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The field of hydrogen storage is one of the last frontiers in the exploitation of hydrogen-based technology.
Particularly, the utilization of ammonia borane is a very promising route to solve the issue related to hydrogen
storage due to the content of hydrogen up to 19.8 wt% and the stability in the ambient temperature and pressure
conditions. Nevertheless, the hydrogen release from ammonia borane is quite complex under thermal stimuli,
with several secondary compounds released. Alternatively, hydrolysis of ammonia borane is a simpler route to
release of hydrogen in presence of water without any side reaction when a catalyst is used. This study in-
vestigates the ultrasound-assisted hydrolytic dehydrogenation of ammonia borane mediated by oxidized multi-
walled carbon nanotubes (MWCNTSs) as a metal-free energy-efficient catalytic system. The application of
ultrasonic irradiation significantly enhanced the catalytic performance by promoting mass transport, improving
water molecule activation, and increasing the dispersion and reactivity of the oxidized MWCNTs in the water
medium. The oxidized MWCNTs promote the activation of ammonia borane, reducing the activation energy of
the systems over 77% and reaching a remarkable hydrogen release efficiency with a conversion of up to 98%.

1. Introduction

The hydrogen production is a very vital sector that has reached
considerable achievements during the years, earning a reputation for
solidity and trustworthiness [1]. As far as its production is concerned,
hydrogen has been the subject of intense research aimed at improving
production systems, achieving significant advances in the field of sus-
tainable production through electrolysers [2-5], but hydrogen storage
under both compressed and liquid phase remains the great unsolved
issue in the field due to technological constraints [6]. Large hydrogen
volumes are stored as liquid hydrogen in expensive, insulated vessels
[71, where some amount of the stored product is lost through evapora-
tion. Accordingly, the use of liquid hydrogen is limited to those appli-
cations, which are requiring high volume and pure gas, such as chemical
and aerospace industries. For the small-scale hydrogen storage, there are
plenty of different technologies, but all of them manifest some intrinsic
weakness. Compressed hydrogen has been traditionally tested as viable
solution for mobility, but the hydrogen tank technology faces technical
problems due to hydrogen diffusivity and volumetric energy content [8].
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Hydrogen diffusivity through several metal alloys could cause tank
embrittlement and crack formation with hydrogen leaks rising major
safety issues [9]. Furthermore, the energy content of compressed
hydrogen per unit volume is comparable to that of methane, and it is
four orders of magnitude lower than that of liquid fuels. An interesting
combination of pressurized and liquid store methodology is represented
by the so-called cold-cryo compression [10]. This technique is based on
the storage of hydrogen under cryogenic/cycling temperatures ranging
from -233 °C up to 193 °C, under pressure in the range between
250-300 bar. Cold-cryo compression route tanks are highly insulated,
and they are made to withstand high internal pressure. Nevertheless, the
storage cost is prohibitive, reaching up to 395 €/kg, besides requiring
complex engineering solutions [11]. Alternatively, hydrogen could be
physisorbed onto several classes of materials ranging from carbon
[12,13] to inorganic materials (i.e., zeolites) [14] and metal organic
frameworks (MOFs) [15] through Van der Waals force interaction under
moderate pressure (30 bar) and low temperature (—193 °C). However,
physisorption is governed by Chahine’s rule [16] that states the limit of
1 wt% of adsorbed hydrogen for every 500 m?/g of surface area, limiting
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the hydrogen storage capability. Furthermore, it was reported a decrease
in the isosteric heat of adsorption, suggesting the saturation of strong
adsorption sites [17]. In a different way, hydrogen could be stored as
chemically bonded hydrogen into organic, metalorganic, and inorganic
compounds. This storage strategy is called chemically stored hydrogen
and represents a vast, not fully explored area in the field of hydrogen
storage. Hydrogen could be entrapped into simple molecules such as
methane [18,19] or ammonia [20], but its release is not straightforward
[23]. Alternatively, liquid organic hydrogen carriers represent a class of
compounds, such as N-ethylcarbazole derivatives [21], characterized by
a high regenerability and high gravimetric hydrogen storage (GHS) ca-
pacity up to 22.1 wt% [22]. Nevertheless, the use of liquid organic
hydrogen carriers requires the massive use of noble metals for releasing/
incorporating hydrogen, and they can prove quite risky for human safety
[23]. Hydrogen could also be chemically stored in inorganic hydrides
such as LiBH4 or magnesium hydrides, reaching a GHS ranging from
14.9 wt% up to 18.5 wt% with a volumetric energy density up to 17.6
MJ/1 [24]. Despite these interesting properties, inorganic hydrides are
difficult to regenerate and sensitive to water [25,26]. A more promising
and viable chemical hydrogen pathway involves the use of organic
species such as amine-boranes as hydrogen carriers. These species,
particularly ammonia borane (AB) [27], have been widely used both for
releasing hydrogen through thermolysis [28-30] or hydrolysis [31-33].
The theoretical gravimetric hydrogen storage capacity (GHS) reaches up
the remarkable value of 19.6 wt%, but the hydrogen release mechanism
is quite complex and involves the release of complex borazane species
[34]. This represented a considerable drawback considering the high
purity of hydrogen required for applications such as fuel cells and poor
regenerability, while AB hydrolysis represents a simpler approach with a
reduced GHS. Nevertheless, it requires both the presence of catalysts
including metal [35-39], organic [40] and inorganic species [41-46]
and the apport of energy [47]. In this work, we exploited a new
approach combining a simple acidic catalyst based on a stable acidic
materials, the oxidized multiwalled carbon nanotubes (MWCNTS),
under ultrasound irradiation. The ultrasound mediated hydrolysis
allowed to maximize the energy efficiency of the systems and realizing a
switchable system able to turn on—off by simple removal of ultrasound
stimuli.

