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Abstract: Diboron trioxide (B2O3) represents an unusual case among polymorphic oxides, for its 
vitrified state features superstructural units – planar boroxol groups – that are never observed in 
its three-dimensional crystalline polymorphs. Crystalline polymorphs that incorporate boroxol 
groups have only been predicted theoretically, although their formation is crucial to rationalize 20 
the ability of B2O3 to vitrify. Here we present the synthesis of a two-dimensional crystalline 
B2O3 polymorph constituted by boroxol groups arranged in an atomically thin honeycomb 
lattice. By combining surface science experimental techniques with ab initio calculations, we 
characterize the structural and electronic properties of this B2O3 polymorph down to the atomic 
level. This discovery enlarges the family of two-dimensional materials and enables the atomic 25 
tracking of individual structural units in trioxides. 
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Ultrathin two-dimensional (2D) materials can exhibit complementary properties and 
functionalities (1–4). Among them, the family of 2D oxides (MxOy, where M is a metal or 
metalloid atom) has been extensively investigated for their photovoltaic, sensing and 
optoelectronic properties that can differ from those of their bulk counterparts (5). The 
experimental realization of atomically thin sheets of silicon dioxide (silica, SiO2) has also opened 5 
new perspectives in the study of polymorphic oxides with atomic resolution (6, 7) and provided 
insights into the fundamental atomic scale physics behind crystalline-vitreous transitions.  
Specifically, by studying at the atomic scale the monolayer and bilayer silica, as a model system 
for metalloid MO2, it was demonstrated that the crystalline and vitreous phases of both the 2D 
and 3D forms of SiO2 possess the same tetrahedral [SiØ4](8) building blocks (9–15). The 2D 10 
allotrope was exploited to overcome the limitation of tracking individual atoms that generally 
affects 3D systems.  For example, using aberration-corrected transmission electron microscopy, 
Huang et. al. (16) imaged the atomic rearrangement during elastic and plastic deformation, 
allowing correlations to be made with bulk thermodynamic properties.  

Despite these results,  atomic-scale information on the two other main classes of polymorphic 15 
oxides, M2O3 and M2O5, has been lacking (17). Among the former, diboron trioxide (boria, 
B2O3) represents a peculiar case. On one hand, macroscopic crystallization of boria occurs only 
under applied pressure, an effect known as crystallization anomaly (18, 19). On the other hand, 
questions arise on its herein called “apparent vitrification anomaly”. Not only its two known 
crystalline phases, B2O3-I and B2O3-II, are possibly made of two different building blocks – 20 
regular chains of corner-linked [BØ3] triangles (20) in B2O3-I, and [BØ4] tetrahedra (21) in 
B2O3-II – but, even more surprisingly, its vitreous phase shows the presence of yet another 
structural unit, the so called boroxol [B3O3Ø3] group (22, 23). This unit have a notably favorable 
stabilization energy (–26.8 kJ/mol) (24). Since the B2O3-I phase formation occurs under 
pressure, Wright (25) raises the question of whether B2O3-I is truly the most stable ambient-25 
pressure polymorph or another stable ambient pressure B2O3 crystalline polymorph based on 
boroxol groups might exist. 
Ferlat et al. (26) offered a tentative rationalization of this complex scenario and predicted 
through ab-initio calculations the existence of previously unknown microporous crystalline B2O3 
polymorphs, likely to be also the best model candidates for describing the crystalline 30 
nanodomains detected in glassy B2O3 by nuclear magnetic resonance (22). Among the modelled 
polymorphs, those with the lowest cohesion enthalpy are all based on 2D and 3D connected 
networks of boroxol groups. These findings seem to solve the question raised by Wright apparent 
vitrification anomaly observed in boria, but this explanation has not yet been verified 
experimentally.  35 

We now report experimental evidence of a two-dimensional B2O3 crystalline polymorph, 
synthesized on a Pt(111) substrate and composed exclusively by boroxol groups arranged in a 
honeycomb lattice. New ab-initio calculations allow the model proposed by Ferlat et al. (26) to 
be validated and refined. Through a detailed joint experimental and theoretical structural 
characterization, we demonstrate that 2D boria is an innovative atomically thin material with 40 
intriguing structural properties, including regular nanoporosity over the mesoscopic scale, strain-
tunable pore size, and minimal interaction with the support. 

