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Abstract

Magnesium and calcium hydroxides X (OH)2 (X=Mg, Ca) are the mul-
tifunctional materials that have many important applications in industry,
technology and research. In solid state electronics, the emerging applications
of these compounds are related to photovoltaic devices. In the present paper
we review electronic properties of X (OH)2, band gaps, work function, fea-
tures of chemical bonding, and discuss theoretically predicted exciton effects.
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1. Introduction1

Recent advances in chemical technology combined with modern quantum2

mechanical methods allow one to predict and construct materials possess-3

ing many desired properties such as electronic, mechanical, optical, ther-4

mal, or others, which are principally important for different technological5

applications. However, the design of a novel multifunctional material re-6

quires numerous efforts, and the corresponding production costs are often7

connected with high investment risks. On the other hand, compounds which8

have abundance in nature might be considered as attractive from technolog-9

ical and economical points of view. Functionality of the compounds can be10

extended by doping with different types of impurities [1, 2]. The compounds11

(or most of them) can be related to the class of multifunctional materials be-12

cause they are typically endowed with different sets of properties depending13

mainly on the naturally occurring composition of elements and the specific14

features of chemical bonding. In the present paper, the focus is made on15

the case of relatively simple alkaline-earth hydroxides X(OH)2 (X=Mg and16

Ca), which are interesting in the context of multifunctionality because they17

exhibit a variety of useful properties. It is worthy of note that the elements18

composing X(OH)2 are widely available, low cost and non-toxic; magnesium19

is the eighth and calcium is the fifth most abundant elements in the earths20

crust. Their price is much lower than the price of indium and tin, and close21

to that of zinc. It is also well known that hydrogen, and oxygen are the most22

abundant elements in the universe.23

The multifunctional hydroxides X (OH)2 have found a wide range of ap-24

plications in medicine, environment, and electronic technology. Studies of25

these materials have already been the topic for extensive scientific research.26

Portlandite Ca(OH)2 is one of the most important inorganic materials in27

lime industries. In addition to the significant usage in building and engi-28

neering fields its functional properties are widely implemented in a variety of29

applications; the primers range from water treatment methods [3] to dental30

therapy [4]. Brucite Mg(OH)2 has also demonstrated similar effectiveness31

in waste water treatments [5–8] and a high antibacterial efficiency against32

several tested bacterial strains [9]. There is an interesting experience of33

employing Mg(OH)2 as a precursor for magnesium oxide refractory ceram-34

ics [10], or as a flame retardant in various polymer compositions and smoke35

suppressants [10–12].36
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2. Applications in solar cells37

X (OH)2 is the emerging material for solar cell applications. It has been38

employed for a surface modification of TiO2 nanoparticles, which is one of39

the promising strategies in improving energy conversion efficiency. For ex-40

amples, coating the TiO2 nanoparticles with a metal oxide has enhanced the41

conversion efficiency of the cell. It was reported [13, 14] that a coating of42

TiO2 by Mg(OH)2 has improved open circuit voltage of dye-sensitized solar43

cell. Suppression of charge carrier recombination at the interface of the dye-44

sensitized solar cells has been reported [15] for Ca(OH)2. Mg(OH)2 has been45

used as a buffer layer in CuInSe [16, 17] cells and as a passivation layer in46

dye-sensitized [13–15, 18] composite solar cells.47

As discussed below, excitons possessing large binding energy might exist48

in X (OH)2 at room temperature. Once free electrons and holes are created49

in the material, they might be bound into excitons. Consequently, concentra-50

tion of free electrons and holes in X (OH)2 might be much smaller than that51

of excitons. Although the excitons are neutral, they can indirectly influence52

on charge carrier concentration by dissociation and annihilation as well as53

by modulating the charge state of impurities, which will also infouence on54

electrical current transport. There is no work estimating relation of concen-55

tration of excitons to that of free charge carriers and diffusion coefficient of56

excitons.57

Recently, an exciting property of carbon doped Mg(OH)2 films was re-58

ported in Refs. [1, 19]. It was demonstrated that such modified material is59

not only transparent in visible range of sunlight, but it is also electrically well60