2. Materials and methods
2.1. Materials

MWCNTs (NC7000TM, produced via the Catalytic Chemical Vapor
Deposition (CCVD) process) were purchased from Nanocyl SA (Sam-
breville, Belgium). They have a carbon purity of 90 % and a surface area
of 250-300 m?/g, as reported in the datasheet provided by the supplier.
Nitric (63 %) and sulphuric acid (>95 %) were purchased from Sigma-
Aldrich and used without any further purification.

2.2. Preparation of oxidized MCNTs

MWCNTs were preliminary annealed at 1600 °C for 1 h in inert at-
mosphere in order to remove impurities, providing a homogenous
benchmark for the further oxidative modifications [48], producing the
sample named OCNTs.

Oxidation of annealed MWCNTs was run accordingly to the pro-
cedure reported in Bartoli et al. [29]. 200 mg of CNTs were suspended
into 15 mL solution of sulphuric acid and nitric acid with a volume ratio
of up to 3 and sonicated in an ultrasound bath at 60 °C for 60 min. The
resulting suspension was diluted with deionized water and filtered. The
solids recovered were washed several times with deionized water and
dried at 50 °C in vacuum for 16 h.
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2.3. Characterization of OCNTs and 60CNTs

OCNTs and 60CNTs were analyzed through Raman spectroscopy
using a Renishaw inVia (H43662 model, Gloucestershire, UK) equipped
with a green laser line (514 nm) with a 50 x objective. Raman spectra
were recorded in the range from 500 to 4000 cm ™. Signals were fitted
according to the methodology proposed by Tagliaferro et al. [49].

The surface functionalities were investigated by using X-ray photo-
electron spectroscopy (XPS) using a PHI 5000 Versaprobe Physical
Electronics (Chanhassen, MN, USA) scanning X-ray photoelectron
spectrometer (monochromatic Al K-alpha X-ray source with 1486.6 eV
energy, 15 kV voltage, 1 mA anode current).

OCNTs and 60CNTs were analyzed through FT-IR (ATR mode)
spectroscopy using a TENSOR II spectrometer (Bruker) equipped with a
ATR module Platinum II (Bruker).

Morphology of 0CNTs and 60CNTs was investigated through a Field
Emission Scanning Electron Microscope (FE-SEM) Zeis SupraTM 25
(Oberkochen, Germany).

XRD patterns were acquired by using a Panalytical diffractometer
(X’PERT PRO PW3040/60 Almelo, The Netherlands). with a Cu K «
radiation at 40 kV and 40 mA as X-Ray source. The diffraction patterns
were obtained from RM powder in the 26 range from 20° to 40° (step size
of 0.013°).

Stability of xCNTs materials was investigated through thermogravi-
metric analysis (TGA) using Netzsch TG 209F1 Libra in N2 flux (20 mL/
min) with a temperature ramp of 10 °C/min from 30 to 800 °C.

2.4. AB hydrolytic test for hydrogen evolution

AB hydrolysis was carried out at different temperatures (30, 40, and
50 °C) in nitrogen atmosphere under ultrasound irradiation using a
thermostat bath (ElmasonicP 60 Hz, 280 W). OCNTs or 60CNTs was put
in a two-necked round-bottom flask connected to a gas burette and to a
pressure-equalized funnel and sonicated for 10 min. Then, AB was added
reaching a final concentration of up 0.5 M. using xCNTs/AB (x = 0 or 60)
of 0, 2, and 5 wt%. The hydrogen evolution was monitored using the gas
burette, adjusting by considering the external pressure and temperature.
After the reaction was ended, the catalyst was recovered by filtration,
dried at 50 °C and 20 mbar until constant weight prior to being reused
and characterized. Each catalytic test was run twice without observing
detectable changes in the conversion results.

