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Abstract

:

Hydrogen boride (HB) sheets are two-dimensional materials comprising a negatively charged hexagonal boron network and positively charged hydrogen atoms with a stoichiometric ratio of 1:1. Herein, we report the spontaneous formation of highly dispersed Ni nanoclusters on HB sheets. The spontaneous reduction reaction of Ni ions by the HB sheets was monitored by in-situ measurements with an ultraviolet-visible spectrometer. Acetonitrile solutions of Ni complexes and acetonitrile dispersions of the HB sheets were mixed in several molar ratios (the HB:Ni molar ratio was varied from 100:0.5 to 100:20), and the changes in the absorbance were measured over time. In all cases, the results suggest that Ni metal clusters grow on the HB sheets, considering the increase in absorbance with time. The absorbance peak position shifts to the higher wavelength as the Ni ion concentration increases. Transmission electron microscopy images of the post-reaction products indicate the formation of Ni nanoclusters, with sizes of a few nanometers, on the HB sheets, regardless of the preparation conditions. These highly dispersed Ni nanoclusters supported on HB sheets will be used for catalytic and plasmonic applications and as hydrogen storage materials.
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1. Introduction


Hydrogen boride (HB) sheets are two-dimensional (2D) nanosheets comprising a positively charged hydrogen and negatively charged boron network with an atomic ratio of B/H = 1.0. They were among the first synthesized hydrogenated borophenes (borophanes) [1]. Boron atoms form a hexagonal 2D network in HB sheets, wherein hydrogen atoms are bound to boron atoms by three-center two-electron (B–H–B) and two-center two-electron (B–H) bonds [2], with chemical stability against water [3]. HB sheets have been experimentally verified to exhibit excellent solid acid catalytic activity [4,5] and highly sensitive gas-sensing capability [2], as well as semimetal electronic [6], light-responsive hydrogen release [7], and carbon dioxide adsorption and conversion properties [8]. Furthermore, theoretical studies have revealed their intriguing electronic [9], optical, and thermal properties [10,11], as well as their possible applications in hydrogen release devices [12,13], reversible hydrogen storage [14], current limiters [15], photodetectors, individual amino acid sensors [16], rechargeable Li/Na ion battery electrodes [17,18], and anodes for rechargeable potassium-ion batteries, with high capacities, low voltages, and high rate performance [19]. Furthermore, the formation of HB sheets has paved the way for the conceptual development of new types of HB materials [20,21,22,23,24,25,26,27,28].



HB sheets also function as reductants for specific ions: the HB sheets had a redox potential between −0.277 and −0.257 V versus that of a standard hydrogen electrode (SHE) [29]. Therefore, metal nanoclusters can be supported by a single process, i.e., by mixing HB sheets with specific metal ions in a liquid [29], where metal ions with redox potentials lower than HB can be reduced, whereas those with redox potentials higher than HB cannot be reduced. This implies that only specific metals can be selectively reduced by HB sheets. By applying this property, HB sheets have been used to prepare superior composite electrode catalysts for oxygen evolution [30] and oxygen reduction reactions [31]. Therefore, a detailed understanding of the reduction properties of HB and the formation process of nanoclusters and/or nanocomposites is essential to promote the practical usage of HB sheets.



Herein, we report the spontaneous formation of highly dispersed Ni nanoclusters on HB sheets. Ni nanoclusters were formed on HB sheets by mixing Ni ions and HB sheets in an acetonitrile solution at different Ni ion concentrations. Although the sizes of the Ni nanoclusters were not significantly affected by the concentration of Ni ions, their densities were controlled by the concentration. The resulting highly dispersed Ni nanoclusters supported on the HB sheets may be useful for catalytic and plasmonic applications, as well as hydrogen storage materials [32,33].




