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Abstract 24	

Diboron trioxide (B2O3) assumes critical importance as an effective oxidation inhibitor in 25	

prominent chemical applications.  For instance, it has been extensively used in electrolysis and 26	

ceramic/glass technology.  Results are presented of accurate quantum mechanical calculations 27	

using the PW1PW hybrid HF/DFT functional of four low-index surfaces of the low-pressure 28	

phase of B2O3: (101), (100), (011) and (001).  Bond lengths, bond angles and net Mulliken 29	

charges of the surface atoms are analysed in detail.  Total and projected density of states as well 30	

as surface energies are discussed.  Occurrence of tetrahedral BO4 units on the lowest energy 31	

structures of two of these surfaces has been demonstrated for the first time.  The corresponding 32	

surface orientations incur larger energies in reference to the two orientations featuring only BO3 33	

units.  All of the four investigated lowest energy structures have no dangling bonds, which 34	

reasonably relates to the experimentally observed low reactivity of this compound.  Findings in 35	

this paper pave the way for potential interest in perspective of future studies on the surfaces of 36	

amorphous B2O3, as well as on the hydroxylation of both crystalline and amorphous B2O3. 37	

 38	

  39	
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1. Introduction 40	

Diboron trioxide (B2O3) is one of the most widely deployed oxidation inhibitors1, 2 and as 41	

such finds direct applications in electrolysis,3 ceramic and glass technology.4-6  At ambient 42	

conditions, B2O3 adopts a vitreous (amorphous) form, v-B2O3.  Earlier studies7-9 on v-B2O3 43	

reported its structure as composed of randomly oriented BO3 building blocks, in which three 44	

oxygen atoms located at the corners of a triangle surround a boron atom.  However, an 45	

experimental study by Jellison et al.10 involving the 17O isotope revealed that oxygen in v-46	

B2O3 occupies two distinct sites, depending on whether an oxygen atom forms part of a 47	

boroxol ring or whether it links two boroxol rings.  Each boroxol ring represents a hexagon 48	

with three alternating vertices occupied by B atoms and the other three by O atoms.  In 49	

addition, each B coordinates to an additional O, which in turn bonds to a B atom on an 50	

adjacent ring.  Thus, a boroxol ring (B3O6) comprises three BO3 triangles, with one oxygen 51	

atom in each triangle lying on the outer of the ring.  Subsequent experimental investigations 52	

have yielded similar conclusions.11-13  53	

 54	

Over a wide range of operational pressures and temperatures, crystalline B2O3 exhibits two 55	

crystallographic structures - B2O3-I at low pressure14 and B2O3-II at high pressure.15, 16  At a 56	

pressure of 400 MPa (> 483.15 K), the amorphous form of B2O3 transforms into crystalline 57	

B2O3-I.  The planar triangles of BO3 present in B2O3-I form a hexagonal structure (space 58	

group P3121) with lattice parameters of a = 4.33 Å and c = 8.34 Å.14, 17  With increasing 59	

pressure, the optimal coordination number of boron atoms changes from a three-fold to a 60	

four-fold arrangement.18, 19  At ~6.5 GPa ( > 1000 K),16, 18, 20 the second B2O3–II crystal 61	

structure is formed, which consists of three-dimensional networks of tetrahedral units of BO4 62	

adopting an orthorhombic lattice (space group Ccm21). Two in three oxygens in this structure 63	

form dative bonds and have a three-fold rather than two-fold coordination, resulting in the 64	
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BO4 tetrahedra being disorted, with 3 B-O lengths larger than the 4th one (1.51 vs 1.37 Å).15 65	