Kinetic constants (k) for each reaction were obtained by fitting the
conversion vs time plot using a pseudo-first-order model [50], and
activation energies (E,) were calculated by using Arrhenius equation
[51].

3. Results and discussion
3.1. Characterization of OCNT and 60CNT

OCNT and 60CNT were analyzed through TGA in order to quantify
the functionalities introduced through the oxidation process as reported
in Fig. 1 and summarized in Table 1.

OCNTs did not show any appreciable thermal degradation up to
800 °C when residual oxygens formed after exposure of OCNT to the air
were degraded, leading to a residual mass of up to 98.9 %. Contrary, the
60CNTs showed significant degradation steps across the temperature
range investigated as reported by Chernyak et al. [52]. 60CNT showed a
Tonset around to 120 °C due to water desorption and a first degradative
stage at 155 °C due to the loss of carboxylic residues that were 1.9 wt%.
The further degradative process involved the release of hydroxylic and
carbonyl moieties that are 9.6 wt%.

As shown in Fig. 2 a, the FT-IR (ATR mode) spectra of fresh OCNT did
not show any appreciable signal as a consequence of the annealing
processes. Fresh 60CNTs showed the presence of carboxylic and
carbonyl residues as proved by vc_o at around 1700-1713 and 1680
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Fig. 1. TGA analysis of OCNT (black line) and 60CNT (green line) in temperature range from 30 to 800 °C.

Table 1
TGA of OCNT and 60CNT in N, atmosphere in the range from 30 °C up to 800 °C.
Sample Tonset Tmax1 Residue @  Tax2 Residue @ Residue @
(9] Q) Tmax1 (%) Q) Tmax 2 (%) 800 °C (%)
OCNTS  —- — — — — 98.9
60CNTs 120 155 98.1 185 94.1 89.6

em™!, hydroxylic residues as proved by the presence of the broad voy
band from 3000-3500 cm ™" and other oxygen-based functionalities as
proved by the presence of vc.o (1520 cm-1) and §¢.o (1325 cm-1) bands.
As shown in Fig. 2 b, the Raman spectra of fresh 0OCNTs showed a well-
defined D and G peaks centered at 1336 cm ™! and 1575 cm ™2, respec-
tively [53], while 2D region is composed of three peaks known as 2D, D

+ G, 2D centered at 2240, 2680, and 3896 cm™ " respectively. Fresh
60CNTs showed negligible shift in the peaks position but a Ip/Ig ratio of
0.6 compared with 0.4 of fresh OCNT, with a volumetric crystallite L,
that decreased from 37.2 down to 25.4 nm [54]. The decrement of
crystallinity was in good agreement with the oxidative process that in-
duces the formation of defects into the sp? structure of MWCNTS, as also
proved by the comparison of two components in the G peak of 60CNT
(supporting information Fig. S1 b and d) absent in OCNT (supporting
information Fig. S1 a and c). As reported by Shimoidara et al. [55], the
G! component was due to the graphitic domains with a high order of
bond angle, while G2 arose from amorphous disordered domains. The
ratio between G! and G2 is a valuable tool to evaluate bond angle dis-
order: 60 CNT is characterized by a value of 9.4, still far higher than non-
annealed carbon species, supporting the introduction of oxygen residues
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(a) G0 C0 70 (b) 2Dregion  _ gOCNT Fresh
D peak G peak —— OCNT Spent
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Fig. 2. Spectroscopical investigation through (a) FT-IR (ATR mode) and (b) Raman spectroscopy in the range from 500 up to 4000 cm ! of fresh OCNT (black line),

spent OCNT (red line), 60 CNT (green line), and spent 60CNT (blue line).
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without compromising too much the carbon structure itself [55-65] (as
also shown by XRD reported in Fig. 3).

As shown in Fig. 3, the diffraction patterns of both OCNT and 60CNT
showed a broad diffraction peak centred at 25.95° as reported by Tai
et al. [66], in agreement with MWCNTs annealed at temperatures lower
than 2000 °C. As reported in supporting information (Fig. S2), the
asymmetry of 002 diffraction peak can be attributed to a diffraction peak
centred at around 24.81°related to MWCNTs bundles as reported by
Futaba et al. [67].

