by nanosheet MnO2 can be optimized by the control of defect 

rates during the synthesis of these materials. 
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METHODS 

All first-principle calculations were performed using CASTEP code22. The electron 

exchange and correlation was treated with LDA and GGA/Perdew, Burke, and Ernzerhof (PBE) 

functionals23. Ultrasoft type pseudopotentials24 were constructed for Mn and O atoms using the 

on-the-fly pseudopotential generator implemented in CASTEP. The valence electron 

configurations were 3s23p63d54s2 for Mn and 2s22p4 for O. For the Mn pseudopotential, f state (l 

= 4) was chosen for a local component, and the number of non-local projector were one for s 

states (3s and 4s) and two for 3p and 3d. For the O pseupopontential, d state (l = 3) was chosen 

for a local component, and two non-local projectors were used on 2s and 2p. The core radius of 

O was 1.0 a.u. for local states and 1.3 a.u. for non-local states, and the radius for Mn was 2.3 a.u. 

for both local and non-local states. The cut-off wave vectors (qc) were 411 eV and 490 eV for 

Mn and O, respectively. The pseudopotentials at a 500 eV cut-off energy with LDA reproduced 

well the structure and energy data of MnO calculated with all-electron method25. For H, the 

default ultrasoft pseudopotential used was set in the depository of CASTEP. The plane-wave 

basis sets were expanded up to 500 eV. For the first Brillouin zone, 6x6x2 k-point grids26 were 

used without the grid origin offset for the vacancy-free MnO2 (P63/mmc). For the Ruetschi 

defected MnO2, 5x5x2 and 2x2x1 k-point grids were used for a 2x2x1 supercell and a 4x4x1 

supercell, respectively. Tests of PBE on the 6x6x2 (vacancy-free MnO2) and 5x5x2 (Ruetschi-

defected MnO2) grids with the 500 eV cut-off energy achieved very high convergence of force 

(0.01 eV/Å or better) and stress (0.01 Gpa or much better) for any Cartesian components of 

atoms and total energy per formula unit (1.5 meV or much better). Shifting the k-point grid to 

have a gamma point did not improve the results within the precision of the convergence test on 

vacancy-free MnO2.  

All calculations were performed with spin polarization of a ferromagnetic ordering 

between Mn atoms. Our tests on vacancy-free MnO2 showed that non spin-polarized calculations 

under both LDA and GGA underestimated structural parameters as much as by 0.1 Å when 

compared to the corresponding spin-polarized calculations as well as available experimental 

values. Antiferromagnetic alignment between sheets with the ferromagnetic ordering in each 

sheet was also tested, but the energy difference was less than the converged energy variability of 

the currently-used methods. The band gaps of vacancy-free MnO2 and Ruetschi-defected MnO2 
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calculated with the antiferromagnetic alignment were identical to those calculated with the 

ferromagnetic ordering.  

Geometry optimizations were performed with the Broyden, Fletcher, Goldfarb, Shanno 

(BFGS) procedure27. Vacancy-free MnO2 structures were optimized with all cell parameters and 

internal ionic positions relaxed. For the Ruetschi-defected supercells, the three unit-cell angles 

(90º, 90º, and 120º) and the c-axis lattice parameters (13.892 Å in LDA and 14.001 Å in PBE) 

were fixed based on the vacancy-free MnO2 results, but the a-and b-axis lattice parameters and 

all internal ionic positions were relaxed. In geometry optimization, the energy tolerance was 

0.000005 eV/atom, and the maximum force and stress tolerance on any component of atoms 

were 0.01 eV/Å and 0.02 GPa, respectively, for both the vacancy-free MnO2 and Ruetschi-

defected MnO2. Most residual force and stress values were much less than the tolerance.  

Partial density of states (PDOS) and Mulliken analysis28 were determined by projection 

of planewave eigenfunctions on to pseudo-atomic basis sets29. Spilling parameters (difference 

between plane-wave eigenfunctions and the projected orbitals) for the PDOS and Mulliken 

charges were less than 4 % and 0.25 %, respectively. Magnetic moments were obtained from the 

Mulliken analysis.  
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Figure legends 

 

Figure 1 Geometry-optimized structures of (a) the Ruetschi defect supercell 4x4x1 and (b) its 
middle sheet containing the Ruetschi defect projected onto the a-b plane.  

 

Figure 2 PBE results for (a) the vacancy-free MnO2 band structure and (b) its PDOS showing 
contributions of O-2p and Mn-3d states. The Fermi energy was set to zero in (a).  

 

Figure 3 Calculated Mn-3s splitting (ΔEMn3s) for Mn atoms in MnO, LiMnO2, vacancy-free 
MnO2, and Ruetschi-defected MnO2. Experimental data are for MnO, Mn2O3, and β-MnO2 (refs 
16,18) and MnO, Mn3O4, LiMnO2, and Li2MnO3 (ref. 19).   

 

Figure 4 Contribution of the Ruetschi defect to the total DOS in (a) the 4x4x1 supercell (0.033 
Mn vacancy per octahedron) and (b) the 2x2x1 supercell (0.125 Mn vacancy per octahedron). 
The Fermi energy (EF) was set to zero. Note that slight occupation over EF in the valence bands 
is due to Gaussian-smearing of the DOS at the 0.05 eV width. For comparison, the total DOS of 
the vacancy-free MnO2 supercells was aligned by the minimum of the conduction bands. The 
atoms around the Mn vacancy are nearest-neighbors of the missing Mn atom: 4 H, 6 O, and 6 Mn 
atoms (see Fig. 1b). The inset is a perspective view of spin-up orbital densities corresponding to 
the topmost valence bands on the 0.005 e-/Å3 isosurface of the 4x4x1 supercell (PBE). The bands 
consist of mostly Mn-t2g states and O-pz like (in local coordinates) states at O2Mn.  
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Figure 2 
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Figure 3 
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Figure 4  
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Supplementary Information 

Figure S1. Optimized structures of the Ruetschi defects with different H positions in the 
2x2x1 supercell (PBE): (a) H with OH nearly parallel to the a-b plane, (b) H with OH 
perpendicular to the sheet, and (c) cis-form and (d) trans-form between top and bottom 
OH in a cavity. Etot,r is a total energy relative to the energy of (a) structure. 

 

  

 (a) 

(b) 

(d) 

(c) 

Etot,r = 1,121 meV

Etot,r =  331 meV d(H~H) = 3.475 Å 

Etot,r = 1,281 meV

Etot,r =   0 meV  d(H~H) = 1.732 Å 
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