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Evolution of H2 upon catalytic hydrolysis of inorganic hydrides is a key method for clean energy pro-

duction. Here, a new organocobalt precursor is used to generate nanocatalysts that are efficient, stable

and recyclable. The cobalt complexes [Co(η5-C5H5)(η4-C5H6)], 1, and [Co(η5-C5Me5)(η4-C5H6)], 2, are

used to reduce late transition metal chlorides to a series of late transition metal nanoparticles, abbreviated

TMNP and TMNP*, respectively, that catalyse hydrolysis of B2(OH)4 and ammonia borane (AB). Among the

prepared TMNP and TMNP*, the latter are found to be the most efficient and recyclable catalysts,

showing, with RhNP*, TOFs of 1364 molH2
molcat

−1 min−1 in B2(OH)4 hydrolysis and 125 molH2
molcat

−1 min−1

in AB hydrolysis at a low catalyst loading of 0.2 mol%. The kinetic study including kinetic isotope effect

leads to a proposed mechanism of the RhNP*-catalysed AB hydrolysis involving water O–H bond oxi-

dative addition on the catalyst surface as the rate-limiting step for H2 generation.

1. Introduction

The conventional fossil fuels (coal, petroleum oil, and natural
gas, etc.) produce dangerous greenhouse gas and considerable
pollution, and therefore there is a huge demand for clean and
sustainable energy sources.1–5 Hydrogen gas (H2) is regarded
as the most attractive green energy source because of its high
gravimetric energy density and lack of pollution due to its
combustion product, water.6–11 However, giving the dangers of
explosion, large-scale application of H2 involves transform-
ation and storage issues. H2 evolution from stable hydrogen
storage materials appears as a valuable option. Boron chem-
istry contains hydrogen-rich compounds with hydridic hydro-
gen atoms,12 and its role in energy-related processes has been
very recently emphasized.10 In particular, ammonia borane
(AB) has attracted intensive attention owing to its high hydro-

gen content (19.6 wt%), high solubility and stability in
aqueous solution.13–32 Given the very low reaction rate of AB
hydrolysis under ambient conditions, acceleration by catalysts
is regarded as a promising way, and intensive efforts have
been achieved to exploit efficient catalysts. It has been pro-
posed that one of the hydrogen atoms of H2 formed is pro-
vided by the borane group of AB, and the other one from
water. Besides, the hydrolysis of tetrahydroxydiboron, B2(OH)4,
is also promising for H2 evolution as reported in the literature,
but in this case it has been shown that both H atoms of H2 are
provided by water.33–35 B2(OH)4 was first reported in 1955 by
hydrolysis of B2Cl4 and B2(NMe2)4.

36,37 Initially, the borylation
of vinyl cyclopropane, vinyl aziridine, and allyl acetate sub-
strates using B2(OH)4 was reported.38 B2(OH)4 also serves as a
reducing reagent, for example, for the reduction of pyridine-N-
oxides39 and nitro-aromatics.40 Stokes and co-workers pio-
neered transfer hydrogenation of unsaturated hydrocarbons
utilizing catalytic B2(OH)4 hydrolysis. Mechanistic studies
revealed that B2(OH)4 facilitated the transfer of H atoms from
water giving the intermediate Pd–H species, in which the unsa-
turated hydrocarbon inserted to complete its hydrogenation,
and no H2 gas was observed during the process.41 Thus,
B2(OH)4 plays the role of abstracting H atoms from water,
rather than hydrogen storage material like AB.34,42

Transition-metal (TM) nanoparticles (NP) have multiple
applications in optics, sensing and especially catalysis.1,43–53

Active sites on their surface play a key role in binding substrate
atoms due to their composition, size dispersity, morphology

†Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d2qi01313d

aISM, UMR CNRS N° 5255, Univ. Bordeaux, 33405 Talence Cedex, France.

