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ABSTRACT

Production of hydrogen (Hz) upon hydrolysis of inorganic hydrides potentially is a key step in green
energy production. We find that visible-light irradiation of aqueous solutions of ammonia-borane (AB)
or NaBH4 containing “click”-dendrimer-stabilized alloyed nanocatalysts composed of nanogold and
another late transition-metal nanoparticle (LTMNP) highly enhances catalytic activity for H> generation
while also inducing alloy to Au core@M shell nanocatalyst restructuration. In terms of visible-light-
induced acceleration of H> production from both AB and NaBH4, the AuRu; alloy catalysts show the
most significant light boosting effect. Au-Rh and Au-PtNPs are also remarkable with total H» release time
from AB and NaBH4 down to 1.3 min at 25 °C (AuRh), three times less than in the dark, and Co is the
best earth-abundant metal alloyed with nanogold. This boosting effect is explained by the transfer of
plasmon-induced hot electron from the Au atoms to the LTMNP atoms facilitating water O-H oxidative
addition on the LTMNP surface, as shown by the large primary kinetic isotope effect ku/kp upon using
D>0 obtained for both AB and NaBHa4. The second simultaneous and progressive effect of visible-light
irradiation during these reactions, alloy to Au core@M shell restructuration, enhances the catalytic
activity in the recycling, because, in the resulting Au core@M shell, the surface metal (such as Ru) is
much more active that the original Au-containing alloy surface in dark reactions. There is no light effect
on the rate of hydrogen production for the recycled nanocatalyst due to the absence of Au on the NP
surface, but it is still very efficient in hydrogen release during 4 cycles, due to the initial light-induced
restructuration, although it is slightly less efficient than the original nanoalloy in the presence of light.
The dendritic triazole coordination on each LTMNP surface appears to play a key role in these remarkable

light-induced processes.
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INTRODUCTION

Production of hydrogen (Hz) from non-fossil sources has become a priority in the 21st century’s
research. 2 Since the seminal work of Fujushima and Honda in 1972,* solar-light irradiation for water
splitting using electron/hole pair formation of semiconductor catalysts has long been considered as an
attractive solution, although it finds some practical limits concerning the nanoengineering of the materials
involved.*® Recently, hot electrons generated in the 1-100 fs range by visible light irradiation of gold
plasmon are also promising for transfer of such electrons to an adjacent semiconductor conduction band.’
In practice, however, the mismatch between the short lifetimes of hot electrons and the slow kinetics of
reactions at the semiconductor surface has been a major limitation to the efficiencies of these plasmonic
photocatalyzed reactions.!® ! Semiconductors may most of the time also be toxic and of modest
efficiency, and alternative solutions are continuously searched. Visible-light acceleration of a number of
various catalytic reactions of synthetic and environmental interest has been reported for plasmonic gold
as part of heterobimetallic catalysts.'? In particular, interest has recently focused on plasmon induced light
acceleration of hydrolysis of ammonia-borane (AB), NH3BHs, by coinage metal NPs using

1318 or without a semi-conductor.'®* Inorganic hydrides

heterobimetallic nanocatalysts either coupled to
such as AB and sodium borohydride, NaBHa, are promising hydrogen storage compounds,?*2® because
they are stable solids with high colloidal solubility in water, contain a high proportion of hydrogen and
are easily transported contrary to explosive hydrogen gas.?”>?® Also, AB is inert toward hydrolysis, and

t.2% Therefore, research efforts have

NaBHj4 is hydrolyzed only very slowly in the absence of catalys
recently been devoted to the optimization of catalysts for H> generation from water and such inorganic
hydrides.** Heterobimetallic NP catalysts have attracted much attention because of the possible
synergies between the two metals forming the NP.**#” Concerning photocatalytic AB dehydrogenation,
Li’s group reported theoretical calculations showing the presence of a special plasmonic resonance mode

at the interphase of bimetallic core-shell NPs, adding to the surface mode.*® The Yamashita group reported

enhanced catalytic activity of small SBA-15 stabilized AgNPs upon visible-light irradiation for H:
3



t.* The same group reported an

generation from AB hydrolysis without any other metal catalys
enhancement factor of 2.8 upon visible-light irradiation of SBA-15-supported Pt-Ag NPs.!* Huang’s
group reported the facet-dependent light-assisted hydrogen generation from AB using large (32 nm) Au-
Pd core-shell nanocatalysts.?’ Previous studies from our group on hydrogen evolution from AB in the

30.32.50 and positive synergistic effects have been

dark have dealt with group 9 and 10 metal nanocatalysts,
disclosed with Co-Pt *° and Ni-Pt NPs.>? AuNPs benefit from an enhanced kinetic stability under aerobic
conditions and have attracted an enormous amount of interest in various fields including biomedicine,
optics and catalysis.>!

