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Abstract 

The synthesis of 2D materials with no analogous bulk layered allotropes promises 

substantial breadth in physical and chemical properties through the diverse structural options 

afforded by substrate-dependent epitaxy. However, despite the synergistic interplay between 

theoretical and experimental efforts to guide materials discovery, successful demonstrations of 

synthetic 2D materials have been rare. The recent synthesis of 2D boron polymorphs (i.e., 

borophene) provides a notable example of such success. In this Perspective, we discuss recent 

progress and future opportunities for borophene research. Borophene combines unique mechanical 

properties with anisotropic metallicity, which complements the canon of conventional 2D 

materials.  Moreover, the multi-center characteristics of boron-boron bonding lead to the formation 

of configurationally varied, vacancy-mediated structural motifs, resulting in unprecedented 

diversity in a mono-elemental 2D system with significant potential for electronic applications, 

chemical functionalization, materials synthesis, and complex heterostructures. With its 

foundations in computationally guided synthesis, borophene can serve as a prototype for ongoing 

efforts to discover and exploit additional synthetic 2D materials.  
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Following the isolation of graphene from crystals of graphite,1 a diverse array of atomically 

thin materials have been derived from bulk layered solids.2-5 These two-dimensional (2D) 

materials exhibit extraordinary physical properties that are being exploited in a growing array of 

applications in electronics, photonics, energy conversion and storage, and biomedical 

technologies. Although the intrinsic phenomena observed in 2D materials can be modified to a 

degree through extrinsic factors (e.g., strain, doping, substrate, environment, and chemical 

functionalization), the most important factor in determining their materials properties – the in-

plane atomic structure – is essentially fixed. The growth of entirely synthetic 2D materials thus 

provides a profound opportunity for engineered materials with new and unique attributes.6   

Despite this significant potential, the discovery and synthesis of novel atomic structures 

with predetermined structure-property relationships remain among the most daunting challenges 

for the materials field. In particular, for synthetic 2D materials, multiple factors such as the 

constituent elements, growth substrate, and processing conditions play critical and oftentimes 

competing roles in determining the resulting atomic structure. Until recently, it was not practical 

to screen a significant number of structure models a priori, but advances in computational 

materials science theory, algorithms, and computer hardware have enabled the study of 

increasingly complex systems, including predictions of substrate-overlayer structure and 

properties. Experimentally, high-quality surface science and ultra-high vacuum synthesis 

instrumentation provides a path for testing theoretical predictions with atomic precision under 

idealized conditions, thus allowing iterative theoretical and experimental development. 

Following this approach, a number of synthetic 2D materials6 including borophene have 

been realized in recent years (e.g., silicene, 7 germanene,8 stanene, 9 bismuthene,10 or tellurene11) 

that are complementary to conventional (i.e., layered bulk-derived) 2D materials. The properties 
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of a representative set of these materials are compared in Table 1. Among these, borophene 

exhibits a number unique characteristics, highlighted in Fig. 1, that set it apart from the pack. 

Unlike many emergent 2D materials, borophene was expected to exhibit structures characterized 

by anisotropy and polymorphism, 12-14 thus providing enhanced property tunability within a family 

of chemically similar structures. Broadly speaking, these structures show several common 

attributes. Perhaps most notably, borophene can be described as the lightest 2D metal, {Mannix, 

2015 #94}{Feng, 2016 #103} (as opposed to semimetals like graphene and silicene or 

semiconductors like phosphorene) with high mechanical compliance17,18 and optical 

transparency.19 This combination of properties is not otherwise found in the roster of conventional 

or synthetic 2D materials. Relatively high temperature superconductivity is also expected in 

borophene,20,21 with transition temperatures in the ~10 – 20 K range. Additionally, the predictions 

of the most feasible substrate-bound structure models predate any experimental evidence for 

borophene, thus demonstrating that computational predictions have evolved to the point where 

they can effectively guide experimental synthetic efforts. As such, borophene serves as a prototype 

for the prediction and discovery of new synthetic 2D materials. In this Perspective, we discuss the 

research trajectory that culminated in the synthesis of borophene and suggest promising directions 

for future research in borophene and the broader emerging field of synthetic 2D materials.  

 

Elemental boron 

As the lightest of the metalloids (Fig. 2a), boron is the lowest-Z element to form extended 

covalent networks. However, the trivalent outer shell of boron cannot form a closed-shell 

electronic structure though conventional covalent bonds,22-24 instead forming highly delocalized 

bonds, wherein electron pairs are shared among three (or more) atoms. As a result, unlike the 
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relatively straightforward allotropy of carbon, boron exhibits at least six distinct bulk 

allotropes.22,25 These structures, such as the 28 phase24 (Fig. 2b), are based on a set of shared 

structural elements, including B12 icosahedra, smaller boron clusters, and larger cages. This 

complexity is due to the need to balance between conventional two-center, two-electron (2c2e) 

bonds, and unconventional, highly delocalized bonding such as three-center, two-electron (3c2e) 

bonds in order to achieve a closed electronic outer shell. The predominantly three-dimensional 

bonding configurations of bulk boron seemingly suggest minimal potential for 2D boron growth. 

Furthermore, although several boride compounds exhibit graphene-like boron layers,25-28 such as 

MgB2 (Fig. 2c), these layers are strongly bound within the solid in contrast to the weakly bound 

graphene layers in graphite.  