Note that the three-fold coordinated boron in B2O3-I has got a sp2 hybridisation, with an 66	

empty low-energy p orbital in the valence shell that is mainly responsible for the Lewis acid 67	

behaviour of this compound. In the case of the high pressure phase B2O3–II, acceptance of an 68	

electron pair into this orbital results in a sp3 hybridization and the observed distorted four-69	

fold coordination.21  70	

 71	

Despite the amorphous form being the most exploited in practical applications, the crystalline 72	

phases can serve as significant model systems to get insights into the properties of B2O3, 73	

especially at an atomistic scale. As regards the structure and energetics of B2O3-I surfaces, 74	

Bredow and Islam22 are so far the only authors in the literature to have investigated them by 75	

means of quantum mechanical methods. In their pioneering work, they focused on the low-76	

index surfaces and found the following stability order: (101) < (111) (or, equivalently, (011) 77	

) < (100) < (001).  Notably, the authors found out that 3 out of the 4 investigated surfaces 78	

feature dangling bonds, which partially contrasts with the experimental observation of B2O3 79	

surfaces not being reactive. 80	

 81	

In this paper, we report the results from a comprehensive investigation on the low-index (hkl) 82	

surfaces of B2O3-I, as obtained through hybrid Hartree-Fock/Density Functional Theory 83	

(HF/DFT) calculations.  Building on the early work by Bredow and Islam,22 we have 84	

explored sp3 in addition to sp2 hybridised surface boron, as well as alternative atomic 85	

arrangements for surface terminations, and have successfully identified new lowest energy 86	

surface structures, providing significant connections with the inertness of B2O3 and the 87	

structure of its vitreous form. 88	

 89	
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2. Computational methodology 90	

Calculations were performed using the ab initio CRYSTAL14 code.23, 24  Surfaces were 91	

simulated by using the 2D periodic slab model, consisting of a film formed by a set of atomic 92	

layers parallel to the hkl crystalline plane of interest.  All the calculations were performed at 93	

the DFT level.  In particular, the PW1PW Hamiltonian was adopted,25 which contains a 94	

hybrid HF/DFT exchange term, that has already been used in previous studies on B2O3.22, 26  95	

Additional calculations were performed using the PW91,27 PBEsol28 (GGA), B3LYP29-31 and 96	

PBE032 (hybrid) Hamiltonians.  Hybrid functionals have been successfully applied to the 97	

investigation of surfaces of a variety of minerals, including diamond,33 silica,34, 35 spinel36 and 98	

olivine.37, 38 99	

 100	

In CRYSTAL, the multi-electronic wave-function is constructed as an anti-symmetrized 101	

product (Slater determinant) of mono-electronic crystalline orbitals (COs) which are linear 102	

combinations of local functions (i.e. atomic orbitals, AOs) centred on each atom of the 103	

crystalline structure.  In turn, AOs are linear combinations of Gaussian-type functions (GTF, 104	

the product of a Gaussian times a real solid spherical harmonic to give s-, p- and d-type 105	

AOs).  In the present study, boron and oxygen were described by the m-6-311G(d) basis-sets 106	

proposed by Heyd et al. to investigate a large set of semiconductor solids.39  The exponents 107	

(in units of bohr-2) of the most diffuse sp shells are 0.16 (B) and 0.26 (O), whereas the 108	

exponents of the d shells are 0.80 (B) and 1.29 (O). 109	

 110	

DFT Exchange and correlation contributions were numerically evaluated by integrating, over 111	

the cell volume, functions of the electron density and of its gradient. Choice of the integration 112	

grid is based on an atomic partition method, originally developed by Becke.40 In the present 113	

study, the extra-large pruned (75, 974) p grid was chosen (XLGRID in the code24), which 114	
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ensures a satisfactory accuracy in the integrated electron charge density, the corresponding 115	

error for the studied surfaces being smaller than 1·10-4 |e| over either 408 [(101), (011) and 116	

(001)] or 476 [(100)] |e|. Diagonalization of the Hamiltonian for the studied surfaces was 117	

performed at either 13 [(101), (011) and (001)] or 16 [(100)] irreducible k points in the 118	

reciprocal space (Monkhrost net41) by setting the shrinking factor to 6 (more details are 119	

provided in ref. 24).  The thresholds controlling the accuracy in the evaluation of Coulomb 120	

and exchange integrals (ITOL1, ITOL2, ITOL3, ITOL4 and ITOL5 in the code24) were set to 121	