We report here the acceleration effects of visible-light irradiation on the catalytic activity of a series of
bimetallic Au-late transition metal NPs (LTMNPs) for H> production upon reaction of water with the
boron hydrides AB and NaBH4. During these same reactions, a second light effect observed is the
progressive restructuration in several cases of the alloy nanocatalysts to core-shell Au@M. Comparison
is made with monometallic LTMNP nanocatalysts that, as nanogold, are not subjected to any light effect
under the same conditions. Indeed, remarkable boosting effects of visible light are disclosed here with

bimetallic nanogold-containing alloyed nanocatalysts supported by “click” dendrimers or a “click”

polymer.



RESULTS AND DISCUSSION

Macromolecule-stabilized nanocatalysts

The known water-soluble “click” dendrimers 1 (with an approximate diameter size of 10 nm) and 2
(with an approximate diameter size of 15 nm)>? (Scheme 1) are catalyst templates acting as unimolecular
micelles. > They stabilize molecular, cationic and LTMNP catalysts with small size leading to excellent
catalytic results due to confinement of the catalyst and substrates in the dendritic interior including tris-
triazole-containing tripods. The known “click” polymer 3°* (Scheme 1 and S2) and
poly(vinylpyrrolidone) (PVP) were also used as supports for comparison. Upon mixing the metal salt
precursor and the dendrimer 1 or 2 or polymer 3 in water, a H>O ligand of the metal cation is exchanged
by the triazole ligand; thus, the metal cation keeps the same positive charge. In the case of the Pd and Pt
tetrachlorometallates, an anionic chloride ligand of the square-planar complex MCls* is replaced by a
neutral triazole ligand. Formally, the charge of the metal complex then changes from -2 to -1, whereas
the metal oxidation state (II) remains unchanged (Scheme S3). Upon reduction of all these
macromolecule-coordinated metal derivatives by NaBHa, the oxidation state of all the metals is decreased
to zero, and the atoms collapse into a LTMNP catalyst loosely stabilized by both the heteroatoms and
bulk of the macromolecule. When 1 mmol AB (or NaBH4) is completely hydrolyzed upon catalysis by
the “click”-dendrimer-stabilized LTMNP, 3 (or 4) mmol of H> (67 or 89 mL) are produced, indicating
reaction completion, in equations (1) or (2), respectively. In both reactions, a metaborate salt is formed
in a di-hydrated form MBO., 2H>0, i.e. MB(OH)s4, M = Na or NH4, and reaction intermediates were not
detected.

NH;BH; +4H,0 - NH{B(OH); + 3H, (1)

NaBH, + 4H,0 — NaB(OH), + 4H, (2)

Most studies have been conducted using the click dendrimer 1 and, unless noted otherwise, results are

reported in text with dendrimer 1. In order to compare the above catalyzed reactions under dark and

visible-light conditions, first, click-dendrimer-stabilized monometallic LTMNPs have been synthesized
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(Scheme 1), as previously reported,’® by reduction of the click-dendrimer-coordinated M(II) or M(III)
species to M(0) using NaBHa4. The other LTMNPs were found to be better catalysts than AuNPs (a poor
catalyst in this reaction) and, in all these cases, no catalytic enhancement was found upon visible-light
irradiation, even with the monometallic AuNPs (Table 1). Then, click-dendrimer stabilized bimetallic
Au-M NPs (M = Ni, Co, Ru, Rh, Pd, Pt or Ag) were synthesized by pre-coordination of both Au(III) and

M(II) species to intra-dendritic triazole ligands followed by reduction of both M(II) and Au(III) to M(0)

using NaBHa.
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Scheme 1. Syntheses of the macromolecule-stabilized nanocatalysts Au-LTMNP.

Characterization of the nanocatalysts

These alloyed Au-M NPs were characterized by their small sizes measured by Transmission Electron
Microscopy (TEM, Figure 1 and S6-S12) and low polydispersity, and the zero-oxidation state of both

metals, determined by X-ray Photoelectron Spectroscopy (XPS).



Figure 1. Characterization of AujRuj@dendrimer 1, (a) TEM image, (b) HRTEM image, (c)

interplanar instance, (d) SEAD image.