E-mail: didier.astruc@u-bordeaux.fr
bLCC, CNRS & University of Toulouse III, 205 Route de Narbonne, 31077 Toulouse

Cedex, France
cSoft Matter Nanotechnology Group, CIC biomaGUNE, Basque Research and

Technology Alliance (BRTA), Paseo Miramón 182, 20014 San Sebastián, Guipúzcoa,

Spain
dPOLYMAT, Applied Chemistry Department, Faculty of Chemistry, University of the

Basque Country, UPV/EHU, Paseo Manuel de Lardizabal 3, Donostia-San Sebastián,

20018, Spain

This journal is © the Partner Organisations 2022 Inorg. Chem. Front., 2022, 9, 4651–4660 | 4651

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
Ju

ly
 2

02
2.

 D
ow

nl
oa

de
d 

on
 2

/7
/2

02
5 

11
:0

1:
58

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue

http://rsc.li/frontiers-inorganic
http://orcid.org/0000-0002-4278-9105
http://orcid.org/0000-0002-7174-1960
http://orcid.org/0000-0001-6446-8751
https://doi.org/10.1039/d2qi01313d
https://doi.org/10.1039/d2qi01313d
https://doi.org/10.1039/d2qi01313d
http://crossmark.crossref.org/dialog/?doi=10.1039/d2qi01313d&domain=pdf&date_stamp=2022-09-09
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/D2QI01313D
https://pubs.rsc.org/en/journals/journal/QI
https://pubs.rsc.org/en/journals/journal/QI?issueid=QI009018


and coordination by ligands.54,55 The nanocatalysts are gener-
ally fabricated by reduction of TM salt precursors using a redu-
cing agent such as NaBH4, H2, Mg, Li, Na naphthalene, etc., in
a presence of protecting ligand.26,56–58 In this process, the oxi-
dized form of the reductant is retained in an uncertain state,
which is prone to disturb the coordination type between the
nanocatalyst and ligands, consequently impacting the nano-
catalyst activity and reliability.59

Hydride-rich organometallic complexes, obtained through
reduction of 18-electron organometallic sandwich cations
using sodium borohydride, have been studied as hydride-
donating reagents for various chemical transformations.60,61

For example, the hydride-rich complex [RhCp(η4-C5H6)] was
converted to rhodicenium cation in the presence of the
hydride-accepting trityl (Ph3C

+) cation via an initial electron-
transfer step, followed by hydrogen-atom transfer, instead of a
concerted hydride transfer.60 Such a process is known in iron-
sandwich chemistry.62 The reverse has also long been known:
reduction using NaBH4 can proceed by electron transfer fol-
lowed by H-atom transfer.63 Barlow et al. reported two classes
of organometallic hydride donors as n-dopants for organic
semiconductors.64 In cyclic voltammetry, organometallic
hydrides undergo irreversible oxidation (https://www-science-
direct-com.inc.bib.cnrs.fr/topics/biochemistry-genetics-and-mole-
cular-biology/alpha-oxidation) that presumably involve single-
electron oxidation followed by H atom transfer.36,65