Synthesis and structural characterization 
The 2D B2O3 layer was obtained through thermal-driven assembly of the B and O atomic 
constituents on the Pt(111) surface. We used two equivalent growth methods. One was the 45 
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deposition of B atoms in ultrahigh vacuum (UHV) and subsequent exposure to O2 at a substrate 
temperature of 770 K (left to right in Fig. 1). The other was the deposition of B atoms in oxygen 
atmosphere also at 770 K (right to left in Fig. 1). Heating the substrate at 770 K was crucial to 
catalytically split O2 molecule and to segregate the bulk-dissolved B atoms to the surface, 
resulting in boron oxidation. In both cases, a final flash annealing at 820 K in UHV was required 5 
to complete the growth of crystalline 2D B2O3. This last thermal step induced the assembly of 
the oxidized boron into boroxol groups, which then arranged themselves into the crystalline 
monolayer. Both growth methods led to the same final structure, and we present the experimental 
data regardless of the preparation route. 
A large-scale scanning tunneling microscopy (STM) image of the B2O3 monolayer (Fig. 2A) 10 
revealed a honeycomb structure with high degree of crystallinity, where only few defects, 
appearing as brighter spots and tentatively assigned to molecular adsorbates most likely due to Pt 
atoms caged in the B2O3 network (see Supplemental Information, Fig S1), were present over a 
surface area of 50 nm by 50 nm. The high-resolution STM image on the bottom right-hand 
corner of Fig. 2A shows the details of the honeycomb structure, together with an antiphase 15 
domain boundary oriented along the armchair direction (dashed line). 

STM imaging over large areas detected a variety of rotational domains and moiré patterns (see 
Supplemental information, Fig. S2), suggesting that boria did not adopt any specific spatial 
superposition with the substrate atoms. Fig. 2B displays the microspot low-energy electron 
diffraction (µLEED) hexagonal pattern obtained from a single specific B2O3 rotational domain. 20 
The corresponding reciprocal space vectors, depicted in blue, are rotated by ∼ 30° with respect 
to the Pt(111) vectors, in green. Both STM and LEED agree on a measured 2D boria lattice 
constant (distance between two adjacent pores) of 8.57±0.03 Å. The zoomed-in LEED image 
around the (0;0) beam shows that the 2D boria diffraction spots are surrounded by six weaker 
satellites as part of one of the possible moiré patterns originating from the superposition of the 25 
atomic arrangements of Pt substrate and 2D boria.   
The 2D boria stoichiometry was investigated with near-edge x-ray absorption fine structure 
(NEXAFS) and x-ray photoemission spectroscopy (XPS). The NEXAFS spectrum at the B K-
edge (Fig. 2C, upper panel) revealed a single peak at a photon energy of 194.4 eV, in perfect 
agreement with experimental and calculated values for B3+ atoms connected to three O centers, 30 
occurring in condensed trinaphtylboroxine molecules on Au(111) (27).  The photoemission 
spectra of B 1s and O 1s core-level electrons (Fig. 2C, lower panels) showed peaks at binding 
energies (BE) of 192.0 eV and 531.8 eV, respectively. The B/O ratio extracted from the 1s peak 
areas was 0.60±0.15, after correction for the relative photon flux, the photoionization cross 
section (28) and the energy-dependent instrumental efficiency. This value was consistent with 35 
B2O3 stoichiometry and excluded other crystalline networks, characterized by unitary B/O ratio, 
theoretically considered previously (29).  
Theoretical studies 

