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Abstract

2

3

Layered boron compounds have attracted significant interest in applications from

4

energy storage to electronic materials to device applications, owing in part to a diversity

5

of surface properties tied to specific arrangements of boron atoms. Here, first-principles

6

calculations coupled with global optimization are performed to explore the energy land-

7

scape for surface atomic configurations of MgB2 , a prototypical layered metal diboride.

8

We demonstrate, that contrary to previous assumptions, multiple reconstructions are

9

thermodynamically preferred and kinetically accessible within the exposed B surfaces

10

in MgB2 , and other layered metal diborides. Such a dynamic environment and in-

11

trinsic disordering of the B surface atoms in metal borides presents new opportunities

12

to realize a diverse set of 2D boron structures. We validated the predicted dynamic

13

surface disordering by characterizing exfoliated boron-terminated MgB2 nanosheets.

14

Application-relevant implications are discussed, with a particular view towards under-

15

standing the impact of boron surface heterogeneity on hydrogen storage performance.

16

Keywords: metal diborides, borophenes, dynamic surface, surface disordering,

17

hydrogen storage
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18

1

Introduction

19

Materials containing two-dimensional boron sheets, including metal diborides (MB2 ) and

20

closely related borophene sheets, represent a rich and diverse class of materials with a po-

21

tentially high degree of structural and electronic tunability. 1,2 As such, they have attracted

22

interest in a wide variety of applications, including hydrogen storage, 3 superconductivity, 4

23

electrocatalysis, 5–10 optoelectronics, 11 and thermal 12,13 and corrosion resistance. 14 In several

24

of these applications, the speciﬁc MB2 surface properties play an outsized role in determin-

25

ing the overall behavior, for example their surface-dependent electrocatalytic functions. 15

26

Recognizing this fact, several recent theoretical studies documented a library of possible

27

two-dimensional boron sheets with diﬀering surface stoichiometries and atomic arrangements

28

generally derived from the parent P6/mmm structure of MgB2 which has a graphitic arrange-

29

ment of boron atoms. 16–18

30

Such studies highlight the importance of accurately assessing the surface structure of lay-

31

ered borides and borophenes, which is necessary for reliable predictions of surface-relevant

32

properties. High-resolution ex situ imaging of boron surface structures in these materials is

33

extremely challenging due to the low surface population of clean basal boron planes, which

34

have relatively high surface energies 19–22 and are susceptible to contamination from surface

35

oxidation. 23,24 Nevertheless, there is reason to believe that clean boron surfaces are mani-

36

fested, particularly when boron surfaces are formed under in situ conditions. For instance,

37

Li et al. conﬁrmed a loss of oxidized borate signal from X-ray photoemission spectroscopy

38

of FeB2 following surface hydrogen evolution, suggesting Fe surfaces are leached by the elec-

39

trolyte under reaction conditions to expose the boron surface underneath. 25 Under such

40

conditions, however, surface structure cannot be straightforwardly assessed. In particular,

41

although it is undisputed that planar boron sheets exhibit graphitic patterns of extended

42

hexagonal rings inside bulk crystals of metal diborides, it is an open question whether these

43

same patterns are always preserved for boron on external surfaces. In addition to complicat3

44

ing the construction of reliable surface models, this knowledge gap jeopardizes understanding

45

of how such boron surfaces behave under application-relevant conditions.

46

There have been some computational studies hinting at potential boron surface recon-

47

struction in layered metal borides. Suehara et al. observed from ab initio molecular dynam-

48

ics (AIMD) that the stoichiometric B-terminated (0001) surface of ZrB2 , when annealed,

49

exhibited boron aggregation and formation of umbrella-like B7 clusters, suggesting the ex-

50

istence of competing stable surface patterns. 16 Similarly, based on AIMD simulations, Kim

51

et al. predicted that the B surface of MgB2 rapidly reconstructs upon adsorption of oxygen

52

at 600 K, eliminating the E2g phonon mode coupling to the in-plane electronic states and

53

disabling the high-Tc superconductivity. 26 Reconstruction has also been reported for other

54

two-dimensional boron systems. For instance, Liu et al. found by density functional theory

55

(DFT) calculations that a free-standing boron sheet with an equivalent B density as MB2

56

abandons the hexagonal lattice and undergoes self-amorphization via small perturbations

57

in its initial structure. 18 This same behavior was observed for a borophene layer coated on

58

silver substrates. Collectively, these studies suggest that the expected extended hexagonal

59

pattern in certain exposed 2D boron sheets may not always be favored depending on the

60

nature of the substrate.

61

In this work, we revisit the question of surface boron structure by combining DFT cal-

62

culations with an exhaustive global optimization approach and free energy sampling, as well

63

as synthesis and characterization of boron-terminated MgB2 nanosheets, thereby providing

64

a comprehensive energy landscape and experimental validation for surface reconﬁguration.

65

Using MgB2 as a model metal diboride, we explore the complex interplay between sur-

66

face electronic structure and atomic rearrangement to show that, contrary to conventional

67

assumptions, exposed boron surfaces spontaneously and dynamically disorder. Additional

68

electronic structure analysis reveals that the disordering tendency can be attributed to partial

69

charge transfer at the undercoordinated surface, which leads to a frustrated, elemental-like

70

boron state. This predicted disordering is conﬁrmed using a combination of surface-sensitive

4

71

characterization techniques applied to synthesized MgB2 nanosheets. To illustrate the im-

72

plications of the surface disordering, we focus on the technological application of MgB2 for

73

hydrogen storage, showing how the introduction of heterogeneity impacts hydrogenation

74

thermodynamics and kinetics. We then apply our insights to deﬁne design rules for delib-

75

erately prohibiting or creating boron surface disorder by surveying a diverse set of layered

76

metal diborides, thereby enhancing understanding of boron surface chemistry and expanding

77

the library of possible 2D boron structures.

