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ABSTRACT: LiBH, is one of the most promising candidates for
onboard solid-state hydrogen storage. Nevertheless, the implemen-
tation of this material in practical systems is limited due to its high
operational temperature, slow kinetic behavior, and compromised
reversible capacity. Herein, N-doped carbon nanosheet networks
embedded with Co nanoparticles (Co/N-CNSNs) are designed as
functional scaffolds to improve the hydrogen storage performance
of LiBH,. Co NPs and the in situ formed CoB in Co/N-CNSNs
during the initial hydrogen desorption process could catalytically
weaken the B—H bonds in LiBH,, resulting in the reduction of H
dissociation energy to 0.34 and 0.31 eV, respectively, much lower
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than that of pure LiBH, (1.95 eV). Benefiting from the synergistic effect of the catalytic role of Co NPs and the in situ formed CoB
and the nanoconfinement role of Co/N-CNSNs, 10.1 wt % hydrogen could be released from LiBH,@Co/N-CNSNs at 300 °C
within 180 min, while this value is decreased to only 1.5 wt % for bulk LiBH, under the identical condition. Moreover, the
homogeneous molecular interaction between Co/N-CNSNs and LiBH, leads to the formation of o-bonds between Li" and the
nonconjugated lone pair electrons of pyridinic N and pyrrolic N, which enables Co/N-CNSNss to act as anchoring sites for inhibiting
the grain growth of LiBH,, contributing to improving its reversibility. Hence, LiBH, nanoconfined within Co/N-CNSNs

demonstrates a reversible hydrogen storage capacity of 9.7 wt % at

300 °C, even after 10 cycles of hydrogen storage.

KEYWORDS: hydrogen storage, lithium borohydride, nanoconfinement, catalysis, hydrogen

B INTRODUCTION

Hydrogen energy is widely regarded as the most promising
candidate energy for the 21st century, while the safe and
efficient storage of hydrogen limits its large-scale applica-
tion.' ® The inherent safety and high hydrogen content of
solid-state hydrogen storage materials, including metal
hydrides and complex hydrides, have resulted in significant
research interest.” > Among them, lithium borohydride
(LiBH,) stands out as a highly promising candidate with a
gravimetric hydrogen storage capacity reaching approximately
18.4 wt % and a volumetric density close to 121 kg/m?.'*™"*
However, ultrahigh kinetic barriers and thermodynamic
stability lead to a high operating temperature of over 400 °C
for dehydrogenation and even worse, a harsh condition of 600
°C and 35 MPa hydrogen pressure is required for reversible
hydrogenation, which hinders its practical application.'”*°

A plethora of strategies have been formulated with the
objective of enhancing the hydrogen storage performance of
LiBH,. These strategies encompass the introduction of
catalysts, nanoconfinement, and the preparation of a reactive
hydride composite.”'~>* Particularly, transition-metal-based
additives, including metal oxides, metal halides, and transition
metals, are proved to be effective in improving the hydrogen
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storage performance of LiBH,”*~** These additives could

serve as effective catalysts for weakening B—H bonds or react
with LiBH, for decreasing thermodynamic stability during the
hydrogen desorption process, hence enhancing the hydrogen
release performance of LiBH,. For example, by the
introduction of cobalt-based catalysts, the peak hydrogen
desorption temperature of LiBH, is lowered by more than 90
°C, which could be attributed to the catalytic effect of the in
situ formed CoB.>”*° However, the catalytic mechanism of Co-
based catalysts still remains unclear, and the reversibility of
LiBH, is still inhibited due to the particle agglomeration of
LiBH, or its dehydrogenation products under high temper-
ature during the reversible hydrogen storage process. Nano-
confinement via confining LiBH, particles into a porous matrix
at the nanoscale could suppress particle agglomeration,
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enhance reaction kinetics, and improve reversible hydrogen
storage performance simultaneously.”’ ~** For this reason, the
combination of catalysis and nanoconfinement is employed to
further img)rove the hydrogen storage performance of
LiBH,.>*™*° The hydrogen desorption capacity of LiBH,
nanoconfined into porous carbon decorated with CoNi catalyst
at 350 °C within 100 min is 2 times higher than that without
CoNi catalyst under identical conditions, which confirms the
synergetic effect of catalysis and nanoconfinement in
enhancing the hydrogen storage performance of LiBH,.’’
Although various metal-based catalysts have been introduced
to improve reversible hydrogen storage performance of
nanoconfined LiBH,, the operating temperature for hydrogen
desorption and adsorption is still higher than 320 °C owing to
the weak catalytic effect of these catalysts. More importantly,
the reversibility of nanoconfined LiBH, is still poor, which
could be attributed to the lack of control over the particle
agglomeration of LiBH, even under the nanoconfinement role
of a porous matrix.