conducting with conductivity of ∼167 S/cm. Note that Mg(OH)2 itself is a61

wide band gap insulator. However, upon doping by C impurity, Mg(OH)2,62

in addition to being transparent to sunlight, becomes electrically well con-63

ducting. This finding is expected to broaden the applications of Mg(OH)2 in64

photovoltaic devices, smart windows, and other semiconductor devices.65

3. Properties66

3.1. Structural properties67

Structural, morphological, and vibrational properties of X (OH)2 are the68

most systematically studied ones (see, e.g., Refs. [20–28]). Both magnesium69

and calcium hydroxides possess trigonal structure of space group P3̄m1, no.70

164, with one formula unit per the unit cell [29–32]. No other polymorphs of71

Mg(OH)2 and Ca(OH)2 have been reported in literature [33, 34].72

3



3.2. Band parameters73

Implementation of X (OH)2 in solar cells and other semiconductor devices74

requires an understanding of its fundamental physical and chemical proper-75

ties. One of the important materials parameters to know is the band gap Eg.76

There is no systematic study of this parameter for X (OH)2 performed for77

more or less pure compound at low temperatures. The existing experimental78

data have been obtained for Mg(OH)2 synthesized by chemical method and79

the measurements have been performed at room temperature. The obtained80

band gaps have a large scatter: 5.17 eV for the thin film samples [16], 5.70 eV81

for for Mg(OH)2 nanodisks [35] and about 7.6 eV [36] for the bulk. Theoret-82

ically estimated band gaps are predicted to be in the range of 7.7-8.3 eV for83

Mg(OH)2 and 7.3-7.6 eV for Ca(OH)2 [37].84

Knowledge of effective masses is also important for characterization of85

charge carrier transport through the X (OH)2 layer. There are no experi-86

mental data related to their measurements. Based on the electronic structure87

studies theoretical calculations have been performed [37]. Analysis showed88

that the conduction band effective masses are about 0.13 m0 for Mg(OH)289

(in the unit of the free-electron mass (m0 )) and 0.18 m0 for Ca(OH)2. These90

masses are close to the 0.24 m0 for ZnO [38]. The hole masses at the valence91

band maximum are 3.06 m0 for Mg(OH)2 and 0.44 m0 for Ca(OH)2, which92

are quite different than the mass 2.74 m0 for ZnO.93

Work function of electrons (WF) for X (OH)2 is one of the important94

parameters, which is very sensitive to surface properties such as thermionic95

emission, photoemission, catalysis, etc. [39]. There are no experimental96

investigations of WF for the X (OH)2 materials. Theoretical estimates based97

on ab initio studies [37] show 4.46 eV for Mg(OH)2 and 4.78 eV for Ca(OH)2,98

respectively.99

3.3. Chemical bonding: the role of covalency100

The most interesting aspect of chemical design in Mg(OH)2 and Ca(OH)2101

hydroxides is that a rich behavior of these materials are based mainly on102

two principal factors; both of them are associated with the hydroxyl an-103

ions (OH)–. The first factor of structure-specific nature is connected with a104

layered complexity of the bulk along c axes: it is determined by the hexag-105

onal close packing of the hydroxide anions in the crystal lattice [34]. The106

second factor is that the three-body structural X−O−H block consisting of107

the almost fully oxidized metal cation and (OH)– anion is responsible for a108

common chemical stability in terms of a spatial localization of the electronic109
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charge [37]. That is, the oxygen playing the role of a principal oxidizer forms110

the bridging site that balances electron-poor and electron-reach areas in such111

a way to maintain a structural stability via consistent matching ionic and112

covalent chemical interactions. At the macroscopic level, in terms of crystal113

sublatticies this implies that by incorporating a directional covalent bonding114

into a host framing the hydroxyl anion redistributes the valence electron den-115

sity to give rise to a sufficient rigidness of Mg2+ and Ca2+ cationic orderings,116

which become electrostatically connected with the anionic sublattice of the117

hydroxyl ions.118

As follows from electron counting considerations the distribution of va-119

lence electrons (formal charges) in the X−O−H block gives the charges con-120

sistent with the Lewis structure in which the octet rule is fulfilled. This121

corresponds to the standard arrangements of the electronic pairs of the O2–
122

ion in OH–: one bond pair and three lone pairs.123

Analysis of electron partitioning schemes (Fig. 1) in terms of electron124

localization function (ELF) shows [37] that the electron-reach areas belong125

mainly to the anionic subsystem of X (OH)2 where two regions of strong lo-126

calization of valence electrons can be revealed. The first one is a vertically127

oriented distribution of shared electron pairs which is associated with s-pz128

hybridization that governs covalent H−O bonding along c axis. The other is129

arranged in ab-plane and corresponds to a manifold of non-bonding lone-pairs130

associated with the occupied 2px, 2py oxygen orbitals. The theoretical cal-131

culations indicate [37] that electronic states formed by these pairs contribute132