78

2

79

2.1

80

We begin with a discussion on the possible ways in which the surface B atoms can rearrange

81

within the B plane in MgB2 (shown in Figure 1). Starting with an unreconstructed 2x2

82

B-terminated (0001) surface model with the expected hexagonal pattern of surface B atoms

83

(Bsurface ), we ﬁrst relaxed the geometry to conﬁrm that this structure can be classiﬁed as

84

a metastable local minimum. Next, to initiate the search for other local-minimum surface

85

patterns, we enumerated possible Bsurface locations on either bridge or hollow sites, ultimately

86

obtaining 135 possible initial patterns for the 2x2 surface model. These structures were then

87

relaxed to in total 16 unique local minima. (A detailed schematic of model construction

88

and surface structures of all local minima can be found in the Supporting Information (SI)

89

Section 1). Attempts to similarly distort subsurface boron atoms had no eﬀect, as they

90

relaxed back to the same hexagonal pattern, thus conﬁrming that the new local minima are

91

found in the surface layer only.

Results
Prediction of MgB2 surface disordering

92

Figure 1 reports the DFT-computed energies of the local-minimum surface structures

93

(blue circles), referenced to the unreconstructed hexagonal surface pattern. The values are

94

plotted against the average B-B coordination number of (Bsurface ), deﬁned within a cutoﬀ

95

distance of 2 Å and averaged over all Bsurface . It is immediately apparent that patterns with
5

Figure 1: Reconstruction of boron sheets. Energy of 2x2 (blue) and 4x4 (orange) slabs
with diﬀerent locally stable surface patterns found during the structure search, referenced
to the pristine hexagonal surface (blue star) and plotted against the average surface B-B
coordination number. Select surface structures of interest are labeled, with corresponding
structures shown at right (see Figure 7 for G1 structure). The globally optimized GM
structure is shown in top and side views at far right. Atom color codes: green: B, orange:
Mg.
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96

lower energy than the hexagonal arrangement exist, with six such patterns identiﬁed from

97

our initial search. We further note that CN B-B(surface) for these lower-energy patterns tend

98

to be higher (up to a maximum of 4, compared with 3 for the unreconstructed hexagonal

99

surface), indicating a degree of Bsurface clustering.

100

Top-view structures of the two iso-energetic surfaces with the lowest energy from our ini-

101

tial search (LM2, LM3) are shown alongside the pristine surface (LM1) in Figure 1. Changes

102

from LM1 to LM2 correspond to migrations of two adjacent Bsurface from hollow to atop sites

103

along their connective path, forming symmetric 10-membered B rings and exposing two sub-

104

surface Mg atoms. LM3 is structurally close to LM2, containing irregular 11-membered-B

105

rings. Because formation of these structures results in broken B-B bonds within the hexag-

106

onal sheet, we denote it as a ring-opening process.

107

To explore a broader range of conﬁgurational space, we next turned to a larger 4x4 surface

108

model. Here, a full enumeration of Bsurface locations becomes impractical. Instead, we created

109

initial structures based on optimized structures extracted from the 2x2 surface models, then

110

employed a Basin-Hopping global optimization scheme to access new conﬁgurations. Details

111

of the structure-generating procedures and all optimized structures can be found in the SI

112

Section 2. Relative energies of all 4x4 computed slab structures are reported in Figure 1, plot-

113

ted against CN B-B(surface) as orange ﬁlled circles. Due to the broader conﬁgurational space,

114

surface patterns captured by the 4x4 surface model are generally lower in energy than the

115

2x2 ones at similar CN B-B(surface) . This further clariﬁes that the conventional hexagonal ar-

116

rangement is merely metastable, and that it competes with a variety of possible lower-energy

117

arrangements. Moreover, the manifold of the lowest-energy pattern decreases monotonically

118

with increasing CN B-B(surface) , highlighting the clustering preferences for Bsurface , achieved

119

by abandoning extended hexagonal-ring structures to form larger, asymmetrical rings and

120

clusters. The globally optimized 4x4 surface structure, labeled as GM in the rightmost panel

121

of Figure 1, is 131 meV/Bsurface lower in energy than the starting hexagonal surface. The

122

CIF ﬁle of GM can be found in SI. Interestingly, the surface appears to be amorphous-like

7

123

and highly disordered, containing a mixture of irregular 10-, 11-, 14-membered rings with

124

clusters of boron, such as umbrella-like B7 , and triangular B6 . This behavior is similar to

125

that reported for the annealed ZrB2 boron surface by Suehara et al. where boron atoms

126

cluster and form large ring structures. 16 Moreover, a signiﬁcant fraction of subsurface Mg

127

atoms originally masked by Bsurface are now exposed as a result of the Bsurface ring opening

128

process. From the side view in Figure 1, it is also visually obvious that some Bsurface atoms

129

in atop positions (relative to subsurface Mg) rise from the surface.

Figure 2: Boron surface dynamics. (a) CI-NEB-computed minimum energy paths for
LM1→LM2→LM3 surface conversion (black curve), along with the metadynamics-computed
free energy barrier for LM1→LM2 at 300 K (dashed red line, with error bars shown). Atom
color codes: green: B, orange: Mg. (b) Root mean squared displacement (RMSD) of surface
boron atoms from AIMD simulations of LM2 at 300 K, referenced to relaxed LM2 structure.

130

Figure 2(a) illustrates the kinetics of the surface reconﬁguration process, computed
8

131

by tracing the reaction pathways of LM1→LM2→LM3 transformations using the climbing

132

image nudged elastic band method (CI-NEB). As shown in Figure 2(a), the LM1→LM2 tran-

133

sition goes through a metastable local minimum (LM* ) and has an overall zero-temperature

134

activation energy of only 0.27 eV. The activation barrier associated with the LM2→LM3

135

transition is even smaller, ∼ 0.12 eV. (The full minimum energy paths (MEPs) can be found

136

in the SI Section 3). We also quantiﬁed the free energy of activation needed for the system

137

to escape the LM1 state at a ﬁnite temperature using metadynamics simulations. These

138

simulations reveal a free energy barrier of 0.33 (±0.02) eV at 300 K for conversion to LM2

139

- slightly higher than the corresponding 0-K barrier—conﬁrming that LM2 is the nearest

140

local minimum to LM1 upon surface reconstruction (further details can be found in the SI

141

Section 4). Accordingly, the kinetics of surface disordering are readily accessible even at

142

room temperature. The low barrier in Figure 2(a) implies the likelihood that the system can

143

interchange easily between LM2 and LM3. To conﬁrm this, we performed AIMD simulations

144

at 300 K. Figure 2(b) shows the dynamics of a reconstructed boron surface by monitoring

145

the root mean squared displacement (RMSD) of surface boron atoms. Multiple episodes of

146

LM2↔LM3 interconversion are detectable even within these short simulation timescales at

147

room temperature, manifesting the highly dynamic nature of the boron surface. Collectively,

148

the results point to a MgB2 surface structure that disorders spontaneously and dynamically

149

under operating conditions, in sharp contrast to the assumption of a static hexagonal ar-

150

rangement.