Herein, N-doped carbon nanosheet networks embedded
with Co nanoparticles (denoted as Co/N-CNSNs) were
designed for the nanoconfinement of LiBH, via the typical
solution impregnation method. During the initial hydrogen
desorption process, Co nanoparticles (NPs) are in situ
transformed into CoB NPs. Notably, when catalyzed by Co
and CoB NPs, the average B—H bond length in LiBH, is
extended from 1.24 to 1.47 and 1.48 A, respectively, and it
hence results in a significant reduction of H dissociation energy
down to 0.34 and 0.31 eV, much lower than that of LiBH,
(1.95 eV), which demonstrates the superior catalytic effect of
Co and CoB NPs. Owing to the synergetic effect of catalytic
role and nanoconfinement of Co/N-CNSNs, a hydrogen
desorption capacity of 10.1 wt % is achieved for LiBH,@Co/
N-CNSNs at 300 °C within 180 min, which is 6.7 times higher
than that of bulk LiBH, under the identical condition. In
addition, the molecular interaction between the pyridinic and
pyrrolic N sites uniformly distributed in Co/N-CNSNs and
LiBH, leads to the formation of o-bonds between Li* and the
nonconjugated lone pair electrons of pyridinic N and pyrrolic
N, which enables Co/N-CNSNs to act as anchoring sites for
inhibiting the grain growth of LiBH,, contributing to
improving its reversibility. As a result, a reversible hydrogen
storage capacity of 9.7 wt %, maintaining 81% of its initial
capacity, is achieved for LiBH, nanoconfined in Co/N-CNSNs
at a low temperature of 300 °C after 10 cycles of hydrogen
adsorption and desorption process.

B MATERIALS AND METHODS

Synthesis of ZIF-8. ZIF-8 was synthesized based on a previously
established procedure.®® Briefly, 1.07 g of Zn(NO;),-6H,0 and 2.37 g
of 2-methylimidazole were each dissolved in 25 mL of methanol,
respectively. The two solutions were combined and stirred
continuously at ambient temperature for 24 h. The resultant product
after washing with methanol 3 times and vacuum-drying at 80 °C for
12 h was ZIF-8.

Synthesis of Co/N-CNSNs. 800 mg of ZIF-8 and 1200 mg of
Co(NO;),-6H,0 were dissolved into 50 mL of deionized water and
kept stirring for 24 h. Subsequently, the products were washed by
deionized water 3 times and then freeze-dried for 72 h to obtain 2-MI-
LDHs. This intermediate was subsequently pyrolyzed at 900 °C for 2
h in a nitrogen atmosphere using a heating rate of S °C min™". The
obtained product was then immersed in 5 wt % HCl solution and kept
stirring for 24 h. After washing with deionized water 3 times and
freeze-drying process, Co/N-CNSNs were obtained.*

Synthesis of LiBH,@Co/N-CNSNs. The nanoconfinement of
LiBH, into Co/N-CNSNs was performed by a simple solution
infiltration method.*® Typically, 22 mg of Co/N-CNSNs was
dispersed in 5 mL of THF. Then, 0.5 mL of a 2 mol L! LiBH,/
THEF solution was introduced under an argon atmosphere. The
mixture was subjected to ultrasonication for 30 min to promote
uniform dispersion and intimate contact between LiBH, and the
porous support. The suspension was subsequently vacuum-dried at 80
°C for 12 h to evaporate the solvent. The obtained product was
denoted as LiBH,@Co/N-CNSNs.

