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INTRODUCTION

Hydrogen energy is regarded as the most promising clean energy in the 21 st century. H 2 production upon hydrolysis of ammonia borane (AB) has attracted increasing attention owing to the high AB hydrogen content (19.6 wt%), low molecular weight (30.87 g•mol -1 ) and high stability in solution. 1 Duan and Chen recently reported mechanistic studies for the hydrolysis of AB, showing that the reaction produces NH 4 + B(OH) 4 -: 2

H 3 N•BH 3 + 4 H 2 O  NH 4 + B(OH) 4 -+ 3 H 2
In the past decade, intensive efforts have been devoted to the investigation of potentially efficient and economical catalysts for the hydrolysis of AB. [START_REF] Xu | Catalytic activities of non-noble metals for hydrogen generation from aqueous ammonia-borane at room temperature[END_REF]4 Noble-metal nanoparticles (NPs), in particular Pt-based catalysts, have been shown to undergo high hydrogen evolution rates for this reaction. 5 Non-noble-metal NPs catalysts are much less efficient than their noble metal analogues, however. 6 For example, under the same conditions PtNPs and RhNPs showed much higher efficiency than CoNPs and NiNPs for the hydrolysis of AB, [START_REF] Wang | Click" Dendrimer-Stabilized Nanocatalysts for Efficient Hydrogen Release upon Ammonia-Borane Hydrolysis[END_REF] but the practical use of precious metals in catalysis is limited owing to their high costs and global scarcities.

Dendrimers have been extensively used as supports and shown to be highly efficient in catalysis, 8 including for the encapsulation or stabilization of transition-metal NP catalysts. 9 Their use to generate hydrogen from hydrogen-rich precursors has been pioneered by Xu's group, [START_REF] Aranishi | Dendrimer-Encapsulated Cobalt Nanoparticles as High-Performance Catalysts for the Hydrolysis of Ammonia Borane[END_REF] but they have very rarely been used for this purpose. Only two reports are known, and they deal with monometallic NPs. [START_REF] Wang | Click" Dendrimer-Stabilized Nanocatalysts for Efficient Hydrogen Release upon Ammonia-Borane Hydrolysis[END_REF][START_REF] Aranishi | Dendrimer-Encapsulated Cobalt Nanoparticles as High-Performance Catalysts for the Hydrolysis of Ammonia Borane[END_REF] There is so far no report of dendrimer-stabilized bimetallic nanocatalyst for hydrogen generation. Here we report a series of bimetallic NPs with narrow size distributions stabilized by "click" dendrimers 11 for optimized catalysis of AB hydrolysis using the possible synergy between the two metals. 12 Two water-soluble arene-centered triethylene glycol (TEG)terminated "click" dendrimers 1 and 2 of zeroth and first generation containing respectively 27 and 81 TEG tethers are serving as nanoparticle stabilizers (Figure 1). Then homogenerous bimetallic catalysts are prepared by mixing the two precursor metal salts with one of the dendrimers in water, followed by reduction of the mixture of the transition-metal salts by NaBH 4 .

These bimetallic nanocatalysts are characterized by transmission electron microscopy (TEM), high-resolution transmission electron microscopy (HRTEM), high-angle annular dark-field scanning transmission electron microscopy (HADDF-STEM), energy dispersive X-ray spectroscopy (EDS) and X-ray photoelectron spectra (XPS). Among these click-dendrimer templated bimetallic NPs, the nanoalloy Pt 1 Co 1 /1 is shown to be the most active and efficient nanocatalyst for AB hydrolysis, achieving a TOF value of 952.4 mol H2 •mol Pt -1 •min -1 . The influence of NaOH 13 on the reaction efficiency for various bimetallic NPs is investigated. Kinetic isotope effects (KIEs) 14 using D 2 O instead of H 2 O and tandem reaction for hydrogenation of styrene are also examined for the mechanistic study of this reaction. The synthesis of the "click" dendrimers 1 and 2 was conducted following previous reports. 11

The Pt-Co/1 NPs were prepared by mixing dendrimer 1 with two precursor metal salts in water followed by stirring 30 min under N 2 . Then a freshly prepared aqueous solution of NaBH 4 was added, and stirring was continued for 1h (Scheme 1 and SI).

