
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
O

ct
ob

er
 2

02
1.

 D
ow

nl
oa

de
d 

on
 1

0/
30

/2
02

5 
6:

42
:3

2 
PM

. 
 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
Enhanced hydrog
Department of Chemical and Biomolecular

Science and Technology (KAIST), Daejeon 3

kaist.ac.kr

† Electronic supplementary informa
10.1039/d1ra05111c

‡ Current address: KIURI Institute, Yons
Korea.

Cite this: RSC Adv., 2021, 11, 32533

Received 2nd July 2021
Accepted 25th September 2021

DOI: 10.1039/d1ra05111c

rsc.li/rsc-advances

© 2021 The Author(s). Published by
en storage kinetics and air
stability of nanoconfined NaAlH4 in graphene oxide
framework†

Hyung Wan Do,‡ HyeonJi Kim and Eun Seon Cho *

With a growing concern over climate change, hydrogen offers a wide range of opportunities for

decarbonization and provides a flexibility in overall energy systems. While hydrogen energy is already

plugged into industrial sectors, a physical hydrogen storage system poses a formidable challenge, giving

momentum for safe and efficient solid-state hydrogen storage. Accommodating such demands, sodium

alanate (NaAlH4) has been considered one of the candidate materials due to its high storage capacity.

However, it requires a high temperature for hydrogen desorption and becomes inactive irreversibly upon

air-exposure. To enhance sluggish reaction kinetics and reduce the hydrogen desorption temperature,

NaAlH4 can be confined into a porous nanoscaffold; however, nanoconfined NaAlH4 with sufficient

hydrogen storage performance and competent stability has not been demonstrated so far. In this work,

we demonstrate a simultaneously enhanced hydrogen storage performance and air-stability for NaAlH4

particles confined in a nanoporous graphene oxide framework (GOF). The structure of the GOF was

elaborately optimized as a nanoscaffold, and NaAlH4 was infiltrated into the pores of the GOF via

incipient wetness impregnation. As a result of the nanoconfinement, both the onset temperature and

activation energy for hydrogen desorption of NaAlH4 are significantly decreased without transition metal

catalysts, while simultaneously achieving the stability under ambient conditions.
Introduction

Hydrogen has emerged as a clean and sustainable energy source
capable of fullling growing global energy demand and poten-
tially substituting traditional fossil fuels.1 Metal hydrides are
suitable candidates for safe and high-density solid-state
hydrogen storage, although several challenges in kinetic and
thermodynamic requirements must still be overcome.2 Among
metal hydrides, sodium alanate (NaAlH4) has been widely
investigated owing to its high hydrogen storage capacity
(7.4 wt%) andmoderate decomposition temperature (�180 �C).3

However, its slow hydrogen desorption kinetics and limited
reversibility must be addressed for practical applications, along
with a stability issue under ambient conditions in which
NaAlH4 tends to lose its hydrogen storage capability similar to
other metal hydrides. To overcome these issues, a variety of Ti-
and Ce-based catalytic additives have been used to improve the
hydrogen storage performance of NaAlH4.4–8 Rapid hydrogen
Engineering, Korea Advanced Institute of
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ei University, Seoul 03722, Republic of

the Royal Society of Chemistry
desorption at temperatures below 100 �C and superior cycling
properties have been demonstrated using high-performance
transition metal–carbon composite catalysts.9,10 In addition to
such transition metal-based catalysts, nanoconnement of
metal hydrides into a variety of nanoporous scaffolds has been
employed. By effectively conning the metal hydrides inside
nanopores of the scaffold, it is possible to achieve nanoparticles
with dimensions below 10 nm.11,12 Nanoconnement shortens
the diffusion length of hydrogen atoms while increasing the
number of grain boundaries and surface area, thereby
improving hydrogen storage performance of metal hydrides. A
wide range of host materials for NaAlH4 have been previously
demonstrated, including mesoporous carbon,13–15 carbon aero-
gel,16 carbon nanober,17,18 carbon nanotube,19 mesoporous
silica,20 metal–organic framework,21,22 and porous aluminium
scaffold.23 Most of the prior works have focused on enhancing
reaction kinetics and reversibility, and to our knowledge there
have been no studies on increasing air stability of the nano-
conned NaAlH4.