Synthesis of LiBH;@N-CNSNs. To remove Co species, a portion
of Co/N-CNSNs5s was treated with 8 mol L™! HNO; under stirring for
24 h. After being washed 4 times with deionized water and vacuum-
dried at 80 °C for 12 h, N-CNSNs were obtained. Nanoconfinement
of LiBH, in N-CNSNs (denoted as LiBH,@N-CNSNs) was prepared
by following the same synthesis procedures as LiBH,@Co/N-CNSNs
except for the replacement of Co/N-CNSNs with N-CNSNs.

Synthesis of LiBH,—Co/N-CNSNs. A composite material
composed of LiBH, and Co/N-CNSNs in a 1:1 weight ratio was
prepared via mechanical milling. The mixture was processed at
300 rpm for 2 h under an Ar atmosphere using a planetary ball mill
(QM-3SP4, Nanjing Nanda Instrument Plant), maintaining a ball-to-
powder mass ratio of approximately 50:1. In order to avoid the
increase of the temperature during the ball-milling process, the
process was paused for S min after every 15 min of milling. The
product was labeled as LiBH,—Co/N-CNSNs.

Characterization. The morphological features of the samples
were examined by scanning electron microscopy (SEM, Shimadzu
JEOL 7500FA) and transmission electron microscopy (TEM, JEOL
JEM-2100F). Elemental distribution was analyzed using energy-
dispersive X-ray spectroscopy (EDS) coupled to TEM. Crystalline
phases were identified using X-ray diffraction (XRD; Bruker D8
Advance) with Cu Ka radiation (S0kV, 30mA). To prevent
oxidation, all samples were mounted on XRD holders and sealed
with Scotch tape in an argon-filled glovebox. Chemical bonding states
were investigated using Fourier transform infrared spectroscopy
(FTIR, Bruker Tensor 27). X-ray photoelectron spectroscopy (XPS)
was performed using a Thermo Scientific K-Alpha+ instrument
equipped with an Al Ka X-ray source.

Hydrogen absorption and desorption behaviors were quantitatively
analyzed by using a high-pressure gas sorption analyzer (HPSA-auto).
Desorption isotherms were collected at various fixed temperatures
(300, 320, 340, and 360 °C) under static vacuum conditions over 3 h.
For cyclic stability tests, the sample was first heated to 300 °C and
held for 6 h at pressures below 0.001 bar. Rehydrogenation was then
carried out at 400 °C under a hydrogen pressure of 100 bar for 10 h.

Theoretical Calculation. Spin-polarized density functional theory
(DFT) calculations were executed using the Vienna Ab initio
Simulation Package (VASP) with the projector-augmented wave
(PAW) approach. Exchange-correlation effects were described via the
Perdew—Burke—Ernzerhof (PBE) functional within the generalized
gradient approximation (GGA). To account for van der Waals
interactions at the LiBH,/catalyst interface, the DFT-D3 dispersion
correction with Becke—Johnson damping was employed. A 4 X 4
single-layer graphene slab was employed to simulate the graphene
surface with pyridinic N and pyrrolic N sites modeled by substituting
central carbon atoms with nitrogen atoms. A 2 X 2 CoB (100) slab
and a 4 X 4 Co (001) slab were also constructed (Figure S1). A single
LiBH, molecule was placed in the center of each slab to simulate the
catalytic interaction. Additionally, a vacuum layer of 20 A was added
along the z-direction to prevent spurious interactions between
periodic images. Nitrogen doping configurations (graphitic, pyridinic,
and pyrrolic N) were systematically modeled on the basis of XPS
characterization data. A plane-wave cutoff energy of 550 eV and a I'-
centered 4 X 4 X 1 k-point mesh were adopted after convergence
tests, with energy and force convergence criteria set to 1 X 1075 eV
and 0.02 eV/A, respectively. The hydrogen dissociation energy
(specifically for breaking a B—H bond in LiBH,) is calculated using
density functional theory (DFT) via the following approach (eq 1)
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Figure 1. (a) Schematic illustration of the synthetic process of Co/N-CNSNs. (b) SEM, (c) TEM, and (d) HRTEM images of Co/N-CNSNs. (e)
SEM, (f) TEM, and (g) HRTEM images of LiBH,@Co/N-CNSNs. (h) STEM and the corresponding EDS elemental mapping images of LiBH,@

Co/N-CNSNs.