For instance, the AuiRu;, AuiPt; and AuiCo; NPs have a diameter size of 1.48, 1.22 and 2.1 nm
respectively, with some polydispersities (Table S1), this small NP size being directed by the selective
coordination to the stabilizing tris-triazole tripods with relatively long tethers of the dendrimer 1. The Au-
RhNPs were larger, 3.78 nm in diameter size, and thus stabilized by several dendrimers at their
peripheries, which will have consequences on the recycling process (vide infra). A good crystallinity of
AuiRu; NPs was confirmed as shown by the clear lattice fringes with 0.23 nm spacing in HRTEM (Figure
lc and 1d), if it is assumed that the crystallographic plane of the Au;Ru; nanoalloy is {111}.>* 3% Energy
dispersive X-ray spectroscopy (EDS) of single AujRu; NP showed that the Au and Ru elements were
present in the 002 and 003 area (Figure S13 ). These techniques confirm that and the AuiCo; and

AuiN11NPs also possess alloyed structures (Figure S14-S17). XPS showed that all the nanocatalysts



retained the zero-valence state during catalysis. Since the intradendritic triazole ligands are neutral,

surface atoms are indeed expected to be zero-valent (Figure S18-S24).5
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Figure. 2 Plot for molar amount of H> generated from AB or NaBH4 hydrolysis vs. time for dendrimer
1-stabilized Au-LTMNP alloys, (a) AB under dark reaction, (b) AB under visible light, (¢) NaBH4 under
dark reaction, (d) NaBH4 under visible light. In all the experiments, the reaction conditions are: 1 mmol

of AB or NaBH4; 1% mmol MNP; the ratio between Au and M is 1:1; temperature: 25 + 0.2°C

Hydrolytic dehydrogenation of AB and NaBH4 catalyzed by Au-based bimetallic catalysts.

Under dark conditions, the rates of hydrogen production showed the following order upon AB
hydrolysis (Figure 2a): AuiPt; > AuiRh; > AuiRu; > AuiCo; > AuiPd; > AuiNi; > Au, and for NaBH4
hydrolysis (Figure 2c¢): AuiPt; > AuiRu; > AuiRhi > AuiCor > AuiPd; > AuiNi; > Au. In the dark
reactions, alloying with gold had various (positive or, most often, negative) synergistic effects on the

catalytic activity vs. the monometallic NP catalysts. Positive synergistic effects were observed essentially



for Au-Co and Au-Pd alloyed nanocatalysts in both AB and NaBH4 hydrolysis reactions in the dark (Table
1). The synergistic effect is due to electronic interaction between the two alloyed metals.>” % The XPS
data confirm electronic transfer from Au to Co, and this interaction is beneficial to improve catalytic
substrate activation with positive catalytic synergy between these two metals in their nanoalloy. As shown
in Figure S23, the binding energy of Au 4f (81.9 eV and 85.5 eV) in the AuCo alloy is shifted to lower
value compared to that of AuNPs (83.6 eV and 87.1 eV),>® while its Co 2p band (779.5 eV and 784.2 eV)
is shifted to higher value compared to CoNPs (778.9 eV and 780.6 eV). Conversely, when the shifts of
the XPS bands are observed in the same direction towards higher energies for the two metal upon alloying
them, electronic transfer is not significant, and there is no catalytic synergy, or a negative synergy due to
the dilution of the more active metal in the alloy. This is the case here for AuPt and AuRu. For instance,
the Au 4f bands (84.8 and 88.3 eV) of AuPt are shifted to higher values compared to monometallic AUNPS
(83.6 eV and 87.1 eV), *° and the Pt 4f band is also shifted to higher energy from 71.6 and 74.8 eV for

PtNPs to 72.6 and 76.0 eV for AuPt (Table S2).

Remarkably, visible-light irradiation boosted the catalysis by all these Au-containing alloys compared
to dark reactions, while no light effect was observed with the monometallic NPs (Figure 2b, d, Tables 1
and Figure S25-S29) or bimetallic NPs that did not include Au. Some bimetallic catalysts such as Au-Fe,
Au-Cu, and Au-Ag were not effective in quantitatively completing the stoichiometric reactions of
equations (1) and (2) (Figure S30). The most spectacular acceleration of Au-LTMNP-catalyzed
hydrolysis was observed upon visible-light irradiation of RhNPs and RuNPs that were both alloyed with
Au for AB and NaBH4 hydrolysis. As shown in Table S3, for AujRuiNPs, compared to hydrolytic
dehydrogenation of NaBH4 conducted under dark, the TOF value increased from 63.5 to 240.5 molu2
mole ' min~! upon visible light irradiation. The TOF value for AB hydrolysis derived by Au-Rh NPs
increased from 288.1 to 813.6 molu, molex ' min! under visible light (Table S3). Increasing the

dendrimer generation Gy of the “click” dendrimer stabilizer from Go with 27 tethers to G with 81 tethers



has a negative influence on the reaction rates (negative dendrimer generation ipletion of the reaction

(Figure

Table 1. Compared TOFs for reactions under dark and visible-light during NaBH4 and AB hydrolysis at

25+ 0.2°C catalyzed by monometallic and alloyed bimetallic NPs stabilized by the dendrimer 1.

NaBH4 AB

Catalysts TOF{? TOF{ Synergistic Vis. light TOF!  TOF{  Synergistic  Vis.

(dark)  (light)  effect [ effect [°! (dark)  (light)  effect® light

effect!”]