We used density functional theory (DFT) to determine the exact atomic structure of the boria 
monolayer. We initially neglected the substrate and focused on the free-standing monolayer. The 40 
proposed atomic model was made of B3O3 hexagonal rings connected by additional O atoms, 
that is, boroxol B3O3Ø3 groups (Fig. 2D(i)) sharing the outermost common oxygen atoms. The 
centers of the boroxol groups were arranged in a honeycomb structure, with a unit cell containing 
two of them. All the B-O bond lengths were equal.  
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In the first (“rigid”) version of the model, the angle q between neighboring groups was fixed at 
180° (Fig. 2D(ii)). The resulting equilibrium DFT lattice parameter was 9.52 Å, much larger than 
the experimentally determined value, with the B-O bond length equal to 1.375 Å. If θ was 
reduced to 120°, the structure became the T0-b polymorph predicted by Ferlat et al. (26), which 
features triangular pores (Fig. 2D(iii)), resembling those observed in our high-resolution STM 5 
images but with a predicted lattice parameter of 8.25 Å now smaller than the experimental one.  

We thus refined the model by allowing q to vary, while keeping rigid the internal structure of the 
B3O3Ø3 groups (“flexible” model). Fig. 2CD(iv) summarizes our DFT results, displaying the 
total energy per atom as a function of the lattice parameter (upper axis) or strain (lower axis) for 
(i) the rigid model where q is fixed at 180° but the B-O bond lengths are equally rescaled (red 10 
curve) and (ii) the flexible model where q varies but the B-O bond length is fixed to 1.375 Å, 
that is, the equilibrium value in the “rigid” model (blue curve).  

In the simulated strain range, the flexible model is overall energetically favoured, resulting in an 
equilibrium configuration with q = 136.9° and a lattice parameter of 8.86 Å, slightly closer to the 
experimental value. The residual discrepancy between the two values may be attributed to the 15 
exclusion of the substrate in the calculations. This configuration is also clearly favored with 
respect to the θ = 120° one (T0-b model) by about 50 meV/atom, well beyond our numerical 
accuracy.  

From the energy-strain relationship, the isotropic strain was calculated (30, 31), resulting in a 
stiffness of ~ 30 Pa*m for the flexible model. This value was remarkably small compared to the 20 
2D Young’s modulus of graphene (∼ 340 Pa*m (31–33)) and h-BN (∼ 280 Pa*m (34, 35)), 
pointing to 2D B2O3 as the softest one-atom-thick material reported so far, one order of 
magnitude softer than graphene. The stiffness is comparable to some thicker 2D materials, such 
as black phosphorus (20 to 50 Pa*m) and transition-metal dichalcogenides (110 Pa*m for WSe2 
and MoSe2) (36). 25 

Besides the atomic model constituted solely by boroxol rings, we employed DFT to study 
alternative 2D B2O3 polymorphs proposed in previous theoretical work (37). Such models also 
incorporate BØ3 triangles on the basis of the generally accepted idea that borate glasses (and 
possibly the crystalline nanodomains herein) consist of a network of independent BO3 triangles 
and boroxol groups (38). Based on the large mismatch between measured and calculated lattice 30 
constants and the different STM appearance, we can rule out those models (see Supplemental 
Information, Fig. S3). 