Egiis = En + Eypus — Eviprs (1)

where Eg, refers to the hydrogen dissociation energy, Ey; is the energy
of a hydrogen atom, Ej gy, is the optimized energy of LiBH, on the
catalyst surface, and Eypy; is the optimized energy of the system after
removing one hydrogen atom from LiBH, on the catalyst surface.

B RESULTS AND DISCUSSION

As schematically illustrated in Figure la, Co/N-CNSNs are
synthesized via the hydrolysis and pyrolysis of ZIF-8, using a
previously reported method. SEM image (Figure S2) shows
that the particle size of ZIF-8 is around 50 nm with a
polyhedral structure, which vanished in the subsequent
hydrolysis process (Figure S3). After its carbonization under
a N, atmosphere at 900 °C for 2 h and etching by HCI, flower-
like N-doped carbon nanosheet networks embedded with Co
nanoparticles (Co/N-CNSNs, Figure 1b) are obtained. X-ray
diffraction (XRD) patterns in Figure S4 exhibit the diffraction
peaks corresponding to Co in Co/N-CNSNs, which directly
demonstrate the formation of Co nanoparticles (Co NPs) after
the carbonization and etching process. TEM results in Figure
1c reveal the uniform distribution of Co NPs in Co/N-CNSNs.
Additionally, the high-resolution TEM (HRTEM) image in
Figure 1d presents a distinct lattice fringe with an interplanar
distance of 0.205nm, which is consistent with the (111)
crystallographic plane of Co. Each Co NP, with a particle size
ranging from S to 10 nm, is encapsulated by a carbon layer,
which could inhibit particle agglomeration during the hydro-
gen storage process. According to the scanning TEM (STEM)

and the relative EDS images of Co/N-CNSNs (Figure S5), the
signals of Co and N correspond well with C, which further
confirms the uniform distribution of Co NPs and N elements
within Co/N-CNSNs.

The as-prepared flower-like Co/N-CNSNs were utilized as
the nanoconfinement scaffolds with a mass ratio of S0 wt % to
evaluate its effect on improving the hydrogen storage
performance of LiBH,. After the solvent infiltration process,
the XRD pattern (Figure S6) continues to exhibit prominent
diffraction peaks, corresponding to Co in the Co/N-CNSNs
framework. However, no discernible peaks associated with
LiBH, are detected, likely due to its amorphous state upon
confinement. The presence of LiBH, is confirmed by FTIR
analysis (Figure S7), which reveals characteristic [BH,]~
vibrational bands, specifically a bending mode at 1125 cm™
and stretching modes at 2223, 2291, and 2384 cm™!. These
findings verify the successful incorporation of LiBH, into the
porous structure of Co/N-CNSNs. SEM image of LiBH,@
Co/N-CNSNs (Figure le) demonstrates that the nanosheet
structure of Co/N-CNSNs is well preserved after the solvent
infiltration process, which confirms its structural stability. The
nanoconfinement of LiBH, within Co/N-CNSNs could be
clearly observed in the TEM image (Figure 1f). The HRTEM
image (Figure lg) displays typical lattice planes of 0.248,
0.338, and 0.370 nm, corresponding to the (111) plane of Co,
(002) plane of C, and (110) plane of LiBH,, respectively.
Furthermore, the STEM image and the corresponding EDS
mapping images (Figure 1h) provide additional confirmation
of the uniform nanoconfinement of LiBH, in Co/N-CNSNs.
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Figure 2. (a) TPD and (b) the related hydrogen release rate curves of bulk LiBH,, LiBH,—Co/N-CNSNs, LiBH,@N-CNSNs, and LiBH,@Co/N-
CNSNs. (c) Isothermal hydrogen desorption kinetics of bulk LiBH,, LiBH,@N-CNSNs, LiBH,—Co/N-CNSNs, and LiBH,@Co/N-CNSNs at
300 °C. (d) Isothermal hydrogen desorption kinetics of LiBH,@Co/N-CNSNs at various temperatures. (e) Arrhenius profiles and (f) the
corresponding E, of the hydrogen desorption of bulk LiBH,, LiBH,—Co/N-CNSNs, LiBH,@N-CNSNs, and LiBH,@Co/N-CNSNs.