2. Results and Discussion


Figure 1 shows the temporal change in the ultraviolet-visible (UV-vis) spectra of the HB dispersion at a 0.02 mol/L concentration in acetonitrile after mixing with Ni ions at various Ni ion concentrations (the molar ratio of the HB:Ni ions was adjusted from 100:0.5 to 100:20). The spectra shorter than 250 nm are not shown, since their photon numbers in a UV-Vis detector were too low for quantitative comparison (Figure S1). Moreover, the spectrum shorter than 330 nm for the high concentrated Ni ions conditions are not shown because the original absorbance intensities are too high to be saturated in this range. Across all concentrations, after mixing, the absorbance increases with time, at specific wavenumbers. This change can be attributed to the increase in the plasmon absorbance of the Ni nanoclusters on the HB sheets because of the spontaneous reduction reaction of the Ni ions on the HB sheets. In this reaction, the Ni ions may be exchanged with the protons of the HB sheets, and the electrons in the boron species would reduce the Ni ions, resulting in the formation of metallic Ni nanoclusters onto the HB sheets, while positively charged B would locally appear, similar to the results for Cu nanoclusters formed on HB sheets [29]. To evaluate the chemical states of Ni and B in the products, X-ray photoelectron spectroscopy (XPS) was performed for the samples of HB:Ni = 100:0.5 and 100:10, as shown in Figure 2. In both cases, the Ni peak and Bδ+ component are detected, along with the Bδ− component, which originated from the pure HB sheets (for comparison, the XPS result for the pristine HB sheets is shown in Figure S2). The Ni intensity and Bδ+ population are larger for HB:Ni = 100:10 than those for HB:Ni = 100:0.5, and a consistent correlation between the B:Ni ratio and Bδ+/Bδ− is obtained (Table 1), indicating that Ni deposition occurs because of the spontaneous reduction reaction of the following process:


nH+B− + Ni2+ → 2H+ + Ni2+·(n − 2)H+nB−

→ 2H+ + Ni·(n − 2)H+(n − 1)B−·B+



(1)







It should be noted that the appearance of oxide Ni peak for the sample with HB:Ni = 100:10, shown in Figure 2a, may arise from the surface oxidation of Ni nanoclusters because of the need to expose the sample to air before setting it in the XPS load-lock chamber. A similar spontaneous reduction reaction has also been reported in the formation of nanocomposites using graphene [34], layered CaSi2 [35], polysilane [36], and Mg-deficient hydroxyl-functionalized boron nanosheets [37].



In Figure 1, the wavelength of the absorbance changes according to the concentration of Ni ions. To study the change, each spectrum was subtracted by the spectrum captured at 1 min after mixing, as shown in Figure 3. In the case of a lower Ni concentration (HB:Ni = 100:0.5, HB:Ni = 100:1.0, and HB:Ni = 100:1.7), the absorbance in the range of 250–300 nm increases with time after mixing. For a higher Ni ion concentration (HB:Ni = 100:2.5, HB:Ni = 100:3.3, HB:Ni = 100:5.0, HB:Ni = 100:10, and HB:Ni = 100:20), the absorbance ranging from 320 to 800 nm increases with time after mixing. The change in the absorption feature as a function of the Ni ion density is highlighted in Figure 4, where a representative subtracted spectrum when the spectrum change is saturated is shown. The absorbance peak position shifts to the longer wavelength as the Ni ion concentration increases.



Two possible reasons account for the shift in the absorbance wavelength: (1) the sizes of the Ni nanoclusters formed on the HB sheets increase in proportion to the Ni ion concentration, and (2) the effect of localized surface plasmon resonance due to the change in the distance between the Ni nanoclusters on the HB sheets. Regarding (1), it has been reported that the absorption peak due to surface plasmon resonance shifts to longer wavelengths as the particle size of the metal nanoclusters increases [38,39,40]. For (2), the absorption peak shifts to longer wavelengths because of surface plasmon coupling when the distance between the nanoclusters decreases [41].



To clarify which of the two factors caused the shift in the absorption peaks in this study, samples were prepared with two distinctly different Ni ion concentrations (HB:Ni = 100:10 and 100:0.5, 42 d and 48 d after mixing) and observed via transmission electron microscopy (TEM); the results are shown in Figure 5. In both samples, several clusters are observed as dark spheres, suggesting that Ni atoms form clusters after the reduction reaction of Ni ions on the HB sheets, as reported previously [29]. Indeed, the presence of Ni with B is clearly seen in the obtained energy dispersive X-ray spectroscopy (EDS) conducted during TEM (Figure S3), which is consistent with the XPS results (Figure 2). The selected area electron diffraction (SAED), which was conducted during TEM, shows a halo pattern, as seen in Figure 5c. This indicates that the size of the Ni nanoclusters is considerably small. Consistently, X-ray diffraction (XRD) patterns show no diffraction peaks, indicating that there are no larger sized Ni particles in the sample.



To quantitatively evaluate the size and dispersion of the Ni nanoclusters on the HB sheets, the diameter (D) and inter-center distance (L) of the dark spheres in 17 TEM images were statistically analyzed, as shown by the histogram in Figure 6. The mean D values of the Ni nanoclusters for HB:Ni = 100:0.5 and 100:10 were estimated as 1.59 ± 0.02 and 2.04 ± 0.03 nm, respectively, and the mean values of L were approximately 3.08 ± 0.06 and 3.08 ± 0.05 nm, respectively. This result indicates that the sizes of the Ni nanoclusters formed on the HB sheets do not vary significantly with the Ni ion concentration. This contrasts with the case of Pt clusters formed on graphene using a similar method, where the sizes of the Pt clusters were reported to vary proportionally to the amount of prepared Pt precursors [42]. In other words, HB can easily support highly-dispersed small metal nanoclusters with high density, in contrast to graphene. In this study, the Ni ions presumably interact strongly with the HB sheets when they are reduced. The Ni clusters are then considered to be anchored at the reacted sites on the HB sheets, preventing significant aggregation, which differs from the metal ions reduction process using a reducing agent under homogeneous media.