151

The surprising dynamical disordering tendency of the boron surface in MgB2 can be

152

understood by analyzing the surface electronic properties in detail, as shown in Figure 3.

153

Bader charge analysis was used to gain insights into the electronic origin of favorable boron

154

surface reconstruction. For reference, we ﬁrst determined the excess partial charges (q) of

155

Mg and B in pristine bulk MgB2 from Bader analysis. The average q of Mg and B are +1.66

156

and -0.83, respectively, corresponding qualitatively to the expected formal oxidation states

157

of +2 and -1.

9

158

Next, these bulk values were compared to the average q in surface and subsurface layers

159

of the lowest-energy 4x4 reconﬁgurations of the boron-terminated MgB2 surfaces. Corre-

160

sponding values for the unreconstructed MgB2 surface were also included in our analysis.

161

Figure 3(a) shows the average q of the outermost surface boron atoms (Bsurface ) within each

162

computed 4x4 slab, plotted against CN B-B(surface) . The average q spans a range of > 0.1 e

163

across structures, with a minimum of about half of the q in bulk MgB2 for the hexagonal

164

unrecontructed surface (CN B-B(surface) = 3). Thus, missing a layer of coordination with Mg

165

clearly leads to partial charge depletion of Bsurface . In addition, the average q of Bsurface

166

increases with CN B-B(surface) , reﬂecting further charge depletion of Bsurface upon additional

167

surface reconstruction and boron aggregation.

168

Figures 3(b) and (c) break down the average q of subsurface B and Mg by layer within

169

the slab models (plotted against the average q of Bsurface ), demonstrating the heterogeneous

170

distribution of charge among layers. Bulk-like q is attained by the second sublayer of Mg

171

atoms and the third sublayer of B atoms (see ﬁgure caption for details). Strongly negative

172

correlations in q were found between Bsurface atoms and their closest B and Mg sublayers,

173

suggesting the variation in the average q of Bsurface across diﬀerent surface conﬁgurations is

174

mainly due to the surface-dependent charge distribution among these three layers.

175

Overall, our charge analyses suggest that partial charge depletion of Bsurface due to sub-

176

stoichiometric coordination with Mg is highly correlated with B−B bond reorganization and

177

energetically favorable surface disordering. It is reasonable to extrapolate this concept to

178

other oxidation scenarios and diﬀerent surface terminations that may lead to similar behav-

179

ior. To test this hypothesis, we created another model system to examine direct oxygen

180

attack of a Mg-terminated (0001) MgB2 surface, which mimics the oxygen susceptibility

181

under actual operating conditions. Starting again with a 4x4 (0001) slab with four MgB2

182

layers, we relaxed the structure under the addition of an oxygen monolayer on the Mg sur-

183

face. Subsurface B have an average q of 0.38, conﬁrming strong oxidation by surface oxygen.

184

Global optimization via Basin Hopping caused subsurface B atoms to undergo exothermic

10

Figure 3: Partial charge analysis. (a) Average partial charge of surface B atoms as a
function of surface B-B coordination number. Average partial charge of (b) other B layers
and (c) Mg layers as a function of the average partial charge of surface B atoms. B and
Mg layer indices are deﬁned according to their proximity relative to the outermost boron
surface. Data is compiled from all computed114x4 surface conﬁgurations in Figure 1. Stars
represent the pristine hexagonal surface.

185

disordering into irregular rings and clusters very similar to the B-terminated clean surface,

186

thus validating our hypothesis (see SI Section 5 for surface structures of locally optimized

187

and globally optimized conﬁgurations with oxygen). We also repeated the optimization pro-

188

cess for a slab with the Mg surface covered by atomic H (surface hydrides with 1:1 Mg/H

189

ratio), where subsurface B have an average q of -0.81 similar to bulk B, and no subsurface B

190

reconstruction was observed. We therefore expect that only strong oxidizing agents capable

191

of substantially depleting the charge of the subsurface B layer would facilitate spontaneous

192

boron layer disordering.

193

It is worth pointing out that charge depletion of the B layer at the MgB2 surface causes

194

these atoms to approach their elemental (neutral) charge state. This provides a clue for

195

explaining the disordering tendency. Speciﬁcally, Ogitsu et al. reported through a global-

196

phase space search that elemental β-rhombohedral boron contains a macroscopic amount of

197

intrinsic defects, leading to a degenerate and disordered ground state. 27,28 The authors were

198

able to trace this behavior to geometrical frustration of partially occupied site conﬁgurations,

199

which mimic frustrated spin-lattice conﬁgurations and are intrinsic to elemental boron. Sim-

200

ilarly, Liu et al. found that a free-standing charge-neutral boron sheet in vacuum strongly

201

prefers disordering and forms amorphous-like patterns. In the case of MgB2 , we propose that

202

formation of elemental-like surface B due to substoichiometric coordination with Mg drives

203

Bsurface into an electronic state close to elementary frustrated B substance, which introduces

204

a degree of electronic frustration that manifests as spontaneous dynamical disordering.