Here, the hydride-rich neutral organometallics [Co(η5-C5H5)
(η4-C5H6)], 1, and [Co(η5-C5Me5)(η4-C5H6)], 2, are used as
reductants of transition metal chlorides, because upon
reduction reactions these organocobalt complexes form cobal-
ticenium chloride 1+Cl−, resp. pentamethylcobalticenium
chloride 2+Cl− that are well-characterized robust compounds.
In the reduction process, they are expected to play both the
role of reductants of Mn+ to M0 and that of NP stabilizer
located around the NP periphery. NP stabilization is also
insured by polyvinylpyrrolidone (PVP) 10 000. The resulting
nanocatalysts are abbreviated TMNP (stabilized by 1) and
TMNP* (stabilized by 2), respectively. A series of electron-reser-
voir and hydride-reservoir complexes [CoCp2], [FeCp2], [FeCp
(η5-C6H6)], [FeCp(η5-C6Me6)], [CoCp(η4-C5H6)], [FeCp(η5-C6H7)],
[FeCp(η5-C6Me6H)], with Cp = η5-C5H5, have already previously
been used to stabilize AuNPs and PdNPs by their oxidized
form.66 It was concluded that [CoCp(η4-C5H6)] gave better
results than the above 19-electron electron-reservoir complexes
and other 18-electron hydride-reservoir complexes in the cata-
lysed reduction of 4-nitrophenol by AuNP and Suzuki–Miyaura
coupling reaction catalysed by PdNP. We have retained the
idea that hydride transfer appears superior to electron transfer
for the catalytic efficacy of the generated NPs, and we are
applying it for the first time to H2 formation reactions.
Another trend that we are investigating here is whether the use
of the ligand η5-C5Me5 (Cp*) in the Co complex instead of
parent Cp is beneficial to catalysis. It is well known that per-
methylation of at least one Cp ligand stabilizes metallocenes
and other organometallics because of the stereo-electronic
influence of the five methyl substituents in Cp*. Indeed, Cp*

is not only is much bulkier than the parent Cp, but also a
much stronger electron-releasing ligand.67 Here the synthesis
of a series of nanomaterials TMNP* (TM = Rh, Pt, Pd, Au)
using 2 as precursor for the reduction of TM chlorides is
reported as well as their comparison with the related TMNP,
prepared using 1, in these two catalytic hydrogen evolution
reactions.

2. Results and discussion
2.1. Preparation of TMNP and TMNP*

Metal precursors, for example, RhCl3 (0.42 mg, 0.002 mmol),
and PVP, 2 equiv., are dissolved in Milli-Q water (5 ml) under
N2 in a standard Schlenk flask and stirred for 30 min. Then,
the freshly prepared complex [Co(η5-C5Me5)(η4-C5H6)] (2,
7.8 mg, 0.03 mmol, see ESI†) dissolved in THF is injected into
the flask under N2 atmosphere, and the colour of the solution
changes immediately from colourless to dark brown, indicat-
ing the formation of RhNP* (eqn (1) and Fig. 1). After stirring
for 30 min, the NPs are used in catalysis. The TMNP catalysts
are prepared using the same method (see ESI†).

The reaction (eqn (1)) produces H2, but both H atoms of
H2 in this case are provided by the hydridic atom of 2 (resp. 1)
previously added to [CoCp*Cp]+(resp. [CoCp2]

+) upon reaction
with NaBH4.

ð1Þ

We suggest that 2 (resp. 1) is oxidized by Mn+ according to a
single electron transfer yielding the isostructural, yet unstable,
17-electron complex 2+ (resp. 1+). There is then a considerable

Fig. 1 Schematic illustration of the RhNP* catalyst synthesized upon
reduction of RhCl3 by [CoCp*(η4-C5H6)]. The red colour shows coordi-
nation of Cl− to the NP core, and the blue colour illustrates metallocenyl
chloride without coordination, corresponding to Rh atoms in the core
(that are thus not surface atoms).
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driving force for transient 2+ (resp. 1+) to give the robust
18-electron cation [CoCp*Cp]+, (resp. [CoCp2]

+), upon H-atom
transfer probably to M(n−1)+ in the course of its reduction
process. The final H2 formation might then result from reduc-
tive elimination from a Rh(H)2 species formed by two succes-
sive H-atom transfers from two 2+ (resp. 1+) species. The
alternative use of both electrons of the hydride to reduce Mn+

while forming H+ is energetically highly unlikely and finally
experimentally discarded by the reaction stoichiometry, the
evidence of H2 formation, and the lack of acidity of the final
aqueous medium.