On the other hand, small clusters – formed by laser ablation in vacuum – provide evidence 

that it is possible for boron to form simple planar structures (Fig. 2d) that are distinct from the 

complexities of the 3D bulk.23,29-31 These molecular clusters exhibit aromatic or anti-aromatic 

electronic structures similar to polycyclic hydrocarbons. Moreover, they show a number of 

properties associated with borophene as discussed below, such as the development of hexagonal 

vacancies with increasing size. Several boron nanostructures were grown by chemical vapor 

deposition (CVD) prior to the observation of borophene, including nanowires with bulk-like 

interior structure.32,33Single34 and multiwall35  boron nanotubes were also reported, but their atomic 

structure remains unknown. More recently, planar boron nanostructures were synthesized by 

CVD36 and chemical transformation of boride precursors.37 However, these efforts have been 

confounded by the rapid oxidation of boron in open air, as well as the possible presence of carbon 

and other contaminants.  
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Early theories of borophene 

The existence of planar boron molecules and cage-like boron clusters suggests that boron 

shares many of the characteristics of carbon.23,29-31 Nevertheless, on this basis alone, it is unclear if 

boron can form a graphene-like 2D structure. Since boron lacks one electron compared to carbon, 

a honeycomb boron sheet is unstable and can exist only on the surface of some metal diborides.38 

A 2D layer composed of icosahedral B12 clusters, the basic structural unit in bulk boron (Fig. 3a),39  

is also unstable due to reactive boron atoms on the surfaces.  In contrast, a relatively stable 

triangular sheet was proposed based on the Aufbau principle, inspired by the appearance of 

hexagonal pyramids in small boron clusters (Fig. 3b).40 This triangular lattice is buckled out-of-

plane in alternating up-and-down rows, and was considered to be the global minimum for almost 

a decade.40  More recently, the triangular lattice has also been predicted to yield 2D boron structures 

with intrinsic Dirac electronic states.41 

A conceptually different structural motif was subsequently proposed by Tang et al.42 and 

Yang et al.43  in which a purely flat boron sheet (i.e., the α sheet model) is derived from an unfolded 

B80 fullerene44,45 (Fig. 3c). The α sheet possesses similar symmetry to graphene and contains 

isolated hollow hexagons (HHs) with a concentration v = 1/9 (v = m/N, where m is the number of 

HHs in a triangular lattice of N lattice sites). The intermixing of HHs and the triangular lattice in 

the α sheet leads to an optimized filling of in-plane electronic orbitals,42  resulting in its structural 

planarity and higher stability than the triangular lattice.  In addition, the appearance of HHs in the 

otherwise triangular lattice implies significant structural diversity for borophene, which manifests 

itself as different concentrations and ordering of HHs. 46   Elaborating upon this concept, 

subsequent studies reported a series of boron sheets with HHs arranged in different patterns that 

have stability comparable to the α sheet.47 
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From freestanding to substrate-supported borophene 

Numerous ways of arranging HHs in borophene make direct prediction of its ground state 

structure using density functional theory (DFT) methods unrealistic. Therefore, several theoretical 

studies invoked accelerated techniques to search for energy minima among possible borophene 

structures.13,14 Notably, Penev et al.14 applied the cluster expansion method by treating a borophene 

sheet as a pseudo-alloy comprised of HHs and triangular lattice, which enabled efficient evaluation 

of the structural stability of borophene. Fig. 3d presents the ground states of borophene as a 

function of v, which reveals that the v1/8, v4/33, and v2/15 sheets are more stable than the α sheet by 

several meV per atom (Fig. 3d, insets). This small energy difference suggests that borophene may 

exhibit polymorphism when synthesized at finite temperature. However, almost all borophene 

structures are predicted to be metallic in electronic structure.14,42 

Since bulk boron structures are not naturally layered, borophene is inherently metastable, 

with total energies higher than bulk boron by up to 400 meV/atom.48  This metastability suggests 

that a suitable substrate is required to synthesize a 2D sheet. Ideally, such a substrate would exhibit 

sufficient adhesion to boron atoms, such that deposited boron wets the surface, but would not bind 

strongly enough to alloy or form compounds with boron. Since a 2D nucleus can fully interact 

with the substrate to lower its formation energy in contrast to a 3D nucleus, where only a fraction 

of boron atoms can benefit from the substrate interaction, a smaller nucleation barrier is anticipated 

for 2D growth. Once the boron nucleates in a 2D mode, transforming into a 3D structure will be 

kinetically prohibited. Calculations showed that a Ag substrate meets these conditions.12  

Simulations also revealed that islands with HHs can spontaneously appear during boron nucleation 

on Cu(111).49    
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Beyond promoting 2D nucleation, substrates also affect the ground states of borophene.50 

The preferred structure on Ag, Cu, and Ni is a flat v1/6 sheet (Fig. 3e), whereas a v1/12 sheet with 

significant off-plane buckling is favored on Au, because borophene donates electrons to Au but 

withdraws them from Ag, Cu, and Ni. On Ag(111), a flat v1/5 sheet is also found to have comparable 

stability to the v1/6 sheet (Fig. 3f).51  The v1/5 and v1/6 sheets have parallel HH rows, resulting in a 

relatively close match of their lattices with the close-packed direction of the Ag(111) surface (Fig. 

3e and 3f).  

 

Experimental synthesis of borophene 

By 2015, theory had not only predicted specific metallic substrates for borophene growth 

(e.g., Ag, Au, Cu), but also the nontrivial lattices that should form. Experimental evidence for 

borophene synthesis was then presented in two independent studies by Mannix et al.16 and Feng et 

al.,51 both of which employed growth under ultra-high vacuum conditions to prevent degradation 

or contamination of the resulting borophene sheets. Atomically clean Ag(111) was used as the 

growth substrate, and boron was deposited in a highly controlled dose using electron-beam 

evaporation from a high-purity elemental source. Both studies observed the emergence of island 

features in scanning tunneling microscopy (STM) images following boron deposition at substrate 

temperatures above ~500 K, as shown in Fig. 4a and 4b. These images showed islands with three 

types of characteristics: homogeneous electronic contrast (red arrow), striped electronic contrast 

(white arrow), and nanoribbons (blue arrow). 