10-8 (ITOL1 to ITOL4) and 10-18 (ITOL5). Threshold on the SCF energy was set to 10-8 122	

hartree. Structures were optimized by using the analytical energy gradients with respect to 123	

atomic coordinates42-44 and a BFGS algorithm; convergence was checked on both gradient 124	

components and nuclear displacements, whose tolerances where set to 0.0003 Hartree·bohr-1 125	

and 0.0012 bohr, respectively.  Vibrational frequencies at the Γ point were computed within 126	

the harmonic approximation by numerical differentiation of the analytical gradients with 127	

respect to the atomic Cartesian coordinates45. This permitted to verify that the optimised 128	

structures lie on minima of the potential energy surface. 129	

The specific surface energy γ at T = 0 K was calculated by using the following relation:46 130	

                                                                 (1) 131	

where E(n) denotes the energy of a n-layer slab; Ebulk signifies the energy of the bulk; A is the 132	

area of the primitive unit cell of the surface; the factor 2 in the denominator accounts for the 133	

upper and lower surfaces of the slab. Es(n) is thus the energy per unit area required for the 134	

formation of the surface from the bulk. As more layers are added in the calculation (n → ∞), 135	

Es(n) will converge to the surface energy per unit area (γ). All values were corrected for Basis 136	

Set Superposition Error (BSSE, e.g. ref. 46). 137	

 138	
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The number of atomic layers to be considered in each slab, n, was set to 60, and chosen to 139	

satisfy the following criteria: surface energy for all orientations converged within 0.01 J/m2, 140	

bond lengths converged within 0.01 Å, bond angles converged within 1˚. 141	

2.1. Effect of the Hamiltonian 142	

The impact of the choice of the Hamiltonian was analysed for both bulk and slab calculations, 143	

by comparing the results obtained using PBEsol, PW91 (GGA), B3LYP, PBE0 and PW1PW 144	

(hybrid). Table 1 shows cell parameters and B-O distances in bulk B2O3-I for the different 145	

functionals.  The most affected quantity turns out to be the c lattice parameter: whereas PBE0 146	

and PW1PW reproduce it very well, yielding a +0.3 and +0.4% discrepancy compared to the 147	

experiment, respectively, the other functionals show significant deviations: -2.9% (PBEsol), 148	

+1.9% (PW91), +4.5% (B3LYP).  The case of B3LYP is peculiar: even if this functional is 149	

known to overestimate lattice parameters,47 such a large overestimation probably relates to its 150	

poorer description of dispersion interactions,48 and suggests to avoid its use for the purposes 151	

of the present investigation.  On the other hand, both PBE0 and PW1PW show a nearly 152	

coincident, excellent agreement with the experimental data, in line with the known accuracy 153	

of hybrid methods; we decided to adopt PW1PW as the main method for the sake of 154	

increased comparability with the previous work by Bredow and Islam.22  As regards the a cell 155	

parameter, B-O distances and O-B-O angles, all of them are always reproduced with an 156	

accuracy better than 1%. 157	

 158	

Let us now assess the adopted Hamiltonians against the surface energies of the four low-159	

index surfaces considered in this study (see Table 2).  The most important aspect is that the 160	

stability order is preserved regardless the adopted functional; the same applies for the overall 161	

atomic arrangements of the surfaces (not reported).  This outcome is very significant as it 162	

implies that results presented in the following sections may be considered to be independent 163	
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from the chosen Hamiltonian.  One minor point to note is that, in the case of the functionals 164	

with large c parameter discrepancies in the bulk, PW91 and B3LYP, the two lowest energy 165	

surfaces become more stabilised as opposed to the highest energy ones, as compared to the 166	