into the top of the valence band, while the occupied 2pz oxygen electronic133

states (related to the covalent H−O bond) are significantly repelled toward134

lower energies. Such nonplanar separation of the overall electron density with135

respect to bonding and nonbonding regions, when states of s− pz hybridized136

electrons lie lower than those corresponding to highest occupied 2px, 2py-137

type orbitals of oxygen, will lead to a strong anisotropy of the electronic138

and optical properties. Moreover, calculations of electronic partitions within139

the unit cell space have shown that about 78% and 67% of the cell volume140

in Mg(OH)2 and Ca(OH)2, respectively, is allocated to the arrangement of141

valence electron pairs supplied by the oxygen of (OH)– anion. This allows142

us to predict the dominant role of the oxygen valence orbitals in electronic143

responses of these materials.144
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Figure 1: Representation of the valence ELF for Mg(OH)2 (left) and Ca(OH)2 (right) in
(110) cut plane involving additional ELF isosurfaces for the hydroxyl anion evaluated at
ELF= 0.87. The character of the regularity of the torus-shaped topology is determined
by the minimization of electron-pair repulsion; this makes spatial arrangement of all three
lone-pairs (the nonbonded domains) around the negative oxygen ion symmetrically local-
ized in the a − b plane. (Graphic illustration of this figure was made using the VESTA
program[40]).

3.4. Excitons145

It is well-established in a description of electronic responses common to146

ion-covalent materials that the contribution of many-body effects is directly147

determined by the degree of electronic charge localization [41, 42]. In this148

context, the multifunctional X(OH)2 are unique materials where the many-149

body effects should play crucial role in their optical properties. These prop-150

erties definitely have important implication for different applications of the151

materials in optoelectronic devices [16–18]. Importance of the many-body ef-152

fects in X(OH)2 becomes evident upon studies of the macroscopic dielectric153

constant ϵ∞, which serves as one of the important parameters characterizing154

how strong is the Coulomb interaction between an electron and a hole as well155

as how large is the exciton binding energy Eb. As it is well known, ϵ∞ = 11.7156
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Ref. [43] for Si with Eb = 14.7 meV Ref. [44], ϵ∞ = 7.9 Ref. [45] for ZnO with157

Eb = 59 meV Ref. [46], which means that excitons can exist at low tempera-158

tures in Si and at the room temperature in ZnO. Our theoretical studies [47]159

have shown that ϵ∞ = 2.35 for Mg(OH)2 and ϵ∞ = 2.33 for Ca(OH)2. Con-160

sequently, exciton binding energy in X (OH)2 is expected to be larger than161

that in ZnO. Theoretical studies of Ref. [47] by using the ab initio calcula-162

tions with the HSE06 hybrid functional [48–50] and GW approximation [51]163

combined with numerical solution of the Bethe-Salpeter equation [42, 52–55]164

(GW-BSE) predicted the possibility of existence of diverse number of exci-165

tonic states in the X(OH)2 hydroxides. The excitons possessing large binding166

energy of 0.46 eV for Mg(OH)2 and 0.85 eV Ca(OH)2 have been reported.167

They have been identified to be related to a strong localization of the hole168

and electron to oxygen 2px, 2py occupied states as well as to oxygen and169

metal s empty states, respectively. The corresponding model of the strongly170

localized excitons is schematically presented in Fig. 2.171

A spectral peak near band edge corresponding to strongly localized ex-172

citons have been observed experimentally [16] in transmittance spectra of173

Mg(OH)2, samples of which were prepared by chemical bath deposition method.174

This peak corresponds to exciton binding energy of 0.53 eV, which is slightly175

larger than the theoretically predicted value. The discrepancy between the-176

ory and experiment of about 13 % is evidently connected with the fact that177

the measurements have been performed at room temperature, while the cal-178

culated GW-BSE results were obtained for T = 0 K.

Figure 2: (Color online) Schematic presentation of excitons possessing large binding energy
and located in the covalent sublattice of Mg(OH)2.

179
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4. Conclusion180

We have provided a short review of applications of multifunctionalX (OH)2181

(X=Mg, Ca) in photovoltaic devices as well as latest studies of electronic182

structure of these materials. The materials possess unique optoelectronic183

properties, can be synthesized by industrially viable methods, and consists184

of abundant and non-toxic elements. Based on an analysis of the literature185

and results of our research work we think that the Mg(OH)2 have good po-186

tential for the use in fabricating optoelectronic and semiconductor devices.187
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