Scheme 1. Synthesis of the Pt-Co/1 NPs. TEM images were recorded for the Pt-Co/1 NPs series, and the average particle sizes were between 1.5 nm and 2.0 nm (Figure S3-5). Very fine and Pt 1 Co 1 /1 NPs with narrow size distribution were indicated by TEM with an average size around 2 nm (Figure 2). A good crystallinity of Pt 1 Co 1 /1 NPs was confirmed as shown by the clear lattice fringes in HRTEM (Figure 2a insert). The lattice spacing is about 2.2 Å, assuming that the crystallographic plane of the Pt 1 Co 1 nanoalloy is {111} (JCPDS 43-1358). The analysis by Energy Dispersive X-Ray Spectroscopy (EDS) of the Pt 1 Co 1 /1 NPs showed that the Pt and Co elements were present in the 011 area (Figure S6), and the alloy structure of Pt 1 Co 1 /1 NPs was verified by the HAADFelemental mapping spectra (Figure S7). The EDS measurements clearly showed that the alloys did not contain any monometallic NPs.

X-ray photoelectron spectroscopy (XPS) analysis of the Pt 1 Co 1 /1 NPs showed binding energies of 71.1 and 74.4 eV for the 4f 7/2 and 4f 5/2 , respectively, indicating the presence of metallic Pt(0) (Figure 3a). In addition a binding energy of 778.6 eV was observed for Co 2p 3/2 , showing the existence of Co(0). Another peak around 782.0 eV demonstrated that there is some Co(II) species in the Pt 1 Co 1 /1 NP sample, probably due to partial oxidation of Co(0) just before or during the XPS experiment (Figure 3b). Indeed, catalysis experiments were conducted just after the syntheses and were not subjected of such sample handling. Therefore it is believed that the Co(II) species was not present during catalysis. Since the intradendritic triazole ligands are neutral, surface atoms are indeed expected to be Co(0) and Pt(0). 

Synergistic catalysis of ammonia borane hydrolysis by various Pt-Co NPs/1.

AB hydrolysis catalyzed by various Pt-Co/1 NPs (1 mol%) stabilized by dendrimer 1 was conducted at 20 ± 1°C (Table 1, see the kinetics in Figure 4). The compositions of the Pt-Co/1 NPs were adjusted by varying the molar ratios of the precursors. The naming Pt-Co/1 NPs will be used in the following text for alloys of NPs containing both PtNPs and CoNPs in any proportions in dendrimer 1. The proportions of each metal in the alloy will be indicated by the numbers following the Pt and Co symbols (for instance Pt 1 Co 1 for equal amounts of Pt and Co in the alloy, etc.).

It is known that Pt is a very efficient metal for the hydrolysis of AB. For example, the PtNPs/1 led to a TOF value of 120 mol H2 •molcatal -1 •min -1 . The performance of CoNPs/1, however, was not very good for this reaction, its TOF value being only 8.8 mol H2 •mol catal -1 •min -1 . [START_REF] Wang | Click" Dendrimer-Stabilized Nanocatalysts for Efficient Hydrogen Release upon Ammonia-Borane Hydrolysis[END_REF][START_REF]Co-SiO 2 nanosphere-catalyzed hydrolytic dehydrogenation of ammonia borane for chemical hydrogen storage[END_REF] Interestingly, when Co was introduced to form a Pt-Co alloy NP, the catalyst Pt 1 Co 1 /1 led to a TOF value of 163.6 mol H2 •mol catal -1 •min -1 for the hydrolysis of AB. Pt 1 Co 1 /1 was the best catalyst among the whole Pt-Co NP series, and the TOF value decreased from its maximum value when the Co proportion in the Pt-Co alloy was higher than 1/2. For instance the TOF value of Pt 1 Co 2 /1 was 150 mol H2 •mol catal -1 •min -1 for this reaction. All the alloyed Pt-Co NPs gave better results than the catalyst PtNPs/1 or CoNPs/1. In particuler it is remarkable that the introduction of only 25% of Pt to Pt-Co alloy led to a better nanocatalyst than PtNPs/1 alone (Figure 4). In addition, with a mixture of PtNPs/1 and CoNPs/1 (ratio of Pt:Co of 1:1) and a total catalyst amount fixed at 1%, AB hydrolysis was conducted, and 6 min was needed for complete H 2 generation, which is slower than 1% Pt 1 Co 1 /1 NPs or even than 1% PtNPs/1 NPs (Figure S14), demonstrating that there is no synergy with the physical mixture of these CoNPs/1 and PdNPs/1. Table 1. Core sizes and catalytic efficiencies of various Pt-Co/1 NPs catalysts in the presence and absence of 0.3 M NaOH at 20 ± 1°C.