205

2.2

206

To validate the predicted disordering of surface boron atoms, we synthesized MgB2

207

nanosheets (NSs) with predominant boron surface termination through mechanical exfo-

208

liation using high-energy ball milling, followed by dispersion in acetonitrile and subsequent

209

centrifugation (see Methods) 29 Using transmission electron microscopy (TEM) and atomic

210

force microscopy (AFM), we determined that the exfoliated MgB2 NSs were ﬂat with lateral

Experimental analysis of MgB2 surface disordering

12

211

dimensions ranging from 100 nm to 500 nm and thicknesses of ∼4 nm (Figure 4(a) and SI

212

Section 6). The dominant MgB2 composition was conﬁrmed using energy-dispersive X-ray

213

spectroscopy (EDS) analysis (SI Section 6). To comment on the crystalline nature and the

214

degree of exfoliation of MgB2 , we acquired X-ray diﬀraction (XRD) data of bulk and exfoli-

215

ated MgB2 NSs (Figure 4(b)). The exfoliated MgB2 NSs show signiﬁcant peak broadening,

216

likely due to ﬁnite size/Scherrer and/or strain eﬀects resulting from a high degree of exfoli-

217

ation of MgB2 . Moreover, the intensity of the (001) and (002) peaks corresponding to the

218

C-stacking planes of MgB2 is highly diminished, indicating the presence of only a few layers

219

within the crystals. 30

220

In order to conﬁrm that the MgB2 sheets are predominantly B-terminated, we performed

221

low energy ion scattering (LEIS), which can provide an elemental analysis of the outermost

222

surface monolayer. 31 LEIS measurements of MgB2 NSs pressed into an indium foil suggest

223

a primarily boron-terminated surface, based on two main observations. First, the presence

224

of boron at the surface was conﬁrmed with an ion energy spectrum taken with a 3 keV Ne+

225

beam in Figure 4(c). This spectrum contains a large B(R) peak, corresponding to detection

226

of surface boron being recoiled by incident Ne+ into the detector. Second, to interrogate

227

the boron surface coverage, LEIS measurements were taken with a 3 keV He+ beam. These

228

spectra, plotted in Figure 4(d), reveal a strong matrixing eﬀect (neutralization of the incident

229

ions). All higher energy peaks associated with scattering from all surface species (B, O, Mg,

230

and In) are greatly suppressed. For comparison, the blue dotted line shows a spectrum for

231

a clean Mg surface, which contains a large Mg(QS) peak. Similar matrixing eﬀects have

232

been reported for complete graphitic carbon monolayers on metal surfaces by Mikhailov et

233

al., 32 who noted that these eﬀects may be expected to occur for other light elements strongly

234

bonded to metals. The combination of these two observations demonstrates that boron is

235

present at the surface and likely constitutes a large portion of the surface termination.

236

The native disordering of the boron planes near the surface was probed using X-ray

237

absorption spectroscopy (XAS) measurements, which was previously established as a reliable

13

Figure 4: Physical and chemical characterization of the exfoliated MgB2 NSs. (a)
Representative TEM image of the exfoliated MgB2 NSs, (b) XRD analysis of bulk or standard
MgB2 and exfoliated MgB2 NSs are compared with simulated MgB2 diﬀraction data. A small
peak at 30.4°corresponds to the zirconia (ZrO2 ) contamination obtained during high energy
ball milling (HEBM) of MgB2 . (c) Ion energy spectrum for 3 keV Ne+ on the MgB2 NSs
for α = 76° and θ = 54°. Scattering peaks are labeled X(QS) in red, while recoil peaks are
labeled X(R) in green, to denote scattering or recoiling a surface atom of species X. The
ion energy spectrum reveals a sizeable B(R) peak, evidence that boron is at the MgB2 NS
surface. (d) Ion energy spectrum for 3 keV He+ on MgB2 NSs is plotted as open black circles
for α = 76°and θ = 60°. For an illustrative comparison, a second ion energy spectrum for
2 keV He+ on a clean Mg surface (for θ = 55°) is shown as a blue dotted line. The higher
energy scattering peaks for the MgB2 NSs are greatly suppressed by a matrixing eﬀect. Note
that a small shift in the relative energy of the Mg(QS) peaks between the two spectra is
expected, due to the slightly diﬀerent scattering angle θ.

14

Figure 5: XAS measurements and simulations of exfoliated MgB2 NSs. (a) Boron
K-edge TEY (Total Electron Yield; surface-sensitive) and TFY (Total Fluorescence Yield;
more bulk-sensitive) modes of XAS spectra for exfoliated MgB2 nanosheets, compared to
reference spectra for other bulk boron-containing compounds. (b) Simulated XAS spectra
for MgB2 slabs with pristine or GM-reconstructed boron surfaces. The decrease in the
simulated signal near 203 eV is due to the ﬁnite number of electronic bands included in the
calculations

15

238

technique for assessing the intactness of the boron ring structure. 24 In particular, a peak

239

near ∼187 eV corresponds to B 2pxy states that are characteristic of the B-B hexagonal ring

240

structure of bulk MgB2 . 33 XAS measurements of the exfoliated MgB2 NSs were performed

241

in both TEY (total electron yield, a surface-sensitive mode) and TFY (total ﬂuorescence

242

yield, a more bulk-sensitive mode) modes. As shown in Figure 5(a), the B-B ring feature

243

is indeed completely missing in the TEY mode in the MgB2 NSs. The feature at 193.7

244

eV corresponds to B2 O3 (or other sub-stoichiometric boron oxides), which indicates that

245

some limited oxidation is occurring even in these pristine samples. However, the exoﬂiated

246

MgB2 NSs also show small peak-like features between 191.5 eV and 193 eV, which are not

247

present in the B2 O3 , and similar features are observed in this range for a powder sample of

248

elemental boron. This is consistent with our theoretical calculations suggesting that B-rich

249

surfaces should feature complex structures with higher B coordination that are closer to

250

neutral oxidation state, similar to those in elemental boron.

251

As further conﬁrmation of our interpretation, we also directly simulated the B K-edge

252

XAS spectra for pristine and reconstructed MgB2 surface layers (based on the GM recon-

253

struction). The results are shown in Figure 5(b). Whereas the 2pxy feature near 187 eV

254

is retained for the pristine surface, indicating intact surface boron rings, the reconstructed

255

surface is indeed missing this feature. The reconstructed surface also exhibits increased

256

spectral weight between 188 and 193 eV, including a small peak near 190 eV and shoulder

257

near 191.5 eV that are reminiscent of similar features between 191.5 eV and 192.5 eV in the

258

exfoliated MgB2 B K-edge TEY XAS measurements (Figure 5(a)). Thus, the XAS signature

259

of the theoretically predicted surface reconstruction is consistent with spectrum of the ex-

260

foliated MgB2 B K-edge TEY XAS measurements, strongly supporting the hypothesis that

261

the disruption of the hexagonal ring structure produces substantial surface disorder.