These cobalt complexes and PVP function cooperatively to
stabilize the NPs. Without PVP, the metal NPs immediately
precipitate upon addition of the cobalt complex; thus, PVP
serves as a NP steric stabilizer. The cationic cobalt complex
serves as a NP electrostatic stabilizer (in conjunction with
surface-coordinated Cl−) and in the same time as a comp-
lementary remote steric protector of the NP surface. In a pre-
vious work, it was shown that, after the dialysis of the AuNP,
the cobalt complex can be removed, because it is water
soluble, and thus only PVP was left for the protection of Au
nanoparticles. In that later case, however, AuNP that were only
stabilized by PVP showed a sharply decreased catalytic activity
(reaction rate declined from 22.7 × 10−3 s−1 to 3.1 × 10−3 s−1 in
4-nitrophenol reduction), because of the loss of this electro-
static protection by [CoCp2]

+, Cl−.66

2.2. Characterization of the nanoparticles

The microstructure and the size distribution of the TMNP*
were investigated by transmission electron microscopy (TEM),
and the typical catalysts RhNP* and AuNP* were examined.
The characterization of this type of TMNP (including RhNP,
but not RhNP*) is also accessible elsewhere.66,68 As shown in
Fig. 2A, the nanocatalyst RhNP* exhibits a diameter size of
2.5 ± 1.5 nm, while RhNP shows a larger diameter size of 3.0 ±
1.1 nm (Fig. S6†). As shown in Fig. 1, the small RhNP* are pro-
tected by ionic interactions between pentamethyl-
cobalticenium chloride, 2+Cl−, and the NPs surface. Faster
reduction due to the better reducing agent with the strong
donor Cp* compared to Cp is responsible for the formation of
smaller RhNP* compared to RhNP.

The small AuNP* exhibit a diameter size distribution of
7.1 ± 3.5 nm (Fig. S7†). The CuNP* show a diameter of 10.1 ±

2.3 nm (Fig. S8†), which is the sign of the known weaker
stability of the late first row TM NPs compared to the noble
metal NP.

X-ray photoelectron spectroscopy (XPS) of RhNP* shows a
bonding energy of 308.2 eV and 312.8 eV, which is assigned to
Rh 3d5/2 and 3d3/2, respectively, indicating that Rh atoms at
the surface of RhNP* are exclusively zero valent (Fig. 3). These
Rh(0) values are close to those reported in the literature.68,69

Very slightly higher values obtained here compared to the lit-
erature are attributable to the strong electrostatic effect pro-
vided by the ions of the organocobalt chloride complex sur-
rounding the NP. In the UV-vis spectra of RhNP*, a band
appears at 410 nm, corresponding to the pentamethyl-
cobalticenium moiety, also indicating that organometallic
reductants are oxidized by the Rh cations to form 2+Cl− and
Rh(0) NPs (Fig. S9†).66 As for AuNP*, besides the pentamethyl-
cobalticenium peak at 410 nm, there is a broad absorbance at
520 nm corresponding to the surface plasmon band (SPB) of
the AuNP*.

2.3. Catalytic performances of TMNP and TMNP* in the
hydrolysis of B2(OH)4 and ammonia borane (AB)

2.3.1. Hydrolysis of B2(OH)4 catalysed by TMNP and
TMNP*. Here, 0.2 mol% TMNP and TMNP* are used for
B2(OH)4 hydrolysis. When 1 equiv. B2(OH)4 (90 mg) is con-
sumed, 1 equiv. H2 is produced, corresponding to 22.4 ml re-
placement of water in a typical water-filled gas burette at
atmospheric pressure and room temperature (eqn (2)).20

B2ðOHÞ4 þ 2H� OH ! 2BðOHÞ3 þH2 " ð2Þ
The TMNP (TM = Rh, Pd, Pt) produced from 1, termed