Here, we report a nanocomposite of NaAlH4 conned into
graphene oxide framework (NaAlH4@GOF) via incipient
wetness impregnation, and discuss its enhanced hydrogen
desorption kinetics as well as air stability compared to those of
bulk NaAlH4. A GOF is an expansion of GO layers by pillar
molecules, and it has been shown as a promising material for
gas storage,24 nanoltration membrane,25 and ion-selective
RSC Adv., 2021, 11, 32533–32540 | 32533
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protective layer for redox-ow batteries26 because of a high
surface area and adjustable interlayer spacing, simultaneously
taking advantage of robustness and chemical versatility of GO.
By virtue of such characteristics, GOF with a three-dimensional
framework structure is an ideal host material for complex metal
hydrides. Also, a gas-selective property of GO layers is expected
to function as a protective layer for the conned metal
hydrides.27
Experimental
Synthesis of graphene oxide framework (GOF)

To synthesize GOF, 200 mg of graphene oxide powder (Gra-
pheneall Co., Ltd) was rst dispersed in 20 mL of methanol via
sonication at room temperature for 1 h. The dispersion was
then transferred into a Teon-lined autoclave, and 400 mg of
benzene-1,4-diboronic acid (B14DBA, Alfa Aesar, 96% purity)
was added to the dispersion. The solvothermal reaction was
performed at 100 �C for 48 h in an autoclave reactor. Aer
cooling down to room temperature, the mixture was centrifuged
at 10 000 rpm for 20min and washed withmethanol three times
to remove the unreacted excess B14DBA linker molecules. The
resulting GOF was dried under vacuum at 120 �C for 24 h and
stored inside an Ar-lled glovebox for the subsequent NaAlH4

inltration process.
Synthesis of NaAlH4 impregnated GOF (NaAlH4@GOF)

The inltration of NaAlH4 into the GOF was performed under
an Ar atmosphere. NaAlH4 was puried by dissolving the as-
purchased NaAlH4 (Sigma-Aldrich, 93% purity, hydrogen
storage grade) in anhydrous tetrahydrofuran (THF) and
removing metallic impurities using a PTFE syringe lter
(CHMLAB Group) with a pore size of 0.2 mm. The 1M solution of
NaAlH4 in THF was prepared using the puried NaAlH4. The 50–
100 mg of GOF was added to 10 mL of the NaAlH4 solution, and
the mixture was magnetically stirred at room temperature for
15 h. To collect NaAlH4 impregnated GOF composite, the
mixture was centrifuged at 10 000 rpm for 20 min and washed
with THF three times to remove bulk NaAlH4 that may have
been recrystallized on the surface of the GOF. The resulting
NaAlH4@GOF composite was vacuum-dried at room tempera-
ture overnight and stored in an Ar-lled glovebox until further
analysis.
Material characterization

X-ray diffraction patterns for measuring interlayer spacing were
acquired with a Rigaku SmartLab. N2 adsorption–desorption
isotherms for specic surface area and pore size distribution
were obtained with a Micromeritics 3Flex. Fourier-transform
infrared spectroscopy (Bruker, Alpha), thermogravimetric
analysis (Netzsch, TG 209 F1 Libra), and X-ray photoelectron
spectroscopy (Thermo Scientic, K-Alpha) measurements were
also performed to verify successful synthesis and characterize
properties of the synthesized products. The NaAlH4 mass
loading inside NaAlH4@GOF composite was measured via
32534 | RSC Adv., 2021, 11, 32533–32540
inductively coupled plasma-optical emission spectroscopy
(Agilent, 720 ICP-OES).
Measurement of hydrogen desorption performance

