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The hydrolysis of AB (AB, NH3BH3) with the help of transition metal catalysts has
been identified as one of the promising strategies for the dehydrogenation in numerous
experiments. Although great progress has been achieved in experiments, evaluation of
the B-N bond cleavage channel as well as the hydrogen transfer channel has not been
performed to gain a deep understanding of the kinetic route. Based on the density
functional theory (DFT) calculation, we presented a clear mechanistic study on the
hydrolytic reaction of AB by choosing the smallest NiCu cluster as a catalyst model.
Two attacking types of water molecules were considered for the hydrolytic reaction of
AB: stepwise and simultaneous adsorption on the catalyst. The Ni and Cu metal atoms
play the distinctive roles in catalytic activity, i.e., Ni atom takes reactions for the HoO
decomposition with the formation of [OH]~ group whereas Cu atom takes reactions for
the hydride transfer with the formation of metal-dihydride complex. The formation of
Cu-dihydride and B-multihydroxy complex is the prerequisite for the effectively hydrolytic
dehydrogenation of AB. By analyzing the maximum barrier height of the pathways which
determines the kinetic rates, we found that the hydride hydrogen transferring rather
than the N-B bond breaking is responsible to the experimentally measured activation
energy barrier.

Keywords: DMol?, first-principal calculation, bimetal clusters, catalytic, DFT

1. INTRODUCTION

Among many practical hydrogen storage materials, ammonia-borane (AB, NH3BH3) is believed
to be an attractive solid hydrogen storage candidate owing to its high hydrogen content, nontoxic,
excellent solubility, and stability in water (Peng and Chen, 2008; Hamilton et al., 2009; Staubitz
et al,, 2010; Jiang and Xu, 2011; Sanyal et al., 2011; Thorne et al,, 2011; Lu and Xu, 2012; Xi et al,,
2012). To enhance the kinetics of the hydrogen release for its on-board applications, intensive
efforts have been made in solid state by thermolysis dehydrogenation (Demirci and Miele, 2009;
Hamilton et al., 2009) and in solution by hydrolysis and methanolysis dehydrogenation (Xu and
Chandra, 2007; Umegaki et al., 2009; Chua et al., 2011). In the absence of suitable catalysts, the
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R1, TS, IM, P, respectively.

FIGURE 3 | Schematic energy profiles of hydrogen production from the catalytic hydrolysis of AB in the presence of NiCu dimer. The stepwise attacks involving three
H,O molecules, named as H, 08!, H,O™, H,0™, are sequentially considered in (A-C). The reactant, transition state, intermediate state, and product are denoted by

interact with the nucleophilic [-OH®] but the anionic Cu atom
would like to interact with the protic H(O) acceptor. Under the
synergistical roles of Ni and Cu atoms, the H,O®" molecule is
decomposed into one hydrogen atom H(O) and one hydroxy
group [-OH®*] in IM111* or IM111 state. In terms of the reaction

principle for the bond activation, [FOH®] group will attack the
positively charged B atom. If the O atom of [~-OH®] hydroxy is
close enough to the B atom, the stronger interactions between
O and B atoms than between N and B atoms will split the B-
N bond via the activation energy barrier of the TS112* state
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(1.445-1.079 = 0.366 eV), i.e., -NH3 is dissociated from BHj3-
NH3 fragment in IM112* state by releasing the energy of 2.147-
1.079 = 1.068 eV. Previously, Banu et al. (2015) have found
that when the H,O molecule directly interacts with BH3-NHj3
fragment yet without TM catalyst, the breaking of B-N bond at
the assistant of [-OH] group needs to cross a very high energy
barrier of 1.19 eV, and the counterpart TS state is even 0.91 eV
above the separated reactants AB+H,O. Clearly, the present of
NiCu dimer can significantly reduce the activation energy barrier
during the hydrolytic AB. If the O-B interaction doesn’t play the
role this time, the O atom maintains its interactions with Ni and
Cu atom in IM112 state (presenting a three-membered Ni-O-
Cu ring). Whichever the reaction it happens, one H(B) atom of
AB is somewhat activated by Ni atom and being ready to adsorb
on Cu atom, because the corresponding H-B bond in IM112*
is elongated by 0.169 A (elongated by 0.056A in IM112) with
respect to 1.218 A of free AB. Following the IM112* or IM112
state, H(O) and H(B) atoms on Cu atom move close to each other
to form a Cu-dihydride complex in IM113* state or IM113 state.
Ultimately, the H,®Y molecule is released from the first-step-
product P113* ([OH]-BH,-NiCu+NH3+H;) or product P113
([OH]-NiCu-NH;3BH;+H3), which releases the energy of 0.114
or 0.606 eV.

