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[bookmark: _Hlk197375801]Abstract:  Modifying the surface structure of borides to form boron-hydrogen bonds, as observed in hydrogenated borophene, may enhance their catalytic activity, as well as their hydrogen storage and release capabilities. In this study, we demonstrate the formation of boron-hydrogen bonds at the surface of calcium hexaboride (CaB6). Through an ion-exchange reaction, approximately half of the calcium ions in CaB6 are replaced by protons, forming three-center two-electron (B–H–B) bonds according to the reaction: CaB6 + H+ → HCa0.5B6 + 0.5Ca2+. Scanning transmission electron microscopy reveals that the resulting HCa0.5B6 consists of alternating Ca-rich and Ca-deficient planes, attributed to the propagation of the ion-exchange reaction from the (2×1) reconstructed surface. Owing to the strong sensitivity of catalytic properties to surface states, the surface modification strategy proposed in this study may provide new opportunities for the design of highly efficient functional materials such as boride-based catalysts.
[bookmark: _Hlk197972355]Introduction
Two-dimensional materials composed of boron and hydrogen, known as hydrogenated borophene or borophane, have attracted considerable attention for their potential applications in various fields, particularly as catalysts in hydrogen-related systems.[1-11] Freestanding hydrogenated borophene, specifically hydrogen boride nanosheets composed of a negatively charged hexagonal boron network bonded with positively charged hydrogen atoms, can be synthesized via a simple ion-exchange reaction, in which Mg2+ cations in MgB₂ are replaced by protons.[12]
Hydrogen boride nanosheets can release hydrogen under several conditions, such as heating at temperatures above 423 K; ultraviolet (UV) irradiation;[13] visible-light irradiation when modified with copper nanoparticles,[14] phenanthroline molecules,[15] or dye molecules;[16] and applying a low electrochemical cathodic bias.[17] In addition to their hydrogen-releasing capability, these nanosheets also exhibit remarkable multifunctionality, serving as efficient solid acid catalysts[18,19] and reducing agents [20-24] with chemical stability in aqueous environments.[25,26] Furthermore, they can deactivate various pathogens, including the Omicron variant of SARS-CoV-2, influenza virus, feline calicivirus, and bacteriophages.[27]
[bookmark: _Hlk204091756] Moreover, hydrogen boride nanosheets with an alternative two-dimensional network motif, consisting of 5–7-membered boron rings, has been synthesized using YCrB6 instead of MgB2 as the starting material.[28,29] As predicted by theoretical studies, controlling the structural motif, including the formation of nanotubes and/or doping with other elements like alkali or alkaline earth metals, is expected to modify the properties of hydrogen boride, potentially enhancing its hydrogen storage capacity.[30-32] In contrast, to the best of our knowledge, there have been no reports addressing the modification of the surface of three-dimensional materials to form hydrogen boride. The hydrogen boride surface component may enhance hydrogen storage capacity by offering adsorption sites and structural stability, while also enabling tunable electronic properties and efficient ion transport for advanced energy applications. In this study, we report the formation of a hydrogen boride component at the CaB₆ surface, in which approximately half the calcium ions are replaced by protons, forming three-center two-electron bonds. The resulting compound (HCa0.5B6) preserves the characteristic octahedral boron framework and exhibits hydrogen generation capacity.  [image: ]

Figure 1. a) Schematic of the synthesis process. b) X-ray photoelectron spectroscopy (XPS) results for ball-milled CaB6 before and after ion exchange. c) Normalized B/Ca ratio estimated by XPS analysis as a function of etching number, where the average value of the 2nd–4th cycles was set to be 1.0. d) Thermogravimetry (TG) results in an Ar flow for CaB6 before and after ion exchange. e) Temperature programmed desorption (TPD) of m/z = 2 (H2) for CaB6 before and after ion-exchange. f) X-ray diffraction (XRD) patterns for ball-milled CaB6 before and after ion exchange.