other functionals; on the contrary PBEsol (which largely underestimates c in the bulk) yields 167	

a relative destabilisation of the two lowest energy surfaces. The (100) surface orientation, i.e. 168	

the 2nd most stable, has the c parameter parallel to its plane and exhibits the largest 169	

dependence of its formation energy upon the c value. 170	

 171	

3. Results and discussion 172	

3.1. Bulk properties 173	

The atomic structure of the hexagonal unit cell of B2O3-I, as obtained through our PW1PW 174	

simulations, is shown in Figure 1; it contains 6 B and 9 O atoms, 1 and 2 of which are 175	

irreducible by symmetry.17, 49  The structure is made up of a three-dimensional network of 176	

planar BO3 triangles,14, 17 with three-fold coordinated, sp2 hybridised B atoms.  177	

 178	

Table 1 provides a set of structural and electronic properties, in excellent agreement with 179	

experimental measurements and theoretical data available in the literature:17, 18, 26, 49-51 lattice 180	

parameters, bond lengths and angles, band gap, Mulliken net charges. Bond angles reveal a 181	

very limited distortion of the BO3 groups from an ideal triangular coordination, as their 182	

values range between 116˚ and 123˚. The full set of atomic coordinates is available in the 183	

output files provided as Supplementary Information. 184	

 185	

Figure 2 displays the calculated total density of states (DOS) of bulk B2O3-I, as well as its 186	

projections on the B and O atoms.  There is a wide insulating gap of 8.66 eV, which is 187	

consistent with the value reported by Bredow and Islam22 (9.1 eV).  The valence band 188	
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consists of two continuum regions of energy levels, the lower one stretching between -21.4 189	

and -18.7 eV, and the upper one extending from -9.3 eV up to the top of the valence band. 190	

Except for the lower half of the latter, where there is a significant contribution from the B 191	

atomic orbitals, the valence band is mostly contributed by O orbitals. On the other hand, the 192	

bottommost portion of the conduction band (from +8.6 eV on) mainly relates to electronic 193	

states involving B orbitals.  194	

 195	

3.2. Structure of the low-index surfaces  196	

We started our analysis by considering all the plane orientations featuring 0, 1 or -1 in their 197	

Miller indices. Symmetry relations reduce this set to just six irreducible orientations: (100), 198	

(001), (011), (101), (110) and (111); in this regard, the (111) orientation presented by 199	

Bredow and Islam22 is equivalent to (011) by symmetry. It was then noted that there exist no 200	

(110) nor (111) slabs with symmetry related surfaces, and then null perpendicular dipole 201	

moment. As a result, we ended up investigating four low-index surfaces: (001), (011), (100) 202	

and (101). Atomic structures of the lowest energy terminations for these surfaces are 203	

represented in Figure 3-6 (the corresponding coordinates are available in the output files 204	

provided as Supplementary Information); bond lengths and angles for the surface B atoms are 205	

listed in Table 3.  At variance with the study by Bredow and Islam,22 none of the atoms in 206	

these structures have got dangling bonds. 207	

 208	

In the case of (101) and (100) orientations all surface borons are three-fold coordinated, with 209	

a nearly ideal triangular geometry that closely resembles the bulk case: bond lengths are in 210	

the range 1.339÷1.381 Å for (101) and 1.344÷1.371 Å for (100).  These values compare well 211	

with 1.361÷1.371 Å in the bulk, the maximum shortening and lengthening being only 0.022 212	
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and 0.010 Å, respectively. Similarly, bond angles are 116.5÷124.1˚ in (101) and 213	

116.2÷124.5˚ in (100), to be compared with 116.5÷122.8˚ in the bulk. 214	

 215	

Interestingly, the other two orientations, (011) and (001), both feature four-fold coordinated 216	

B atoms and three-fold coordinated O atoms, which result in pronounced distortions from the 217	

bulk geometry. In the case of (011) one surface B atom out of five is four-fold coordinated 218	

