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The use of nanofoams is beneficial for a wide range of applications
ranging from catalysis to plasmonics. The present communication
reports on the non-complex synthesis of NiO nanofoams and their
use for hydrogen storage applications. The results point to an
improved hydrogen storage capacity at room temperature and
ambient pressure of hydrogen as compared to Ni-based systems
in the literature. DFT calculations point to a quasi-molecular bonding
of the H, molecule at the surface of the NiO nanofoams. The results
open new possibilities for the design of future smart materials for
hydrogen storage applications and other fields.

Nanofoams are three-dimensional structures built by intercon-
nected nanoparticles and/or nanometric filaments." This spe-
cific class of nanomaterials draws attention due to their low
density, high surface area, and high porosity, which enhances
the surface activity and gas diffusion through the nanofoam.
These unique properties make them interesting materials for a
wide range of applications like catalysis,”> plasmonics,’
sensors,” and energy storage.’ In the literature, the synthesis
methods existing are typically devoted to metal nanofoams,
besides presenting complex procedures and/or using danger-
ous precursors with high environmental risks."® A few studies
have been conducted on the synthesis of NiO nanofoams,
which have already demonstrated their high capacity as glucose
sensors,” as gas sensors,’ and in lithium ion batteries.>® The
development of a non-complex synthesis method of NiO
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nanofoams may open new frontiers in catalysis, gas sensors,
lithium ion batteries and energy storage applications.
Hydrogen has attracted an enormous scientific interest
mainly due to the possibility of using it as a renewable and
sustainable fuel to replace fossil fuels. It presents a very high
energy storage capacity’ and it can be produced in distinct
ways, like through the photocatalytic water splitting reaction."®
However, the main drawback that prevents hydrogen from
being economically viable today is its storage.’ The hydrogen
storage system is a system able to store and release hydrogen
under mild conditions (—40 °C < T < 60 °C at 1 atm).
For mobile applications, the conventional hydrogen storage
methods (gaseous or liquid state) can only be economically
viable for heavy vehicles, where the space occupied by the
storage system does not represent a great issue. However, solid
materials represent a promising alternative to the conventional
methods.'” In these materials, the hydrogen should be easily
adsorbed and desorbed, which means the existence of a hydro-
gen binding energy at the surface of the material in the range of
0.2-0.6 €V."” Aiming to fulfill this requirement, scientists are
searching for materials able to form quasi-molecular bonding
with hydrogen instead of physisorption or chemical bonds,
thus allowing their use under mild conditions."?
Carbon-based materials are very interesting candidates
for hydrogen storage applications due to their high surface
area, hydrogen storage capacity, low density, high thermal and
chemical stability, and their ability to be manufactured in large
quantities at low costs.'* In particular, activated carbon draws
a lot of attention due to its intrinsic interaction with H, mole-
cules that is stronger than in other carbon-based materials.'®
However, activated carbon alone can only store hydrogen
efficiently at very low temperatures or very high pressures.'*
Nanomaterials are supported on activated carbon aiming to
improve its hydrogen storage properties at room temperature
and ambient pressure, which occurs thanks to the hydrogen
spillover effect.'> Nevertheless, there is still a long and tedious
way to go towards the synthesis of new materials with high
hydrogen storage capacity under mild conditions. In view of the
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above, a non-complex synthesis method of nanofoams may be
very promising for hydrogen storage applications, especially
due to the high permeability of the hydrogen molecules
through the porous structure.