Au 1.7 1.7 NAl No 1.2 1.2 NA[d] No
Ru 80 80 NA No 60 60 NA No
Aui/Rur 47 178 0.6 3.8 30 67.7 0.5 2.3
Rh 57 57 NA No 100 100 NA No
Aui/Rh; 33 66 0.6 2 85 240 0.9 2.8
Pd 2.3 2.3 NA No 1.5 1.5 NA No
Au/Pdi 6 15 2.6 2.5 6.7 16 4.5 2.4
Pt 133 133 NA No 133 133 NA No
Aui/Pty 72 133 0.5 1.85 75 200 0.6 2.7
Co 8 8 NA No 6 6 NA No
Aui/Cor 22 50 2.75 2.3 17 27 2.8 1.6
Ni 5.2 5.2 NA No 4 4 NA No
Aui/Ni; 6.1 12.5 1.2 2 5.4 10 1.1 1.9

[a] TOFy: moluz released / (total molcatalyst X reaction time (min)) for all atoms, the unit of TOF; is
molnz molea ! min'. [b] For reactions in the dark: comparison of the catalytic efficiency between
bimetallic NPs and the corresponding monometallic NPs (the better ones). Ratio: TOF; of the better
monometallic NPs/ TOF; of the alloyed bimetallic NPs. When this ratio is > 1, it shows a positive
synergistic effect; conversely, if the ratio is < 1, it shows a negative synergistic effect. [c] Comparison of
the efficiencies between the reactions in the dark and with vis. light catalyzed by alloyed bimetallic NPs,
expressed as the ratio between TOF; (alloyed bimetallic NPs under light) and TOF; (bimetallic NPs under

dark). When this effect is >1, it shows a positive vis. light effect. [d] NA: not applicable.
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S31, positive dendrimer effect). The Au/Ru and Au/Co and ratios 1/1, 1/2 and 2/1 were tested in the
alloys, and the most efficient catalysts were the alloy AuiRu; and AuiCoi NPs, respectively (Figure S32
and Table S4). Although the low-intensity LED light did not appear to increase the temperature of the
reaction system, contribution from the photothermal effect still needed to be considered. The thermometer
was located inside the reaction vessel, in order to measure the exact solution temperature. The temperature
increase of the aqueous solution containing AujRu; catalyst in the presence of visible light irradiation has
been measured. A temperature increase of only 1 °C was observed over 10 min of irradiation (Figure
S33a), but the efficient catalysts allowed delivery of hydrogen with reactions that were completed after
only 1.3 to 4 min depending on the system. There was no significant increase in the hydrogen production
rate at 26 °C compared to that at 25 °C (Figure S33b), thus it is concluded that the photothermal effect
has no significant contribution to the visible-light induced enhancement of the dehydrogenation
reaction. These alloys were also compared with equimolar mixtures of AuNPs and MNPs (M = Ru or Co),
and the rate increase upon visible-light irradiation was larger in the alloy than in the mixture of these
monometallic NPs (Figure S34 and Table S4). The Au-LTMNPs absorb light in the visible region as
shown from their broad plasmon bands observed in the 450-550 nm region in their UV-vis. spectra. Thus,
the lack of light-induced acceleration in both AuNP and other monometallic LTMNPs show that the light-
induced acceleration of the catalysis is due to the presence of Au in alloys. Upon light absorption by the
Au surface atom, a “hot electron” is formed from the Au plasmon and immediately transferred to the
substrate-activating Ru or other atom (Au—>Ru or Au—>M), whatever the electronic delocalization at the
NP surface enhancing its catalytic activation efficiency, particularly at corners and edges. Different
wavelength irradiations have also been evaluated in the broad range of the plasmon band from 450 to 550
nm. In Figure S35, the catalytic hydrolysis efficiencies of AB and NaBH4 are shown upon 470 nm, 520

nm and 620 nm irradiation. As a result, the 470 nm and 520 nm light irradiations are more efficient to
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accelerate the hydrolytic dehydrogenation of AB and NaBHs catalyzed by AuiRuj@denrimer 1,
respectively.
Recycling of Au;Ru; and Au;Co; catalysts for hydrolysis of AB and NaBH4