Results and Discussion
The typical synthesis process of HCa0.5B6 on the surface of CaB6 is schematically shown in Fig. 1a. To facilitate the substitution of Ca²⁺ cations by protons, a strong acid cation-exchange resin was mixed with CaB6 in acetonitrile, followed by ultrasonication for 45 min. The mixture was then magnetically stirred at 298 K for four days under Ar atmosphere. After removing the by-product boric acid, the resulting powder was separated from the resin and dried, according to the procedure reported for the synthesis of hydrogen boride nanosheets.[12] In this study, 16 different treatments, such as HCl treatment, ethylenediaminetetraacetic acid (EDTA) treatment, and ball milling pretreatment, were applied to CaB6 (Fig. S1). In each case, the product was analyzed by X-ray photoelectron spectroscopy (XPS) to determine the calcium-to-boron ratio. The typical synthesis process of HCa0.5B6 on the surface of CaB6 is schematically shown in Fig. 1a.
[bookmark: _Hlk204718848]Fig. 1b shows the XPS spectra of ball-milled CaB6 before and after the ion-exchange process described in Fig. 1a. For pristine ball-milled CaB6, two distinct B 1s peaks are observed at 187.1 eV and 191.7 eV, corresponding to CaB6 and boron oxide, respectively.[33] The Ca 2p spectrum displays two peaks at 350.7 eV and 347.1 eV, attributed to Ca 2p1/2 and Ca 2p3/2, respectively, where the contributions from CaB6 and calcium oxide likely overlap. In contrast, after the ion-exchange process, the B 1s spectrum displays only a single peak at 187.0 eV, indicating the absence of any detectable boron oxide. The calcium-to-boron ratio calculated by the ratio of the XPS peak areas of Ca 2p3/2 and B 1s with sensitivity factors of Ca (21.1321) and B (2.1017) are 15:85 and 8:92, for the sample before and after the ion-exchange, respectively. That is, the ratio of Ca/B for ion-exchanged sample is approximately half (0.49) of that in pristine CaB₆.
 Similarly, all 16 treatment methods lead to a decrease in calcium content. As shown in Fig. S1b, the calcium content in these samples is approximately 60% of that in pristine CaB6, indicating that calcium ions in CaB6 are partially removed, with approximately half consistently eliminated across all treatments.
[bookmark: _Hlk204718017]As XPS is a surface-sensitive technique, additional XPS measurements were conducted after several cycles of Ar⁺ ion etching to investigate the stoichiometric ratio in the bulk region. Irradiation at 600 V for 150 s was selected for one cycle, which corresponded to an etching depth of 100 nm in the case of SiO2. As shown in Fig. 1c and Fig. S2, the B/Ca ratio in the ion-exchanged sample is approximately twice that in pristine CaB6 up to the third cycle. This indicates that the ion-exchange reaction occurred not only on the topmost surface but also inside the subsurface region. A similar trend is observed for the ball-milled CaB6, as shown in Fig. S3, where the Ca-deficient state persists even after seven etching cycles. Here we note that Ar+ ion etching with relatively high-energy of 600 eV may lead to boron signal loss or redistribution, potentially compromising the accuracy of the analysis. Nevertherless, these results indicate that the reduction in Ca content occurs not only at the topmost surface but also extends to the subsurface region of CaB6.[image: グラフィカル ユーザー インターフェイス  AI によって生成されたコンテンツは間違っている可能性があります。]

Figure 2. a) Scanning electron microscope (SEM) images and electron probe microanalysis (EPMA) mapping for CaB6 before and after ion-exchange. The boron detector is located at an oriented angle so that the boron distribution does not reflect the real distribution. b) Fourier-transform infrared (FTIR) spectra and c) Raman scattering spectra for ball-milled CaB6 before and after ion-exchange.