Catalyst [a] Average Size (nm)

TOF [b] (mol H2 •

mol cat -1 •min -1 )
TOF in the presence of 0.3M NaOH PtNPs/1 [c] 2. CoNPs/1 [c] 2.2 8.8 18.8

[a] 1.0 mol % Pt-Co/1 NPs were used in the catalyzed AB hydrolysis at 20 ± 1°C; NaBH 4 excess (10/1); [b] TOF = mol H2 released / (mol catalyst × reaction time (min) ) related to the all atoms (see also Table S1 for TOF related to surface atoms); [c] experiment results from a previous study. A series of late-transition bimetallic NPs, Rh 1 Co 1 /1, Ru 1 Co 1 /1, Pt 1 Ni 1 /1 and Pt 1 Cu 1 /1 were synthesized using the same method as that used for the syntheses of the nanocatalysts Pt 1 Co 1 /1.

TEM images were recorded for these bimetallic NPs (Figure S8-11). The reactions of AB hydrolysis catalyzed by these bimetallic NPs/1 (1 mol%) in the absence and presence of 0.3 M

NaOH were conducted at 20 ± 1°C (Table 2, see kinetics in Figure 7). found to be weak, probably due to the interdendritic NP stabilization and/or the NP stabilization near the dendrimer periphery.

Table 2. Core sizes and catalytic efficiencies of the bimetallic NPs/1 catalysts in the presence and absence of 0.3 M NaOH at 20 ± 1°C.

Catalyst [a] Average size (nm)

TOF [b] (mol H2 [a] 1.0 mol % bimetallic NPs were used in the catalyzed AB hydrolysis at 20 ± 1°C; NaBH 4 excess (10/1); [b] TOF = mol H2 released / (mol catalyst × reaction time (min) ) related to all atoms (see also Table S3 for TOF related to surface atoms).

The comparison showed that Pt 1 Co 1 /1 exhibited the best efficiency among these bimetallic NP catalysts, followed by the nanocatalysts Rh 1 Co 1 /1 and Pt 1 Ni 1 /1. The same TOF value of 94.7 mol H2 •mol catal -1 •min -1 was achieved by the latter two catalysts. The TOF value of PtNPs/1 was 120 mol H2 •mol catal -1 •min -1 , which indicated that there was no synergy between Pt and Ni. A The durability of the best catalyst Pt 1 Co 1 /1 has been checked because of its importance for practical applications (Figure 8). Another equivalent of AB (1 mmol) was injected into the flask after the end of a reaction, and the second round was started. The AB hydrolysis reactions were repeated several times in this way. The results showed that after five cycles the Pt 1 Co 1 /1 nanocatalyst still presented a good catalytic property for AB hydrolysis. After the 5 th catalyst recycling the size of the catalyst has now been re-measured by TEM indicating size increase (Figure S13). It is believed that NP size increase and agglomeration and concomitant activity decrease in the 5 th recycling shown in Figure 8 are due to the accumulation of the sodium and ammonium products of the reaction adsorbing on the NP surface. 

Mechanistic studies for the AB hydrolysis reaction catalyzed by Pt 1 Co 1 /1

The determination of the second Damköhler number (Da II = 0.02), much lower than unity, allowed ruling out mass-transfer-induced diffusion control (see S.I.). The slope of the logarithmic plot of H 2 generation vs. concentration of Pt 1 Co 1 /1 is 1.16 (Figure 9), showing that the reaction is first order in catalyst concentration. The reaction is zero order in AB concentration (the slope of the logarithmic plot of H 2 generation vs. concentration of AB is a nearly horizontal line; slope: 0.09 in Figure 10), which rules out activation of AB alone in the rate-determining step. In conclusion the results obtained here show a strong and remarkable bimetallic synergy between cobalt and platinum optimized in the Co 1 Pt 1 alloy, in particular in the presence of 0.3 M NaOH.

This synergy also involves the "click" dendrimer supports, in particular the intradendritic 1,2,3triazole ligands that have proven to be essential. 9g, 11c, 16 Previously the coordination of various transition-metal NPs to the triazole ligands of the same dendrimer 1 near the dendrimer periphery has been shown to be highly beneficital for NP catalysis. This has been demonstrated in very efficient catalysis by PdNP/1 with ppm Pd amounts for various carbon-carbon cross coupling reactions (Miyaura-Suzuki, Sonogashira, and Heck), 11c, 16b-d by CuNP/1 for "click" reactions, 9g, 16e and by a variety of transition metal NPs/1 for nitrophenol reduction. 16f-g Altogether these "click" dendrimer 1 and 2, i.e. containing the intradendritic 1,2,3-triazole ligands, have been shown to boost catalysis of a various reactions by molecular, ionic and NP catalysts. The electronic donicity of the triazole ligand onto the NP surfaces is responsible for the superior catalytic activity of these NP surfaces, 16e in particular here for the difficult oxidative addition of the water O-H bond in the rate-determining step. Note that the fully stable "click" dendrimers 1 and 2 are also used in catalytic amounts and recovered unchanged in the aqueous phase at the end of the reactions. The present results are among the very best obtained compared to results on related bimetallic nanocatalysts in the literature as shown in the comparison Table S4.