Interestingly, after boosting AB or NaBH4 hydrolysis upon visible-light irradiation and complete
stoichiometric hydrogen generation, the plasmon band then disappeared, and there was no longer visible-
light absorption; then the UV-vis. spectra became flat (Figure 3a and Figure 3d). Upon recycling these
catalysts that no longer absorbed visible light, no more light effect was observed upon comparing
reactions in the dark and in the presence of light. Surprisingly, however, with most of the alloys the dark
reactions upon recycling were faster than the dark reactions of the original alloyed catalysts for both AB
and NaBH4 hydrolysis reactions, although not as fast as upon visible-light irradiating the original alloy
nanocatalyst (Figure 3b and 3c). Only Au-Pd, Au-Rh and Au-Pt tended to agglomerate after AB
hydrolysis, which prevented recycling, contrary to NaBH4 hydrolysis (Table S5). Up to four reaction
recycling were carried out with Au;Ru; and AuiCo; with some (but not dramatic) decrease of the rate
compared to the initial reaction under visible-light irradiation (Figure 3b). These phenomena were
observed for the bimetallic AujRu; NPs and AuiCo; NPs tested with both AB hydrolysis and NaBH4
hydrolysis (Figure 3e, 3f and S37). TEM showed that the sizes of the Au-M NPs increased during the
light-induced acceleration of the inorganic hydride hydrolysis. For instance, for the AuiRu; NPs (resp.
Au1CoNPs), the NP size increased from 1.5 nm (resp. 2.1 nm) before reaction to 2.5 nm (resp. 5 nm)
after visible light reaction (Figure S38-40). During recycling reactions, the NP size no longer increased
significantly, however. XPS showed the presence of both Au and Ru at the NP surface before reaction.
After reaction in the presence of light, a dramatic decrease in the intensity of Au peaks compared to those
of Ru (Figure S41) was observed, in accord with the disappearance of the plasmon band in the UV-vis.
spectrum. This reduction in the Au signal hints to an accumulation of the other LTM on the surface of the
NP. The disappearance of the plasmon band and the strong decrease of Au at the NP surface both signify

removal of Au from the surface and its accumulation on the NP core, reflecting a deep restructuration
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from an alloy to a core-shell nanostructure in the course of the light-induced reactions catalyzed by the
fresh bimetallic Au-M alloys (Figure 3a). In addition, shifts of the Au 4f and Ru 3d bands are observed
upon comparing the XPS spectra before and after reaction (Figure S41). The bands of Au 4f at 84.7 and
88.1 eV before reaction are shifted to lower value (84.0 and 87.6 eV) after reaction, while the Ru 3d bands
(284.5 and 286.2 eV) before reaction shifted to higher values (285.1 and 286.7 eV) after reaction. These
Au bands are also shifted to lower values compared to those of monometallic AuNP, while the Ru bands
are also shifted to higher values compared to those monometallic RuNPs (vide supra). This means that
electronic transfer from Au to Ru has occurred during the irradiation reaction process, and Ru is also
electronic enriched at the expense of Au compared to monometallic Au and Ru NPs. These data all
confirm the Au@Ru@dendrimer structure of the restructured bimetallic catalysts following visible-light
irradiation. The superior catalytic activity of these restructured Au@Ru NPs compared to the initial
AuiRu; alloy and to the monometallic Ru@dendrimer NPs results from electronic transfer from the Au
core to the Ru surface, and the consecutive improved catalytic activity of the core-shell nanocomposite
compared to the related alloys has precedents.®

The HRTEM/EDS data also show the strong decrease of the Au content at the LTMNP surface (Figure
S42a and Table S6). These data indicate that the alloyed NPs progressively transform under the effect of
visible light into a core-shell structure leaving almost exclusively only Ru or other non-Au metals at the
NP periphery (Figure S42). This transformation that occurred along with a significant increase in size in
the presence of the boron hydride and macromolecular triazole was irreversible during further processes
for which the structure and size remained essentially constant. It appears that the energy provided by the
plasmonic excitation upon visible-light alloy irradiation under these specific reaction conditions allows
reaching a more stable thermodynamic state in the core shell Au@M topology than the original nanoalloy
state. Since AuNPs are a poor catalyst of these reactions and most other noble LTMNPs are good
catalysts,*! a decrease of the Au content on the alloy surface and an increase of the content of the more

active catalyst along the light-induced reactions explain the much better activity upon recycling in the
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dark after the restructuration of the catalyst than in the initial alloy (Figure S43-S46). In summary, in the

first run of hydrolytic dehydrogenation of AB and sodium borohydride catalyzed by Au-LTMNPs, visible
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Figure 3 (a) UV-vis. spectra of AuiRu; for AB hydrolysis before catalysis and after the first catalytic
cycle. After further catalysis recycling, the UV-vis. spectra remain the same as after the first cycling. (b)
Plot of molar amount of H> generated from AB hydrolysis vs. time taken by Au;Ru; during visible light
irradiation in the reuse test. (c) Plot of molar amount of H> generated from AB hydrolysis vs. time taken
by AuiRu; during the reuse test without visible light in the second cycle. (d) UV-vis. spectra of AujRu;
for NaBH4 hydrolysis before catalysis and after the first catalytic cycle. After further catalysis recycling,
the UV-vis. spectra remained the same as after the first cycle (e) Plot of molar amount of H> generated
from NaBHj4 hydrolysis vs. time taken by AujRu; with visible-light irradiation during the reuse test. (f)
Plot of molar amount of H generated from NaBH4 hydrolysis vs. time taken by AuiRu; in the reuse test
without visible light in the second cycle. Reaction conditions: amount of AB (NaBH4) used: 1 mmol,