The hydrogen desorption performance of LiBH,@Co/N-
CNSNs is subsequently investigated by the temperature-
programmed desorption (TPD) method with a heating rate of
S °C min~' under an initial pressure lower than 0.001 bar
(Figure 2a). For comparison, the ball-milled composite of
LiBH, and Co/N-CNSNs (LiBH,—Co/N-CNSNs), solvent-
infiltrated LiBH, in N-CNSNs (LiBH,@N-CNSNs), and bulk
LiBH, are tested under identical conditions. As shown in
Figure 2a,b, the onset hydrogen desorption temperature of
bulk LiBH, is 284 °C with a main hydrogen desorption
temperature reaching 460 °C. In comparison, the onset and
peak hydrogen desorption temperature of LiBH,—Co/N-
CNSNs could be reduced to 227 and 401 °C, respectively,
which serves as compelling evidence that Co/N-CNSNs act as
effective catalysts, substantially boosting the hydrogen release
capability of LiBH,. It is interesting to note that the initial and
peak hydrogen desorption temperatures are dramatically
reduced to 216 and 372 °C, respectively, indicating the
synergistic role of the catalytic effect and nanoconfinement of
Co/N-CNSN:ss in facilitating the hydrogen desorption perform-
ance of LiBH,. Moreover, the peak hydrogen desorption
temperature of LiBH,@N-CNSNs is reduced to 384, 12 °C
higher than that of LiBH,@Co/N-CNSNs, which further
confirms the catalytic effect of Co in improving the hydrogen
desorption performance of LiBH,.

Isothermal hydrogen desorption performance of LiBH,@
Co/N-CNSNss is performed at various temperatures ranging
from 300 to 360 °C to further verify the effect of Co/N-
CNSNs in improving the hydrogen desorption kinetics of
LiBH,. As shown in Figure 2¢, bulk LiBH, releases only 1.5 wt
% hydrogen over 180 min at 300 °C, owing to its strong
thermodynamic stability and inherently slow desorption
kinetics. By comparison, 7.4 wt % could be released from

LiBH,—Co/N-CNSNs under the same condition (Figure 2d),
which confirms the efficient catalytic role of Co/N-CNSNs in
facilitating the hydrogen desorption of LiBH,. Interestingly,
10.1 wt % hydrogen could be released from LiBH,@Co/N-
CNSNs at 300 °C in 180 min, highlighting the combined
benefits of catalytic activity and nanoscale confinement
provided by the Co/N-CNSNs support. To further identify
the active catalytic species within the composite, through its
infiltration into N-CNSNs, only 3.6 wt % hydrogen could be
released from LiBH,@N-CNSNs in 180 min at 300 °C,
indicating the excellent catalytic effect of Co in enhancing the
hydrogen desorption kinetics of LiBH,. Furthermore, LiBH,@
Co/N-CNSNs could release 13.1 wt % hydrogen at 360 °C
within a duration of 45 min (Figure 2d), which is approaching
the theoretical hydrogen storage capacity of LiBH,. In strong
contrast, bulk LiBH, releases only 6.1 wt % hydrogen over 180
min, even when the temperature is elevated to 380 °C.

To quantitatively interpret the enhancement of Co/N-
CNSNs in improving the hydrogen desorption kinetics of
LiBH,, the apparent activation energies (E,) for hydrogen
desorption are determined using the Arrhenius method based
on isothermal hydrogen desorption curves of LiBH,@Co/N-
CNSNs (Figure 2d), bulk LiBH, (Figure S8), LiBH,—Co/N-
CNSNs (Figure S9), and LiBH,@N-CNSNs (Figure S10). As
shown in Figure 2e, by fitting the experimentally obtained
curves at various temperatures, E, for LIBH,@Co/N-CNSNs is
calculated to be 86.21 kJ mol™" (Figure 2f), much lower than
that of bulk LiBH, (141.34 k] mol™), LiBH,—Co/N-CNSNs
(121.67 kJ mol™), and LiBH,@N-CNSNs (129.09 kJ mol™).
This result quantitatively demonstrates that the hydrogen
desorption kinetics of LiBH, are significantly enhanced due to
the synergistic effect of catalysis and nanoconfinement of Co/
N-CNSNEs.