In these studies, two structural polymorphs of borophene were observed in STM: a 

rectangular lattice that often appears with adjoining striped regions (Fig. 4c) and a rhombohedral 

lattice (Fig. 4d). Notably, both structures are anisotropic, composed of 1D chain-like features with 
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a periodicity of ~0.3 nm along the chains. The proportions of each structure present were 

determined by the growth conditions. Mannix et al.16 observed that the rhombohedral phase 

appeared to grow at lower temperatures (~720 K to ~870 K), whereas the rectangular lattice with 

striped features was favored at higher temperatures (~770 K to 970 K), with a substantial window 

of overlap between the phases. The boron deposition rate also played a key role with nanoribbons 

of the striped/rectangular lattice observed at low growth rates. Further demonstrating the 

importance of growth rate, Feng et al.51  reported that the rectangular phase dominated at lower 

temperatures (~570 K), and the rhombohedral phase at higher temperatures (above ~680 K). 

Comparison with simulated STM images (Fig. 4e and 4f) suggests that the rectangular and 

rhombohedral lattices are consistent with the v1/6 and v1/5 models (shown in Fig. 3f and 3g). The 

observation of stripe features was subsequently related to buckled undulations underneath the 

borophene via substrate reconstruction.18   These features are calculated to reduce the overall 

energy of the system by increasing the number of energetically favorable adsorption sites of HHs 

in relation to Ag atoms, but require surmounting a substantial thermal activation barrier, which is 

consistent with their observation only at the highest growth temperatures.43 It has subsequently 

been shown that borophene deposition on Ag(110) results in ~10 nm wide ribbons (Fig. 4g) with 

atomic structures similar to those on Ag(111).52 

 

Measured properties 

Experimentally, the physical properties of borophene remain an active area of 

investigation, although several key attributes have been measured.  For example, borophene shows 

metallic electronic character, as measured by tunneling spectroscopy16 and photoemission 

spectroscopy.15 These measurements are consistent with most theoretical predictions for 



10 

 

borophene sheets that predict a finite density of states at the Fermi level,14,42 thus implying that 

borophene is the lightest 2D metal.  In addition, photoelectron spectroscopy shows evidence of 

Dirac fermions in borophene.53  While calculations of the borophene band structure show Dirac 

cones located at ~2 eV above the Fermi level,21 the experimentally observed Dirac cone energy at 

~0.25 eV below the Fermi level differs significantly from prior theoretical predictions.54  This 

apparent discrepancy between experiment and prior calculations requires further investigation..  

Chemically, borophene has been observed to oxidize when exposed to air,16,51 although 

oxidation is suppressed when exposed to pure O2 under ultra-high vacuum conditions.51 The nature 

of this degradation remains unclear, and it is possible that the oxidation is accelerated by other 

atmospheric species (e.g., H2O), as is known for boron thin films.55 Notably, this chemical 

reactivity does not extend to the small molecule perylene-3,4,9,10-tetracarboxylic dianhydride 

(PTCDA).56 Instead, evaporated PTCDA molecules preferentially adsorb on uncovered Ag(111) 

terraces and form structurally and electronically abrupt lateral heterostructures with the borophene 

islands. 

 

Future research directions and outlook 

Many fundamental properties of borophene are yet to be measured, despite a growing 

number of suggestive theoretical predictions related to the intersection of reduced dimensionality 

or anisotropy with metallicity or mechanical strength. One notable example is the potential for 

highly confined plasmons with near-infrared or even visible resonances,57  which are rendered 

directional due to the anisotropic atomic structure of borophene. In addition, as an atomically thin 

2D metal, borophene is anticipated to be among the best candidates for optically transparent 

electrode applications.19 The intrinsic metallicity of borophene has been predicted to give rise to 
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conventional, phonon-mediated superconductivity,20,21 especially given the strong electron-phonon 

coupling resulting from the low mass of boron. Calculations place the borophene superconducting 

critical temperature (Tc) in the range of 10-20 K, depending upon the HH concentration. These 

expectations are in line with the relatively high-temperature superconductivity observed in MgB2 

(Tc = 39 K).58,59 However, charge density waves  may compete with superconductivity in 

borophene, thus necessitating thorough experimental evidence and careful interpretation. Due to 

the unique nature of boron-boron bonds, borophene promises excellent mechanical properties, 

including superlative in-plane stiffness and strength comparable to graphene.17 Specifically, the 

v1/6 borophene phase has an exceptionally small bending stiffness across the aligned HH rows 

(nearly one fourth that of graphene), with high Young’s modulus, and the added potential for 

exceptional mechanical stretchability when incorporating the unique undulations of the buckled 

striped phase.17,18 Additionally, instead of directly fracturing as in other 2D materials, borophene 

is predicted to undergo structural phase transitions under tension, resulting in high mechanical 

toughness. Stiffness coupled with light atomic weight also leads to high phonon velocities, 

suggesting efficient thermal transport that will be enhanced even further by electronic 

contributions.60 All of these properties are mediated and modulated by the anisotropy and 

polymorphism encountered in borophene synthesis thus far. Therefore, it should be possible to 

tune these properties by employing different growth substrates, which will modify the resulting 

structure.  