From the average values of L and D, the inter-surface distance (S, the length between the nearest cluster surfaces) values can be derived as 1.04 ± 0.06 nm for HB:Ni = 100:10, and 1.49 ± 0.07 nm for HB:Ni = 100:0.5. Notably, as the particle size increases, due to plasmon resonance, the peak position of the spectrum shifts toward longer wavelengths [38,39,40,43]. For example, in the case of Au clusters, a change in the particle size from 9 to 99 nm results in a peak shift of 25 nm [43]. Conversely, the spectral peak position shifts by approximately 40 nm when the interparticle distance of the Au clusters changes from 12 to 6 nm [41]. Previous studies suggest that the plasmon resonance is more sensitive to the interparticle distance than to the particle size. As shown in Figure 4, the optical absorption peak shifts 56 nm from HB:Ni = 100:0.5 to HB:Ni = 100:10, where the difference in D of these samples is 0.45 ± 0.03 nm and that of S is 0.45 ± 0.09 nm. Based on the previous plasmonic studies, the present optical absorption shift is ascribed to the change in the interparticle distance S, rather than particle size D. This peak shift is also observed during the nanoparticle formation for HB:Ni = 100:2.5, as shown in Figure 3 (the main peak position shifts from 290 to 320 nm).



The resultant highly dispersed Ni nanoclusters supported on the HB sheets may be useful for catalytic and plasmonic applications, and also as hydrogen storage materials, because highly dispersed Ni-clusters have been reported to contribute to the superior hydrogen desorption kinetics of MgH2 [32,33].




3. Materials and Methods


3.1. Materials


MgB2 powder (99%, RareMetallic Co., Ltd., Tokyo, Japan), acetonitrile (99.5%,Wako Pure ChemicalIndustries Ltd., Osaka, Japan), and an ion-exchange resin (AmberliteIR120B hydrogen, Organo Corp., Tokyo, Japan) were used to synthesize the HB sheets and the HB dispersion. Ni(C5H7O2)2 (98%, Merck) was used to prepare the Ni(C5H7O2)2 dispersion.




3.2. Synthesis of HB Sheets


The HB sheets were prepared using a previously reported ion-exchange method [1]. MgB2 (1.0 g) powder in acetonitrile (200 mL) was added to the ion-exchange resin (60 mL) in acetonitrile (200 mL) in a Schlenk flask under a nitrogen atmosphere. The mixture was stirred with a magnetic stirrer at 310 rpm for 3 d at room temperature (~300 K). The process was sensitive to water because of the hydrolysis reaction of MgB2 [44]. Thus, water was carefully removed beforehand. In this study, the recently reported acid-assisted reaction was not applied [45]. The supernatant was kept for 1 d at 255 K to solidify and separate the byproduct B(OH)3. Dried HB sheets were prepared by heating the resulting liquid at 343 K while pumping with a cooling trap. We characterized the product rigorously using X-ray photoelectron spectroscopy (XPS) to confirm the absence of Mg, the presence of negatively charged B, and the absence of oxidized B, as shown in Figure S2 [1,2,3,4,5,6,7,8,29].




3.3. XPS Measurements


To characterize the sample, XPS measurement was performed using a JPS 9010 TR spectrometer (XPS; JPS 9010 TR, JEOL, Ltd., Tokyo, Japan) equipped with an ultrahigh vacuum chamber and an Mg Kα X-ray source (1253.6 eV). The pass energy was 10 eV, the energy resolution (estimated from the Ag 3d5/2 peak width of a clean Ag sample) was 0.635 eV, and the binding energy uncertainty was ±0.05 eV. The sample was placed on a graphite tape. The Shirley background was subtracted from the spectrum using SpecSurf version 1.8.3.7 (JEOL, Ltd., Japan). The same software was used for estimating the quantitative atomic ratio of Ni and B of the reaction product, based on the peak area and sensitivity factors. The charge build-up in the sample (because of the incomplete contact of the graphite tape with the sample holder) resulted in a slight shift to higher binding energies for those spectra. Therefore, we calibrated the charge build-up based on the C1s peak of the graphite tape as 284.6 eV. The charge states of boron were judged based on the B 1s core level peak position by comparing the results with those in the literature (listed in the Supplementary Information of Ref. [46]).