NiO nanofoams were synthesized by reducing the nickel(u)
chloride hexahydrate salt (NiCl,-6H,0) with glucose (C¢H;,06)
and using the phytantriol/water system as a template (Fig. 1).
Phytantriol is an amphiphilic molecule that shows a complex
phase ternary diagram when water is added.'®'” The phytan-
triol/water system presents liquid crystalline phases with supra-
molecular structures that can be selected by the water amount
and temperature used. The inverse bicontinuous cubic phase
with space group Ia3d (Q°y) of the phytantriol/water system was
chosen as a template due to the presence of nanometric size
channels,'”'® where the nucleation process is expected to take
place, then representing a promising system for the formation
of nanofoams. A solution with 75 mg of NiCl,-6H,O and a
solution with 120 mg of C¢H;,0¢, both in 3 mL of water (“type
1” ultrapure grade), were prepared. The NiCl,-6H,0O solution
was added to a mixture of 54 g of phytantriol + 7 mL of water
(“type 1” ultrapure grade) and mixed using a spatula. Then the
Ce¢H1,06 solution was added to the NiCl,-6H,O + phytantriol
solution aiming to obtain the Q% phase'” of phytantriol with
20 wt% of water. The Small Angle X-ray Scattering (SAXS)
pattern of the sample immediately after phytantriol and glu-
cose addition shows the presence of the inverse bicontinuous
cubic phase with space group Ia3d (Q%), as expected (Fig. S1 of
the ESIT). The system was left to react during 20 hours at 25 °C.
Then, in order to remove the phytantriol phase and to obtain
the NiO nanofoams, the system was calcined at 500 °C for
4 hours in a muffle furnace. The temperature was determined
from Thermogravimetric analysis (TGA) measurements (see
Fig. S2 of ESI{). This procedure allows the non-complex syn-
thesis of nanofoams, without dangerous or environmentally
risky reagents, and it is extendable to different systems. It is
important to stress that the liquid crystalline phase can be
easily selected through the water amount and temperature used

~ NiClz6H20 Glucose
/’ ”"-n.,:ksolution solution \
=]
Phytantriol Phytantriol + .
NiClz2 6H20 solution
U Muffle furnace =
! 1 Phytantriol +
20 wt% H20 +
% <— i ; NiCl: 6H20 +
NiO Glucose
nanofoam

500 °C for 4h

Fig. 1 Schematic representation of the synthesis procedure of the NiO
nanofoams.
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during synthesis, thus enabling nanofoams with distinct
properties.

Scanning Transmission Electron Microscopy (STEM) and
Transmission Electron Microscopy (TEM) images were acquired
aiming to probe the structure formed in the synthesis. Fig. 2(a)
shows a typical STEM image where it is possible to observe
inhomogeneous nanostructures built by bright and dark
regions. Zooming in on the region with the STEM (Fig. 2(c))
and TEM (Fig. 2(b)) techniques allows observation that the
nanostructures are formed by interconnected nanoparticles of
elongated shape, as observed in nanofoams. The nanofoams
present a typical length of around 50 nm and channel dia-
meters of around 10 nm. The comparison between a single
nanostructure (Fig. 2(c)) with the representation of the inverse
bicontinuous cubic phase of phytantriol (Fig. 2(d)) shows high
similarity between both structures, thus strengthening that the
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Fig. 2 Typical (a) STEM and (b) TEM image of the NiO nanofoams
synthesized with a single nanostructure highlighted in the inset of part
(a). Comparison between (c) the STEM image of a single nanostructure and
(d) the schematic representation of the inverse bicontinuous cubic phase
of phytantriol. (e) XRD pattern and (f) XPS spectrum at the Ni 2ps,, region
of the NiO nanofoam synthesized.
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phytantriol phase acts as a template for the synthesis of NiO
nanofoams. Fig. 2(e) presents the X-Ray Diffraction (XRD)
pattern indexing and the corresponding Rietveld refinement.
The NiO cubic phase is the main phase (73%) existing in the
nanofoams synthesized, which shows also the presence of the
Ni metallic phase contributing 27%. The mean crystallite size
of NiO obtained from Rietveld refinement is 48 nm, which is in
accordance with the size of the nanofoam structures observed
in the STEM images (Fig. 2(b) and (c)). Fig. 2(f) shows the Ni
2ps2 XPS spectrum of the NiO nanofoams with the presence of
a single NiO component located around 854.0 eV,"® which
comes due to the surface sensitivity of the XPS technique
(~ =1 nm for photoelectrons coming from the Ni 2p;, electro-
nic level). This means that the nanofoams are composed of a
metallic Ni core and a NiO shell since there is no metallic
component observed at the Ni 2p;,, XPS region. Consequently,
NiO is the single phase participating in the hydrogen
storage process and hereafter the sample will be labeled as
NiO nanofoam. These results demonstrate that the synthesis
method was successfully employed for synthesizing NiO nano-
foams and may be even expanded to other metal or metal oxide
systems with a variety of properties chosen from the phytantriol
phase used.