temperature: 25 + 0.2°C
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light played two roles: 1) visible-light enhanced catalytic activity upon plasmonic effect of Au surface
resulting in the formation and transfer of hot electrons from Au atoms to nearby or other atoms M on the
NP surface boosting H» release; 2) visible-light induced restructuration of the alloy nanocatalyst to core-
shell Au@M topology due to plasmonic hot electron energy provoking formation of the more
thermodynamically stable nanomaterial state, in which the Ru or other metal-rich NP surface is much
more catalytically active than in the initial Au-containing alloy surface.
Comparison of hydrolysis efficiency of AB and NaBH4 by various nanocatalysts supported by a
series of stabilizers

The case of the Au-RhNPs is specific in that, contrary to other Au-LTMNPs these NPs agglomerated
after visible-light irradiation, which rendered recycling impossible. This is probably due inter alia to the
large size of these Au-RhNPs that were stabilized inter-dendritically rather than intra-dendritically,
provoking easy agglomeration due to weaker dendritic protection. Except for the Au-RhNPs, dendrimer
1 proved to be an excellent LTMNP support in the catalysis process. Dendrimer 2 could not prevent Au-
RhNP agglomeration after catalysis either, due to its small cavities. For all the other Au-LTMNPs,
dendrimer 1 was the best support in terms of stabilization, catalysis and recycling, compared to other
stabilizers (dendrimer 2, click polymer 3 and PVP).>* ¢! As shown in table S7, dendrimer 1, dendrimer 2,
and click polymer 3 made a significant difference between visible-light irradiation and dark reaction.
Specifically, the TOF values for hydrolysis of AB and NaBHj4 increased at least by a factor of 2 upon
shifting reactions from dark to visible light with dendrimer 1, dendrimer 2 and click polymer 3 as supports,
respectively (Table S8). However, there was no change of efficiency between light and dark when PVP
was the support, and the catalysts PVP-LTMNP then quickly agglomerated even before the end of
reactions. Therefore, the structure of the stabilizer exerts a considerable influence on the photocatalysis.
The main structural difference among dendrimer 1, dendrimer 2, click polymer 3 and PVP is the presence

of the triazole ligands in the first three stabilizers that play a key role in the photocatalysis. The size of
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the Au-LTMNP alloy on the triazole-containing stabilizer increased less upon visible-light irradiation,
compared to LTMNPs supported on PVP, and consequently Au-LTMNPs stabilized by triazole-
containing macromolecular structures can be reused (Figure S47-49, Table 2, S7, S8) contrary to PVP-
supported LTMNPs. The dendrimer 1 is the best triazole-containing support, because of the confinement
induced by the dendritic tripodal ligands (positive dendritic structure effect) with less steric inhibition
than in dendrimer 2. In summary, the triazole ligand in the stabilizer allows LTMNP stabilization at a
small NP size before and during photocatalysis. Therefore, the triazole-containing support facilitates
capture of the visible light by coordination to the Au atoms. This tripodal coordination increases electronic

density on the NP, thereby accelerating plasmonic generation of hot electrons,’* 3

and the optimized
stereo-electronic functions of the triazole-containing stabilizer are best insured by the NP-encapsulating
dendrimer 1.

Table 2. Comparison of the different stabilizers for dark and visible-light irradiation derived by AujRu;

catalyst upon NaBH4 hydrolysis reactions at 25 + 0.2°C

Supports TOF{¥ (NaBHs TOF; [ (NaBHs TOF?l (AB TOF{ (AB recycling
under dark) under light) under dark) under dark)

Dendrimer 1 63.5 240.5 40.5 101.4 YES

Dendrimer 2 51.6 96.7 34.0 68.1 YES

“Click” polymer 3 27.5 55.3 16.8 31.1 YES

PVP 123.4 123.4 84.0 84.0 NO

[a] TOF: = mola2 released / (Surface moleawrys: % reaction time min))