3.4. UV-vis Measurements


A UV-vis spectroscope (DH-2000-BAL, Ocean Optics, Inc., Dunedin, FL, USA) was used to measure the absorbance of the Ni(C5H7O2)2 and HB dispersions. For this, Ni(C5H7O2)2 powder was dispersed in acetonitrile at concentrations of 0.04, 0.002, 0.001, 7 × 10−4, 5 × 10−4, 3 × 10−4, 2 × 10−4, and 1 × 10−4 mol/L. The HB sheets (powder, 0.0059 g) were dispersed into acetonitrile (25 mL) at a fixed concentration of 0.02 mol/L. The absorbance of the mixture of the Ni(C5H7O2)2 dispersion and HB dispersion was then measured using the UV-vis spectrometer. The intensity of the light source of the UV-vis device was measured beforehand (Figure S1) to obtain a reliable wavelength range for the UV-vis measurements. To study the change in the UV-vis spectra, the subtracted spectra were used, as reported previously [29], where each spectrum was subtracted by the spectrum that was captured at 1 min after mixing.




3.5. TEM, SAED, and EDS Measurements


Measurements were performed at room temperature using a JEM-2100F TEM/STEM apparatus (JEOL, Ltd., Japan) with double spherical aberration (Cs) correctors (CEOS GmbH, Heidelberg, Germany) to obtain high-contrast images with a point-to-point resolution of 1.4 Å. The lens aberrations were optimized by evaluating the Zemlin tableau of amorphous carbon. The residual spherical aberration was almost zero (Cs = −0.8 ± 1.2 μm with 95% certainty). The acceleration voltage was set to 120 kV, which is the lowest voltage that is effective with the Cs correctors in this system.




3.6. XRD Measurements


The XRD patterns were recorded at room temperature (~300 K) using a benchtop X-ray diffractometer (Rigaku MiniFlex, Tokyo, Japan), which employed Cu Kα radiation. The X-rays were generated using the line focus principle. A reflection-free Si plate was used as the sample stage. The Kapton capsule was used as a cover for the sample to prevent the exposure of the sample to the atmosphere. The diffraction patterns were recorded using a D/teX Ultra silicon strip detector (Rigaku) at 0.01° s−1 up to a 2θ value of 90°.





4. Conclusions


When a solution of Ni ions was mixed with an HB dispersion, it was confirmed that the Ni ions were reduced to form Ni nanoclusters on the HB sheets, without the use of reduction reagents. The TEM images showed that the Ni nanoclusters were small (1–2 nm) and highly dispersed, without aggregation. This was ascribed to the anchoring effect due to the strong interaction between the reduced Ni and HB sheets. By changing the concentration of Ni ions, the density of the particles could be changed without significantly changing the size of the particles. These highly dispersed Ni nanoclusters on HB sheets are expected to be used as catalysts and hydrogen storage materials, as well as in plasmonic applications.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/molecules27238261/s1, Figure S1: Intensity of the light source of the UV-vis device; Figure S2: XPS of HB; Figure S3: Energy-dispersive X-ray spectroscopy (EDS).





Author Contributions


Experiments, N.N., S.-i.I., M.H., K.G. and T.F.; Conceptualization, M.M. and T.K.; writing—original draft preparation, N.N.; discussion, N.N., S.-i.I., M.H., Y.C., K.G., A.K., I.M., T.F., M.M. and T.K.; writing—review and editing, N.N., S.-i.I., M.H., Y.C., K.G., A.K., I.M., T.F., M.M. and T.K.; supervision, M.M. and T.K. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the MEXT Element Strategy Initiative: To Form Core Research Centers (JPMXP0112101001), JSPS KAKENHI (Grant Nos. JP19H02551, JP21H05012, JP22K18964, and Hydrogenomics [JP19H05046:A01 and JP21H00015:B01]), JST CREST (Grant No. JPMJCR21O4), Honda Motor CO., LTD, and MHI Innovation Accelerator LLC.