Understanding and harnessing these properties requires advances in the quality of 

borophene synthesis. Particularly, in order to study these properties under intrinsic conditions (i.e., 

without lateral confinement effects), it is desirable to increase the grain size of borophene and to 

decrease the defect density. The use of a more anisotropic surface than Ag(111) may enhance grain 
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size somewhat through aligned coalescence and reduce the deleterious effects of grain boundaries 

(which are likely amplified by rotational misalignment between anisotropic islands). CVD growth 

(Fig. 5a) may also improve the lateral size of borophene islands, as has been observed in 

graphene,61 in addition to enhancing the scalability of borophene synthesis for potential 

applications. However, the development of a borophene CVD process requires the identification 

of a practical boron precursor and a catalytically active substrate to drive precursor decomposition 

and subsequent 2D nucleation and growth. Another important synthetic goal is the identification 

of nonmetallic growth substrates that would facilitate many borophene property measurements 

such as lateral charge transport characterization. Further understanding of the polymorphic nature 

of borophene synthesis may also lead to deterministic control over vacancy superstructures that 

optimize properties of interest (e.g., high axial electrical conductivity with low bending stiffness, 

or more directionally uniform properties via an isotropically lattice-matched substrate). Moreover, 

the mechanism underlying the formation of borophene nanoribbons, and their resulting materials 

properties, are yet to be studied in detail.  

The transfer of borophene from the Ag substrate (Fig. 5b) to an electrically insulating 

substrate is a critical step towards fabricating electronic devices and thus unambiguously 

measuring the intrinsic electronic properties of borophene. Energetically, this transfer appears 

feasible since the adhesion energy of borophene to Ag(111) is  ~ 0.04 eV/Å2, which is comparable 

to the value of 0.02 eV/Å2 for graphene to Cu(111).12,18 Combining this adhesion energy with the 

low bending stiffness of borophene D ~ 0.4 eV,17  one can estimate the curvature radius at 

detachment as r ~ (D/)1/2 ~ 4 Å, which is schematically illustrated in Fig. 5c. However, a 

significant obstacle to realizing a non-perturbative transfer process is the chemical reactivity of 

borophene, which presents significant contamination and/or degradation challenges in a typical 
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solution-based transfer.  One possible solution would be to replicate the encapsulation and transfer 

methodology that has been applied to the fabrication of silicene devices.62 Alternatively, recent 

developments in the vacuum stacking of conventional 2D materials may be applied to encapsulate 

borophene and potentially to transfer it from the growth substrate without contacting air or water.63 

This transfer process could be assisted by the intercalation of a chemical species with enhanced 

affinity for silver yet relatively low reactivity towards borophene. The need for such complex 

transfer schemes may be obviated by the aforementioned prospect of growth on an insulating 

substrate, where the properties of borophene could be studied and exploited without interference. 

Yet another route might be provided by passivating borophene through chemical functionalization. 

While covalent surface modification may modify the properties of borophene, the resulting 

changes may be advantageous. For example, covalent modification of phosphorene has improved 

chemical stability while enhancing electronic properties via adsorbate-induced doping.64 The 

observed reactivity of borophene suggests that it will be more amenable to such covalent 

modification than graphene,65 and thus may provide additional opportunities for property 

modification. 

Although borophene is not born in the same way as its conventional 2D progenitors, it may 

be possible for these materials to work well together once borophene is separated from the growth 

substrate. In particular, the unique metallic properties of borophene are expected to prove useful 

when integrated into heterostructures with other 2D materials.3,66  For example, laterally stitched 

heterostructures (Fig. 5c) could incorporate narrow strips of borophene as highly conductive 

pathways within an otherwise insulating hexagonal boron nitride (h-BN) sheet, analogous to 

concepts envisioned for graphene circuitry67  but potentially with higher conductivity. In practice, 

this concept may be realized through highly boron-rich grain boundaries in h-BN, due to the 



14 

 

narrow critical width necessary to produce metallic conduction in a 1D boron chain.68 Vertically 

stacked heterostructures incorporating borophene (fig. 5d) are also expected to yield numerous 

benefits. As one example, 2D metal-semiconductor junctions may also enable enhanced 

functionalities for a wide range of applications, such as atomically thin Schottky diodes and 

tunneling transistors. Moreover, the plasmonic properties predicted for borophene57 could provide 

a compact means to direct light-matter interactions without disrupting the atomically thin stacking 

order in vertical van der Waals heterostructures. As an added benefit, sandwiching the borophene 

between layers (e.g., insulating h-BN) may protect borophene from air exposure, while 

simultaneously preserving its intrinsic properties, 69 thus facilitating high-performance borophene 

devices.  

At this early stage, borophene displays potential in several distinct technological 

applications. By further coupling the bending flexibility and mechanical stretchability of 

borophene with its superlative in-plane elasticity and intrinsic metallicity, borophene may prove 

to be an ideal choice for flexible and transparent electronic interconnects, electrodes, and 

displays.19 Further characterization of borophene will undoubtedly unveil additional opportunities 

for technological development, as properties like superconductivity could be integrated within 

layered heterostructures to form unique devices; for example, all-2D Josephson junctions or 

superconducting quantum interference devices (SQUIDs), shown in Fig. 5e. Such devices would 

exhibit interfacial quality and spatial confinement which cannot be achieved in bulk materials. 