The hydrogen desorption performance of bulk NaAlH4 and
NaAlH4@GOF was measured by temperature programmed
desorption mass spectrometry (TPD-MS) using a MicrotracBEL
BELCAT II catalyst analyser and BELMass quadrupole mass
spectrometer. Calibration was performed prior to the
measurements using a mixture gas of H2 and Ar with a known
H2 concentration. The 50–100 mg of NaAlH4@GOF composite
was loaded into a quartz sample holder and purged with Ar for
30 min. The sample was ramped from room temperature to
500 �C with a heating rate of 2.5–20.0 �Cmin�1 under a constant
ow (30 mL min�1) of Ar carrier gas, and the nal temperature
was held at 500 �C for 30 min to ensure a complete desorption.
Results and discussion
Synthesis and optimization of GOF

GOF was synthesized via solvothermal reaction of graphene
oxide (GO) with benzene-1,4-diboronic acid (B14DBA) in meth-
anol,24 as shown in Fig. 1a. B14DBA was chosen as the linker
material based on good reactivity of boronic acids with hydroxyl
functional groups of GO,28 and relatively short length of the
B14DBA molecule which is composed of a single phenyl ring
unit connected to the boronic acids. Alternative choice of
linkers may be considered to readily modify a physical property
of the resulting GOF as necessary. For example, d-spacing of the
GOF can be slightly increased by using a linker with a longer
length (e.g. 4,40-biphenyldiboronic acid).29 To optimize physical
properties of the framework before NaAlH4 inltration, we
synthesized a series of GOFs by varying the ratio of GO and
B14DBA – referred as GOF (1 : x) where x is the ratio of B14DBA
relative to GO. Changes in d-spacing and Brunauer–Emmett–
Teller (BET) specic surface area were measured via X-ray
diffraction (XRD) and N2 adsorption–desorption isotherm
experiments, respectively, to conrm successful synthesis of
a three-dimensional nanoporous framework structure. Fig. 1b
and S1a† show a monotonic increase in the d-spacing of GOF
with increasing linker concentration. As more linker molecules
are intercalated into the GO structures, the overall alignment
angle between the linker and GO moves closer to being
perpendicular and the diffraction peak shis to a lower angle.
The corresponding interlayer distance between the GO sheets is
expanded from 0.86 nm to 1.06 nm, reaching a maximum value
beyond GO to B14DBA ratio of 1 : 2. Furthermore, the XRD
patterns with a single diffraction peak indicate a well-dened
layer structure for the GOF as well as full removal of unreac-
ted linkers. Fig. 1c and S1b† show type I (microporous)
isotherms with a maximum BET specic surface area of 200.5
m2 g�1 for GO to B14DBA ratio of 1 : 2, comparable to previously
reported values24,29 and much higher than 4.6 m2 g�1 for as-
received GO. Average pore diameter is calculated to be around
2 nm (Fig. S2†), conrming a nanoporous structure. Once the
maximum BET specic surface area is reached for GOF (1 : 2),
© 2021 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra05111c


Fig. 1 Synthesis and characterization of GOF. (a) A schematic diagram illustrating solvothermal reaction of GO and B14DBA linker to produce
GOF. (b) XRD patterns of B14DBA, GO, and GOF synthesized using different ratios of GO and B14DBA. (c) N2 adsorption–desorption isotherms of
GO and synthesized GOFs. (d) FT-IR spectra of B14DBA, GO, and synthesized GOFs. Characteristic bands of B14DBA are indicated in red. (e) TGA
curves of GO, B14DBA, and synthesized GOFs.
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an additional increase in the linker concentration leads to
a decrease in the BET specic surface area with negligible
increase in the d-spacing. Based on these results, we chose GOF
(1 : 2) as the optimal scaffold for NaAlH4 impregnation.