Data Availability Statement


Data is available on request from the corresponding authors.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Nishino, H.; Fujita, T.; Cuong, N.T.; Tominaka, S.; Miyauchi, M.; Iimura, S.; Hirata, A.; Umezawa, N.; Okada, S.; Nishibori, E.; et al. Formation and Characterization of Hydrogen Boride Sheets Derived from MgB2 by Cation Exchange. J. Am. Chem. Soc. 2017, 139, 13761–13769. [Google Scholar] [CrossRef] [PubMed]

	



Tominaka, S.; Ishibiki, R.; Fujino, A.; Kawakami, K.; Ohara, K.; Masuda, T.; Matsuda, I.; Hosono, H.; Kondo, T. Geometrical Frustration of B-H Bonds in Layered Hydrogen Borides Accessible by Soft Chemistry. Chem 2020, 6, 406–418. [Google Scholar] [CrossRef]

	



Rojas, K.I.M.; Cuong, N.T.; Nishino, H.; Ishibiki, R.; Ito, S.I.; Miyauchi, M.; Fujimoto, Y.; Tominaka, S.; Okada, S.; Hosono, H.; et al. Chemical Stability of Hydrogen Boride Nanosheets in Water. Commun. Mater. 2021, 2, 81. [Google Scholar] [CrossRef]

	



Fujino, A.; Ito, S.I.; Goto, T.; Ishibiki, R.; Kondo, J.N.; Fujitani, T.; Nakamura, J.; Hosono, H.; Kondo, T. Hydrogenated Borophene Shows Catalytic Activity as Solid Acid. ACS Omega 2019, 4, 14100–14104. [Google Scholar] [CrossRef] [PubMed]

	



Fujino, A.; Ito, S.I.; Goto, T.; Ishibiki, R.; Osuga, R.; Kondo, J.N.; Fujitani, T.; Nakamura, J.; Hosono, H.; Kondo, T. Ethanol-Ethylene Conversion Mechanism on Hydrogen Boride Sheets Probed By in Situ infrared Absorption Spectroscopy. Phys. Chem. Chem. Phys. 2021, 23, 7724–7734. [Google Scholar] [CrossRef]

	



Tateishi, I.; Cuong, N.T.; Moura, C.A.S.; Cameau, M.; Ishibiki, R.; Fujino, A.; Okada, S.; Yamamoto, A.; Araki, M.; Ito, S.; et al. Semimetallicity of Free-Standing Hydrogenated Monolayer Boron from MgB2. Phys. Rev. Mater. 2019, 3, 024004. [Google Scholar] [CrossRef]

	



Kawamura, R.; Cuong, N.T.; Fujita, T.; Ishibiki, R.; Hirabayashi, T.; Yamaguchi, A.; Matsuda, I.; Okada, S.; Kondo, T.; Miyauchi, M. Photoinduced Hydrogen Release from Hydrogen Boride Sheets. Nat. Commun. 2019, 10, 4880. [Google Scholar] [CrossRef]

	



Goto, T.; Ito, S.; Laxman Shinde, S.; Ishibiki, R.; Hikita, Y.; Matsuda, I.; Hamada, I.; Hosono, H.; Kondo, T. Carbon Dioxide Adsorption and Conversion to Methane and Ethane on Hydrogen Boride Sheets. Commun. Chem. 2022, 5, 118. [Google Scholar] [CrossRef]

	



Jiao, Y.; Ma, F.; Bell, J.; Bilic, A.; Du, A. Two-Dimensional Boron Hydride Sheets: High Stability, Massless Dirac Fermions, and Excellent Mechanical Properties. Angew. Chem. Int. Ed. 2016, 55, 10292–10295. [Google Scholar] [CrossRef]

	



Mortazavi, B.; Makaremi, M.; Shahrokhi, M.; Raeisi, M.; Singh, C.V.; Rabczuk, T.; Pereira, L.F.C. Borophene Hydride: A Stiff 2D Material with High Thermal Conductivity and Attractive Optical and Electronic Properties. Nanoscale 2018, 10, 3759–3768. [Google Scholar] [CrossRef]

	



He, J.; Li, D.; Ying, Y.; Feng, C.; He, J.; Zhong, C.; Zhou, H.; Zhou, P.; Zhang, G. Orbitally Driven Giant Thermal Conductance Associated with Abnormal Strain Dependence in Hydrogenated Graphene-like Borophene. NPJ Comput. Mater. 2019, 5, 47. [Google Scholar] [CrossRef]

	



Abtew, T.A.; Shih, B.; Dev, P.; Crespi, V.H.; Zhang, P. Prediction of a Multicenter-Bonded Solid Boron Hydride for Hydrogen Storage. Phys. Rev. B 2011, 83, 094108. [Google Scholar] [CrossRef]

	



Abtew, T.A.; Zhang, P. Charging-Assisted Hydrogen Release Mechanism in Layered Boron Hydride. Phys. Rev. B 2011, 84, 094303. [Google Scholar] [CrossRef]

	



Chen, L.; Chen, X.; Duan, C.; Huang, Y.; Zhang, Q.; Xiao, B. Reversible Hydrogen Storage in Pristine and Li Decorated 2D Boron Hydride. Phys. Chem. Chem. Phys. 2018, 20, 30304–30311. [Google Scholar] [CrossRef]