Similarly, the plasmonic properties of borophene could be tailored and harnessed by integration in 

stacked vertical heterostructures. A number of forward-thinking predictions have suggested 

borophene as an effective material for hydrogen storage70 and battery applications,71,72 but these 

technologies would require substantial increases in the volume of borophene synthesis. 
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While borophene itself may prove to have long-term impact for fundamental science and 

applied technology, it more generally holds significance in the context of materials design. The 

iterative feedback loop between theoretical and experimental results is widely considered to be the 

key to expediting the discovery and exploitation of new materials with desired properties. The fact 

that experimental borophene synthesis followed prior theoretical projections validates the 

predictive power of modern computational materials science and suggests that further 

experimental discoveries can be seeded by theoretical predictions. For example, many of the 

aforementioned challenges for the future study of borophene (e.g., alternative growth substrates, 

chemical functionalization, and transfer methods) can likely be addressed by building off the 

successful theoretical models that inspired the initial experimental realization of borophene.  More 

broadly, the insights and lessons gained from borophene suggest pathways for the deterministic 

design of other synthetic 2D materials, thereby significantly expanding the structural phase space 

and thus potential properties and applications in the atomically thin limit. 

The experimental realization of synthetic 2D polymorphs of boron reveals a number of 

opportunities. Most apparently, the ability to modify the properties of an atomically thin metal by 

tailoring the structural anisotropy and polymorphic vacancy superstructure promises to unleash a 

number of fundamental and technological advances. Moreover, these experimental advances are 

built upon a foundation of theory with significant transformative power. The great 

correspondence between preexisting theory and experimental observations for borophene hints at 

a future where theory can guide experiment towards materials with optimal properties or unique 

attributes. As our abilities to integrate these atomically thin materials into complex structures 

become increasingly sophisticated, this combined toolset should yield the capability to engineer 

materials at the atomic limit with properties unmatched amongst natural bulk materials. 



16 

 

 

Acknowledgements 

This work was performed, in part, at the Center for Nanoscale Materials, a U.S. Department 

of Energy Office of Science User Facility, and supported by the U.S. Department of Energy, Office 

of Science, under Contract No. DE-AC02-06CH11357. A.J.M. acknowledges the National Science 

Foundation Graduate Fellowship Program (DGE-1324585). The work at Rice University was 

supported by the Department of Energy (DE-SC0012547) and in part by the Office of Naval 

Research (N00014-15-1-2372). Z. Z. acknowledges the support of NSFC (11772153).  M.C.H. 

also acknowledges the Office of Naval Research (N00014-17-1-2993). 

Author Contributions 

 The manuscript was written by A.J.M. and Z.Z. with comments and discussion from all authors. 

Author Information 

Reprints and permissions information is available at www.nature.com/reprints 

The authors have no competing financial interests to declare. 

Correspondence and requests for materials should be addressed to: biy@rice.edu and m-

hersam@northwestern.edu. 

  

References 

 

1 Geim, A. K. & Novoselov, K. S. The rise of graphene. Nature Materials 6, 183-191, 

doi:10.1038/nmat1849 (2007). 

http://www.nature.com/reprints
mailto:biy@rice.edu
mailto:m-hersam@northwestern.edu
mailto:m-hersam@northwestern.edu


17 

 

2 Ling, X., Wang, H., Huang, S., Xia, F. & Dresselhaus, M. S. The renaissance of black 

phosphorus. Proceedings of the National Academy of Sciences 112, 4523-4530, 

doi:10.1073/pnas.1416581112 (2015). 

3 Geim, A. K. & Grigorieva, I. V. Van der Waals heterostructures. Nature 499, 419-425, 

doi:10.1038/nature12385 (2013). 

4 Wang, Q. H., Kalantar-Zadeh, K., Kis, A., Coleman, J. N. & Strano, M. S. Electronics and 

optoelectronics of two-dimensional transition metal dichalcogenides. Nature Nanotechnology 7, 

699-712, doi:10.1038/nnano.2012.193 (2012). 

5 Novoselov, K. S. et al. Two-dimensional atomic crystals. Proceedings of the National Academy 

of Sciences 102, 10451-10453, doi:10.1073/pnas.0502848102 (2005). 

6 Mannix, A. J., Kiraly, B., Hersam, M. C. & Guisinger, N. P. Synthesis and chemistry of 

elemental 2D materials. Nature Reviews Chemistry 1, 1-15, doi:10.1038/s41570-016-0014 

(2017). 

7 Feng, B. et al. Evidence of silicene in honeycomb structures of silicon on Ag(111). Nano Lett 12, 

3507-3511, doi:10.1021/nl301047g (2012). 

8 Dávila, M. E., Xian, L., Cahangirov, S., Rubio, A. & Le Lay, G. Germanene: a novel two-

dimensional germanium allotrope akin to graphene and silicene. New Journal of Physics 16, 

doi:10.1088/1367-2630/16/9/095002 (2014). 

9 Zhu, F. F. et al. Epitaxial growth of two-dimensional stanene. Nat Mater 14, 1020-1025, 

doi:10.1038/nmat4384 (2015). 

10 Reis, F. et al. Bismuthene on a SiC substrate: A candidate for a high-temperature quantum spin 

Hall material. Science 357, 287-290, doi:10.1126/science.aai8142 (2017). 

11 Zhu, Z. et al. Multivalency-Driven Formation of Te-Based Monolayer Materials: A Combined 

First-Principles and Experimental study. Phys Rev Lett 119, 106101, 

doi:10.1103/PhysRevLett.119.106101 (2017). 

12 Liu, Y., Penev, E. S. & Yakobson, B. I. Probing the Synthesis of Two‐Dimensional Boron by 

First‐Principles Computations. Angewandte Chemie International Edition 52, 3156-3159, 

doi:10.1002/anie.201207972 (2013). 

13 Wu, X. et al. Two-Dimensional Boron Monolayer Sheets. ACS Nano 6, 7443-7453, 

doi:10.1021/nn302696v (2012). 

14 Penev, E. S., Bhowmick, S., Sadrzadeh, A. & Yakobson, B. I. Polymorphism of Two-

Dimensional Boron. Nano Letters 12, 2441-2445, doi:10.1021/nl3004754 (2012). 