(B4* in Figure 4 and Table 3), and one surface O atom out of six is three-fold coordinated 219	

(O7*).  The B4* atom shows much longer bonds compared to the bulk: 1.400, 1.428 and 220	

1.467 Å when bound to two-fold coordinated oxygens, up to 1.642 Å when bound to O7*; the 221	

corresponding bond angles are within 103.1÷116.3˚, indicating a distorted tetrahedral 222	

geometry.  The remaining surface borons show large, though less marked, deviations from 223	

the bulk when bound to two-fold coordinated O atoms, with bond lengths spreading over the 224	

range 1.328÷1.411 Å; however, this quantity can raise up to 1.469 and 1.526 Å for  the B-225	

O7* bonds. Besides, all the three-fold coordinated borons show bond angles that are in line 226	

with a slightly distorted triangular geometry, 113.6÷126.6˚. 227	

 228	

Finally, the (001) orientation has one four-fold coordinated surface boron in two (B2* in 229	

Figure 3 and Table 3) and one three-fold coordinated surface oxygen in three (O3*). The B2* 230	

atom forms bonds with three-fold coordinated oxygens whose length is moderately longer 231	

than in the bulk, 1.378÷1.431 Å, whereas the bond with O3* is as long as 1.847 Å; bond 232	

angles (101.3÷114.1˚) again suggest a distorted tetrahedral geometry. The only three-fold 233	

coordinated surface boron, B1, has short bonds with two-fold coordinated oxygens, 1.334 and 234	

1.335 Å, and a 1.455 Å long bond with O3*; all bond angles involving B1 lie in the range 235	

117.2÷123.5, which are typical for a triangular geometry. 236	

 237	
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3.3. Electronic properties of the low-index surfaces  238	

Table 4 presents the Mulliken net charges for the surface B atoms and all the O atoms that are 239	

chemically bound to the former (charges for all the atoms in each slab are available in the 240	

output files provided as Supplementary Information). In general, surface atoms are less 241	

charged than in the bulk: compare the ranges +0.802÷+1.019 |e| and -0.522÷-0.710 |e| for 242	

three-fold coordinated B and two-fold coordinated O, respectively, with the bulk values of 243	

+1.029 |e| and -0.676, -0.705 |e|. In the case of B atoms, charges smaller than +0.89 |e| are 244	

only found in the surfaces which do not contain four-fold coordinated borons. As regards 245	

higher coordinated atoms (i.e. four-fold B and three-fold O), they carry larger charges than 246	

the average: in this case B values are very close to the bulk ones, +0.992 |e| in (011) and 247	

+0.986 |e| in (001), whereas O values are even larger than in the bulk, -0.797 |e| in (011) and -248	

0.804 |e| in  (001). 249	

 250	

Figure 7 shows the total and projected DOS curves for the four low-index surfaces, indicating 251	

an insulating character for all of them.  The band gap amounts to 8.57, 7.97, 8.53 and 8.50 eV 252	

for the (001), (011), (100) and (101) orientations, respectively (Bredow and Islam22 report 8.5 253	

eV for the (011) surface).  The gap reduction as compared to the bulk crystal (8.66 eV) 254	

relates in all cases to the occurrence of occupied electronic states that lie just above the top of 255	

the valence band (which again agrees with the corresponding analysis by Bredow and 256	

Islam22). 257	

 258	

3.4. Surface energies 259	

Surface energy values for the investigated low-index surfaces, as calculated through Eq. (1), 260	

are reported in Table 2.  The stability order is as follows: (101) < (100) < (011) < (001), 261	

corresponding to energies of 0.254, 0.396, 0.735 and 0.882 J/m2, respectively.  Interestingly, 262	
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the two orientations featuring only three-fold coordinated B atoms are lower in energy than 263	

the two orientations that also contain four-fold coordinated borons.  264	

 265	

A few differences come out when comparing our results with the ones by Bredow and 266	