16

262

2.3

Implications for MgB2 surface reactivity

263

The native surface disorder introduces heterogeneity in local surface properties of MgB2 ,

264

with potentially broad implications for application performance. As one illustration, Fig-

265

ure 6 explores the interaction of disordered MgB2 with hydrogen in view of its utility as a

266

hydrogen storage material. 3 Liu et al. proposed that the intrinsic stability of the B−B ex-

267

tended hexagonal ring structure hinders the overall hydrogenation kinetics of MgB2 (with an

268

underlying assumption that B maintains hexagonal patterns even when surface-exposed). 33

269

As such, it is critical to understand which factors can facilitate B−B bond disruption. The

270

current study suggests that such disruption is achievable natively at surfaces due to surface

271

disordering, prompting a more direct investigation into the implications for hydrogenation.

Figure 6: Implications for MgB2 hydrogenation. (a) Energy map of atomic H binding
on the GM conﬁguration of MgB2 , with squares indicating locally stable binding sites colored
according to EH binding . Tested site pairs for dissociative H2 adsorption are highlighted as
black ovals, with corresponding dissociation barriers indicated in eV. Top and side views of
the transition state structure for dissociative H2 adsorption at the Mg+B site pair are shown
at left. Atom color codes: green: B, orange: Mg, pink: H. (b) Histogram of EH binding on
the GM conﬁguration compared with the reference value for the hexagonal boron surface
(vertical dashed line).

272

For reference, we ﬁrst computed single atomic H binding to a bridge site on the unre17

273

constructed hexagonal MgB2 surface, ﬁnding a H binding energy of EH binding = -0.68 eV

274

(referenced to H2 gas). To perform a similar analysis on the disordered MgB2 surface, we

275

enumerated all possible bridge boron sites and accessible subsurface hollow Mg sites on the

276

GM conﬁguration. Figure 6(a) reports all local minima identiﬁed after geometry optimiza-

277

tions, colored by the computed EH binding . A strong site-dependent heterogeneity is observed,

278

spanning a range from -0.5 to 0.5 eV, as highlighted in the histogram in Figure 6(b). Over-

279

all, interactions between the boron surface and H are weakened after surface disordering.

280

Perhaps more importantly, the large range of energies indicates an especially large variety

281

of intrinsic local reactivities.

282

The H2 dissociation kinetics exhibit a similarly wide range of local intrinsic variability

283

on disordered MgB2 . From zero-temperature CI-NEB, the reference surface H2 dissociation

284

barrier onto two neighboring bridge sites of the unreconstructed hexagonal MgB2 surface

285

is found to be 0.52 eV (full MEP can be found in SI Section 7). Figure 6(a) reports the

286

calculated H2 dissociation kinetics on three representative pairs of neighboring H binding

287

sites on the disordered GM MgB2 surface with diﬀerent relative pairings of EH binding values.

288

We also included in our analysis a site pair consisting of a subsurface Mg site and a site

289

on surface B (detailed MEPs can be found in SI Section 7). Dissociation barriers at the

290

three paired-B sites are all higher than on the pristine hexagonal surface, suggestive of lower

291

reactivity of the Bsurface alone with H2 upon surface disordering. However, dissociation on

292

the surface B and subsurface Mg sites is more facile (0.38 eV). The transition state structure,

293

reported in Figure 6(a), shows that as H2 begins to dissociate, it stays in close contact with

294

both Bsurface and subsurface Mg. The Lewis acid-base pair interaction created by the Mg

295

and B (see Figure 3(a) and (c)) polarizes the H2 molecule, stabilizing the transition state

296

structure and facilitating H−H bond cleavage. Indeed, our calculations conﬁrm that at the

297

transition state, the two H atoms have opposite partial charges of -0.5 and +0.05 for the

298

Mg-bonded and B-bonded H, respectively.

299

As a result, exposure of subsurface Mg upon boron surface disordering introduces a new
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300

mechanism for facile H2 dissociation on select sites. Under hydrogenation conditions, it is

301

reasonable to assume that such sites could function as the predominant “scissors” for H2

302

cleavage. As exothermic atomic H diﬀusion is expected to be facile, exempliﬁed by low

303

H diﬀusion barriers 34 in bulk MgB2 , and on the pristine Mg-terminated (0001) surfaces, 35

304

the resulting atomic H can then diﬀuse to other nearby favorable binding sites. However,

305

one caveat is the lower density of sites with negative EH binding , which may prevent the

306

disordered surface from attaining a high H coverage (assuming all Bsurface remain intact

307

during hydrogenation). Accordingly, the disordered surface is likely to exhibit a competition

308

between site activity and coverage (site density).

309

2.4

310

Inspired by our ﬁndings for MgB2 , we performed a general assessment of surface disordering

311

tendency for a diverse set of metal diborides with the P6/mmm space group that have been

312

researched and reported in the literature, with metals ranging from s-metals (Mg, Al), ﬁrst-

313

row transition d-metals (Sc, Ti, V, Mn), late transition d-metals (Nb, Ta, Mo, Zr, Hf) and

314

f-elements (U). For each metal diboride, we simulated the modest surface distortion found for

315

MgB2 shown in Figure 7(a) that is labeled as G1 in Figure 1. Relaxed structures remained

316

similar to their initial conﬁgurations for most diborides, except for FeB2 and YB2 , which

317

underwent signiﬁcant spontaneous structural reorganization following initial distortion, as

318

illustrated in SI Section 8. Figure 7(b) reports the reaction energies (∆E) associated with

319

Bsurface disordering for each metal diboride. ∆E varies signiﬁcantly across diﬀerent diborides,

320

spanning both positive and negative regimes.