RhNP, PdNP and PtNP, respectively (Fig. 4A), and the TMNP*,
produced from 2 (Fig. 4C), are very active catalysts for B2(OH)4
hydrolysis. To compare the catalytic efficiency, the turnover fre-
quency (TOF) is introduced here, defined as the number of
moles of generated H2 dividing by the total number of surface
atoms over the time span of 10% substrate conversion. The cal-
culated TOF values are 579 molH2

molcat
−1 min−1 for RhNP,

138 molH2
molcat

−1 min−1 for PdNP and 126 molH2
molcat

−1

Fig. 2 TEM image (A) and size distribution (B) of the RhNPs*. Fig. 3 XPS spectrum of the RhNP* (CPS: counts per second).
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min−1 for PtNP, respectively (Fig. 4B), whereas the values are
1364 molH2

molcat
−1 min−1 for RhNP*, 268 molH2

molcat
−1

min−1 for PdNP* and 360 molH2
molcat

−1 min−1 for PtNP*,
respectively (Fig. 4D). The TOFs calculated by surface Rh atom
(Table S1†) compare to those obtained with other stabilizers
shown (Table S2†), revealing the very good activity of these
RhNP*. Also, the results demonstrate that TMNP* exhibit a
higher catalytic efficiency than their larger TMNP analogues.
Besides, Rh is always the most active metal here among all the
metals studied for catalytic B2(OH)4 hydrolysis with both orga-
nocobalt precursors.

The suggested mechanism in Scheme 1 follows the litera-
ture proposal involving oxidative addition of the B–B bond
onto the NP surface followed by water coordination, β-H elim-
ination and reductive elimination of the two hydride ligands
to form H2 in which both atoms come from water
(Scheme 1).34

2.3.2. Ammonia borane hydrolysis catalysed by TMNP and
TMNP*. To further compare the catalytic activities, the two
groups of catalysts, TMNP and TMNP*, were then used for the
hydrolysis of AB. AB is isoelectronic with gaseous ethane, but
it shows different characteristics owing to the dipole moment
between the N and B atoms. Its NH3 and BH3 fragments
possess three protic Hδ+ and three hydridic Hδ− hydrogens,
respectively, which facilitates the intra-/inter-molecular Hδ+–

Hδ− interactions. Besides, AB is a solid under ambient con-
ditions, which is attributed to the heteropolar dihydrogen
bonding, making AB implementable as chemical hydrogen
storage materials.19 Typically, when 1 equiv. AB (31 mg) is
hydrolysed with the assistance of 0.2 mol% catalyst loading in
our case, 3 equiv. H2 are produced (eqn (3)), resulting in 67 ml
replacement of water in a water-filled gas burette at atmos-
pheric pressure and room temperature.

NH3BH3 þ 4H� OH ! NH4
þBðOHÞ�4 þ 3H2 " ð3Þ

Time plots of H2 evolution catalysed by TMNP are shown in
Fig. 5A. Like for the catalytic B2(OH)4 hydrolysis, TMNP are
also active for NH3BH3 hydrolysis, showing a TOF value of
165 molH2

molcat
−1 min−1 for RhNP, 134 molH2

molcat
−1 min−1

for PdNP and 141 molH2
molcat

−1 min−1 for PtNP, respectively
(Fig. 5B). For TMNP*, the TOF values are 125 molH2

molcat
−1

min−1 for RhNP*, 21 molH2
molcat

−1 min−1 for PdNP* and
67 molH2

molcat
−1 min−1 PtNP*, respectively, i.e. somewhat

lower for each metal compared with TMNP (Fig. 5C, D and
Table 1), which is assigned to the protecting steric Cp* bulk
decreasing the rate of substrate access to the NP surface. This
order of catalytic activity at the beginning of the reactions,
defined by the TOFs, between TMNP and TMNP* is opposite
to that of the catalytic B2(OH)4 hydrolysis. On the other hand,
when comparing the time plot of H2 evolution in Fig. 5A and
C, for example, RhNPs, the curve of RhNP bends with time
going on, while the curve of RhNP* proceeds almost linearly
during catalysis, indicating an efficiency decline of the catalyst

Fig. 4 Time plot of H2 evolution from the hydrolysis of B2(OH)4 cata-
lysed by TMNP (A) and TMNP* (C). TOF values of B2(OH)4 hydrolysis cat-
alysed by TMNP (B) and TMNP* (D).