We investigated in more detail the 2D boroxol-based polymorph by including the Pt(111) 
substrate in the DFT calculation, now focusing our attention on the boria-substrate interaction 
and on the resulting overall band structure. The computational model was set up starting from the 35 
Pt(111) lattice parameter and the observed 2D B2O3 periodicity. We emphasize that this 
periodicity was indeed the fundamental criterion to set the model, while the relative orientation 
of substrate, overlayer and moiré was not relevant for a comparison with the experimental data 
and could be different with respect to the specific domain experimentally examined here.  
We considered different misorientation angles and strain conditions of the overlayer, identifying 40 
a set of 2D coincidence cells of reasonable sizes. Guided by the experimental data, we selected 
within this set the smallest 2D supercell, shown in top and side views in Fig. 3A. It is a 
hexagonal cell with 67 Pt atoms per layer and 14 boroxol groups (306 atoms in total considering 
the 3-layer Pt slab) and an in-plane lattice parameter of 22.79 Å, corresponding to a 2D B2O3 
lattice parameter of 8.61 Å, very near the experimental value. The misorientation angle between 45 
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substrate and boria lattice vectors was about 7°. The moiré supercell was rotated by about 20° 
with respect to the boria lattice vectors and by about 13° with respect to the Pt(111) surface 
lattice vectors.  
The optimization of the atomic positions in this structure gives a rather flat configuration of the 
boria layer (buckled by 0.2 Å only), with an angle q = 127.8° between neighboring boroxol 5 
groups and an average distance of 3.26 Å from the substrate, comparable to the one adopted by 
graphene on Pt(111) (39). Fig. 3B compares the proposed model with a topographic STM image 
and a dI/dV conductance map acquired in constant-height mode and Laplace filtered. In the 
latter, oxygen atoms are seen as bright protrusions, as for the case of bilayer SiO2 (10). The 
comparison is completed by STM simulation, obtained by Tersoff-Hamann rendering of the DFT 10 
calculation of the relaxed model, smoothed by a mild Gaussian broadening. The agreement is 
remarkable — not only in the appearance of the boroxol groups, unresolved by topographic 
STM, but clearly visible in dI/dV — but also in the triangular shape of the ∼ 5 Å wide pores. 
Electronic band structure 

The monolayer-substrate distance obtained by the DFT calculations suggested a very weak 15 
interaction of boria with the substrate. This result was corroborated by the analysis of the 
electronic density of states (DOS) projected on the boria layer (Fig. 3C, red curve), which was 
almost perfectly matching that of the free-standing case (blue curve). The details of the band 
structure of the boria layer could be conveniently studied using the free-standing layer, as shown 
in the left panel of Fig. 3C along high symmetry directions in the primitive cell. We note that the 20 
calculated band structure yields an indirect bandgap of 6.2 eV. The occupied states present a 
strong superposition of bands with low dispersion near the Fermi energy, with the related 
electronic states mainly localized at the oxygen atoms (see Supplemental information – Fig. S4). 
Bands at lower energy present instead a larger dispersion.  

Photoemission Spectroscopy 25 

To validate the calculated band structure of 2D boria with experimental data, we applied angle-
resolved photoemission spectroscopy (ARPES). Fig. 3D compares the experimental momentum 
distribution curve, measured along the high symmetry axes of the Pt(111) First Brillouin Zone 
(FBZ), and the calculated band structure of B2O3 unfolded into the same FBZ (40). The binding 
energy in the calculated plot was shifted to match the experimental data. Inside the bandgap of 30 
2D boria, the Pt(111) band structure was still visible in the experimental data, although damped 
in intensity by the presence of the boria overlayer.  

The agreement between the calculated and experimental band structures was remarkable, both 
for the bands in the low-dispersion region between 5 and 7 eV BE and for those with larger 
dispersion at around 9 eV BE. Such matching strongly confirmed the validity of the results we 35 
have obtained for Pt(111) supported boria, concerning the structural model, the electronic 
structure and the related properties. For completeness, ARPES maps taken on kx-ky plane at 
selected BEs of the 2D boria bands are presented in the Supplemental information (Fig. S5). 

Concerning the electron density distribution in real space, both the projected Löwdin charges and 
the plots of the differential electron density distribution, that is, the difference between the 40 
distribution in the total system and the sum of the distribution in the two constituting systems 
(free-standing boria and Pt(111) slab) - indicate that there is no appreciable charge transfer 
between substrate and overlayer. Indeed, the differential electron density distribution along the 
hexagonal motif displayed in Fig. 3E shows only a small polarization occurring at the interface.  
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Adlayer adhesion 
From DFT calculations, we could also evaluate the adhesion energy of the overlayer, defined as 
the difference between the total energy of the entire system and the sum of the two separate 
constituents, obtaining a rather small value, further supporting a weak interaction with the 
substrate: 5 

𝐸!"#!"$ =	−0.41
%&

'!("	*+,-./!	.012
= −0.019	𝑒𝑉/Å3. 