Apart from the above dehydrogenation pathways, we have
considered other reaction routes from the R1 reactants: the first
dissociation of H(B) atom and then H(O) atom; the stepwise
dissociations of H(N) and H(O) atoms. However, these reaction
routes have not any superiority with respect to the pathl and
path2. For example, the reaction that one H(B) atom in R1 is
activated and interacted with Cu atom has to go across a very
high energy barrier (1.146 eV). It is 0.789 eV higher in energy
than IM111* state. There are the possibilities that the released
H; molecule is comprised of H(B) and H(N) atoms from AB
fragment, which is analogous to what we have proposed in Zhou
T. et al. (2016). Nevertheless, our primary goal is to explore
the reaction mechanism that the hydrolytic dehydrogenation is
happening with the assistant of H,O. Consequently, these routes
have been discarded owning to no dissociation of H(O) atom
from H,O. As a mater of fact, Shevlin et al. (2011) have indicated
that the dehydrogenation via the combination of the protic atoms
from the N-moiety and the hydridic atoms from the B-moiety is
energetically unfavored for the metal amidoboranes MNH,BH3.
In addition, another possible pathway could follow the IM111*
or IM111 states: (i) One H(N) atom transfers to [-OH] group
to produce the adsorbed H,O and BH3-NH, fragment once
again; (ii) One H(O) atom is dissociated from the H,O and then
shifted to Cu atom, forming the Cu-dihydride complex and [-
OH] group; (iii) The B-N bond of BH3-NH, fragment is broken
by [-OH] group, yielding the NH, and H; products. However,
the B-N bond has an obvious contraction as one H(N) atom was
migrated from -NHj edge after the first step reaction. It will be of
ever-increasing difficulty to break the B-N bond by [~-OH] group.
Typically and importantly, the released product of NH; in this
pathway does not agree with the experimental product of NH3
(Yao C. F. et al., 2008; Rachiero et al., 2011b; Chou et al., 2012;
Liu et al., 2012).

For the adsorption of the second H,0™ on the first-step-
products, both Ni and Cu atoms are considered as the tentatively
adsorbing sites. Our calculations demonstrate that the Ni site is
0.176 eV lower in energy than the Cu site in adsorbing O atom
for the product P113*, whereas it reverses for the product P113.
In Figure 3B, we show the subsequent reactions that the first-
step-products are attacked by the H,O". The crucial reaction
steps for the pathl are follows: (i) One of two hydridic H(B)
atoms in IM114* is activated by the Lewis acid of Ni atom,
and then it is optimally adsorbed on Cu atom in the formation
of Cu-monohydride complex in IM115%; (ii) The protic H(O)
atom and [-OH™] of the H,O™ are synergistically activated by
Cu and Ni atoms, and then this protic H(O) atom shifts to Cu
atom yielding the Cu-dihydride complex in IM116*; (iii) The
[-OH"] group moves close to B atom to form the B-dihydroxy
and Cu-dihydride fragments in IM117%, which is followed by the
releasing of H,®d) molecule (the second-step-products P117%).
For the successive reactions along the path2, there presents a
thermodynamically downhill trend from IM114 to IM118 as
well as from TS115 to TS118, revealing that these reactions
would take place spontaneously due to their overall exothermic
processes. In analogous with the dehydrogenation mechanism
involving the H,O™ attack, three critical processes can be clearly
concerned for the H,O™ attack: (i) The protic H(O) atom is
somewhat activated by Ni atom and then it links with both Ni
and Cu atoms in IM115; (ii) The [-OH"] group breaks the
N-B bond and dissociate -NHj3 fragment through IM116 to
IM117; (iii) The B-dihydroxy and Ni-dihydride complex comes
into being through IM118 to IM119, from which H,™¥ is
subsequently liberated (second-step-products P119). Generally
speaking, since each energy barrier can be crossed at the
available energies provided by the exothermic reaction, the
overall reactions are thermodynamically feasible for either pathl
or path2. Nevertheless, P119 state is the predomination state,
because each IM state together with the counterpart TS state in
path2 lies lower in energy than that in pathl.

