
Introduction
With the ever-burgeoning of urban centers along with the
ever-enhancing quality of living, the pursuit of an efficient,
safe, and sustainable source of energy is of the utmost
importance in prolonging the longevity of human
civilization. The demand for novel techniques to derive
energy from renewable resources, to store and release
energy, in particular via chemical reactions coupled with
engineering aspects are crucial for the on-going
renewable energy transition. This paper aims to explore
the synergistic effects between the Co and Mn
nanoparticle (NPs) and single atom (SAs) for the catalytic
hydrolysis of ammonia borane (a hydrogen storage
material) in addition to determining the physicochemical
properties and evaluate the heterogeneous catalytic H2

generation performance for understanding the correlation
between unique electronic structures and catalytic
performance. The experiment is done through the
preparation of bimetallic NPs and dual-atom SACs
consisting of atomically dispersed Co and Mn atoms on
N-doped carbon nanotubes (CNTs) as a promising
catalyst for hydrogen generation via ammonia borane
(AB) hydrolysis. The results showed that the effect of the
calcination temperature, the total mass composition of
the two metals, as well as the ratio between the two
metals (Co:Mn) were all deterministic factors in
optimizing the catalytic efficiency of the hydrolysis of AB.
The CoMn dual-atom catalyst displayed a high specific
hydrogen generation rate when compared with pure Co
and Mn monoatomic catalysts and maintained high
durability even after 50 cycles. In addition, the physical
and morphological properties of the CoMn/CoMnNx-CNT
catalyst have been fully elucidated.

Objectives
The synthesis of bimetallic NPs and diatomic SACs
comprised of atomically scattered Co and Mn atoms on
N-doped CNTs is a promising catalyst for hydrogen
generation via AB. The effect of calcination temperature,
the total mass composition of the two metals, and the
ratio of the two metals (Co:Mn) were all deterministic
factors in optimising the catalytic effectiveness towards
the hydrolysis of AB. This paper aims to explore the
synergistic effects between the Co and Mn NPs and SAs
for the catalytic hydrolysis of ammonia borane.

Results
Co-Mn dual-atom synergy
The Co-Mn pair was chosen for the present studies because the Co-Mn dual atom
active site had a considerable large upshift of the d-band center closer to the Fermi
level, which could be favourable to AB hydrolysis in alkaline media, as shown in Fig 1.
In addition, the low electronegativity of Mn could lead to a higher tendency of electron
donations to neighbouring N atoms and form stronger Mn-N bonds, which could
increase the stability and durability of the SACs towards AB hydrolysis.

Figure 1 a) Linear correlation between the d-band center and kinetic energy barrier; b) Free energy diagram of hydrogen
adsorption

Catalytic performance
The catalytic performance of the as-synthesized CoMn-CNT catalysts (40 mg) was
dispersed in an aqueous solution of AB (40 mg in 1 mL of water) at 40 °C, where
carbonization temperature of 800 °C exhibited the best performance, with TOF of 7.68
molH2 molcat

-1 min-1 and initial TOF of 7.34 molH2 molcat
-1 min-1

. Experimental results also
revealed that the optimum ratio of Co to Mn was 2:1 and that this specific ratio of Co to
Mn significantly outcompeted the performance of other ratios (1:2, 1:3 and 3:1) and the
Co/CoNx-CNT-33-800T (a pure Co catalyst with similar metal contents with
CoMn/CoMnx-CNT-200-800T), as shown in Fig 2.

Effect of buffer
CoMn could exhibit a desirable synergy that facilitates water
dissociation in alkaline media, which is beneficial to AB hydrolysis
reactions. The reactions were run at various concentrations of
NaHCO3/ NaCO3 buffer (i.e. 0.01 N, 0.12 N, 0.15 N and 0.1 N, 0.2 N)
by 0.5 wt% CoMn-CNT-800 catalytic hydrolysis. It was found that at
low buffer concentration, the faster the reaction, and at
concentrations higher than 0.1 N, the reaction rate started to slow
down (Fig 3a). The pH of the reaction can be controlled at pH = 9.2
using a weakly alkaline buffer so that the concentration of [BO2]

-

can be reduced, as it was believed that [BO2]
- coordinated metal

NPs were the resting species which could be detrimental to long-
term durability. In addition to preventing blockage of the single-atom
active site by [OH]- under strong alkaline media due to the high
specific surface energy. It was determined that the activation
energy at 25 °C for the hydrolysis of AB in buffer was 38.90 kJ·mol-1,
which was 11.2% or 4.91 kJ·mol-1 lower than that in water (Fig 3b).

Cycling performance
The exceptional durability and stability of the catalyst were
demonstrated by the 50 cycles experiment, where the catalyst
exhibited little to no signs of degeneration even after the 50th cycle.
This was endorsed by the gradual increase in the specific hydrogen
generation rate from 2595 mLH2·gCoMn

-1·min-1 to 4091 mLH2·gCoMn
-

1·min-1 at the 17th cycle.

Conclusion
CoMn/CoMnNx-CNT-200-800T with an initial metal content of 0.5
wt.% and carbonized at 800 °C exhibited the best reactivity and
stability towards the hydrolysis of AB. The highest specific hydrogen
generation rate was determined to be 4091 mLH2·gCoMn

-1·min-1 at
the pH of 9. A synthetic method for incorporating NPs and
atomically dispersed dual atom SACs can achieve optimum TOF
and rate.
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Figure 2 Comparison of the catalytic performance of CoMn/CoMnNx-CNT-200-nT synthesized for AB hydrolysis:

(a) the effects of ratio of Co:Mn on H2 evolution performance, (b) TOF ratio of catalysts at various ratio of Co:Mn.

Figure 3 Kinetics studies of CoMn/CoMnNx-CNT-200-800T towards AB hydrolysis in buffer: a)

Time-plot showing the effect of buffer concentration to the reaction rate of AB hydrolysis by

CoMn/CoMnNx-CNT; b) compassion of the activation energy of the reaction run in water and

buffer.
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