Scheme 1 Proposed mechanism for H2 evolution upon RhNP*-cata-
lyzed hydrolysis of B2(OH)4.

Fig. 5 Time plot of H2 evolution from the hydrolysis of AB catalysed by
TMNP (A) and TMNP* (C). TOF values of catalytic AB hydrolysis catalysed
by TMNP (B) and TMNP* (D).
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in the former case, and a relatively stable state of RhNP* in the
latter case of catalytic hydrolysis of AB. PtNP* and PdNP* also
show almost linear time plots (Fig. 5C), whereas the time plot
curves of PtNP and PdNP bend (Fig. 5A), indicating compara-
tively more stable PtNP* and PdNP* than PtNP and PdNP,
respectively.

Besides, AuNP* exhibits catalytic activity in AB hydrolysis
(Fig. 5C), whereas AuNP is inert at 0.2 mol% catalyst loading
scale. In conclusion, although TMNP show a higher TOF value
than TMNP* (except for Au), a better stability is obtained with
TMNP*.

In sum, although the TMNP shows slightly higher TOF
values than the TMNP* in AB hydrolysis (Tables 1 and S1†), 2
appears to be a preferred complex for the preparation of nano-
catalysts, because it shows a fine balance between catalytic per-
formance and stability. RhNP* favorably compares to the best
state-of-the-art catalysts for AB hydrolysis in terms of TOF per
surface atom, stability and recyclability (Table S3†).

These results also show that 2 is a better choice than 1 for
the preparation of nanocatalysts. Subsequently, the reusability
of the TMNP and TMNP* has been investigated. For the best
RhNP in the parent TMNP family, the catalytic efficiency
declined sharply in the second usage with only 1 mmol H2

evolution in 1000 seconds along with precipitation of NPs in
the hydrolysis of AB (Fig. 6A). On the other hand, RhNP* has
been recycled 3 times with progressively increased reaction
time and, importantly, no NP precipitation was observed after
3 cycles (Fig. 6B). These results confirm that the permethylated
hydride reservoir complex 2 gives rise to a more satisfying cata-
lyst than the analogue complex 1 concerning nanocatalyst
stability and recyclability.

This difference of catalytic activity between TMNP and
TMNP* can be ascribed to the methylation of the supporting
ligands. In complex 2, the Cp* ligand (Cp* = η5-C5Me5) is as a
stronger electron-donor than Cp (Cp = η5-C5H5) owing to the
existence of the 5 electron-releasing methyl groups in Cp*,
which increases the electronic density of the central metal Co.
Besides, the bulk of Cp* is considerably larger than that of Cp,
offering a better steric protection than Cp for the NP stabiliz-
ation. As a result, after the reduction of metal precursors, the
NPs stabilized by 2+Cl− are more stable than those stabilized
by 1+Cl−.67 The better stability of RhNP* compared to RhNP is
an additional reason explaining the better catalytic results
obtained with RhNP*, aggregation of NPs being better pre-
vented with 2+Cl− than with 1+Cl−. Better catalytic perform-
ance of TMNP* supported by 2+Cl− compared to TMNP sup-
ported by 1+Cl− in the catalytic hydrolysis of AB and B2(OH)4
result overall from both smaller NP size and better stability
during the catalytic process.

2.4. Kinetic studies and mechanism

In order to investigate the mechanism of AB hydrolysis cata-
lysed by TMNP*, the best catalyst RhNP* was used for kinetic
studies. Fig. 7A shows the time plot of H2 evolution in the pres-
ence of various concentrations of AB. The corresponding slop
of logarithmic plot of H2 evolution vs. AB concentration is 0.17
(Fig. 7B), indicating a zero-order kinetics in AB concentration.
This also reveals that AB activation is barely involved in the
rate-determining steps.24

The time plot of hydrogen evolution from AB hydrolysis cat-
alysed by various amount of RhNP* is shown in Fig. 8A.
Increasing the amount of catalyst is favourable for the accelera-
tion of AB hydrolysis. The slop of logarithmic plot of H2 gene-
ration vs. the amount of RhNP* is 0.97 (Fig. 8B), indicating
that the reaction is first order in catalyst amount.