https://doi.org/10.1021/acsami.5c08381
ACS Appl. Mater. Interfaces 2025, 17, 50603—50611


https://pubs.acs.org/doi/suppl/10.1021/acsami.5c08381/suppl_file/am5c08381_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.5c08381/suppl_file/am5c08381_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.5c08381/suppl_file/am5c08381_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.5c08381?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.5c08381?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.5c08381?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.5c08381?fig=fig2&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.5c08381?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

www.acsami.org

Research Article

a 0 b 0 c 0
E 4 R 3rd E
£ 5 £ £z
9 <9 23
< (3 g-
S 3 = 8 =
<. 1st <, %

-10 -10 . -10 4 . N
o 2nd  Bulk LiBH, = LiBH,-Co/N-CNSNs o LiBH,@N-CNSNs

-12 3rd -12 “12

0 60 120 180 240 300 360 0 60 120 180 240 300 360 0 60 120 180 240 300 360
Time (min) Time (min) Time (min)
d 0 (& 14 -
1st [ JLiBH,@Co/N-CNSNs LiBH,-Co/N-CNSNs
@ -2 2nd -~ 12 LiBH,@N-CNSNs I JIBulk LiBH,
=' Q\O
£ 4 3rd < 10
= ——4th z
5 -6 ——5th iy 8
g 10th 2 6
s - 2
3] «
= 10 S 4
T,
a2{  LiBH,@Co/N-CNSNs l | I I
0 60 120 180 240 300 360 0 1 2 3 4 5 6 7 8 9 10
Time (min) Cycle number

Figure 3. Cyclic hydrogen desorption performance of (a) bulk LiBH,,

(b) LiBH,—Co/N-CNSNss, (c) LiBH,@N-CNSNs, and (d) LiBH,@Co/N-

CNSNs at 300 °C. (e) The cycling capacity and capacity retention of LiBH,@Co/N-CNSNs, with LiBH,—Co/N-CNSNs, LiBH,—Co/N-CNSNs,

and bulk LiBH, included for comparison.

Owing to the phase separation of the hydrogen desorption
products and the thermostability of as-formed B, the
reversibility of LiBH, is another important parameter for its
practical application; hence, the reversibility of LIBH,@Co/N-
CNSNs is further verified. Cycling hydrogen storage perform-
ance of the samples is performed under vacuum at 300 °C for
360 min for hydrogen desorption and under 100 bar hydrogen
pressure at 400 °C for 600 min for hydrogen adsorption. As
shown in Figure 3a, due to the high thermostability of LiBH,,
only 2.2 wt % hydrogen could be released from commercial
LiBH, in the first cycle, and the capacity is further reduced to
1.6 wt % in the third cycle. In comparison, with the
introduction of Co/N-CNSNs through ball milling, 9.2 wt %
hydrogen could be released from LiBH,—Co/N-CNSNs for
the first cycle (Figure 3b), which could be attributed to the
catalytic effect of Co/N-CNSNs. A capacity of 6.7 wt %,
corresponding to 72.8% of the initial capacity, could be
maintained after 3 cycles of the hydrogen adsorption and
desorption process. In strong contrast, LiBH,@Co/N-CNSNs
could release 12.0 and 10.7 wt % hydrogen under the identical
condition (Figure 3d) in the first and third hydrogen
desorption cycles, respectively. More importantly, LiBH,@
Co/N-CNSNs demonstrate excellent cycling stability, main-
taining a reversible capacity of 9.7wt % even after ten
successive cycles of hydrogen uptake and release (Figure 3e),
corresponding to 81% of the initial capacity, which directly
confirms the synergistic effect of catalysis and nanoconfine-
ment of Co/N-CNSNs in improving the cycling stability of
LiBH,. Compared with the previously reported nanoconfined
LiBH, system (Table S1), the operating temperature, the cycle
number, and the reversible capacity of LiBH,@Co/N-CNSNs
are among the best. In addition, 9.2 wt % hydrogen could be
released from LiBH,@N-CNSNs in the first cycle, and it also
could be well preserved to be 7.5 wt % after 3 cycles of the
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hydrogen adsorption and desorption process (Figure 3c),
confirming the effect of nanoconfinement in enhancing the
cycling stability of LiBH,.