	



An, Y.; Hou, Y.; Wang, H.; Li, J.; Wu, R.; Wang, T.; Da, H.; Jiao, J. Unveiling the Electric-Current-Limiting and Photodetection Effect in Two-Dimensional Hydrogenated Borophene. Phys. Rev. Appl. 2019, 11, 064031. [Google Scholar] [CrossRef]

	



Kumawat, R.L.; Jena, M.K.; Pathak, B. Individual Identification of Amino Acids on an Atomically Thin Hydrogen Boride System Using Electronic Transport Calculations. J. Phys. Chem. C 2020, 124, 27194–27202. [Google Scholar] [CrossRef]

	



Shukla, V.; Araujo, R.B.; Jena, N.K.; Ahuja, R. Borophene’s Tryst with Stability: Exploring 2D Hydrogen Boride as an Electrode for Rechargeable Batteries. Phys. Chem. Chem. Phys. 2018, 20, 22008–22016. [Google Scholar] [CrossRef]

	



Makaremi, M.; Mortazavi, B.; Singh, C.V. 2D Hydrogenated Graphene-like Borophene as a High Capacity Anode Material for Improved Li/Na Ion Batteries: A First Principles Study. Mater. Today Energy 2018, 8, 22–28. [Google Scholar] [CrossRef]

	



Xiang, P.; Chen, X.; Xiao, B.; Wang, Z.M. Highly Flexible Hydrogen Boride Monolayers as Potassium-Ion Battery Anodes for Wearable Electronics. ACS Appl. Mater. Interfaces 2019, 11, 8115–8125. [Google Scholar] [CrossRef]

	



Hirabayashi, T.; Yasuhara, S.; Shoji, S.; Yamaguchi, A.; Abe, H.; Ueda, S.; Zhu, H.; Kondo, T.; Miyauchi, M. Fabrication of Hydrogen Boride Thin Film by Ion Exchange in MgB2. Molecules 2021, 26, 6212. [Google Scholar] [CrossRef]

	



Cuong, N.T.; Tateishi, I.; Cameau, M.; Niibe, M.; Umezawa, N.; Slater, B.; Yubuta, K.; Kondo, T.; Ogata, M.; Okada, S.; et al. Topological Dirac Nodal Loops in Nonsymmorphic Hydrogenated Monolayer Boron. Phys. Rev. B 2020, 101, 195412. [Google Scholar] [CrossRef]

	



Zhang, X.; Tsujikawa, Y.; Tateishi, I.; Niibe, M.; Wada, T.; Horio, M.; Hikichi, M.; Ando, Y.; Yubuta, K.; Kondo, T.; et al. Electronic Topological Transition of 2D Boron by the Ion Exchange Reaction. J. Phys. Chem. C 2022, 126, 12802–12808. [Google Scholar] [CrossRef]

	



Oliva-Enrich, J.M.; Kondo, T.; Alkorta, I.; Elguero, J.; Klein, D.J. Diborane Concatenation Leads to New Planar Boron Chemistry. ChemPhysChem 2020, 21, 2460–2467. [Google Scholar] [CrossRef] [PubMed]

	



Ploysongsri, N.; Vchirawongkwin, V.; Ruangpornvisuti, V. Hydrogen Boride Nanotubes and Their C, N, O Decoration and Doping Derivatives as Materials for Hydrogen-Containing Gases Storage and Sensing: A SCC–DFTB Study. Vacuum 2021, 187, 110140. [Google Scholar] [CrossRef]

	



Lei, B.; Zhang, Y.-Y.; Du, S.-X. Band Engineering of B2H2 Nanoribbons. Chin. Phys. B 2019, 28, 046803. [Google Scholar] [CrossRef]

	



Kondo, T. Recent progress in boron nanomaterials. Sci. Technol. Adv. Mater. 2017, 18, 780–804. [Google Scholar] [CrossRef] [PubMed]

	



Ozin, G.; Siler, T. Catalyst: New Materials Discovery: Machine-Enhanced Human Creativity. Chem 2018, 4, 1183–1189. [Google Scholar] [CrossRef]

	



Niibe, M.; Cameau, M.; Cuong, N.T.; Sunday, O.I.; Zhang, X.; Tsujikawa, Y.; Okada, S.; Yubuta, K.; Kondo, T.; Matsuda, I. Electronic Structure of a Borophene Layer in Rare-Earth Aluminum/Chromium Boride and Its Hydrogenated Derivative Borophane. Phys. Rev. Mater. 2021, 5, 084007. [Google Scholar] [CrossRef]

	