Fig. 9A depicts the temperature influence on AB hydrolysis
catalysed by RhNP*; the H2 evolution rate dramatically raises
as the reaction temperature increases from 283K to 313K.
From the Arrhenius plots in Fig. 9B, the activation energy (Ea)
is calculated to be 26.1 kJ mol−1 according to the Arrhenius
equation (eqn (S4)†).

When D2O is used as solvent instead of H2O for AB hydro-
lysis catalysed by 0.2% RhNP*, the result depicted in Fig. 10

Fig. 6 Time plots of H2 evolution from the hydrolysis of AB catalysed
by RhNP (A) and RhNP*; (B) in the reuse test.

Fig. 7 (A) Time plots of H2 evolution catalysed by 0.2 mol% RhNP* and
(B) plots of the H2 generation rate vs. AB concentration both on natural
logarithmic scales.

Table 1 Compared TOFs for B2(OH)4 and AB hydrolysis catalysed by
nanoparticles supported by 1+ and 2+, respectively

TOF B2(OH)4 hydrolysis TOF AB hydrolysis

TMNP TMNP* TMNP TMNP*

Rh 579 1364 165 125
Pd 138 268 134 21
Pt 126 360 141 67
Au — — — 7

TOF: molH2
released at 10% H2 yield/[total molcatalyst × reaction time

(min)] for all atoms, the unit of TOF is molH2
molcat

−1 min−1.
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shows a decreased reaction rate in D2O, indicating a kinetic
isotope effect (KIE = kD/kH)

20,42 of 2.3, suggesting that the clea-
vage of the O–H bond in water is highly involved in the rate-
determining step.

As the KIE experiment indicated that an O–H bond of water
was cleaved in the rate-determining step, deuterated water was
used in tandem reaction for further investigation of the atomic
composition of the H2 gas produced. In a tandem reaction,
two chambers for different reactions were connected in a
sealed system (Fig. 11). H2 evolution occurred in the left
chamber in the presence of AB (31 mg, 1 mmol), RhNP* (0.2%
mmol) and D2O (2 ml). Then, the produced H2 gas transferred
to the right chamber for the hydrogenation of styrene with the
assistance of Pd/C and MeOD as solvent. After 24 h reaction at
room temperature, the produced ethylbenzene was measured

by 1H NMR for confirmation. As shown in Fig. S10,† the inte-
gration of the 1H NMR peaks at 7.12–7.28 ppm and
1.21–1.25 ppm is 5.00 and 3.03, respectively, corresponding to
the phenyl and methyl groups. The peaks at 2.67–2.58 ppm,
that are assigned to methylene group, show an integration of
0.84, less than the expected 2.00, indicating one D substitution
in ethylbenzene. From the 1H NMR of isotopic ethylbenzene, it
is suggested that one H atom of the produced H2 comes from
water, and another H atom comes from AB in the hydrolysis of
AB catalysed by RhNP*, confirming previous publications.

Based on the experimental result above, the mechanism
confirms trends that were previously suggested. Owing to the
hydridic property of B–H bond, water is prone to form
[NH3BH2H]⋯H–OH complex with NH3BH3 via H bonding,
which weakens the AB hydridic B–H bond and water O–H
bond. Hydride transfer from AB to the nanocatalyst surface
leads to B–H bond cleavage and formation of a negatively
charged surface M–H species. The above H bonding with water
bring water nearby the nanocatalyst surface, which very much
facilitates water O–H cleavage (rate-determining step), and all
the more so that electron density in this bond is weakened by
this H bonding and the NP is more active in oxidative addition
due to higher electron density brought by the negative charge.
As a result, the first H2 molecule is produced by reductive elim-
ination of two surface hydrides, leaving on the NP surface two
fragments, NH3BH2

− and OH− that also reductively eliminate,
which provides the reaction intermediate NH3BH2OH (Fig. 11).
Repetition of this process schematized in Fig. 11, finally gives
evolution of 3 equiv. H2 (Fig. 12).