Proposed mechanism

The light-induced reaction mechanism must take into account both effects of light on these
nanocatalyzed hydrogen evolution reactions: (i) light-induced acceleration of hydrogen release, and (i)
light-induced nanoalloy restructurarion to core@shell NP. Both light effects are causing reaction
acceleration at the very beginning of the reaction, whereas by the end on the reaction only the
restructuration alloy = Au core@Ru is the cause of hydrogen release acceleration compared to catalysis
by the nanoalloy in the dark. Thus, the plasmon-induced acceleration progressively decreases along the

reaction with the progressively growing effect of decrease of Au proportion and increase of Ru proportion
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on the NP surface. In order to distinguish between these two effects of light, the effect of the time of light
irradiation on the time necessary to obtain complete hydrogen evolution was investigated. For instance
with NaBH4 (Figure S50a), complete hydrogen evolution was obtained after 2.5 min of light irradiation,
whereas 9 min was necessary in the dark. It was found that one or two min of visible-light irradiation
was not sufficient, but only with 2.5 min of visible-light irradiation was complete evolution obtained in 3
min. Consequently, during the last 0.5 min necessary to obtain complete hydrogen evolution from AB,
the light had no more effect on the reaction, and the regime was the same as during the recycling, i.e.
reaction acceleration compared to reaction of the alloy-nanocatalyzed reaction is exclusively due to Ru
being in higher proportion than Au on surface of the core Au@Ru shell NP than on the surface of the
initial alloy.

Concerning the reaction mechanism of AB hydrolytic hydrogen release in the dark, let us recall that
one of the hydrogen atoms from H, comes from AB and the other one from water. % The kinetic isotope
effect (KIE: kn/kp) is an effective way to identify the rate-determining step (RDS) of a reaction.®* % The
proposed mechanism earlier with AB for dark reactions was suggested to involve cleavage of a water O-
H bond in the rate-limiting step (RLS) based on high values of the KIE values between 2.46 * and 2.49
30 using D20 combined with low values of KIE using NH3BDs such as 1.33.3° With Au;Ru;@dendrimer
1 in the dark, the KIE found with DO was 2.25 (Figure S51), which is consistent with earlier studies
confirming a primary KIE leading to an analogous suggestion of water O-H bond cleavage in the RLS.
In the presence of light, this KIE value raised to 3.00, which even more clearly reflects water bond
breaking in the RLS. Interestingly, in the recycling experiment, the KIE value found raised to 3.38
pointing an additional KIE increase compared to the initial experiment under visible light (Figure S51),
which is due both to the increased activity of the Ru atoms on the alloy surface and to the light-induced
NP restructuration bringing a higher proportion of Ru atoms on the NP surface. In the presence of light,
this electron density on Ru atoms is strongly enriched by the additional hot electron transmitted from the

Au plasmon. Visible light accelerates the reaction, and the KIE with D>0 should be enhanced compared
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to the KIE of the dark reaction; this was indeed found. Overall, the cleavage of the water O-H bond in the
species NP-H...H-OH in the RLS in the presence of visible light for AB hydrolysis appears more clearly,
partly due to the privileged role of Ru atoms in this oxidative addition compared to those of other elements
such as Au and Ni. Oxidative addition of the water O-H bond can be achieved by a single Ru atom or by
two adjacent Ru atoms of the NP surface.’”- ® This RLS follows the fast B-H bond activation of AB on
the NP surface that appears independent from the RLS step due to the insignificant hydrogen bonding
between neutral AB and water (Scheme 2, top).

After reductive elimination of both H> and [NH3BH>OH], the same step would occur again with the
later, finally leading to the formation from AB of 3 mol H; and [NH3B(OH)3], then [NH3B(OH)3] further

hydrolyzed to stable [NH4B(OH)4] (Scheme 2).

Light-accelerated nanocatalysis of hydrolytic dehydrogenation of ammonia-borane (AB)

oxidative addition oxidative addition
_H
W
H—H
—L} “NH3BH,OH”
reductive
eliminations
H,
(b)  “NH3BH,OH” + H,0 —L> “NH3BH(OH),”
AuRu NP
H,
C “NH3BH(OH),” + H,O “NH3B(OH)3”
(c) 3BH(OH), 20 ot NP 3B(OH)3

(d) “NHgB(OH)3” + H,O —— NH4+, B(OH),
or NH4*, BO,", 2H,0

Scheme 2. Suggested mechanism for the visible-light-accelerated hydrolytic dehydrogenation of AB

nanocatalyzed by AuiRui@dendrimer 1.

This mechanism seems relatively similar for NaBH4 and AB. Indeed, with NaBH4 the KIE obtained
using D20 was 2.25 in the dark, 3.40 under visible light and 3.8 in the recycling (Figure S52a), which

follows the same trends as with AB. Experiments with NaBDy led to KIE of 1 in the dark, and 1.13 in
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recycling (Figure. S52b), indicating that NaBH4 is not involved in the RLS and that no restructuration
occurs along the experiment in the absence of light.