After the adsorption of the third H,0™ on the second-step-
products (Figure 3C), IM118* and IM120 states come into being,
respectively. Again, Ni atom serves as the activation site for
dissociating H(O) atom from H,0'™, and its neighboring Cu
atom serves as the attractive site for adsorbing H(O) atom.
The last H(B) atom is gradually transferred to Cu atom to
form the Cu-dihydride fragment. It is synchronously/succesively
accompanied by the shifting of [-OH™] group from Ni
atom to B atom (forming the B-trihydroxy fragment) and
by the releasing of H,™® molecule. All IM and TS states
are accessible for proceeding the dehydrogenation reactions.
Viewing the pathway as a whole, we found that TS113* and
TS113 states are only 0.055 and 0.088 eV lower in energy
than the initial reactants. Since they present the highest
energy barriers, these states are the rate determining barriers
of the overall dehydrogenation processes. Nevertheless, it is
nothing to be worried about this requirement, because the
foregoing reactions are overall exothermic process and TS113*

and TS113 states can be overcome. Ultimately, the hydrolytic

dehydrogenation reaction is completed, NH3BH3+3HZO&CU>
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FIGURE 4 | Schematic energy profiles of catalytic hydrolysis of AB involving the simultaneous H,O attacks (A). The hydrolysis AB is simultaneously attacked by

NiCu-NH3+B(OH)3+3H, %, which is catalyzed by the NiCu
dimer and orderly attacked by three H,O molecules. We
can conclude that the formation of Cu-dihydride and B-
multihydroxy fragments in IM states is crucial for the hydrolytic
dehydrogenation, and both metal atoms are acted as the catalytic
sites for breaking the H-O bond of H,O and N-B bond
OfNH3BH3.

3.3. The Hydrolysis of AB Catalyzed by
NiCu Dimer via the Simultaneous H>,O
Attack

For the hydrolytic AB via the simultaneous adsorption of
a few H,O molecules, we considered the reaction case:
AB is simultaneously attacked by H,OM) and H,O® and
subsequently attacked by H,O®). In the configuration of
R22 reactant (Figure 4B), H,0M with O atom is attached
to Ni atom while H,O® with H atom is bridged with
Cu and Ni atoms. From R22 to IM22 states along the
path3, one H-O bond of H,O! and one H-B bond of AB
are successively broken. Then, H(O) and H(B) atoms are
bonded with Cu atom to generate the Cu-dihydride complex

and [-OH]"") group, following which the B-monohydroxy
complex (IM22) comes into being. In this situation, N-
B bond-length is elongated by 0.050 A with respect to
1.622 A in R22. For the subsequent reaction from IM22
to IM23, H,0@ is shifted from Cu site to Ni site. After
releasing the first H,®Y in P23, several steps related to the
atomic transfers are crucial: (i) One H(O) atom of H,O®@ is
dissociated and subsequently bonded with Cu atom (IM24),
yielding [-OH]® group that is ready to break the N-B
bond of AB (IM25); (ii) One H(B) atom gradually moves
to Cu atom to generate the Cu-dihydride (IM26), which
is the prerequisite in releasing the second H,"Y (P27);
(iii) The adsorption site of [-OH]®@ is adjusted to connect
with B atom (TS27), which contributes to the B-dihydroxy
fragments (IM27). Thus, above reactions can be described as:

NH;BH;+2H,00%%  NiCu-NH;- - - HB(OH),+2H,4. When
H,0® is adsorbed on the resulting product P27 (Figure 4C),
analogously, one H(O) atom of H,O® and the last H(B)
atom are gradually transferred to Cu atom (from IM29 to
IM31). It is followed by the movement of [-OH]® group
to B site, again yielding the Cu-dihydride and B-trihydroxy
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complex (IM32). Then, the releases of NH3 and H, D via
P32 and P33 states can be achieved. Finally, we complete the
experimental reactions in an overall exothermic and barrierless

pathway,  NH3BH;+3H,0-2% NH;+NiCu-B(OH)3+3H, 1.
On the whole, the key mechanism of the path3
is that H(O) and H(B) atoms are alternately

dissociated from H,O and AB molecules,
yielding Cu-dihydride and B-multihydroxy
in IM states.