Surface disordering of other diborides

321

Overall, we predict that ScB2 , MnB2 , MgB2 , YB2 , and FeB2 should all exhibit native

322

surface disordering, with FeB2 showing the strongest reconstruction tendency. In these sub-

323

stances, the average partial charges of surface boron atoms, particularly in MnB2 and FeB2

324

(-0.22 and -0.15, respectively), are all less negative than that in MgB2 (-0.42). Beyond

325

the energetic beneﬁts, surface disordering also enhances conﬁgurational entropy, which may
19

Figure 7: Predictions of surface disordering for other metal diborides. (a) Structures of the pristine hexagonal and modestly distorted MB2 boron surfaces used as initial
conﬁgurations to assess surface disordering tendency. Atom color codes: green: B, orange:
M. (b) Energy diagram of ﬁnal boron surface conﬁgurations following structural relaxation
from G1, referenced to the hexagonal boron surface. Colors distinguish metal diborides exhibiting endothermic reconstruction (pink) from those exhibiting exothermic reconstruction
(blue).
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326

lead to additional stabilization for diborides that are slightly positive in ∆E. This provides

327

a rationalization for observations of reconstructed ZrB2 by Suehara et al. 16 Moreover, the

328

linkage between metal oxidation tendency and surface disordering tendency suggests that

329

disordering could be induced in other diborides by substitutional doping of elements such as

330

Mg, Y, or Fe, or suppressed by doping with Al, Ta, or Nb, etc. Note that the analysis in Fig-

331

ure 7 only covers MB2 systems with a stoichiometric M-to-B ratio of 1:2. However, addition

332

or depletion of boron vacancies resulting in other surface boron densities and patterns are

333

also possible, as has been widely reported for borophenes and other quasi-2D nanostructures

334

obtained from metal borides like AlB2 and TiB2 . 36,37

335

3

336

In conclusion, our results unravel a previously unrecognized spontaneous surface disordering

337

phenomenon of boron surfaces of MgB2 and certain related metal diborides. This disordering

338

can be linked to the formation of frustrated surfaces that mimic the known complex behavior

339

of elemental boron. The behavior was conﬁrmed in synthesized MgB2 nanosheets, which

340

showed spectral evidence that is consistent with native disordering of the boron hexagonal

341

ring structure. Moreover, this surface atomic reorganization is predicted to be dynamic,

342

suggesting local surface bonding character in fact ﬂuctuates.

Discussion

343

One immediate consequence of our ﬁndings is that idealized surface models may give

344

a misleading picture of the surface-relevant properties of metal diborides. Computational

345

models generally assume hexagonal B surfaces for such compounds; 22,25,38 while such an as-

346

sumption may hold true for some metal diborides, mechanistic interpretations for others can

347

be inaccurate. Moreover, when accurate surface energies are required, as in the prediction of

348

properties of nanosized metal diborides, hexagonal surface models that do not account for

349

stabilization upon disordering may not be suﬃciently representative. Likewise, when screen-

350

ing surface activity based on relevant computed descriptors, for instance using H binding

21

351

energy to an active site to infer its hydrogen evolution reaction activity,[29] an accurate

352

determination of surface arrangement is a prerequisite.

353

In addition, our work points to important practical consequences. Because disordered

354

surfaces exhibit a broader heterogeneity of local properties, this new understanding of the

355

nature of the boron surface also has nonobvious implications for performance. One example

356

lies in the increased richness of hydrogenation chemistry for hydrogen storage applications,

357

for which surface disordering of MgB2 was found to expose a new H2 dissociation pathway

358

that leverages Lewis acid-base pair interactions to signiﬁcantly lower barriers. At the same

359

time, it provides insight into how the stability of boron ring structures may be altered,

360

which has been suggested as a ﬁrst step towards rupturing the MgB2 lattice and promoting

361

phase transformations during later-stage hydrogenation. This highlights the necessity of

362

considering the surface atomic disordering in interrogation of mechanisms and interpretation

363

of experimental observations, while simultaneously guiding approaches for improvement.

364

Finally, we point out that the rich structural diversity of patterned borophenes has al-

365

ready generated intense interest due to the variety of potentially tunable properties. We

366

suggest that natively disordered boron surfaces can extend this catalog to include amor-

367

phous variants. Indeed, our study points to a possible engineering strategy for generating

368

surface disorder in diborides via substitutional doping of metals with higher primary oxi-

369

dation states, which opens up a new avenue for exploration of amorphous borophenes with

370

a wider variety of compositions. This is particularly notable in light of recent interest in

371

high-entropy alloys of metal diborides, 39 which oﬀer a diverse palette for altering compo-

372

sition. The potential tunability prompts the possibility of engineering boron surfaces of

373

nanoscale and 2D systems with speciﬁcally tailored properties—for instance, for use in coat-

374

ings, composites, electronic materials, or device applications. 40,41 Likewise, the diversity of

375

binding conﬁgurations due to the presence of surface disorder could be an important tool for

376

realizing multifunctional catalytic applications. 30,42
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377

4

Methods

378

4.1

379

4.1.1

380

Plane-wave, periodic supercell DFT calculations were performed with the Vienna ab initio

381

simulation package (VASP), version 5.4.4, 43 using the projector augmented wave treatment

382

of core-valence interactions 44,45 with the Perdew-Burke-Ernzerhof (PBE) 46 generalized gra-

383

dient approximation for the exchange-correlation energy. Initial bulk structures of metal

384

diborides were obtained from the Materials Project. 47 Enumeration of symmetry-distinct

385

initial conﬁgurations was performed using the enumlib code 48 wrapped in pymatgen. 49 Su-

386

percell generations were facilitated by the Atomic Simulation Environment (ASE) package. 50

387

To model (0001) boron surface, we ﬁrst cleaved the bulk MgB2 into a (0001) 2x2 stoichio-

388

metric slab with four MgB2 layers, each with 8 boron and 4 Mg atoms. Each slab is sep-

389

arated from periodic images by at least 15 Å of vacuum. Such slab separation by vacuum

390

was conﬁrmed to be suﬃcient by Eﬀective Screening Medium 51 calculations implemented in

391

Quantum Espresso 52 that showed negligible dipole-dipole interactions of slabs cross periodic

392

images along z-direction. The bottom two layers containing Mg surface were ﬁxed, and the