[bookmark: _Hlk198549895] To examine the hydrogen content in the sample, thermogravimetric (TG) analysis in Ar flow and temperature-programmed desorption (TPD) measurements of H2 were conducted simultaneously, and their results are shown in Figs. 1d and 1e, respectively. H2 was clearly detected in the ion-exchanged sample over a wide temperature range from 400 to 1200 K, accompanied by a distinct weight loss. In contrast, no weight loss was observed for pristine CaB6. Around 400 K, the total weight loss of the ion-exchanged sample (Fig. 1d) exceeds the amount of released H₂ (Fig. 1e), suggesting that the additional weight loss may be attributed to water desorption. Based on the ion-exchange reaction: CaB6 + H+ → HCa0.5B6 + 0.5Ca2+, the theoretical H2 desorption from HCa0.5B6 is calculated to be 1.16%, which aligns with the weight loss observed between 400 and 800 K in Fig. 1d by considering the additional weight loss by water. The apparent weight gain above 800 K in the TG curve is likely due to the background effects of the instrument.
Different from the XPS, TG, and TPD results, the X-ray diffraction (XRD) patterns in Fig. 1f show no evidence of new phases or structural changes in CaB6 after ion exchange, even when ball-milled CaB6 was used as pretreatment. The results and XPS analysis (Fig. S1) thus suggest that the ion-exchange reaction is confined to the near-surface region, without forming any additional ordered structures detectable by XRD, regardless of the ball milling pretreatment process.
[bookmark: _Hlk198557792]Scanning electron microscopy (SEM) and electron probe microanalysis (EPMA) mapping reveal a uniform Ca distribution after ion exchange, as shown in Fig. 2a. According to quantitative EPMA analysis (Fig. S4), the B/Ca ratios are estimated to be 7.24 and 3.93 before and after ion exchange, respectively, marking a 54.3% reduction in Ca content. This result is consistent with the XPS, TG, and TPD data shown in Fig. 1, indicating that approximately half of the Ca ions remain after ion exchange.
The FTIR spectrum of ball-milled CaB6 (Fig. 2b) shows a peak at 845 cm-1, which can be attributed to the T2u mode arising from the bending vibration of the octahedral boron framework coordinated with Ca.[34,35] After ion exchange, the peak disappears, while a peak related to the B−H−B bending vibrational mode emerges at 1320 cm-1.[36,37] This new peak is broadened due to the presence of various B−B distances in the B−H−B bond,[36] indicating that the hydrogen in the sample formed three-center two-electron B−H−B bonds after ion exchange. In the Raman spectra (Fig. 2c), the sample after ion exchange exhibits peaks corresponding to the vibrational modes of boron octahedra, specifically A1g, Eg, and T2g, implying that the boron octahedral framework of CaB6 is preserved after ion exchange. However, the B–H–B peaks observed in the FTIR spectrum did not appear in the Raman spectrum, implying that hydrogen forms ionic B–H–B bonds with boron. Furthermore, the peak positions of the A1g, Eg, and T2g modes shift to lower wavenumbers in ball-milled CaB6 compared to pristine CaB6 and shift back to slightly higher wavenumbers after ion exchange, as shown in Fig. S5. This indicates that the bonding strength of the octahedral framework is modified by both ball milling and ion-exchange reaction.
[bookmark: _Hlk198329332][bookmark: _Hlk198558343][bookmark: _Hlk198558260][bookmark: _Hlk204721145]To gain further insight into the atomic structure of the sample after ion exchange, high-angle annular dark-field (HAADF) images were captured using a scanning transmission electron microscope (STEM) equipped with a spherical aberration (Cs) corrector. As shown in Fig. 3 and Figs. S6–S11, square-shaped bright spots corresponding to the (001) plane of CaB6 are observed in the HAADF images of pristine and ball-milled CaB6 (Figs. 3a, S6, and S7), originating from the Ca atoms surrounded by the octahedral boron framework, as schematically illustrated in Fig. 3c. Although the boron atoms are not visible in the HAADF images, annular bright-field (ABF) imaging detects the boron features, as shown in Fig. S7, consistently supporting the schematic structure shown in Fig. 3c. In contrast, in the ion-exchanged sample, the intensity contrast due to Ca appears in alterative planes along the [100] direction in the HAADF images (Figs. 3b, S6, S8, and S9), indicating the formation of a layered structure comprising Ca-rich planes interspersed with planes where Ca has been replaced by protons. However, the contrast in the corresponding ABF and enhanced ABF (eABF) images is less pronounced than that in the HAADF images, and Ca features can be identified in both planes, along with boron features (Fig. S8). Line profiles along the [100] direction in the HAADF and ABF images (Fig. S9) reveal a periodic variation in spot intensity, confirming the alternating presence of Ca-rich and Ca-deficient (Ca1-x, x<1) planes. Compared to CaB₆ in Fig. 3a, the peak spots of the ion-exchanged sample are less sharp, and the Ca–Ca distance is shorter in the Ca-rich plane, as shown in Fig. 3b. This is likely due to the replacement of Ca ions by protons not only on the surface but also in the subsurface regions of CaB6. These results are consistent with the XPS, XRD, TG, TPD, EPMA (quantitative analysis), FTIR, and Raman results (Figs. 1 and 2), all supporting the presence of a half ion-exchanged state (HCa0.5B6) on the surface of CaB6. Quantitatively, as shown by the XPS etching results shown in Fig. 1c, up to the subsurface (~a few hundread nm), the ion-exchange reaction may occur to form HCa0.5B6 for the CaB6 particle with ~10 μm (as shown in Fig. 2a), which is consistent with observations of HAADF, ABF, BF and eABF including their cross sectional mapping (Fig. 3, S6, S8, and S9) in terms of subsurface ion exchange. This is consistent with the absence of the bulk state change shown by XRD (Fig. 1f).[image: グラフィカル ユーザー インターフェイス が含まれている画像  AI によって生成されたコンテンツは間違っている可能性があります。]

Figure 3. Atomic-resolution high-angle annular dark-field images in scanning transmission electron microscopy (HAADF-STEM) images for a) pristine CaB6 and b) CaB6 after ion-exchange (with ball-milling pre-treatment). c) Schematic image of the CaB6 (001) surface. Electron energy loss spectroscopy (EELS) spectra at d) Ca-poor (Ca1-x) line and e) Ca-rich line (measured in the red and blue dashed boxes in panel b, respectively).