successively
complexes

Unlike the dehydrogenation mechanism of the path3, we
consider the reaction path 4 that two H(O) atoms are firstly
detached from H,0W and H,0@® (IM22*) and then H(B)
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atoms are departed from AB molecule (IM24*). However,
high energy barrier of 1.729-0.583 = 1.146 eV is encountered
at TS23* state when [-OH]™ group acts as an attacker to
dissociate -NHj; fragment (IM23*). Although this reaction step
is thermodynamically unfeasible, to verify our findings that the
hydrolytic dehydrogenation reaction undergoes via the specific
intermediate states, we continue the reactions irrespective of
TS23* state. To one’s expectation, the formations of the Cu-
dihydride complexes (IM24*, IM30*, and IM35*) together with
the B-multihydroxy complexes (IM23*, IM27*, IM34*) can be
clearly discerned from the sequential steps in Figures 4B,C.
Experimentally, the activation energy for the catalytic hydrolysis
of AB dehydrogenation has been conjectured to be the step
reaction of B-N bond breaking (Xu and Chandra, 2006; Chandra
and Xu, 2007), where an apparent value was estimated around
0.4 eV for CuNi catalysts (Lu et al., 2014; Zhang et al., 2016). Our
Eact = 0.58 eV determined by the highest energy barrier of the
reaction path4 at TS113* state is approach to these experimental
activation energies. Here, we found that the hydride transfer
is responsible for the rate-determining step for all pathways
we studied.

3.4. The Hydrolysis of AB Catalyzed by
Ni3Cu Cluster via the Simultaneous H,O
Attack

Since the tetrahedral structure is the block-unit for constructing
large metal nanoclusters, Ni3Cu tetrahedron cluster is treated as
an ideal model to underline the catalysis effect on the hydrolytic
dehydrogenation of AB. Importantly, experimental synthesizing
has shown the Cu@Ni core-shell structure, where Ni atoms are
on the structural surface and as the active sites (Lu et al., 2014;
Zhang et al., 2016). After considering the different adsorption
styles, i.e., -BHj3 fragment (or -NHj3 fragment) is adjacent to Ni
atom (or Cu atom) as well as H,O® and H,0® molecules are
attached on various metal sites, we found that R333 configuration
is the most favorable adsorption style (Figure 5). Although the
reaction steps are more and complex in the present of NizCu
cluster, according to the criterion of the dehydrogenation that
the reactions should follow the pathway in an exothermic, overall
barrierless, and the minimum energy profile, we found that the
accessible pathway for the catalytic dehydrogenation by NizCu
cluster is exactly identical to that by NiCu dimer. The subsequent
reaction steps are following: the alternation of the breaking of
three H-O bonds from three H,O molecules (IM321, IM322,
IM336) with the breaking of three B-H bonds from AB molecule
(IM323, IM328, IM338); the dissociation of NH3; from AB
molecule (IM326); the adjustment of the adsorbing sites of H(O)
and H(B) atoms and [-OH] groups to yield the metal-dihydride
and B-multioxhydryl fragment (IM327, IM334, IM343); the
liberation of three H, molecules through three intermediate
products (P327, P334, P343); the recovery of NizCu catalyst
after the complete reactions (P344). Throughout all procedures

of the path5, the hydrolytic dehydrogenation process is feasible

NisC
both in kinetics and thermodynamics: NH3BH3+3H,O—— e

NizCu-NH3BH3- - - (H,0)3 — NizCu-NH3+B(OH)3+43H,1.
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FIGURE 6 | The proposed schematic representation of hydrolytic AB for
hydrogen generation in the presence of metal catalyst: (A) hydrolysis of AB
catalyzed by metal catalyst via the stepwise Hy O attack; (B) hydrolysis of AB
by metal catalyst via the simultaneous H,O attack.

4. CONCLUSIONS

A novel reaction strategy to the prediction of the
dehydrogenation ~ sequences  for  catalytic  hydrolysis

of AB by NiCu bimetal catalyst has been developed,

NH;BH;+3H,00%%  NiCu.NH;+B(OH)3+3H,1, and the
plausible mechanisms were analyzed under a molecular level
by using the density functional theory method. Our proposed
catalytic hydrolysis of AB for the hydrogen generation are
illustrated in Figure 6.

The driving force behind the formations of NH3 and Hj is the
development of [-OH] group and Cu-dihydride complex species
after the H,O participation. The former resultant attack the B-N
bond to dissociate NH3 and the latter resultant is the prerequisite
toward the Hj elimination. The activation energy barrier for the
hydrolytic AB is most likely caused by the hydride transfer from
H(B) to metal atom rather than the B-N bond breaking. The
formation of heterometallic NiCu bonds and the charge transfers
might be the key factor to tune the frontier molecular orbitals
of the catalyst surface atom, which play the decisive role to react
with the molecules (AB and H,0) and to stabilize the possible
intermediate states, leading to the improved catalytic activity
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and selectivity in comparison with those of the corresponding
monometallic counterparts.
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