To further verify the formation of chemical bonding between
GO and B14DBA, Fourier transform infrared spectroscopy (FT-
IR) and thermogravimetric analysis (TGA) were performed.
The FT-IR spectra (Fig. 1d) of GOF (1 : 1), GOF (1 : 2), and GOF
(1 : 4) exhibit characteristic B–O deformation at z680 cm�1,
B–C vibration atz1080 cm�1, B–O stretch at z1340 cm�1, and
C]C stretch at z1520 cm�1,29 which are clearly observed in
B14DBA but not in GO. A broad O–H stretch around 3200 cm�1

is also observed, indicating that some functional groups of GO
remain in GOF aer the solvothermal process. Moreover, the
TGA curves (Fig. 1e) of GOF show a rapid mass loss around
220 �C due to decomposition of oxygen-containing functional
groups,29 compared to a lower decomposition temperature
© 2021 The Author(s). Published by the Royal Society of Chemistry
around 150 �C for both GO and B14DBA. Combined with the
increased d-spacing, enhanced BET specic surface area, and
FT-IR measurements, this improved thermal stability suggests
that B14DBA forms new chemical bonds with GO to evolve into
a nanoporous framework, rather than simply being intercalated
between the GO sheets.
Preparation of NaAlH4@GOF nanocomposites

NaAlH4 was inltrated into the nanoporous GOF via incipient
wetness impregnation using solutions of puried NaAlH4 in
tetrahydrofuran (THF), as illustrated in Fig. 2a. Wetness
impregnation was chosen over melt inltration as the method
for preparing NaAlH4@GOF based on the thermal stability of
GOF as well as the simplicity and low cost of the solution-based
synthesis process. We used three different NaAlH4 concentra-
tions (0.25 M, 1 M, and 3 M) for the impregnation process to
determine the optimal process condition. The resulting NaAlH4
RSC Adv., 2021, 11, 32533–32540 | 32535
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Fig. 2 Synthesis and characterization of NaAlH4@GOF. (a) Schematic diagram illustrating incipient wetness impregnation of NaAlH4 into
nanopores of GOF. (b) XRD patterns of as-received NaAlH4 and NaAlH4@GOF prepared using solutions with different NaAlH4 concentrations. (c)
N2 adsorption–desorption isotherms of GOF (1 : 2) and NaAlH4@GOF (1 M). A significant decrease in BET specific surface area was observed
upon NaAlH4 infiltration. (d) FT-IR spectra of NaAlH4, as-synthesized GOF (1 : 2), GOF (1 : 2) treated with THF for 15 h, and synthesized
NaAlH4@GOF (1 M). Characteristic bands of NaAlH4 are indicated in red. (e) NaAlH4 loading inside NaAlH4@GOFs prepared using NaAlH4

solutions of various concentrations, obtained from ICP-OES analysis.
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inltrated GOFs were referred to as NaAlH4@GOF (xM) where x
is the concentration of NaAlH4 in THF.

As shown in the XRD patterns of bulk NaAlH4 and
NaAlH4@GOFs (Fig. 2b), the sharp diffraction peaks from
crystalline NaAlH4 are not observed for NaAlH4@GOFs. This
implies a successful connement of NaAlH4 inside the nano-
porous scaffold resulting in nanocrystalline NaAlH4 and
causing severe peak broadening, since amorphous NaAlH4 bulk
phase has never been observed in NaAlH4 inltrated nano-
porous composites.22 Furthermore, a complete removal of
recrystallized NaAlH4 that may have formed on the surface of
the GOF is also veried from the XRD results. When a solution
with a higher NaAlH4 concentration was used for wetness
impregnation, the diffraction peak of NaAlH4@GOF is broad-
ened and the d-spacing increases from 1.10 nm (0.25 M) and
1.17 nm (1 M) to 1.28 nm (3 M), suggesting that an extreme
32536 | RSC Adv., 2021, 11, 32533–32540
NaAlH4 loading may have a detrimental effect on the structural
integrity of the framework (Fig. S3†). The surface morphology of
GOF and NaAlH4@GOF from transmission electron microscopy
(TEM) images do not show any signicant differences upon
NaAlH4 inltration (Fig. S4†). In bright eld scanning trans-
mission electron microscopy with energy-dispersive X-ray
spectroscopy (BF-STEM-EDS) measurements, the images of
NaAlH4@GOF indicate the coexistence of GOF and conned
NaAlH4; Na and Al mapping originated from NaAlH4 coincide
with carbon and oxygen from GOF, which presents a successful
connement of NaAlH4 into GOF (Fig. S5†).