In order to explore the reaction mechanism of hydrogen
storage enhancement of LiBH,@Co/N-CNSNs, XRD is
utilized to verify the products at different hydrogen sorption
stages. As shown in Figure 4a, the diffraction peaks of Co are
weakened during the cycling hydrogen storage process. New
diffraction peaks assigned to CoB could be observed in the
XRD patterns after the initial hydrogen desorption process,
which demonstrates that Co NPs react with LiBH, during the
hydrogen desorption process. The existence of CoB also could
be verified by XPS measurement. The fitting peaks of binding
energy at 778.7 and 793.5 eV in Co 2pXPS spectra (Figure 4b)
are attributed to CoB, which provides additional evidence for
the formation of CoB upon the hydrogen desorption process."’
The binding energy located at 397.7, 399.3, and 401.8 eV in
high-resolution XPS spectra of N 1s (Figure 4c) could be
indexed to pyridinic N, pyrrolic N, and graphitic N,
respectively.”” According to previous reports, the existence of
N in carbon scaffolds could catalytically improve the hydrogen
desorption performance of LiBH,;" as a result, under the
catalytic effect of Co NPs and N-doping, the hydrogen
desorption kinetics of LiBH,@Co/N-CNSNs and LiBH,—Co/
N-CNSNs are significantly improved. Nevertheless, the XPS
binding energy of as-formed CoB and N-doping could be
observed in the subsequent rehydrogenation and 10th
hydrogenation process (Figure 4b,c). The stable presence of
CoB and N-doping could catalytically enhance the hydrogen
storage performance of LiBH,, corresponding well with the
cycling results. Moreover, due to the pyrolysis of pyridinic N
and the decomposition of graphitic N into pyrrolic N under
high temperature,‘m’45 the content of graphitic N and pyridinic
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Figure 4. (a) XRD patterns of LiBH,@Co/N-CNSNss at different hydrogen sorption stages. High-resolution XPS spectra of (b) Co 2p and (c) N
1s LiBH,@Co/N-CNSNs at different hydrogen sorption stages. (d) SEM, (e) TEM, and (f) HRTEM images of LiBH,@Co/N-CNSN after the
first hydrogen desorption process. (g) STEM and the relative EDS elemental mapping images of LiBH,@Co/N-CNSNss after the first hydrogen

desorption process.

N is reduced with the increase of pyrrolic N content after the
cycling hydrogen storage test.

The morphology of LiBH,@Co/N-CNSNs after the hydro-
gen desorption process is further revealed by SEM and TEM.
As evidenced by SEM in Figure 4d,e, the flower-like carbon
nanosheet networks of LiBH,@Co/N-CNSNs are well
maintained after the hydrogen desorption process, and the
uniform distribution of dehydrogenation products could also
be clearly observed in the TEM image, which demonstrates the
structural stability of the nanoconfined sample. The HRTEM
image (Figure 4f) reveals a lattice fringe spacing of 0.219 nm,
corresponding to the (111) crystallographic plane of CoB,
corresponding well with the XRD and XPS results. The STEM
image and the corresponding EDS mapping images (Figure
4g) confirm the uniform distribution of B of the dehydrogen-
ation products and C, N, and Co of the scaffolds, providing
additional evidence for the effect of nanoconfinement in
restricting the particle agglomeration and hence enhancing
hydrogen storage performance of LiBH,.