Islam.22 They got surface energies of 0.34, 1.29, 1.12 and 2.21 J/m2 for the same four 267	

orientations, which they correlated with an increased number of dangling bonds per surface 268	

area when increasing the energy. The stability of (100) and (011) surfaces is reversed. 269	

Moreover, all surfaces but the most stable one show considerably larger surface energy 270	

values compared to ours.  Finally, all of our structures display no dangling bonds.  These 271	

issues are related to two key differences between our study and the literature one: we 272	

exteneded our search for low energy surface structures to 1) structures featuring four-fold 273	

coordinated B atoms, and 2) structures with alternative atomic terminations.  This latter point 274	

relates to symmetry analysis revealing that for all the four orientations there exists a repeating 275	

unit along the non-periodic direction perpendicular to the slab that is made up of 3 B2O3 276	

formula units. This implies that there are at least three different ways of terminating each 277	

surface; this number gets even larger when considering that, for a given choice of terminating 278	

B2O3 unit, there are several possible choices of atomic arrangements within the surface unit 279	

cell.  Exploitation of this property permitted us to identify the lowest energy structure for the 280	

(100) surface. 281	

 282	

4. Conclusions 283	

In this study, we have adopted a quantum-mechanical approach exploiting a hybrid HF/DFT 284	

Hamiltonian to investigate the structural, electronic and energetic properties of four low-285	

index surfaces of crystalline B2O3-I: (001), (011), (100) and (101). 286	

 287	
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This compound shows a great flexibility in terms of bond lengths and angles, thanks to the 288	

possibility of adopting both triangular BO3 and tetrahedral BO4 coordinations, and in addition 289	

to the further distortions allowed by both these structural units.  We have demonstrated for 290	

the first time that the most stable surface terminations for the (011) and (001) orientations 291	

contain tetrahedral BO4 units, featuring four-fold coordinated borons as well as three-fold 292	

coordinated oxygens.  Energy for these two surfaces turns out to be higher than (101) and 293	

(100), that have only triangular BO3 units. 294	

A first implication of these findings is that all of the investigated low-index surfaces have no 295	

dangling bonds.  This likely relates with the experimentally observed low surface reactivity 296	

of B2O3-I, except for the Lewis acid behaviour made possible by the empty p orbital in the 297	

three-fold coordinated B atoms.  Surface terminations free from dangling bonds occur in 298	

other solids with mixed ionic-covalent bond character and flexible structural subunits, such as 299	

silica (SiO2).35  Notably, surfaces of these compounds can undergo hydroxylation to a variety 300	

of degrees at normal operational conditions;52 therefore future computational investigations 301	

of the hydroxylation of B2O3-I surfaces represent a promising direction to further improve 302	

our understanding of their chemical and physical properties. 303	

 304	

A second point of interest relates to the other forms in which B2O3 can be found in nature. 305	

Tetrahedral BO4 units are the only building blocks of the high-pressure crystalline polymorph 306	

B2O3-II; besides, they are found in increasingly large fractions in the amorphous phase v-307	

B2O3 when reaching higher pressures.19 The occurrence of BO4 units on some low-index 308	

surfaces of the low-pressure B2O3-I polymorph opens the way to investigating potentially 309	

relevant parallels in the structural and chemical properties of these forms. In particular, if on 310	

one hand the structurally complex amorphous phase is the one with the widest technological 311	

applications, the simple structure of B2O3-I makes it an excellent candidate as a structural 312	
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model for future computational studies on its surfaces properties as well as on surface 313	

reconstruction. 314	

 315	
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Table 1.  Structural and electronic properties of bulk B2O3–I. 466	

 This work 
Islam, 

Bredow and 
Minot26 

Exp.17 

 PBEsol PW91 B3LYP PBE0 PW1PW PW1PW  
A 4.313 4.367 4.371 4.330 4.334 4.35 4.3358 
C 8.095 8.501 8.718 8.366 8.376 8.39 8.3397 