Ito, S.I.; Hirabayashi, T.; Ishibiki, R.; Kawamura, R.; Goto, T.; Fujita, T.; Yamaguchi, A.; Hosono, H.; Miyauchi, M.; Kondo, T. Hydrogen Boride Sheets as Reductants and the Formation of Nanocomposites with Metal Nanoparticles. Chem. Lett. 2020, 49, 789–793. [Google Scholar] [CrossRef]

	



Saad, A.; Liu, D.; Wu, Y.; Song, Z.; Li, Y.; Najam, T.; Zong, K.; Tsiakaras, P.; Cai, X. Ag Nanoparticles Modified Crumpled Borophene Supported Co3O4 Catalyst Showing Superior Oxygen Evolution Reaction (OER) Performance. Appl. Catal. B 2021, 298, 120529. [Google Scholar] [CrossRef]

	



Gao, S.; Zhang, Y.; Bi, J.; Wang, B.; Li, C.; Liu, J.; Kong, C.; Yang, S.; Yang, S. 2D Hydrogenated Boride as a Reductant and Stabilizer for in Situ Synthesis of Ultrafine and Surfactant-Free Carbon Supported Noble Metal Electrocatalysts with Enhanced Activity and Stability. J. Mater. Chem. A Mater 2020, 8, 18856–18862. [Google Scholar] [CrossRef]

	



Peng, C.; Li, Y.; Zhang, Q. Enhanced Hydrogen Desorption Properties of MgH2 by Highly Dispersed Ni: The Role of in-Situ Hydrogenolysis of Nickelocene in Ball Milling Process. J. Alloys Compd. 2022, 900, 163547. [Google Scholar] [CrossRef]

	



Zhu, W.; Panda, S.; Lu, C.; Ma, Z.W.; Khan, D.; Dong, J.J.; Sun, F.Z.; Xu, H.; Zhang, Q.Y.; Zou, J.X. Using a Self-Assembled Two-Dimensional MXene-Based Catalyst (2D-Ni@Ti3C2) to Enhance Hydrogen Storage Properties of MgH2. ACS Appl. Mater. Interfaces 2020, 12, 50333–50343. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, X.; Ooki, W.; Kosaka, Y.R.; Okonogi, A.; Marzun, G.; Wagener, P.; Barcikowski, S.; Kondo, T.; Nakamura, J. Effect of pH on the spontaneous synthesis of palladium nanoparticles on reduced graphene oxide. Appl. Surf. Sci. 2016, 389, 911. [Google Scholar] [CrossRef]

	



Itahara, H.; Nakano, H. Formation mechanism of Cu2O particles using layered CaSi2 as a reduction/oxidation mediator. J. Am. CerAm. Soc. 2019, 102, 5738. [Google Scholar] [CrossRef]

	



Ohashi, M.; Yaokawa, R.; Takatani, Y.; Nakano, H. Versatile Reducing Reaction Field within Layered Polysilane for Efficient One-Pot Synthesis of Metal Nanoparticles. ChemNanoMat 2017, 3, 534. [Google Scholar] [CrossRef]

	



James, A.L.; Khandelwal, S.; Dutta, A.; Jasuja, K. Boron based nanosheets as reducing templates in aqueous solutions: Towards novel nanohybrids with gold nanoparticles and graphene. Nanoscale 2018, 10, 20514. [Google Scholar] [CrossRef] [PubMed]

	



Kreibig, U.; Vollmer, M. Optical Properties of Metal Clusters; Theoretical Considerations; Springer: Berlin, Germany, 1995; pp. 13–201. ISBN 978-3-642-08191-0. [Google Scholar]

	



Heath, J.R. Size-Dependent Surface-Plasmon Resonances of Bare Silver Particles. Phys. Rev. B 1989, 40, 9982–9985. [Google Scholar] [CrossRef]

	



Vaishali, S.S.; Doss, K.; Banu, A.S.; Kurian, G.A. Desmodium Gangeticum Root Aqueous Extract Mediated Synthesis of Ni Nanoparticle and Its Biological Evaluation. Int. J. Pharm. Sci. 2015, 7, 141–146. [Google Scholar]

	



Romero, I.; Aizpurua, J.; Bryant, G.W.; de Abajo, F.J.G. Plasmons in Nearly Touching Metallic Nanoparticles: Singular Response in the Limit of Touching Dimers. Opt. Express 2006, 14, 9988–9999. [Google Scholar] [CrossRef]

	



Siburian, R.; Kondo, T.; Nakamura, J. Size Control to a Sub-Nanometer Scale in Platinum Catalysts on Graphene. J. Phys. Chem. C 2013, 117, 3635–3645. [Google Scholar] [CrossRef]