A more detailed investigation about both OCNT and 60 CNT was run
though XPS analysis as shown in Fig. 3 and summarized in Table 2.

As shown in Fig. 4 and b and summarized in Table 2, OCNT did not
show the presence of carboxylic functionalities in both C1 sand O 1 s
spectra, while the presence of traces of oxygen species (hydroxyls 72 %,
532.4 eV; carbonyls 28 %, 533.7 eV) was introduced after the exposi-
tion of OCNT to the atmosphere. The oxidation process of OCNT intro-
duced carboxylic functionalities up to 6 % (289.9 eV) together with the
massive increment of both hydroxylic and carboxylic species with a
decrement of C sp? down to 66 % from 88 %.

As shown in Fig. 5 a, the FESEM-EDX analysis of OCNT showed a very
entangled bundles in agreement with the XRD analysis with MWCNTSs
longer around 20 pm and a thickness of up around 30 nm while the
oxidation process did no significantly affected the morphology of 60CNT
as shown in Fig. 5b while the elemental analysis confirmed the oxidation
with the oxygen amount that rose up to 4.3 wt%.

3.2. Catalytic ultrasound AB hydrolysis mediated by 60CNTs

The AB hydrolysis was studied using an ultrasound-mediated bath
using several temperatures as reported in Fig. 6 and summarized in
Table 3 with a reaction pathway as the one reported in Eq. (1).

NH3BH3 + 2H,0 — NH4BH;, + 3Hy(1)

As shown in Fig. 6 and summarized in Table 3, the hydrolysis of AB in
presence of water showed conversion ranging from 12.2 % at 30 °C up to
18.3 % at 50 °C, showing a moderate effect of temperature on the

Applied Surface Science 717 (2026) 164800

Table 2
Summary of XPS chemical features of fresh/spent OCNT and 60CNT.

Sample Chemical functionalities
(%)

Carbon Oxygen

csp® Cc-0 Cc=0 COOH c-0 c=0 COOH
OCNT* 88 8 4 0 72 28 0
60CNT" 66 18 10 6 63 27 10
OCNT” 92 7 1 0 71 29 0
60CNT" 68 19 6 7 65 26 11

2 ) Fresh material.
by Spent material.

process. As reported by Gianola et al. [32], the results of thermal-
mediated hydrolytic test were comparable with the ultrasound-
mediated one, reaching a conversion of 17.3 %. The addition of OCNT
slightly affected the conversion rate reaching a conversion of 23.8 % at
50 °C, suggesting that the surface of neat MWCNTSs promotes a desta-
bilization of N-B bonds under ultrasound irradiation, as reported by Wu
et al. [68].

The utilization of 60CNT drastically increased the conversion rate,
reaching up 62.1 % at 30 °C and a near complete conversion after 600 s
(98.7 %) at 50 °C. As discussed by Sanyal et al. [31], the heterogenous
acid-mediated hydrolysis of AB involved a preliminary step of adsorp-
tion on the acidic site with the protonation of —BH3 lowering the acti-
vation energy the bond dissociation energy promoting the insertion of
water molecules, hydrogen release and NH4BO3 production.

Accordingly, we observed a reduction of E, from 160.4 kJ/mol for
the non-catalyzed system down to 133.6 kJ/mol in presence of OCNTs.
The E, decrement of 17 % was reasonably the adsorption phenomena on
the surface of non-oxidized MWCNTSs, while the use of 60CNT further
reduced the E, of 77 % down to 36.6 kJ/mol. Additionally, the use of
60CNT boosted the kinetics of the reaction reaching a k of 4.4 s™! at
50 °C that was three orders of magnitude higher than the others proving
the high activity of acid sites that showed TON of up to 4.8 * 10* at
50 °C.

—— 60CNT
—— O0CNT
s
=
=
=
S
2
g
72]
2
=
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20(°)

Fig. 3. XRD analysis of 60CNT (black line) and spent 60CNT (green line).
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Fig. 5. FESEM pictures of (a) OCNT and (b) 60CNT.
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Table 3
AB hydrolysis outputs calculated from catalytic tests.
Conversion (%) k(™ Turn over number (TON)" Ea
(kJ/mol)
30°C 40°C 50°C 30°C 40°C 50°C 30°C 40°C 50°C
Water 12.2 15.5 18.3 0.9103 1.1%10° 1.2%10°3 n.a. n.a. n.a. 160.4
OCNT 15.8 20.1 23.8 1.1%10°3 1.3+10° 1.4%10°3 n.a. n.a. n.a. 133.6
60CNT 62.1 88.9 98.7 2.1 3.8 4.4 3.010* 4.410* 4.8*10* 36.6

2 ) TON was calculated as follow: mol of converted AB/mol COOH, mol of COOH were calculated based on the COOH wt.% of 60CNTs.