We additionally conrmed a successful inltration of
NaAlH4 inside the GOF through N2 adsorption–desorption
isotherm and FT-IR measurements. Subsequent to the
impregnation process, BET specic surface area of NaAlH4@-
GOF (1 M) is reduced to 6.6 m2 g�1, compared to 200.5 m2 g�1
© 2021 The Author(s). Published by the Royal Society of Chemistry
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for as-synthesized GOF (Fig. 2c). The FT-IR spectra of
NaAlH4@GOF (1 M) shown in Fig. 2d clearly display Al–H
bending modes at z670 cm�1 and 890 cm�1, and Al–H
stretching modes at z1650 cm�1,30 which are not observed in
GOF. A FT-IR spectrum of GOF treated with THF for 15 h
without NaAlH4 was alsomeasured as a control, which shows no
change compared to before the THF treatment. Finally, NaAlH4

mass loading inside the NaAlH4@GOF composite was calcu-
lated for each NaAlH4 solution concentration (Fig. 2e) using Al
content determined from inductively coupled plasma-optical
emission spectroscopy (ICP-OES) measurements. The result-
ing NaAlH4 loadings were 6.7 wt% for NaAlH4@GOF (0.25 M),
20.0 wt% for NaAlH4@GOF (1 M), and 27.6 wt% for NaAlH4@-
GOF (3 M), demonstrating a comparable or higher mass loading
of active materials relative to other existing porous scaffolds.12
Fig. 3 Hydrogen desorption performance of bulk NaAlH4 and NaAlH4@
theoretical capacity of bulk NaAlH4, along with activation energy and pe
NaAlH4 and NaAlH4@GOF. (b) TPD-MS profiles of bulk NaAlH4 at heating
Kissinger plots with corresponding Ea for the three hydrogen desorption
heating rates of 5.0 �C min�1, 10.0 �C min�1, 15.0 �C min�1, and 20.0 �C
desorption reactions of NaAlH4@GOF (1 M).

© 2021 The Author(s). Published by the Royal Society of Chemistry
Hydrogen desorption performance and air-stability of
NaAlH4@GOF

The hydrogen desorption reaction of NaAlH4 consists of three
steps, as shown in Fig. 3a. Hydrogen desorption properties of
NaAlH4@GOF (1 M) were measured using temperature pro-
grammed desorption mass spectrometry (TPD-MS) and
compared with those of bulk NaAlH4. The TPD-MS proles at
different heating rates and the corresponding Kissinger plots
for bulk NaAlH4 and NaAlH4@GOF (1M) are shown in Fig. 3b–e.
The TPD-MS curves of bulk NaAlH4 (Fig. 3b) present an onset
desorption temperature at 180 �C, close to the melting point of
NaAlH4. However, NaAlH4@GOF (1 M) starts to release
hydrogen at room temperature, in agreement with the previous
reports that hydrogen desorption starts at ambient temperature
for nanoconned NaAlH4 with particle size below 10 nm.18,19,31
GOF (1 M). (a) Hydrogen desorption mechanism and corresponding
ak desorption temperature at a heating rate of 10.0 �C min�1 for bulk
rates of 2.5 �Cmin�1, 5.0 �Cmin�1, 7.5 �Cmin�1, and 10.0 �Cmin�1. (c)
reactions of bulk NaAlH4. (d) TPD-MS profiles of NaAlH4@GOF (1 M) at
min�1. (e) Kissinger plots with corresponding Ea for the three hydrogen