The practical usages of hydrogen produced in the AB hydrolysis reaction are not only for hydrogen storage, but also for its direct use in situ, for tandem reactions, and for mechanistic studies of the AB hydrolysis reaction. Examples of the latter applications are shown here. Tandem reactions were conducted for the hydrogenation of styrene with hydrogen generated from AB hydrolysis with D 2 O. In a sealed two-chamber system (Figure S18), the hydrogen was produced from AB with D 2 O, the reaction being catalyzed by Pt 1 Co 1 /1 in the left tube. This hydrogen is used for the hydrogenation [START_REF] Stanislaus | Aromatic Hydrogenation Catalysis: A Review[END_REF] of styrene catalyzed by Ni 2 Pt@ZIF-8 18 in the right tube (Figure 13, see details in the Supporting Information). The reaction mixture of styrene hydrogenation was stirred at 50 °C for 12 h, then the 1 H NMR and GC mass spectra of the hydrogenation product were checked. The integration of the 1 H NMR peak around 1.2 and 2.6 ppm showed a reduced intensity compared to that of ethylbenzene in its 1 H NMR spectrum (Figure S19). Three peaks around 106, 107 and 108 were found the in mass spectrum (Figure S20), showing that there were three hydrogenation products of styrene, which contained respectively 0, 1 and 2 D atoms in the ethyl substituent, respectively. 
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 1 Figure 1. Structures of the dendrimers 1 and 2.
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 2 Figure 2. (a) TEM image (insert is the HRTEM image) and (b) size distribution of Pt 1 Co 1 /1.
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 3 Figure 3. XPS spectrum of (a) Pt 4f and (b) Co 2p in Pt 1 Co 1 /1 nanocatalyst. The presence of some
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 45 Figure 4. (a) Hydrogen evolution and (b) TOF comparison of NH 3 BH 3 by 1 mol% various Pt-Co/1 nanocatalyst.
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 6 Figure 6. TOF comparison of NH 3 BH 3 by 1 mol% various Pt-Co/1 nanocatalyst in the absence and in the presence of 0.3 M NaOH.

Furthermore, the NPs Pt 1

 1 Co 1 stabilized by the first generation dendrimer 2 was synthesized (FigureS12), and the catalytic performances of the Pt 1 Co 1 NPs stabilized by two dendrimers were compared for AB hydrolysis. The Pt 1 Co 1 NPs stabilized by the zeroth-generation dendrimer 1 showed slightly better results than those obtained using the first-generation dendrimer 2. The latter led to a TOF value of 100 mol H2 •mol catal -1 •min -1 . The dendrimer generation effect 8b was

  similar conclusion was reached for Rh and Co, because the TOF value of RhNPs/1 was 120 mol H2 •mol catal -1 •min -1 .[START_REF] Wang | Click" Dendrimer-Stabilized Nanocatalysts for Efficient Hydrogen Release upon Ammonia-Borane Hydrolysis[END_REF] All the AB hydrolysis reactions catalyzed by these bimetallic NPs were accelerated in the presence of 0.3 M NaOH, as shown by comparison with the results obtained in the absence ofNaOH (Figure S16-17).

Figure 7 .

 7 Figure 7. Comparison of the hydrogen evolution upon reaction between NH 3 BH 3 and H 2 O catalyzed by 1 mol% bimetallic NPs/1 (a) in the absence of NaOH and (b) in the presence of 0.3 M NaOH.

Figure 8 .

 8 Figure 8. Plots of volume of H 2 vs. time for the hydrolysis of AB catalyzed by 1 mol% Pt 1 Co 1 /1 during the reusability tests.

Figure 9 .

 9 Figure 9. Time plots of the catalytic dehydrogenation of AB by Pt 1 Co 1 /1 nanocatalyst with various catalysts (a), and plot of hydrogen generation rate vs. concentration of the nanocatalyst Pt 1 Co 1 /1 both in natural logarithmic scale (b).

Figure 10 .