As shown by the data reported, AB hydrolysis showed a clear tem-
perature dependence in accordance with the the heterogeneous acid-
mediated mechanism of N-B cleavage [40]. The increment of tempera-
ture promoted a multiple step-process involving the adsorption of AB on
both carbon surface and acidic sites of 60CNTs with the protonation of
the -BH3 unit lowering the bond dissociation energies and the insertion
of water leading to the formation H-H bonds. The temperature also
promoted a faster desorption fo the products reporterd in eq.1 fromt eh
surface of the 60CNT [69].

As shown in Fig. 7, the utilization of 1 wt% of 60CNT decreased the k
of the reaction down to 3.3 s at 50 °C, while a further increment up to
5 wt% only slightly increased k up to 4.7 s™! at 50 °C, leaving the
conversion at the same value after 600 s.

As shown in Fig. 8, 60CNT showed a good stability across five cat-
alytic cycles without any appreciable variations. As shown in Fig. 2 a,
OCNT and 60CNT did not show any residue due to AB hydrolysis
products nor further modification, as also emerged from the XPS anal-
ysis of spent materials reported in Table 2. Raman spectrum of spent
60CNT (Fig. 2 b) showed a small appreciable increment of Ip/Ig
reasonably due to the rearrangement of the MWCNTSs bundles due to the
water adsorption and removal.

We further compared the catalytic performances of 60CNT for AB
hydrolysis with those found in the literature for the same reaction based
on metal catalyst. As shown in Table 4, 60CNT showed a AE, compa-
rable with the one achieved by using noble Ni [70] and Ru [71] sup-
ported onto MWCNTs while was lower than PtO supported on MWCNTs
[72]. Nevertheless, the presence of noble metal reduced the conversion
time [73,74] while the use of cheap metals [75] such as copper or waste
based materials [33,76]let to comparable results. Interestingly, the
utilization of ultrasound mediated conditions seemed to stimulate the
activity of carboxylic residues probably due to a a combination of mass
transport and ultracavitaiton phenomena [77,78].
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Fig. 7. Ultrasound-mediated hydrolysis of AB with 1, 2, and 5 wt% 60CNT
at 50 °C.
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Fig. 8. Ultrasound-mediated hydrolysis of AB using 5 wt% 60CNT at 50 °C for
five catalytic cycles.

4. Conclusions

In this work, we demonstrated that the combination of an acidic
supported catalyst together with the ultrasound technique provide an
effective metal-free platform for the hydrolytic release of hydrogen from
AB under very mild conditions. The introduction of surface oxygen-
containing functional groups, in particular carboxylic residues, onto
the MWCNTs significantly enhanced their catalytic activity by promot-
ing adsorption of AB and reducing the E, over 77 % reaching a con-
version over 98 %. Ultrasound irradiation played a critical role in further
improving the system performance by accelerating mass transfer,
increasing the contact between AB and the active site, and enhancing the
desorption of products after hydrogen release. Furthermore, the utili-
zation of ultrasound stimuli allowed to trigger with an on-off hydrogen
release by simply removing the ultrasound source, considering the
negligible hydrogen release from AB without external stimuli.

These results highlight the synergistic role of surface-functionalized
MWCNTs and ultrasonic irradiation in promoting efficient, sustainable
hydrogen generation from AB development of scalable, environmentally
benign hydrogen production systems based on lightweight, non-metallic
catalysts under mild operating conditions.
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Table 4

Comparison of catalytic performance of 60CNT under ultrasound stimuli and other catalytic systems.
Catalyst Particle size Conversion t AE, (kJ mol ™) Catalyst loading (wt.%) Ref.

(nm) (%) (min)

60CNT Micrometric bundles 99 10 36 2° This work
Red mud >100 nm 100 2 19 10 [33]
Fe onto biochar 80 929 15 54 10 [76]
Co/Al,03 13 99 70 62 10 [79]
Fe nanoparticles 60 100 8 Not reported 12 [80]1
Ni nanoparticles <19 100 6 Not reported 10 [81]
Ni/MWCNTs 6 100 4 32 28 [70]
Cu supported onto zeolite 50 100 120 54 2 [75]
Ru/MWCNTs 12 100 1 32 5 [71]
Rh/Al,03 3 100 2 21 2 [74]
PtO/MWCNTs Not available 100 2 46 20 [72]
Ru/zeolite 1 100 8 67 0.5 [73]
2 ) calculated on wt.% of 60CNT added.
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