15 Feng, B. et al. Direct evidence of metallic bands in a monolayer boron sheet. Physical Review B 

94, 041408-041405, doi:10.1103/PhysRevB.94.041408 (2016). 

16 Mannix, A. J. et al. Synthesis of borophenes: Anisotropic, two-dimensional boron polymorphs. 

Science 350, 1513-1516, doi:10.1126/science.aad1080 (2015). 

17 Zhang, Z., Yang, Y., Penev, E. S. & Yakobson, B. I. Elasticity, Flexibility, and Ideal Strength of 

Borophenes. Adv. Funct. Mater. 27, 1605059, doi:10.1002/adfm.201605059 (2017). 

18 Zhang, Z. et al. Substrate-Induced Nanoscale Undulations of Borophene on Silver. Nano Letters 

16, 6622-6627, doi:10.1021/acs.nanolett.6b03349 (2016). 

19 Adamska, L., Sadasivam, S., Foley, J. J., Darancet, P. & Sharifzadeh, S. First-Principles 

Investigation of Borophene as a Monolayer Transparent Conductor. The Journal of Physical 

Chemistry C, doi:10.1021/acs.jpcc.7b10197 (2018). 

20 Zhao, Y., Zeng, S. & Ni, J. Superconductivity in two-dimensional boron allotropes. Physical 

Review B 93, 014502, doi:10.1103/physrevb.93.014502 (2016). 

21 Penev, E. S., Kutana, A. & Yakobson, B. I. Can two-dimensional boron superconduct? Nano 

Letters 16, 2522-2526, doi:10.1021/acs.nanolett.6b00070 (2016). 

22 Ogitsu, T., Schwegler, E. & Galli, G. β-Rhombohedral Boron: At the Crossroads of the 
Chemistry of Boron and the Physics of Frustration. Chemical Reviews 113, 3425-3449, 

doi:10.1021/cr300356t (2013). 



18 

 

23 Sergeeva, A. P. et al. Understanding Boron through Size-Selected Clusters: Structure, Chemical 

Bonding, and Fluxionality. Accounts of Chemical Research 47, 1349-1358, 

doi:10.1021/ar400310g (2014). 

24 Oganov, A. R. et al. Ionic high-pressure form of elemental boron. Nature 457, 863-867, 

doi:10.1038/nature07736 (2009). 

25 Douglas, B. & Ho, S.-M. Structure and Chemistry of Crystalline Solids.  (Springer Science 

&amp; Business Media, 2007). 

26 Wilkins, M. L. & Matkovich, V. I. Boron and Refractory borides.  (Springer-Verlag, 1977). 

27 Kolmogorov, A. N. & Curtarolo, S. Theoretical study of metal borides stability. Physical Review 

B 74, 224507, doi:10.1103/physrevb.74.224507 (2006). 

28 Carenco, S., Portehault, D., Boissière, C., Mézailles, N. & Sanchez, C. Nanoscaled Metal Borides 

and Phosphides: Recent Developments and Perspectives. Chemical Reviews 113, 7981-8065, 

doi:10.1021/cr400020d (2013). 

29 Zhai, H.-J., Kiran, B., Li, J. & Wang, L.-S. Hydrocarbon analogues of boron clusters — planarity, 

aromaticity and antiaromaticity. Nature Materials 2, 827-833, doi:10.1038/nmat1012 (2003). 

30 Zhai, H.-J. et al. Observation of an all-boron fullerene. Nature Chemistry 6, 727-731, 

doi:10.1038/nchem.1999 (2014). 

31 Piazza, Z. A., Hu, H. S., Li, W. L., Zhao, Y. F. & Li, J. Planar hexagonal B36 as a potential basis 

for extended single-atom layer boron sheets. Nature Communications 5, 3113, 

doi:10.1038/ncomms4113 (2014). 

32 Wang, Y. Q. & Duan, X. F. Crystalline boron nanowires. Applied Physics Letters 82, 272, 

doi:10.1063/1.1536269 (2003). 

33 Tian, J. et al. One-dimensional boron nanostructures: Prediction, synthesis, characterizations, and 

applications. Nanoscale 2, 1375, doi:10.1039/c0nr00051e (2010). 

34 Ciuparu, D., Klie, R. F., Zhu, Y. & Pfefferle, L. Synthesis of Pure Boron Single-Wall Nanotubes. 

The Journal of Physical Chemistry B 108, 3967-3969, doi:10.1021/jp049301b (2004). 

35 Liu, F. et al. Metal-like single crystalline boron nanotubes: synthesis and in situ study on electric 

transport and field emission properties. Journal of Materials Chemistry 20, 2197-2205, 

doi:10.1039/b919260c (2010). 

36 Tai, G. et al. Synthesis of Atomically Thin Boron Films on Copper Foils. Angewandte Chemie 

54, 15693-15697, doi:10.1002/ange.201509285 (2015). 

37 Das, S. K., Bedar, A., Kannan, A. & Jasuja, K. Aqueous dispersions of few- layer-thick 

chemically modified magnesium diboride nanosheets by ultrasonication assisted exfoliation. 

Scientific Reports 5, 10522, doi:10.1038/srep10522 (2015). 

38 Suehara, S., Aizawa, T. & Sasaki, T. Graphenelike surface boron layer: Structural phases on 

transition-metal diborides (0001). Phys. Rev. B 81, 085423, doi:10.1103/PhysRevB.81.085423 

(2010). 

39 Lau, K. C. & Pandey, R. Stability and Electronic Properties of Atomistically-Engineered 2D 

Boron Sheets. The Journal of Physical Chemistry C 111, 2906-2912, doi:10.1021/jp066719w 

(2007). 