RSC Adv., 2021, 11, 32533–32540 | 32537
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Fig. 4 Hydrogen desorption performance of bulk NaAlH4 and NaAlH4@GOF (1 M) upon air exposure, and XPS spectra of GOF and NaAlH4@GOF
(1 M). (a) Normalized hydrogen capacity of bulk NaAlH4 and NaAlH4@GOF exposed to air for 0 h, 3 h, 1 d, 3 d, and 7 d. (b) TPD-MS profiles of air-
exposed bulk NaAlH4 at a heating rate of 10.0 �Cmin�1. (c) TPD-MS profiles of air-exposed NaAlH4@GOF (1 M) at a heating rate of 10.0 �Cmin�1.
(d) C 1s XPS spectra of as-synthesized GOF. (e) C 1s XPS spectra of as-synthesized NaAlH4@GOF (1 M).
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The three desorption peaks for bulk NaAlH4, which correspond
to the desorption reaction of NaAlH4, Na3AlH6, and NaH, were
282 �C, 311 �C, and 401 �C, respectively, measured at a heating
rate of 10.0 �C min�1. Above 400 �C, the dehydrogenation of
NaAlH4@GOF occurs at a higher temperature than bulk
NaAlH4. The redox reaction between oxygen in the remained
THF and NaAlH4 – which likely make AlxOy nanoclusters-also
releases hydrogen, and this is revealed as dehydrogenation at
a higher temperature and higher activation energy of dehydro-
genation in step 3 (Fig. 3a).31,32 We focused our investigation on
the rst two reaction steps, which are of interest for practical
applications as these desorption reactions proceed at relatively
lower temperatures and are known to be reversible. In the TPD-
MS prole of NaAlH4@GOF (1 M) (Fig. 3d), the desorption
32538 | RSC Adv., 2021, 11, 32533–32540
temperatures for the rst and second reaction step measured at
a heating rate of 10.0 �C min�1 are signicantly reduced to
108 �C and 231 �C, respectively. As some amount of conned
NaAlH4 directly reacts with oxygen elements from GOF and
THF, leading to the early decomposition of NaAlH4, it dimin-
ishes the hydrogen capacity in the rst step compared to bulk
NaAlH4.31

We calculated the activation energy for the hydrogen
desorption of both bulk and nanoconned NaAlH4 using the
Kissinger equation,33 and the results from each step are pre-
sented in Fig. 3a. The Kissinger plots corresponding to bulk
NaAlH4 and NaAlH4@GOF (1 M) are shown in Fig. 3c and e,
respectively. The activation energy of the hydrogen desorption
process can be determined according to the following equation:
© 2021 The Author(s). Published by the Royal Society of Chemistry
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ln

�
b

Tp
2

�
¼

�
�Ea

R

�
1

Tp

þ ln

�
AR

Ea

�

where b is the heating rate, Tp is the peak temperature obtained
from the TPD-MS prole, Ea is the activation energy, R is the
universal gas constant, and A is a pre-exponential factor.
Therefore, activation energy can be estimated from the slope in

the Kissinger plot of ln
�

b

Tp
2

�
versus

1
Tp

. The activation energy

for the rst and second desorption reaction is 124.30 kJ mol�1

and 148.76 kJ mol�1 for bulk NaAlH4, agreeing with the prior
reports (Table S1†). Upon the connement inside the nano-
porous GOF, the activation energy decreases to 47.13 kJ mol�1

for the rst reaction and 108.45 kJ mol�1 for the second reac-
tion, demonstrating a remarkable improvement in the
hydrogen desorption performance. The activation energy values
for NaAlH4@GOF are comparable to or even smaller than the
previous results in which NaAlH4 samples were doped with
transition metal-based catalysts (Table S1†), presumably
attributed to the well-dened nanoporous structure of GOF. It
can be deduced that NaAlH4 particles are conned within 1–
2 nm size of GOF pores – which is conrmed by BET
measurements and d-spacing values – and this signicantly
boosts the nanoconnement effect, resulting in the substantial
kinetic enhancement without using transition metals as
catalysts.