Δc (%) -2.9 +1.9 +4.5 +0.3 +0.4 +0.6 -- 
d(B-Oa) 1.378 1.380 1.373 1.370 1.371 1.376 1.376 
d(B-Oa') 1.375 1.375 1.367 1.365 1.366 1.374 1.374 
d(B-Ob) 1.368 1.369 1.362 1.360 1.361 1.370 1.357 
θ(Oa-B-Oa') 120.1 120.5 120.6 120.5 120.4 -- 120.5 
θ(Oa-B-Ob) 116.3 116.3 116.6 116.4 116.5 -- 116.4 
θ(Oa'-B-Ob) 123.0 122.9 122.6 122.8 122.8 -- 123.2 

q(B) +0.934 +0.935 +1.015 +1.048 +1.029 -- -- 
q(Oa) -0.616 -0.614 -0.665 -0.688 -0.676 -- -- 
q(Ob) -0.637 -0.642 -0.700 -0.718 -0.705 -- -- 
Egap 6.44 6.41 8.57 9.21 8.66 9.1 -- 
Lengths are in Å, angles in ˚, net Mulliken charges in |e| units, Egap in eV. Δc is the percent 467	

deviation of the c cell parameter with respect to the experimental value. Data obtained with 468	

the PW1PW Hamiltonian in the present work are in bold for ease of reading. 469	

 470	

 471	

Table 2. Surface energies γ (J/m2) of the low-index surfaces of B2O3-I. 472	

 This work Bredow and 
Islam22 

 PBEsol PW91 B3LYP PBE0 PW1PW PW1PW 
(001) 0.780 0.816 0.875 0.884 0.882 2.21 
(011) 0.675 0.691 0.824 0.743 0.735 1.12 
(100) 0.576 0.311 0.240 0.400 0.396 1.29 
(101) 0.329 0.210 0.188 0.254 0.254 0.34 

Data obtained with the PW1PW Hamiltonian in the present work are in bold for ease of 473	

reading. 474	
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Table 3. Bond lengths (d, Å) and angles (θ, ˚) for surface B atoms of the low-index surfaces 476	
of B2O3-I. 477	

 d θ 

(001) 

 O1 O2 O3* O1,O2 O1,O3* O2,O3* 
B1 1.335 1.334 1.455 117.2 119.0 123.5 

 O1 O2 O3* O1,O2 O1,O3* O1,O4 
B2* 1.383 1.378 1.847 114.1 101.3 113.7 

 O4 -- -- O2,O3* O2,O4 O3*,O4 
“ 1.431 -- -- 109.9 113.6 102.7 

(011) 

 O1 O2 O3 O1,O2 O1,O3 O2,O3 
B1 1.384 1.374 1.386 120.2 120.6 119.2 

 O2 O4 O5 O2,O4 O2,O5 O4,O5 
B2 1.371 1.411 1.348 121.8 121.5 116.8 

 O4 O6 O7* O4,O6 O4,O7* O6,O7* 
B3 1.355 1.328 1.526 119.9 126.6 113.6 

 O6 O7* O8 O6,O7* O6,O8 O6,O9 
B4* 1.400 1.642 1.467 104.8 108.0 116.3 

 O9 -- -- O7*,O8 O7*,O9 O8,O9 
“ 1.428 -- -- 115.4 103.1 109.5 
 O1 O7* O8 O1,O7* O1,O8 O7*,O8 

B5 1.344 1.469 1.347 119.8 122.0 118.2 

(100) 