40 Boustani, I. Systematic ab initio investigation of bare boron clusters: Determination of the 

geometry and electronic structures of Bn (n = 2–14). Physical Review B 55, 16426, 

doi:10.1103/PhysRevB.55.16426 (1997). 

41 Zhou, X. F. et al. Semimetallic Two-Dimensional Boron Allotrope with Massless Dirac 

Fermions. Physical Review Letters 112, 085502, doi:10.1103/PhysRevLett.112.085502 (2014). 

42 Tang, H. & Ismail-Beigi, S. Novel Precursors for Boron Nanotubes: The Competition of Two-

Center and Three-Center Bonding in Boron Sheets. Physical Review Letters 99, 115501, 

doi:10.1103/PhysRevLett.99.115501 (2007). 



19 

 

43 Yang, X., Ding, Y. & Ni, J. Ab initio prediction of stable boron sheets and boron nanotubes: 

structure, stability, and electronic properties. Physical Review B 77, 

doi:10.1103/PhysRevB.77.041402 (2008). 

44 Penev, E. S., Artyukhov, V. I., Ding, F. & Yakobson, B. I. Unfolding the fullerene: nanotubes, 

graphene and poly-elemental varieties by simulations. Adv Mater 24, 4956-4976, 

doi:10.1002/adma.201202322 (2012). 

45 Gonzalez Szwacki, N., Sadrzadeh, A. & Yakobson, B. I. B80 Fullerene: An Ab Initio Prediction 

of Geometry, Stability, and Electronic Structure. Physical Review Letters 98, 245-244, 

doi:10.1103/PhysRevLett.98.166804 (2007). 

46 Zhang, Z., Penev, E. S. & Yakobson, B. I. Two-dimensional materials: Polyphony in B flat. Nat. 

Chem. 8, 525-527, doi:10.1038/nchem.2521 (2016). 

47 Tang, H. & Ismail-Beigi, S. First-principles study of boron sheets and nanotubes. Physical 

Review B 82, 115412-115420, doi:10.1103/PhysRevB.82.115412 (2010). 

48 Sun, X. et al. Two-Dimensional Boron Crystals: Structural Stability, Tunable Properties, 

Fabrications and Applications. Advanced Functional Materials 27, doi:10.1002/adfm.201603300 

(2017). 

49 Liu, H., Gao, J. & Zhao, J. From Boron Cluster to Two-Dimensional Boron Sheet on Cu (111) 

Surface: Growth Mechanism and Hole Formation. Scientific Reports 3, 3238, 

doi:10.1038/srep03238 (2013). 

50 Zhang, Z., Yang, Y., Gao, G. & Yakobson, B. I. Two‐Dimensional Boron Monolayers Mediated 

by Metal Substrates. Angewandte Chemie 127, 13214-13218, doi:10.1002/ange.201505425 

(2015). 

51 Feng, B. et al. Experimental realization of two-dimensional boron sheets. Nature Chemistry 8, 

563-568, doi:10.1038/nchem.2491 (2016). 

52 Zhong, Q. et al. Synthesis of borophene nanoribbons on Ag(110) surface. Physical Review 

Materials 1, 021001-021005, doi:10.1103/PhysRevMaterials.1.021001 (2017). 

53 Feng, B. et al. Dirac Fermions in Borophene. Physical Review Letters 118, 096401-096406, 

doi:10.1103/PhysRevLett.118.096401 (2017). 

54 Zhang, Z., Shirodkar, S. N., Yang, Y. & Yakobson, B. I. Gate‐Voltage Control of Borophene 

Structure Formation. Angewandte Chemie 129, 15623-15628, doi:10.1002/ange.201705459 

(2017). 

55 Wang, Y., Fan, J. & Trenary, M. Surface chemistry of boron oxidation. 1. Reactions of oxygen 

and water with boron films grown on tantalum(110). Chemistry of Materials 5, 192-198, 

doi:10.1021/cm00026a007 (1993). 

56 Liu, X. et al. Self-assembly of electronically abrupt borophene/organic lateral heterostructures. 

Science Advances 3, e1602356, doi:10.1126/sciadv.1602356 (2017). 

57 Huang, Y., Shirodkar, S. N. & Yakobson, B. I. Two-dimensional boron polymorphs for visible 

range plasmonics - a first-principles exploration. Journal of the American Chemical Society 139, 

17181-17185, doi:10.1021/jacs.7b10329 (2017). 

58 Nagamatsu, J., Makagawa, N., Murenaka, T., Zenitani, Y. & Akimitsu, J. 

Superconductivity at 39K in magnesium diboride. Nature 410, 63-64, doi:10.1038/35065039 

(2001). 

59 Kortus, J., Mazin, I. I., Belashchenko, K. D., Antropov, V. P. & Boyer, L. L. Superconductivity 

of Metallic Boron in MgB2. Physical Review Letters 86, 4656-4659, 

doi:10.1103/PhysRevLett.86.4656 (2001). 

60 Tsafack, T. & Yakobson, B. I. Thermomechanical analysis of two-dimensional boron 

monolayers. Physical Review B 93, doi:10.1103/PhysRevB.93.165434 (2016). 

61 Yan, Z., Peng, Z. & Tour, J. M. Chemical Vapor Deposition of Graphene Single Crystals. 
Accounts of Chemical Research 47, 1327-1337, doi:10.1021/ar4003043 (2014). 



20 

 

62 Tao, L. et al. Silicene field-effect transistors operating at room temperature. Nature 
nanotechnology 10, 227-231, doi:10.1038/nnano.2014.325 (2015). 