Interestingly, in addition to the decrease in the activation
energies, we observed a loss in hydrogen capacity for
NaAlH4@GOF. For bulk NaAlH4, the amount of hydrogen
released was measured to be 6.10 wt% based on the area below
the TPD-MS curve. For NaAlH4@GOF (1 M), the amount of
hydrogen released was measured to be 1.01 wt% for the inl-
trated NaAlH4 inside the composite, assuming 20.0 wt%NaAlH4

loading from ICP-OES results. The measured hydrogen capacity
of NaAlH4@GOF corresponds to only 16.6% of that of bulk
NaAlH4. We believe that this capacity loss is caused by oxygen
functional groups in the GOF, which reacts with NaAlH4 and are
reduced during the wetness impregnation process. To verify our
hypothesis, we measured Raman spectra of GO and GOF (1 : 4).
The Raman spectra (Fig. S6†) of GO and GOF (1 : 4) are nearly
identical in position and intensity of the D-band peak around
1340 cm�1 and G-band peak around 1580 cm�1, suggesting that
functional groups of GO remain in GOF even when a high linker
concentration is used for synthesis. This observation agrees
with the FT-IR spectra, where a broad O–H stretch is observed
for all GOF samples (Fig. 1d). This issuemay be addressed in the
future by reacting the GOF with hydrogen or reducing oxygen
functional groups in the GOF prior to wetness impregnation.34

On the other hand, the reduction of oxygen functional
groups in the GOF during the wetness impregnation step leads
to an improvement in air stability for NaAlH4@GOF. NaAlH4 is
extremely reactive towards O2 and H2O, and oxidizes rapidly
upon exposure to air.35 TPD-MS proles of bulk NaAlH4 and
NaAlH4@GOF (1 M) upon different durations of air exposure
show a clear enhancement of air stability for the conned
sample (Fig. 4a–c). The TPD-MS prole of air-exposed NaAlH4

showed the formation and disappearance of a desorption peak
© 2021 The Author(s). Published by the Royal Society of Chemistry
around 200 �C, whichmay be caused by destabilization from the
reaction product between NaAlH4 and O2, H2O, etc. under
ambient conditions.36 Aer 7 days of air exposure, bulk NaAlH4

retains only 1.8% of its initial hydrogen capacity whereas
NaAlH4@GOF maintains 68.0% of its initial hydrogen capacity.
To investigate the differences in chemical state of GOF caused
by NaAlH4, we measured C 1s XPS spectra of GOF and
NaAlH4@GOF (1 M) (Fig. 4d and e). The relative peak area
corresponding to the C]O chemical state decreases from
18.75% in GOF to 7.23% in NaAlH4@GOF. We believe that the
improved air stability is caused by surface-reduced GOF acting
as a barrier layer for H2O and O2, similar to selective gas
permeation observed in reduced graphene oxide sheets.27,37,38

Conclusions

In summary, this work demonstrates the viability of utilizing
GOF as a nanoscaffold for conning hydrogen storage material
for the rst time. The framework structure with an optimized d-
spacing results in a noticeable nanoconnement effect for
NaAlH4 in which both the onset hydrogen desorption temper-
ature and the activation energy for the rst two reversible
hydrogen desorption reactions of NaAlH4 are signicantly
reduced without transition metal catalysts.

However, hydrogen capacity loss is observed in the nano-
composite, possibly caused by the detrimental reaction between
NaAlH4 and oxygen functional groups in the GOF. At the same
time, the air stability of the conned NaAlH4 is dramatically
improved as a result of the formation of surface-reduced GOF
during NaAlH4 inltration acting as a barrier layer. Although we
focused our study on NaAlH4, the benecial effect of GOF as
a nanoporous host for connement may be extended to other
metal hydrides. Future work will involve optimizing the
synthesis process to increase active NaAlH4 content, and
studying the possible catalytic effect of boron atoms inside the
GOF on the hydrogen storage behaviour of the GOF-based
nanocomposites.
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5 C. P. Baldé, H. A. Stil, A. M. J. van der Eerden, K. P. de Jong
and J. H. Bitter, J. Phys. Chem. C, 2007, 111, 2797–2802.
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