393

top two layers including the boron surface are allowed to fully relax. To further sample the

394

conﬁgurational space of boron surface atomic arrangements, we quadrupled the surface size to

395

4x4 to reduce translational symmetry imposed by periodic boundary conditions, maintained

396

the slab thickness and performed a selection of geometry optimizations and Basin-Hopping

397

global optimizations. For all calculations, the energy cutoﬀ for the plane-wave basis set was

398

set to 500 eV, self-consistent-ﬁeld electronic energies were converged to 10−4 eV and atomic

399

forces to less than 0.03 eV/Å. Spin-polarization was turned oﬀ in general, unless speciﬁed,

400

as most materials simulated are nonmagnetic. The Brillouin zone was sampled with a Γ-

401

centered 4x4x1 k-point mesh for 2x2 slab structures, and a Γ-centered 3x3x1 k-point mesh

Computational Methods
DFT Calculations
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402

for 4x4 slab structures. We deem such k-point suﬃcient as test calculations for MgB2 with

403

higher k-point density cause only negligible diﬀerences in relative energies across structures

404

with the same lattice. K-points were reduced to 2x2x1 for climbing-image nudged elastic

405

band (CI-NEB) 53,54 calculations for 4x4 slabs, but maintained as 4x4x1 for 2x2 slabs, allow-

406

ing direct energetics comparisons. Bader charge analyses were performed using the algorithm

407

developed by Henkelman et al. 55–57 For atomic H binding calculations, binding strength were

408

quantiﬁed by referencing to gas phase H2 following
EH

binding

1
= Esurface+H − Esurface − EH2
2

(1)

409

where Esurface+H , Esurface and EH2 are DFT-computed energies of a surface with an adsorbed

410

atomic H, the adsorbate-free clean surface and H2 in gas phase, respectively.

411

4.1.2

412

NVT ab initio molecular dynamics (AIMD) were performed for 2x2 slabs with the energy

413

cutoﬀ for the plane-wave basis set reduced to 400 eV and the Brillouin zone sampled with a

414

Γ-centered 3x3x1 k-point mesh. Timestep was set to 1 fs and a Nose-Hoover thermostat was

415

used to maintain the temperature. To quantify the dynamics of boron surfaces, root mean

416

square displacement (RMSD) of surface boron atoms in the course of AIMD trajectories were

417

collected after 3 ps of pre-equilibrating for each system. To compute the free energy bar-

418

rier of surface reconstruction at ﬁnite temperatures, metadynamics was performed starting

419

with the 2x2 pristine slab. Metadynamics is a nonequilibrium molecular dynamics method

420

capable of eﬃciently sampling free energy surfaces of complex reactions . 58 As surface recon-

421

struction requires B−B bond breaking of the pristine surface, we selected the coordination

422

number of an arbitrary pair of bonded surface boron atoms as the collective variable (CV),

423

mathematically deﬁned as

Ab initio Molecular Dynamics and Metadynamics Simulations

d

1 − ( dij0 )9
d

1 − ( dij0 )14
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(2)

424

where dij is the actual distance between B i and j, and do is the reference distance as the

425

boundary of being bonded or not between the two atoms which was set to 2 Å.

426

3 ps of AIMD was run to pre-equilibrate the system before bias potentials were introduced.

427

Gaussian potentials, with a height of 0.002 eV and a width of 0.02, were then added to the

428

deﬁned CV every 10 fs. Following a previously reported protocol, 59 we terminated a run

429

of metadynamics simulation after the ﬁrst barrier crossing from the reactant basin into the

430

target product basin, and computed the free energy barrier by summing up the amount of

431

bias potentials accumulated in the reactant basin. Error bars were computed on the basis

432

of three replicas starting with diﬀerent initial conﬁgurations.

433

4.1.3

434

Global optimizations based on the Basin-Hopping algorithm, 60,61 implemented in ASE, were

435

performed for several 4x4 slab structures for which exhaustive conﬁgurational sampling was

436

computationally demanding. In each Basin-Hopping step, only selective atoms expected

437

to reconstruct a posteriori were randomly displaced around the initial position following a

438

Gaussian distribution with a variance of 0.15 Å. From there a local structure optimization was

439

performed and the ﬁnal energy was used to accept or reject this move in the Metropolis Monte

440

Carlo algorithm. The temperature was set to 600K which allowed systems to temporarily

441

visit high-energy local minima in order to reach other local minima potentially barred by

442

huge “barriers”. As Basin-Hopping requires extensive local optimizations, atomic forces were

443

only converged to 0.20 eV/Åfor each step with energy cutoﬀ for the plane-wave basis set

444

reduced to 400 eV, and Brillouin zone sampled at Γ point only. The lowest-energy structures

445

obtained were then re-optimized following higher-accuracy DFT parameters, energy, and

446

force criteria described in the previous section.

Basin-Hopping Global Optimization
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447

4.1.4

X-ray absorption spectra (XAS) simulations

448

XAS simulations of the B K-edge were performed using ﬁrst principles density functional

449

theory within the the Vienna ab initio simulation package (VASP), version 5.4.4,. 43 A plane-

450

wave cutoﬀ of 600 eV was used and the k-point sampling was chosen such that the density of

451

k-points is ≥ 64 000 per Å−3 . The XAS/XES simulations were carried out in the VASP using

452

an implementation that computes the required matrix elements within the PAW formalism

453

including a self-consistent treatment of the core-hole eﬀects on the unoccupied states. 62

454

Spectra were broadened with a 0.25 eV gaussian.

455

4.2

456

4.2.1

457

MgB2 powder (Sigma-Aldrich, > 99% purity, 100 mesh size) was subjected to solid-state

458

mechanical exfoliation using a high energy ball mill (HEBM, SPEX SamplePrep, 8000M

459

Mixer/Mill). The process was carried out in a zirconia (ZrO2 ) vial using 10 mm diameter

460

ZrO2 balls. Brieﬂy, 0.80 g of MgB2 powder and 20.16 g of ZrO2 balls were weighed in the

461

argon glove box (60.1 ppm O2 and H2 O) and added to the milling vial to obtain a ball to

462

powder weight ratio of 25:1. The milling vial was closed tightly in the argon glove box and

463

then subjected to HEBM for four hours. The milled powder was collected in a glove-box

464

and stored in a vial.