63 Kang, K. et al. Layer-by-layer assembly of two-dimensional materials into wafer-scale 

heterostructures. Nature 550, 229-233, doi:10.1038/nature23905 (2017). 

64 Ryder, C. R. et al. Covalent functionalization and passivation of exfoliated black phosphorus via 

aryl diazonium chemistry. Nat Chem 8, 597-602, doi:10.1038/nchem.2505 (2016). 

65 Johns, J. E. & Hersam, M. C. Atomic covalent functionalization of graphene. Acc Chem Res 46, 

77-86, doi:10.1021/ar300143e (2013). 

66 Jariwala, D., Marks, T. J. & Hersam, M. C. Mixed-dimensional van der Waals heterostructures. 

Nature Materials 16, 170-181, doi:10.1038/nmat4703 (2016). 

67 Levendorf, M. P. et al. Graphene and boron nitride lateral heterostructures for atomically thin 

circuitry. Nature 488, 627-632, doi:10.1038/nature11408 (2013). 

68 Liu, M., Artyukhov, V. I. & Yakobson, B. I. Mechanochemistry of One-Dimensional Boron: 

Structural and Electronic Transitions. J Am Chem Soc 139, 2111-2117, doi:10.1021/jacs.6b12750 

(2017). 

69 Dean, C. R. et al. Boron nitride substrates for high-quality graphene electronics. Nature 

Nanotechnology 5, 722–726 doi:10.1038/nnano.2010.172 (2010). 

70 Er, S. l., de Wijs, G. A. & Brocks, G. DFT study of planar boron sheets: a new template for 

hydrogen storage. J. Phys. Chem. C 113, 18962-18967, doi:10.1021/jp9077079 (2009). 

71 Jiang, H., Lu, Z., Wu, M., Ciucci, F. & Zhao, T. Borophene: A promising anode material offering 

high specific capacity and high rate capability for lithium-ion batteries. Nano Energy 23, 97-104, 

doi:10.1016/j.nanoen.2016.03.013 (2016). 

72 Zhang, X. et al. Borophene as an extremely high capacity electrode material for Li-ion and Na-

ion batteries. Nanoscale 8, 15340-15347, doi:10.1039/C6NR04186H (2016). 

Figures and Tables 

 Structure Electronic Optical Mechanical 

Graphene Planar honeycomb Semimetal IR-THz Plasmons {Ju, 2011 

#198} {Grigorenko, 2012 

#199} 

High tensile strength 

{Lee, 2008 #201} 

Silicene 

(and Ge, Sn)  

Buckled 

honeycomb 

Semimetal 

(Topologically 

non-trivial)* 

Plasmons {Sindona, 2018 

#200} 

 

Phosphorene  Anisotropic 

buckled 

honeycomb 

Semiconductor Direct band gap  

Bismuthene  Buckled 

honeycomb and 

anisotropic 

buckled 

honeycomb 

Semimetal or 

semiconductor 

(Topologically 

non-trivial) 

  

Borophene Vacancy-driven 

polymorphism, 

anisotropy 

Metal, 

Superconductor* 

Vis-NIR Plasmons* Flexibility 

compliance* 

*Predicted Properties 
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Table 1. Comparison of properties for elemental 2D materials.  
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Figure 1.  Summary of borophene structure and properties. Borophene synthesized on a silver 

(111) surface through evaporation exhibits structural anisotropy and polymorphism, which results 

properties unique to 2D materials including a combination of metallicity, mechanical flexibility, 

transparency, and superconductivity. 
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Figure 2. Fundamentals of boron structure and chemistry. (a) Location of boron in the periodic 

table of elements, and the orbital diagram of the trivalent outer shell. (b-d) Atomic structure models 

of: (b) bulk boron in the 28-phase, composed of icosahedral B12 clusters and B2 dimers; (c) 

magnesium diboride, which consists of graphene-like honeycomb networks of boron sandwiched 

between close-packed magnesium layers; (d) small boron quasi-planar clusters that develop 

hexagonal holes with increasing size. 
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Figure 3. Theory of 2D boron in vacuum and on substrates. (a) A layer composed of icosahedral 

B12 clusters. (b) A buckled triangular lattice composed of hexagonal pyramids. (c) The  sheet 

composed of unfolded B80 fullerenes. (d) Stability of borophene in vacuum and on Ag as a function 

of concentration of hollow hexagons (v). Inset: three structures near the energetic minimum (v1/8, 

v4/33, and v2/15). (e,f) Energetically preferred borophene on Ag: (e) v1/6 and (f) v1/5 sheets. 
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Figure 4. Experimental synthesis of borophene. (a,b) Large-scale (a) STM topography and (b) 

differential conductance (dI/dV) images of borophene grown on Ag(111). The dI/dV image shows 

electronic contrast between borophene and Ag. Homogeneous phase, striped phase, and 

nanoribbon islands are indicated with red, white, and blue arrows, respectively. (c,d) Atomically 

resolved STM images of the (c) striped phase and (d) homogeneous phase. (e,f) Simulated STM 

topography images for the v1/6 and v1/5 structure models. (g) STM topography image of borophene 

nanoribbons on Ag(110) substrate (dimensions 30 × 50 nm2), with the inset showing atomic 

resolution topography. (a-d) adapted from16,, (g) adapted from52. 
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Figure 5. Future prospects for borophene research. (a) Chemical vapor deposition showing 

diborane as a potential precursor, which may enable growth of large domains. (b) Borophene 

transfer from the growth substrate. (c) Formation of lateral borophene-BN heterostructures. (d) 

Vertically stacked van der Waals heterostructure encapsulating borophene. (e) Schematic 

illustration of all-2D superconducting quantum interference device based on  borophene 

superconducting leads. 
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