On the other hand, experiments in the presence of visible light led to a KIE of 2.2, whereas 2.6 was
obtained in the recycling (Figure S52b). This shows that, in the presence of visible-light irradiation, both
visible-light and light-induced alloy = Au core @Ru shell restructuration boost the activity of the Ru
atoms that synergistically activate both the B-H and O-H bonds in the RLS in a concerted way, although
the O-H bond is stronger (493 kJ mol™!) ®! than the B-H bond (430 kJ mol™).®” This synergy can be taken
into account by the strong H-bonding between a hydridic hydrogen and H>O that brings the NaBH4...H>O
ensemble onto the NP surface together with the fact that the Ru atoms, that are strong X-H bond activators,
activate both bonds in the same step, also because of O-H bond weakening by hydrogen bonding, contrary

to weaker bond activators among the transition metals that are more selective (Scheme 3).%: 66 68

Light-accelerated nanaocatalysis of hydrolytic dehydrogenation of sodium borohydride

hydride oxidative
transfer addition

(@) l
T
H\ -/‘~ / \\\
H/IT ) N
H —L» Na*, “[BHzOH]”
reductive
Na* eliminations
Ho
(b) Na*, “[BH3OH]” + H,0 m “Na*, [BH2(OH),]”
H,
(€) Na*, “[BH,(OH),]” + H,0 m “Na*, [BH(OH)3]”
H>
(d) Na*, “[BH(OH)3]" + H,0 —L>AuRu = Na*, [B(OH)4]"

or Na*, BO,, 2H,0

Scheme 3. Suggested mechanism for the visible-light-accelerated hydrolytic dehydrogenation of NaBH4

nanocatalyzed by AuiRui@dendrimer 1.

19



NaBHy is hydrolyzed, to 4 mol H>, much more easily than AB when AuiRu; and Au;Co; are the
nanocatalysts (Figure S52). This is verified in terms of performances. The TOF values of AB hydrolysis
catalyzed by AujRu; and Au;Cojwere previously found to be 101.4 and 60.0 moln,-molcatal.”!-min!,

respectively, which is inferior, under the same conditions, to those found with NaBH4 for Au;Ru; and

AuiCoj 0of 240.5 and 111.1 molnz-molcatal.”!-min’!, respectively.

CONCLUSION

It has been shown here that visible light boosts the Au-based alloyed nanocatalysts Au-LTMNPs (LTM
= Ru, Co, Rh, Ni, and Pt) with a series of triazole-containing macromolecular stabilizers as supports for
H; production from dehydrogenation reaction of aqueous solutions of the hydrogen-rich boron derivatives
AB and NaBH4. Dendrimer 1-stabilized AuiRui, AuiPtiand Au;RhiNPs showed remarkably high visible-
light effects and efficiencies for these hydrolysis reactions, and AujRu; was recycled four times in dark
reactions. Thus, Ru combines the advantages of being by far the cheapest noble metal and showing
excellent light-acceleration effects, efficiencies and recyclabilities in both AB and NaBH4 hydrolysis
reactions. In fact, there are two light effects that both favor H; evolution from these hydrogen-rich boron
derivatives. The first one is photocatalytic, i. e. the light absorption by the Au plasmon produces hot
electrons that are transferred to one or several adjacent Ru atoms boosting substrate activation efficiency
to produce Ha. The second visible-light effect simultaneously causes progressive alloy = Au core@Ru
(or other metal) shell restructuration resulting in higher activity of the surface Ru atoms (or other atoms)
than at the alloy surface of the original NP. For instance, with the AuiRu; alloy, this restructuration is
accomplished in 2.5 min, whereas the total time needed for Hz evolution is 2.5 min. Consistently, the
recycling experiment in the dark, following the initial light-accelerated reaction, takes some more time

than the latter, but less time than with the original nanocatalyst in the dark. This is explained by the
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visible-light-induced restructuration from alloy to Au@Ru or Au@M core-shell NPs. Au-Co, although
less active than the alloyed Au-noble-metal photocatalysts, showed excellent light effect and was the best
alloyed Au-earth-abundant metal photocatalyst for both reactions and, as Au-Ni, was recyclable. The
presence of the triazole ligand in the macromolecular structure is a key factor in light enhancement of H»
evolution and catalyst recycling, the optimized structure being the dendrimer 1, more efficient than
dendrimer 2 and polymer 3 because of its ideal stereo-electronic effects on the NP stabilization and
photocatalytic activity of the Au-LTMNPs. Finally, the enhanced KIE values obtained using D>O under
visible-light irradiation and recycling in the dark compared to those obtained in dark reactions of the
alloys confirm the strong implication of the water oxidative addition in the RLS for both AB and NaBH4
hydrolytic reactions. Nevertheless, with NaBH4 (only), high KIE values obtained using NaBD4 show that
the initial hydride transfer for this substrate to the NP surface also intervenes in a concerted way with the
water O-H cleavage in the RLS due to initial strong hydrogen bonding with water. These photocatalysts
show superior activity compared to previously reported AB hydrolysis plasmonic metal-based
photocatalysts with or without semiconductor (Table S9). It is believed that these concepts and findings
will find extension to new improved H> generation systems and other redox-photocatalyzed
transformations of small molecules.
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