	



Link, S.; El-Sayed, M.A. Size and Temperature Dependence of the Plasmon Absorption of Colloidal Gold Nanoparticles. J. Phys. Chem. B 1999, 103, 4212–4217. [Google Scholar] [CrossRef]

	



Nishino, H.; Fujita, T.; Yamamoto, A.; Fujimori, T.; Fujino, A.; Ito, S.; Nakamura, J.; Hosono, H.; Kondo, T. Formation Mechanism of Boron-Based Nanosheet through the Reaction of MgB2 with Water. J. Phys. Chem. C 2017, 121, 10587–10593. [Google Scholar] [CrossRef]

	



Kawamura, R.; Yamaguchi, A.; Shimada, C.; Ishibiki, R.; Fujita, T.; Kondo, T.; Miyauchi, M. Acid Assisted Synthesis of HB Sheets through Exfoliation of MgB2 Bulk in Organic Media. Chem. Lett. 2020, 49, 1194–1196. [Google Scholar] [CrossRef]

	



Kusaka, H.; Ishibiki, R.; Toyoda, M.; Fujita, T.; Tokunaga, T.; Yamamoto, A.; Miyakawa, M.; Matsushita, K.; Miyazaki, K.; Li, L.; et al. Crystalline Boron Monosulfide Nanosheets with Tunable Bandgaps. J. Mater. Chem. A 2021, 9, 24631–24640. [Google Scholar] [CrossRef]








[image: Molecules 27 08261 g001 550] 





Figure 1. Temporal change in UV-vis spectra of HB dispersion at 0.02 mol/L in acetonitrile after mixing with Ni ions at various Ni ion concentrations. Molar ratio of the HB:Ni ions was adjusted from 100:0.5 to 100:20. Spectrum range under 330 nm for HB:Ni = 100:3.3, 100:5.0, 100:10, and 100:20 represents the range of intensity saturation, and is not shown here. Legend indicates time (1, 5, 10, 20, 30, 60, 90, and 120 min) elapsed from the start of mixing the two dispersions. 
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Figure 2. XPS results of the sample after drying the following mixtures in acetonitrile: (a) HB:Ni = 100:10, and (b) HB:Ni = 100:0.5. 
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Figure 3. Subtracted spectra from UV-vis measurement; each spectrum shows a difference immediately after mixing (1 min). For the sample of HB:Ni = 100:2.5, the subtracted spectrum of “(40 min)-(1 min)” is also presented because it shows multiple components. 
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Figure 4. Respective subtracted spectra of HB:Ni = 100:20 (90 min), 100:10 (120 min), 100:5.0 (120 min), 100:3.3 (120 min), 100:2.5 (120 min), 100:1.7 (120 min), 100:1.0 (120 min), and 100:0.5 (120 min). The wavelength ranges for the intensity saturation in the original spectra and/or low detection sensitivity are shown by dots. 
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Figure 5. TEM images SAED pattern and XRD patterns. (a) TEM images of HB:Ni = 100:0.5, and (b) HB:Ni = 100:10. (c) SAED pattern simultaneously obtained with the TEM image shown in panel b. (d) XRD patterns of HB, HB:Ni = 100:0.5, and HB:Ni = 100:10 (a Kapton capsule was used as a cover of the sample to prevent the exposure of the sample to the atmosphere). The XRD pattern of HB shows a small peak at 27°, which is considered to be originated from the stacking of some of the sheets. 






Figure 5. TEM images SAED pattern and XRD patterns. (a) TEM images of HB:Ni = 100:0.5, and (b) HB:Ni = 100:10. (c) SAED pattern simultaneously obtained with the TEM image shown in panel b. (d) XRD patterns of HB, HB:Ni = 100:0.5, and HB:Ni = 100:10 (a Kapton capsule was used as a cover of the sample to prevent the exposure of the sample to the atmosphere). The XRD pattern of HB shows a small peak at 27°, which is considered to be originated from the stacking of some of the sheets.



[image: Molecules 27 08261 g005]







[image: Molecules 27 08261 g006 550] 





Figure 6. Histograms of (a,c) diameter, (b,d) distance between centers of nanoparticles. (a,b) are the results at HB:Ni = 100:0.5, (c,d) are the results at HB:Ni = 100:10. 
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Table 1. Analyzed results of XPS spectra.
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Atomic Ratio Estimated

	
B 1s Peak




	
Sample

	
from Peak Area (B:Ni)

	
Bδ−

	
Bδ+






	
HB:Ni = 100:0.5

	
100:0.5

	
96%

	
4%




	
HB:Ni = 100:10

	
100:5.4

	
67%

	
33%
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