Fig. 9 (A) Plots of the hydrogen evolution vs. time for AB hydrolysis
catalysed at various temperatures by 0.2 mol% RhNP* catalyst. (B)
Kinetic data obtained from the Arrhenius plots.

Fig. 10 Evolution of H2 upon NH3BH3 hydrolysis with H2O and D2O
catalysed by 0.2 mol% RhNP* (KIE = 2.3).

Fig. 11 Schematized mechanism for the formation of the first H2 mole-
cule upon RhNP-catalyzed AB hydrolysis. Formation of the 3
H2 molecules is summarized in Fig. 12.

Fig. 12 Tandem reaction of AB dehydrogenation in D2O and hydrogen-
ation of styrene in MeOD.

Fig. 8 (A) Plots of the times of the AB hydrolytic dehydrogenation cata-
lysed by the RhNP* nanocatalyst with various catalyst amounts. (B) Plots
of the rates of H2 generation vs. concentration of the RhNP* nano-
catalyst both on natural logarithmic scales.
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3. Conclusions

The TMNP and TMNP*, prepared from the reduction of late
TM chloride salts by hydride-rich cobaltocene derivatives
[Co(η5-C5H5)(η4-C5H6)], 1, resp. [Co(η5-C5Me5)(η4-C5H6)], 2,
have been characterized. They are used for the first time to
carry out two catalytic H2 evolution reactions using hydrolysis
of both ammonia borane and B2(OH)4. The results reveal that
the Rh nanocatalysts prepared in this way are among the best
nanocatalysts for these reactions. For instance, they compare
advantageously with previous nanocatalysts prepared using
dendrimers70,71 or metal organic frameworks.53,72 RhNP* show
a catalytic activity (TOF) superior to that of RhNP for B2(OH)4
hydrolysis, and this trend is opposite for AB hydrolysis whose
reaction mechanism is very different (in AB hydrolysis, one H
atom of H2 comes from AB and the other ones from water,
whereas in B2(OH)4 hydrolysis both H atoms of H2 are pro-
vided by water). However, the activity of RhNP decreases in the
course of the reactions due to lack of sufficient stability, and
this RhNP is not recyclable due to aggregation. On the other
hand, the TMNP* are stable nanocatalysts in the course of
reactions, which is assigned to the steric bulk of the Cp*
ligand of the organocobalt cation protecting the nanocatalyst
surface. The RhNP* appear stable and recyclable at least three
times without agglomeration; they are the best choice for the
hydrolysis of both AB and B2(OH)4, and the catalytic results are
good compared to the literature. Kinetic studies of AB dehydro-
genation catalysed by RhNP* revealed that the reaction is zero
order in AB concentration and first order in NP amount with a
low activation energy Ea of 26.1 kJ mol−1. The KIE value of 2.3
indicates that the O–H cleavage of water is highly involved in
the rate-determining step, proposed to be much facilitated by
H bonding between AB and water. This first and successful
use of the new complex 2 to produce efficient nanocatalysts
upon reduction of TM salts could in the future be extended to
other catalytic systems. Great advantages of the use of these
neutral hydridic cobalt complexes are their strong reducing
power as hydride donors (still increased with the better
electron donor ligand Cp*), their use as both reductant and
NP stabilizer with steric protection (still increased with the
large Cp*), and the fact that their oxidized forms are fully
stable and easily recovered as water soluble chloride salts. The
catalytic performances are among the best ones compared to
previous results, and this strategy should also allow further
stabilization and catalytic use of the NPs on various other
supports.
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