Interestingly, the boria adhesion energy on Pt(111) was intermediate between those of 2D 
germania (-0.022 eV/Å2) and silica (-0.013 eV/Å2)  bilayers on the same substrate (41), with the 
latter capable of withstanding mechanical exfoliation from a Ru(0001) substrate (adhesion 
energy -0.018 eV/Å2) and transfer to a new support (42). Finally, the weak interaction between 10 
boria and the Pt substrate is indirectly confirmed by the abundance of rotational domains and 
moiré patterns with modest height corrugation (less than 0.1 Å) that were detected in STM 
experiments (see Supplemental information – Fig. S2), a hallmark of systems with minimal 
interfacial coupling. Similar behavior has been reported for graphene on Ir(111) (43) and Pt(111) 
(39), where the coexistence of multi-oriented moiré superstructures and the lack of a preferred 15 
orientation are attributed to weak substrate coupling. 
Discussion 
We synthesized 2D boria and provided experimental and theoretical evidence of the existence of 
the most elemental B2O3 polymorph, composed of boroxol groups arranged in a large-scale 
ordered honeycomb structure., confirming and refining the theoretical prediction of Ferlat et al. 20 
(22). In doing so, we have not only confirmed and refined the prediction of Ferlat et al. (26), but 
also addressed the long-standing question posed by Wright (24, 25) of whether a stable, ambient-
pressure crystalline B2O3 polymorph based on boroxol unit blocks may exist. The exclusive 
presence of boroxol groups in the 2D network, confirmed by the theoretical calculations, is direct 
evidence that their formation is energetically favored over the separated synthesis of more 25 
elemental [BØ3] triangles in low-pressure conditions, even if confined in a 2D frame. The 
reliability of the calculated atomic model is supported not only by its excellent agreement with 
the dI/dV conductance map and the experimental lattice constant, but also by its ability to 
reproduce key features of the experimental electronic band structure. 

Experimental measurements using STM, LEED, XPS, NEXAFS and ARPES, as well as 30 
complementary ab initio calculations, demonstrate that this material has several intriguing 
properties. The boroxol 2D network is nanoporous by construction and constitutes the inorganic 
rendition of 2D polyphenylene (44), with the difference that the covalent bonding between 
benzene rings is now replaced by oxygen atoms bridging B3O3 rings. This peculiar linker gives 
the structure a remarkable mechanical softness – the calculated isotropic stress tensor is one 35 
order of magnitude lower than graphene – enabling possible tuning of the nanopore size by 
tensile strain. Moreover, the fabricated 2D boria can cover most of the substrate surface with a 
mosaic of rotational domains that extend over highly ordered areas of tens of square 
micrometers, with negligible defect density. We used ab initio numerical simulations to 
demonstrate that the electronic interaction between the Pt substrate and the 2D boria network 40 
was very weak, quantitatively comparable to that occurring between 2D bilayer silica and the 
same substrate. This finding suggests the possibility of transferring the 2D film to other 
substrates for applications. 
The synthesis of a boroxine-based 2D crystalline form of boria permits to review some of the key 
findings on the atomic structure of borate materials, in both crystalline and vitreous form. It is 45 
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widely accepted that in glasses the relative abundance ratio between BØ3 and B3O3Ø3 structural 
units is roughly 1:1 (38). Therefore, considerable effort has been made to figure out possible 
crystalline structures of such composition that may describe the crystalline nanodomains 
detected in the vitreous phase. The evidence we provide for the existence of a pure boroxol 2D 
phase does not exclude that other crystalline structures that incorporate BØ3 may exist. On the 5 
contrary, the support-aided growth protocol described here could be exploited to tentatively 
create other predicted allotropic forms by systematically exploring different preparation 
conditions. The boroxine-based 2D structure could also constitute the base of a layered 3D 
structure, as it occurs for the crystalline phase of its sulphur analogue, B2S3 (24), and for more 
complex boron compounds such as borosulphates, which are made of alternate layers of boron 10 
oxide and alkali sulphate-hydrogensulphate (45). Moreover, the synthesis of 2D boria makes it 
possible to extend the investigation of the crystalline-vitreous transition with atomic resolution to 
the M2O3 case, as happened for 2D SiO2, and to characterize at the atomic scale the breaking up 
and reformation of boroxol groups into triangular units upon thermal annealing. This last aspect 
is particularly important, as the structure of (supercooled) liquid B2O3 is dominated not only by 15 
the usual cybotactic groupings, but also by the thermally driven dynamical equilibrium between 
B3O3Ø3 groups and BØ3 triangles. 
 