 10 Figure 10. Plots of volume of H 2 generated vs. time for AB hydrolysis catalyzed by 1 mol% of Pt 1 Co 1 /1 nanocatalyst (a), and plot of the hydrogen generation rate vs. the concentration of AB both in natural logarithmic scale (b).

Figure 11 .

 11 Figure 11. Plots of the volume of H 2 vs. time for the hydrolysis of AB at various temperatures catalyzed by 1 mol% of Pt 1 Co 1 /1 catalyst (a), and Arrhenius plots obtained from the kinetic data (b).

Figure 12 .

 12 Figure 12. Hydrogen evolution from NH 3 BH 3 with H 2 O and D 2 O catalyzed by 1 mol% of the nanocatalyst Pt 1 Co 1 /1 (KIE = 2.46).

Figure 13 .

 13 Figure 13. Tandem reaction for hydrogenation with "HD" generated from AB catalyzed by

Scheme 2 .

 2 Scheme 2. Proposed mechanism for the hydrolysis of AB catalyzed by Pt 1 Co 1 /1.

  

  

  Xu et al proposed attack of H 2 O onto an activated complex provoking B-N cleavage, followed by hydrolysis of NH 3 generating H 2 .[START_REF] Xu | Catalytic activities of non-noble metals for hydrogen generation from aqueous ammonia-borane at room temperature[END_REF] Jagirdar's group proposed attack of H 2 O on a transient M-H bond by analogy with the hydrolysis of BH 4 -.[START_REF] Kalidindi | Nanostructured Cu and Cu@Cu 2 O core shell catalysts for hydrogen generation from ammonia-borane[END_REF] Na and Ma also proposed a similar mechanism related to BH 4 -hydrolysis.[START_REF] Ma | Isokinetic Temperature and Size-Controlled Activation of Ruthenium-Catalyzed Ammonia Borane Hydrolysis[END_REF] Fu suggested the formation of BH 3 OH -NH 4 + followed by H 2 O attack to generate H 2 .[START_REF] Peng | Nanostructured Ni 2 P as a Robust Catalyst for the Hydrolytic Dehydrogenation of Ammonia-Borane[END_REF] Chen 2 and Fu[START_REF] Fu | Highly Selective and Sharp Volcanotype Synergistic Ni 2 Pt@ZIF-8-Catalyzed Hydrogen Evolution from Ammonia Borane Hydrolysis[END_REF] proposed cleavage of the O-H bond of water in the rate-determining step.A mechanistic proposal based on our experiment results follows. An essential mechanistic feature appears to be the hydrogen bonding between AB and water, i.e. [H 3 NBH 2 H]…H-OH. Such Hbonding results from the hydridic property of the B-H bond. A hydridic BH is proposed to transfer its H atom to the NP surface, which formally corresponds to an oxidative addition of this B-H bond onto the surface. Oxidative addition of the water O-H bond occurs in the rate-determining step, as essentially indicated from the large KIE (k H /k D = 2.46) with D 2 O. The favorable OH - effect for bimetallic NPs/1 is consistent with coordination of OH -onto the NP surface, which makes the NP more electron-rich and beneficial to the oxidative addition of H 2 O. On the contrary, OH -has a negative effect on AB hydrolysis catalyzed by PtNPs/1. The reason probably is that the hydrogen bonding between AB and H 2 O is sufficient to favor O-H oxidative addition by the most electron-rich PtNPs surface. Accordingly there is no need at this point to further enrich the electron density of the monometallic PtNP surface by OH -coordination. Furthermore, the added OH -would partly occupy the surface active sites of PtNPs, inhibiting the oxidative addition of the water O-H bond, thereby decelerating the reaction. In this step, synergy between a Pt atom and a Co is likely to operate. The more electron-rich Pt NP atom would most probably form both Pt-H bonds due to the high strength of the Pt-H bonds, while the less electron-rich Co atom would bind the electron-rich OH group to form a Co-OH bond. The di-hydride-nanoparticle species would then easily form H 2 by reductive elimination as is well known in transition-metal organometallic chemistry and catalysis. 22 The tandem reaction with D 2 O showing deuteration of the ethylbenzene products confirms H/D exchange subsequently to O-D cleavage and H/D scrambling on the nanoparticle surface before reductive elimination. Given the KIE value and the favorable effect of OH -on the reaction rate, it is not possible that protonation of AB by water (heterolytic H 2 O or D 2 O cleavage) occurs before the rate-limiting step. A tentative reaction mechanism is represented in Scheme 2. Reductive elimination of H 2 is accompanied by reductive elimination of the two fragments NH 3 BH 2 -and OH-to form the hydroxy intermediate NH 3 BH 2 OH. This first overall
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