Both B and Ca signals are observed in the Ca-rich and Ca-deficient regions in the electron energy loss spectroscopy (EELS) spectra (Figs. 3c and 3d). This is consistent with the ABF images, confirming the presence of Ca in both planes (presumably at the bulk for the Ca-deficient plane). Three peaks in the B-K edge of the electron energy losses near edge structure (ELNES) are observed in the EELS spectra. Notably, the intensity of peak A at ~188 eV is greater in the Ca-deficient plane than in the Ca-rich plane for both ion-exchanged CaB₆ (Fig. 3d) and ball-milled CaB₆ (Figs. S9 and S10). These results indicate that the boron bonding environment in the Ca-deficient plane is altered by ion exchange reactions, possibly due to the formation of a B−H−B bond, as indicated by FTIR spectra (Fig. 2b).[image: ]

[bookmark: _Hlk197423285]Figure 4. Structure model and electronic density of states (DOS) calculated by density functionl theory (DFT) for a) CaB6 and b) HCa0.5B6. The energy is measured from that of the Fermi level.

       The proposed structure of HCa0.5B6 is illustrated in Fig. 4, based on the following experimental observations: the B/Ca ratio is set at 12 according to XPS, quantitative EPMA analysis, and SEM results; B–H–B bonds are formed, preserving the octahedral boron network, as supported by IR, Raman, TG, TPD, and EELS data; and the structure is composed of alternating Ca-rich and Ca-deficient planes, as observed by STEM. Density functional theory (DFT) calculations were then performed to examine the electronic band structure and density of states (DOS). As shown in Fig. S12 and Fig. 4, HCa0.5B6 is in a metal electronic state, with a higher DOS near the Fermi level compared to CaB₆, suggesting that it may have intriguing functionality such as enhanced catalytic activity. Moreover, a small DOS peak is observed at approximately 1 eV for HCa0.5B6 as indicated by an arrow in Fig. 4b, which can explain the higher peak A in the B-K edge in the ELNES observed for the ion-exchanged sample (Fig. 3d).
It is noteworthy that a (2×1) reconstructed surface has been reported for LaB6 on the topmost layer with the alternating presence of metal atoms along the octahedral boron framework. [38] Beneath the reconstructed surface, subsurface La atoms occupy positions similar to those in the bulk but form a distorted structure due to charge modulation,[38] representing a significant deviation from the pristine metal hexaboride structure on the surface.[39] Regarding hydrogen bonding, theoretical studies have reported similar B–H–B configurations at the ridges of boron octahedra on metal hexaboride surfaces.[40] Based on these findings, one possible mechanism for the formation of “half-plane ion-exchange” observed in this study is that Ca cations on the (2×1) reconstructed surface undergo ion exchange with two protons. This ion-exchange reaction then propagates from the surface into the bulk in a site-specific manner, preferentially occurring beneath the initially exchanged surface sites.
[bookmark: _Hlk197972519]To investigate the applicability of this concept to other metal hexaborides, the same ion-exchange process was applied to YB₆. As shown in Fig. S13, the Y/B ratio was reduced to approximately half after the ion-exchange reaction, as confirmed by XPS, and a hydrogen desorption signal was detected by TPD. These results demonstrate that our surface modification strategy is applicable to a range of metal hexaboride systems, including LaB6, BaB6, YbB6, EuB6, and NaB6. As catalytic properties are highly sensitive to surface states, the surface modification strategy demonstrated in this study may stimulate further innovation in the design of more effective boride-based catalysts.

Summary
A hydrogen boride component has been formed on the surface of calcium hexaboride (CaB6) through an ion-exchange reaction. Approximately half of the calcium ions in CaB6 are replaced by protons, forming three-center two-electron (B–H–B) bonds according to the reaction: CaB6 + H+ → HCa0.5B6 + 0.5Ca2+. Scanning transmission electron microscopy reveals that the resulting HCa0.5B6 consists of alternating Ca-rich and Ca-deficient planes, attributed to the propagation of the ion-exchange reaction from the (2×1) reconstructed surface. 
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A hydrogen boride component was formed on the surface of calcium hexaboride (CaB6) via an ion-exchange reaction. Approximately half of the calcium in CaB6 is replaced by protons, forming three-center two-electron B–H–B bonds. The resulting HCa0.5B6 consists of alternating Ca-rich and Ca-deficient planes. The substantially modified surface states of CaB6 may open new avenues for the design of efficient functional materials such as boride-based catalysts.
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