Systematic density functional theory (DFT) calculations are
conducted to verify the catalytic effect of Co NPs and the N
element in improving the hydrogen desorption performance of
LiBH,. Charge density differences of LiBH, are calculated in
four configurations: (1) pure carbon, (2) carbon with 1
graphitic N, (3) carbon with 2 pyridinic N and 1 pyrrolic N,
and (4) carbon with 3 pyridinic N. As shown in Figure Sa, after

the nanoconfinement of LiBH, within Co/N-CNSNs, there is
a noticeable accumulation of electrons near pyrrolic N and
pyridinic N sites, whereas no obvious electron transfer could
be observed near C and graphitic N, which could be attributed
to the formation of o-bonds between Li* and the non-
conjugated lone pair electrons of pyridinic N as well as the
partially localized electrons of pyrrolic N. The observed
hybridization between the Li s and N 2p, orbitals (Figure S11),
as well as the significant electron accumulation at the Li—N
interface (Figure Sa), provides additional evidence for this
conclusion. The adsorption energies for LiBH, on pyridinic N
and pyrrolic N are calculated to be —1.71 and —1.17 eV,
respectively, much lower than those observed on pure carbon
(—0.46 eV) and graphitic N (—0.37 eV). This substantial
reduction in adsorption energy indicates that both pyridinic N
and pyrrolic N in Co/N-CNSNs could act as anchoring sites
for LiBH,, which could inhibit the grain growth of LiBH,
during cycling hydrogen storage processes and hence
contribute to improving its reversible hydrogen storage
performance.

Additionally, structural optimization through DFT calcu-
lations is carried out to reveal the catalytic mechanism of Co
NPs and the as-formed CoB NPs in enhancing the hydrogen
desorption of LiBH,. Notably, upon exposure to Co NPs, the
mean B—H bond length in LiBH, elongates from 1.24 to 1.47
A under the catalysis of Co NPs. Furthermore, the H
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CoB, respectively.

dissociation energy (Eg;,) is calculated to be as high as 1.95 eV
(Figure Sb) for LiBH,, and this value could be dramatically
reduced to 0.34 eV (Figure Sc) under the catalysis of Co NPs,
which theoretically proves the catalytic effect of Co NPs in
improving the hydrogen desorption performance of LiBH,.
Interestingly, after the formation of CoB upon the hydrogen
storage process, the mean B—H bond length in LiBH, further
elongates to 1.48 A, and the H dissociation energy is further
reduced to 0.31 eV (Figure Sd). Further charge density
difference analysis (Figure S12) reveals that the bonding
electrons between B and H tend to transfer toward the Co—H
bond, indicating an electron redistribution induced by Co.
Combined with the fact that the B site can coadsorb H™
species together with Co and simultaneously donate electrons
to Li* to weaken the electron donation from Li to the [BH,]~
group and further destabilize the B—H bond, these findings
demonstrate the synergistic catalytic effect of Co and B sites on
the CoB surface in promoting LiBH, dehydrogenation. These
results theoretically demonstrate the excellent catalytic
performance of Co/N-CNSNs in enhancing the hydrogen
desorption performance of LiBH, during cycling tests.

B CONCLUSIONS

In this work, a novel Co nanoparticle-modified N-doped
carbon nanosheet is fabricated via the hydrolysis of ZIF-8 and
its subsequent carbonization to eliminate the kinetic
sluggishness and poor reversibility of LiBH,. The average B—
H bond length in LiBH, increases from 1.24 to 1.47 and 1.48
A under the catalysis of Co NPs and the in situ formed CoB
during the initial cycle of the hydrogen storage process,
respectively. This structural change leads to a reduction of the
H dissociation energy to 0.34 and 0.31 eV, respectively, much
lower than that of pure LiBH, (1.95 eV). Therefore, based on
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the synergistic effect of the catalytic role of Co NPs and the in
situ formed CoB and the nanoconfinement role of Co/N-
CNSNs, E, for the hydrogen desorption of LiBH,@Co/N-
CNSNs is dramatically reduced to 86.21 kJ mol™'. More
importantly, the interaction between Co/N-CNSNs and LiBH,
leads to the formation of o-bonds between Li" and the
nonconjugated lone pair electrons of pyridinic N and pyrrolic
N. Hence, Co/N-CNSNs could act as anchoring sites for
inhibiting the grain growth of LiBH, during the cycling
hydrogen storage process, which contributes to improving its
reversibility. As a result, a reversible capacity of 9.7 wt %,
corresponding to 81% of the initial capacity, is achieved for
LiBH,@Co/N-CNSNs at 300 °C after 10 cycles of the
hydrogen adsorption and desorption process.
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