 
 20 
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Fig. 1: Alternative UHV synthesis protocols for 2D B2O3 layer on Pt(111). Boron can be 
either deposited and subsequently oxidized (left to right) or directly deposited in oxidation 
conditions (right to left). Both routes, after a final flash annealing in UHV to reorganize the BOx 
complexes, result in a crystalline network of boroxol groups. 5 

 
Fig. 2: Atomic structure and chemical composition of 2D B2O3. (A) Topographic STM 
imaging (0.2 nA, +1.0 V) of the as-prepared sample. The zoom-in image shows the honeycomb 
lattice (unit cell in blue) and a domain boundary (white dashed line). (B) Detected µLEED 
pattern (with zoomed center), where the Pt(111) and B2O3 reciprocal lattice vectors are displayed 10 
(green and blue, respectively). (C) Top panel: Selected-area NEXAFS spectrum of B K-edge of 
B2O3/Pt(111), showing only one component at 194.4 eV photon energy corresponding to B3+ 
oxidation state. Bottom panels: Selected-area XPS spectra of B 1s and O 1s core levels. (D) 
Atomic models of: (i) boroxol [B3O3Ø3] unit (white/red spheres corresponding to B/O atoms, 
respectively); (ii) and (iii): B2O3 structure with rigid boroxol groups in a honeycomb network 15 
with (ii) a fixed angle q = 180° (“rigid” model) and (iii) a varying q angle (“flexible” model; here 
q = 120°) between the boroxol neighboring units; (iv) DFT-calculated total energy per atom as a 
function of the unit cell strain (bottom axis) / lattice parameter (top axis). The cell strain 
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corresponds to a homogeneous strain of all the B-O bond lengths in the “rigid” model (red 
points/curve) and a variation of the angle q, keeping fixed the B-O bond lengths, in the “flexible” 
model (blue points/curve). The reference value for the strain is the rigid structure ii), while the 
reference value for the energy is the flexible optimized structure.  

5 
  

Fig. 3: DFT calculation and experimental band structure of B2O3/Pt(111). (A) Top and side 
views of the relaxed B2O3/Pt(111) system. The yellow and white dashed lines indicate the 
supercell of the entire system and the unit cell of the boria layer, respectively. The calculated 
average distance of 2D boria from the substrate is indicated. (B) From left to right, comparison 10 
of STM topographic image, simulated STM image, dI/dV conductance map and relaxed atomic 
model superposed to dI/dV map. The 2D unit cell of the boria layer is indicated in blue. The dI/ 
dV map have been Laplace filtered to enhance the local contrast (+0.015 V, voltage modulation 
VAC = 30 mV at 983 Hz and Δ𝑧	= -0.23 nm. Δ𝑧 is given with respect to opening the feedback 
loop at an STM set point of V = 1.0 V, I = 0.3 nA) and shows oxygen atoms as bright 15 
protrusions. (C) Calculated band structure of the optimized freestanding, flexible B2O3 model 
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along its high-symmetry axes. The zero energy is set to the highest occupied B2O3 electronic 
state. The right panel compares the Projected Density of States of the freestanding B2O3 and of 
the B2O3/Pt(111) system. (D) Momentum distribution curve of B2O3/Pt(111) extracted from 
ARPES data (p-polarization, photon energy 40 eV) along the high-symmetry axes of Pt(111) 
FBZ (left) and calculated band structure of free-standing B2O3 unfolded into the same FBZ 5 
(right). (E) Differential electron density distribution between the whole B2O3/Pt(111) system and 
its two constituents evaluated at different vertical positions while moving along the black line in 
the circular inlay. The numbers on the color scale are given in electrons per Å3. 