The characteristics presented by the NiO nanofoams synthe-
sized make this a promising system for hydrogen storage
applications. The hydrogen adsorption experiment was con-
ducted with 0.40 wt% NiO nanofoams supported on activated
carbon charcoal, as determined by the Flame Atomic Absorp-
tion Spectrometry (FAAS) technique. A sample of pure activated
carbon was also measured for comparison purposes. The NiO
nanofoams present a gravimetric density of 7.0 x 10> wt%
under mild conditions of room temperature and ambient
pressure (Fig. S3 of the ESIT). This value represents an improve-
ment of almost 4.4 times in comparison to the pure activated
carbon case (1.6 x 10?2 wt%). Temperature-programmed
desorption of hydrogen (TPD-H,) measurements was also con-
ducted and shows a gravimetric density of 7.8 x 10~ wt%, in
agreement with the previous results (Fig. S4 of the ESI¥).

In the literature,”®>* Ni-based systems can reach a gravi-
metric density of up to 3 wt% but only using temperatures
(77 K) and pressures (up to 200 bar) very far away from those
required for applications. It is hard to compare the gravimetric
density results with those found in the literature for similar
systems due to the different amounts of Ni, hydrogen pressures
and temperatures used in each case. Nevertheless, it is possible
to do a comparison with the value of the gravimetric density
relative to the pure activated carbon case. The result of the
present work (4.4) is clearly better than those presented in the
literature for Ni-based/C systems. Zubizarreta et al.>® studied
hydrogen storage in activated carbon xerogels with selected
characteristics and doped with different amounts of Ni.
The hydrogen adsorption measurements were performed at
77 K with hydrogen pressure up to 40 bar, and at room
temperature with hydrogen pressures from 10 bar to 200 bar.
The comparison between pure activated carbon xerogels
and activated carbon xerogels with Ni shows an improvement
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of only 1.3 times for the best case (77 K and 40 bar).
Zielinsk et al.®" studied the hydrogen storage properties of a
commercial activated carbon impregnated with different
amounts of Ni nanoparticles (1 wt%, 5 wt% and 10 wt%). The
hydrogen adsorption measurements were performed at room
temperature and at two different hydrogen pressures, 20 bar
and 30 bar. The greatest amount of adsorbed hydrogen is
around 3 times bigger than the pure activated carbon case.
Rossetti et al.”” studied the hydrogen storage in different metal
nanoparticles (Cu, Ni, Pt, Pd and Rh) supported on activated
carbon with different amounts (0.5 wt% and 2 wt%). The
hydrogen adsorption measurements were performed at 77 K
with two different pressures (4.9 bar and 19.6 bar) and at 273 K
with four different pressures (5.9 bar, 20.6 bar, 40.2 bar and
98.8 bar). For Ni nanoparticles at 273 K, it was observed that the
case presenting the greatest amount of adsorbed hydrogen was
0.5 wt% Ni nanoparticles, which presents around 3.3 times the
amount of adsorbed hydrogen than that obtained for pure
activated carbon at 98.8 bar. The present findings represent a
great improvement in the hydrogen storage capacity, not only
for the better results found in comparison to the activated
carbon sample but also for obtaining the result for room
temperature and ambient pressure of hydrogen. In addition,
it is well known that the higher the hydrogen pressure, the
higher the amount of adsorbed hydrogen in comparison to the
pure activated carbon case and the current results may be
further improved by decreasing the temperature.”®>* This
means that the NiO nanofoams represent a highly promising
system for hydrogen storage applications.