Experimental methods
Synthesis and Preparation of MgB2 nanosheets

465

To separate the exfoliated nanosheets (NSs) from the milled powder, we added 90 mL of

466

dry acetonitrile (ACN) to 0.64 g of milled MgB2 powder. The suspension (MgB2 /ACN) was

467

mixed using a bath ultra sonicator (Cole-Parmer 8891 Ultrasonic cleaner) for 5 minutes. The

468

obtained dark black uniform mixture was exposed to centrifugation (Eppendorf centrifuge-

469

5430R) at 1500 rpm for 45 minutes to separate the heavier fraction. The top supernatant

470

was collected and left undisturbed overnight to allow other heavier fractions to settle down.

471

After settling, the top black and clear supernatant was collected, which remains a stable
26

472

uniform dispersion and exhibits a strong Tyndall eﬀect. The obtained uniform dispersion of

473

MgB2 NSs in ACN was subjected to freeze-drying (lyophilization) to recover the nanosheets

474

in the powder form. The dry MgB2 powder was collected in a vial and stored in a glove box

475

until further analysis.

476

Freeze-drying (lyophilization) was performed by taking the dispersion of MgB2 NSs in

477

ACN ( 70 mL) in two 50 mL centrifuge tubes and freezing them at -80 °C overnight. The

478

frozen samples were subsequently placed in a lyophilizer (SP Scientiﬁc, VirTis BenchTop

479

Freeze Dryer) for up to 72 hours to obtain a powder of MgB2 NSs.

480

4.2.2

481

Powder X-ray diﬀraction measurements were recorded on an Oxford Diﬀraction Supernova

482

in capillary mode using Cu Kα radiation, with a CCD detector at 77 mm from the samples

483

and an exposure time of 66 seconds. The recorded 2D diﬀraction images were integrated

484

to produce a 1D diﬀraction spectrum. The powder samples were packed in 0.7 or 0.5 mm

485

diameter glass capillaries sealed with silicone grease under argon.

Characterizations

486

Transmission electron microscopy (TEM) imaging and energy-dispersive X-ray spec-

487

troscopy (EDS) were recorded on a Thermo Fisher Titan Themis Z TEM operated at 300

488

kV. Samples for TEM analysis were prepared by taking a small amount of MgB2 nanosheets

489

powder and dispersed in 10 ml of dry toluene using a bath ultrasonicator for 5 minutes. Two

490

drops ( 20 µL) of the dispersion were drop casted on a 300 mesh copper TEM grid coated

491

with a lacey carbon ﬁlm. The grid was air-dried for a few minutes and stored in a vial until

492

analysis.

493

Atomic Force Microscope (AFM) images were acquired with a Dimension ICON (Bruker)

494

contained in an argon glovebox. The AFM was operated in Peak-Force Tapping mode with a

495

nominal tapping force of 1 nN. The tip used was a PFQNE-AL (Bruker) with spring constant

496

of 0.84 nN/nm. Samples for AFM analysis were prepared by static dispensing of the MgB2

497

NSs dispersion (∼20 µL) on a cleaned and UV Ozone treated Si/SiO2 substrate and spin27

498

coated at a speed of 3000 rpm for 30 s at 100 ramp rate. The coated substrate was kept in

499

a box and stored under an argon environment until analysis.

500

The surface termination of the MgB2 nanosheets was investigated with low energy ion

501

scattering (LEIS) and direct recoil spectroscopy (DRS). These measurements were performed

502

with an angle-resolved ion energy spectrometer (ARIES), which has been described in detail

503

in previous works. 63,64 LEIS and DRS are complementary techniques, performed simultane-

504

ously, with sensitivity to the masses of atoms in the outermost monolayers of a surface. LEIS

505

and DRS are performed by directing a low energy ion beam (He+ and Ne+ for this work)

506

at a grazing angle α onto the target surface. An electrostatic analyzer (ESA) is positioned

507

in the forward scattering direction at a chosen scattering angle θ to detect the energies of

508

scattered incident ions and recoiled target ions to perform LEIS and DRS, respectively. From

509

the energies of the detected ions and the scattering angle θ, the mass of surface atoms can

510

be calculated, yielding insight into the surface composition. One key consideration is that

511

the ESA detects only scattered and recoiled ions; incident ions neutralized by the surface,

512

as well as recoiled neutral atoms, are not detected. As such, neutralization eﬀects can play

513

a substantial role in the obtained ion energy spectra.

514

X-ray absorption spectra (XAS) measurements of boron K-edge were acquired at beam-

515

lines 7.3.1 and 8.0.1.4 at the Advanced Light Source (ALS), Lawrence Berkley National

516

Laboratory (LBNL) and the REIXS beamline of the Canadian Light Source (CLS). Data

517

was simultaneously collected in surface-sensitive total electron yield (TEY) measured as the

518

drainage current from the sample and bulk-sensitive ﬂuorescence yield (FY) measured using

519

a channeltron electron multiplier. Spectra were normalized by dividing by incident beam

520

intensity, which is monitored by drainage current from a gold grid located in the path of

521

the x-ray beam immediately before the measurement chamber. A linear background was

522

subtracted, and the absorption edge step was scaled to 1, taking the diﬀerence between

523

pre-edge (<180 eV) and post-edge (>215 eV). The energy shift between diﬀerent beamlines

524

was calibrated using the primary peak of a B2 O3 standard. Samples were transferred into
28

525

the beamlines using vacuum suitcases (ALS) or a glove bag (CLS) to minimize exposure to

526

atmospheric oxygen and moisture. The operating pressure of the endstations is better than

527

1x10−9 Torr.

528

Supporting Information Available

529

Details of surface model, structure generation procedures, 4x4 surface structural searching

530

scheme, and metadynamics simulations; structures of 2x2 local minima surfaces, unoptimized

531
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faces; minimum energy paths of surface reconstruction and H2 dissociation (PDF); additional

533

experimental characterization results of MgB2 NSs (PDF)
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