 O1 O2 O3 O1,O2 O1,O3 O2,O3 
B1 1.348 1.362 1.365 121.2 122.6 116.2 

 O1 O2 O4 O1,O2 O1,O4 O2,O4 
B2 1.364 1.358 1.347 120.1 119.7 120.0 

 O4 O5 O6 O4,O5 O4,O6 O5,O6 
B3 1.344 1.356 1.368 118.0 124.5 117.5 

 O5 O7 O8 O5,O7 O5,O8 O7,O8 
B4 1.360 1.362 1.371 118.5 120.0 121.3 

 O3 O7 O9 O3,O7 O3,O9 O7,O9 
B5 1.354 1.358 1.371 121.5 118.5 119.9 

 (101) 

 O1 O2 O3 O1,O2 O1,O3 O2,O3 
B1 1.367 1.357 1.381 121.1 119.0 118.1 

 O1 O4 O5 O1,O4 O1,O5 O4,O5 
B2 1.376 1.353 1.379 120.3 118.5 120.1 

 O4 O6 O7 O4,O6 O4,O7 O6,O7 
B3 1.368 1.346 1.378 117.8 117.8 124.1 

 O6 O8 O9 O6,O8 O6,O9 O8,O9 
B4 1.339 1.371 1.377 117.0 123.1 119.7 

 O2 O8 O9 O2,O8 O2,O9 O8,O9 
B5 1.354 1.356 1.375 122.5 116.5 121.0 

Atomic labels as in Figures 3 to 6. Asterisks are used to mark either four-fold coordinated B 478	
atoms or three-fold coordinated O atoms. 479	
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Table 4. Net Mulliken charges (|e|) for the surface B atoms, and corresponding chemically 481	

bound O atoms, of the low-index surfaces of B2O3-I. 482	

 
 B1 B2 B3 B4 B5 

(001) +0.893 +0.986* -- -- -- 
(011) +1.019 +0.955 +0.927 +0.992* +0.910 
(100) +0.896 +0.852 +0.820 +0.830 +1.003 
(101) +0.978 +0.802 +0.959 +0.908 +0.917 

 
 
 

O1 O2 O3 O4 O5 O6 O7 O8 O9 

(001) -0.552 -0.548 -0.804* -0.710 -- -- -- -- -- 
(011) -0.593 -0.634 -0.643 -0.579 -0.580 -0.548 -0.797* -0.625 -0.610 
(100) -0.551 -0.617 -0.675 -0.531 -0.522 -0.637 -0.578 -0.630 -0.674 
(101) -0.558 -0.666 -0.687 -0.539 -0.619 -0.579 -0.668 -0.588 -0.649 

Notation as in Table 3.	483	
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 485	

                486	

 487	

  488	

Figure 1.  The primitive unit cell of bulk B2O3-I (side and top views).  Light pink and red 489	
spheres refer to boron and oxygen atoms, respectively. 	490	

	491	

 492	
	493	

Figure 2.  Total (DOS) and partial (PDOS) electronic densities of states for bulk B2O3-I. 494	
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	496	

	497	

 498	

Figure 3. Atomic structure of the B2O3-I (001) surface. Both side and tilted views are shown. 499	
Labels are used to name rows (orthogonal to the plane of the document) of symmetry 500	
irreducible surface B atoms, as well as rows of the O atoms that are bound to the former.  501	
Asterisks are used to mark either four-fold coordinated B (green spheres) atoms or three-fold 502	
coordinated O atoms (cyan spheres).   503	
 504	
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 518	

Figure 4.  Atomic structure of the B2O3-I (011) surface. Refer to the caption to Figure 3 for 519	
more details.  520	
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 523	

 524	

Figure 5. Atomic structure of the B2O3-I (100) surface. Refer to the caption to Figure 3 for 525	
more details. 526	
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 529	

 530	

Figure 6. Atomic structure of the B2O3-I (101) surface. Refer to the caption to Figure 3 for 531	
more details. 532	
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	545	

	546	

	547	

 548	

Figure 7.  Total density of states (DOS) and projected density of states (PDOS) for the (a) 549	

(001), (b) (011), (c) (100), and (d) (101) surfaces of B2O3-I. 550	
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