Interestingly, the metallic Ni phase is typically used for
hydrogen storage applications in the literature®*>* instead of
the NiO phase, but the current promising results were obtained
with NiO nanofoams. Spin-polarized DFT calculations were
performed using the Quantum-ESPRESSO 5.4.0 package®® aim-
ing to determine the H, adsorption energy at the surface of Ni
and NiO atomic clusters and Ni(111) and NiO(100) slabs
following the procedure described by Ramos-Castillo et al.>*
The Ni(111) and NiO(100) surface orientations were chosen
because they represent the most stable ones for the Ni and NiO
systems, respectively.>*?® Fig. 3(a) and (b) present the H,
adsorption energy for the Ni and NiO case, respectively, as a
function of the H, adsorption site. The results for the Ni
metallic case point to the chemisorption regime in the case
of a Ni cluster or Ni(111) slab with bridge, hcp and hollow
adsorption sites of the H, molecule. On the other hand, the
desired quasi-molecular bonding regime can only be reached
for the top adsorption site of the Ni(111) slab. This means that
the replacement of Pd, widely used as a hydrogen storage
material, by a cheaper metal like Ni is hard to accomplish
in practice because there is a specific adsorption site for the
quasi-molecular regime and the other adsorption sites, in
the chemisorption regime, are more energetically favorable.
Consequently, the quasi-molecular bonding of H, is barely
achieved for metallic Ni. Fig. 3(b) shows that the NiO system
also presents the chemisorption regime for a NiO cluster
but the physisorption regime occurs for any adsorption site

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 H, adsorption energy as a function of the adsorption site of (a) Ni
and (b) NiO systems. The blue circle represents the adsorption site of the
H> molecule and the green and red circles represent the Ni and O atoms,
respectively. The gray region represents the adsorption energy values
corresponding to the quasi-molecular bonding of H, to the surface of
the materials.

(Ni top, O top and bridge) of the NiO(100) slab. The NiO
nanofoams synthesized in the present work are formed by
interconnected nanostructures, as shown by the STEM and
TEM images (Fig. 2(a)-(c)), and have only the NiO chemical
component at the surface, as observed in the Ni 2p;, XPS
region (Fig. 2(f)). The nanofoams can be modeled realizing that
their smooth surface regions can possibly be described as NiO
slabs, but the atomic edges with low coordinated sites (like a
NiO cluster) of the interconnected nanostructures cannot be
neglected, otherwise the system modeled would correspond to
a thin film. This means that the nanofoams synthesized
probably present a typical H, adsorption energy between these
two extreme cases (NiO cluster and slab), rather than belonging
to the desired quasi-molecular regime. The mechanism of
hydrogen storage can be described with the initial H, adsorp-
tion at the NiO nanofoam surface. The H-H bonding increases
from 0.75 A to around 0.80 A (depending on the adsorption
site), as determined by DFT calculations. Besides the increase
of the H, bond length, the molecule is not dissociated but it is

© 2023 The Author(s). Published by the Royal Society of Chemistry
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stored as H, instead of H + H. The results show that both the
NiO chemical state and nanofoam characteristics make the NiO
nanofoams a very promising system for hydrogen storage
applications. Furthermore, the NiO nanofoams can be easily
synthesized, thus representing a strong candidate for supplying
the current hydrogen storage needs.

This communication demonstrates a very simple method for
synthesizing NiO nanofoams using the phytantriol/water sys-
tem. The NiO nanofoams present promising results for hydro-
gen storage applications considering both the mild conditions
used (room temperature and ambient pressure) and the com-
parison with literature results. This is explained due to the
presence of both low coordinated sites and smooth surface
regions of the NiO nanofoams, which indicates the existence of
the quasi-molecular bonding regime for the hydrogen adsorp-
tion process. The quasi-molecular bonding of hydrogen with
solid materials is the key factor for reaching the ultimate goal
for hydrogen storage applications, and thus NiO nanofoam is a
great material for boosting this field.
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