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Abstract

We report the sonochemical synthesis of hydrogenated metallic microparticles through room-
temperature ultrasonic irradiation of aqueous metallic slurries. The role of saturating gases and of
reduction-oxidation mechanism on promoting the hydride formation is investigated. The method is
then applied to study the synthesis of different metallic hydrides (Mn, Ti) and the hydrogenation of
La(Fe,Mn,Si), 5, an intermetallic compound with magnetocaloric properties used in magnetic

refrigeration applications. The samples were characterized by X-ray diffraction to identify the
presence of hydrogenated phases, by differential scanning calorimetry to evaluate hydrogen release
and temperature stability of the hydrides and by electron microscopy to identify morphological
modifications induced by acoustic cavitation. The hydrogenation of metallic microparticles and
intermetallic compounds is reported for the first time by means of this experimental technique
which could represent a new tool for fast and cheap hydrogenation of materials for different
technological applications, such as hydrogen storage and magnetic refrigeration.

1. Introduction

Hydrogenation of metals and intermetallics is of great interest because of the variety of applications
of metal hydrides, like hydrogen storage systems for fuel cells, nickel metal hydrides batteries,
intermetallic compounds for magnetic refrigeration, in catalysis and metallurgy fields, and in high
temperature superconductors [1], [2], [3], [4], [5]. The ability of absorbing hydrogen is common to
all metals, although the metals differ greatly in how much hydrogen is absorbed and the hydrides
formation is ruled by several parameters of the host metal. Crystal structure type, cell size and the
enthalpy of hydride formation are some of the parameters that play a fundamental role. Cubic
systems, both face-centered (fcc) or body-centered (bcc), are reported to be more suitable for
formation of pure metal hydrides with respect to hexagonal closed packed (hcp) metallic structures
[6], [7], [8]. Many pressure-composition-temperature diagrams report the operating temperature and
pressure conditions in which the hydride formation is thermodynamically favored for each metal or
intermetallic compound, however, from the point of view of applications kinetics of the H,

absorption/desorption process is also important especially for hydrogen storage applications. In this
context intermetallics are very attractive since they can form hydride phases almost spontaneously.
The high density of the stored hydrogen, as well as safety aspects, are the main reasons for the rapid
growth of applied research in this field over the last ten years [9], focused also on thermodynamics
aspects of the metal-hydrogen systems [10], and exploring the synthesis of new materials like
nanoporous particles or thin films to improve hydrogen sorption properties [11]. The methods
usually employed to obtain metallic hydrides involve high pressures (1-100 MPa) and high
temperatures, (300-1000 K), up to the extreme conditions (pressures > 200 GPa and



temperature > 1000 K) of the laser-heated diamond anvil cell technique. Other methods as
electrochemical or solid state reactions [12] have been used, however, to our knowledge, only one
paper reports the use of high intensity ultrasounds to perform the synthesis of a metallic hydride
from an aqueous salt solution [13].

Generation of high intensity ultrasounds in a liquid causes the phenomenon of acoustic cavitation,
that is the formation, growth and violent collapse of bubbles that reach local high temperatures (up

to 5000 K), high pressure (several hundred bars) and extreme cooling rates (10° K/s), together with
the formation of reactive radical species, which depend on the composition of the sonicated liquid
and of the dissolved gases [14]. When bubbles collapse near a solid surface, a shape distortion of
bubbles, with formation of high speed liquid-jets, occurs. This phenomenon is the main origin of the
mechanical effects which bring to erosion, fragmentation of solid particles or solid surfaces and that
is the acting mechanisms for ultrasonic cleaning. Thus, cavitating bubbles act as a sort of micro-
reactor creating extreme physical and chemical conditions within the bubbles and at the
bubble/solution interface despite the bulk solution remains at room temperature. Chemical
applications of this technology, known as sonochemistry, have been used over the last twenty years
for synthesis of materials with unique properties, to accelerate the reaction rate of common
processes, to develop new synthesis routes in organic chemistry and for pollutant degradation in
environmental remediation [15]. Applications of sonochemistry in materials science relies both on
physical and chemical effects, however most of the papers devoted to the synthesis of
nanostructured materials focuses more on exploiting the acoustic cavitation effects in homogeneous
conditions i.e. with metal ions dissolved in solution. On the contrary few works have been reported
on the investigation of the chemical effects of sonication on dispersed metallic particles (i.e in
heterogeneous conditions). Most of the studies on the influence of ultrasound on metal surfaces and
particles have been focused on surface erosion, particles size reduction, agglomeration [16], [17],
[18], [19] or efficient dispersion, without a careful analysis of the ultrasounds effects and chemical
modifications on the inner structure and composition of the treated particles. Because of the lack of
a quantitative understanding of the effects of the cavitating bubbles on solid particles, is difficult to
disentangle the mechanical and chemical effects. The liquid jets impinging on the surface of
particles and the chemical modifications due to radical species arising from collapsing bubbles, act
as synergistic mechanisms that chemically and physically modify the surfaces of the particles. In
the last five years some works on the application of high intensity ultrasounds as efficient tool for
top-down nanostructuring of multiphase metal systems and metallic particles have been reported
[20], [21], [22]. Recent papers by E. Skorb et al. have shown the possibility to conduct ultrasound-
assisted modification of metal particles, demonstrating that interfacial reduction-oxidation reactions
and temperature-driven solid state phase transformations affect the surface composition and
morphology of metals and alloys, respectively. Physical and chemical properties of sonicated
medium, as well as metal particle reactivity, strongly affect the structuring pathways and
morphology. This technique has been recently used to induce sintering process on metallic alloys
microparticles [23], [24], to study the amorphization and the oxidation processes of crystalline
silicon surface treated with ultrasound [25], [26] and their effects on chemical and physical
modifications of silicon g-dots [27] and finally to obtain alkaline-earth metal hydride with the
formation of mesoporous metallic sponges [28]. Here we report the sonochemical hydrogenation of
different metallic microparticles that are commonly prepared by very high pressure and high
temperature processes. According to the literature [6], [7], [8], metals with bcc and fcc structure can
easily form interstitial hydrides because of the bigger empty space within the unit cell and hydrides



of 3d block elements are some of the most thermodynamically favored and stable. For these reasons
our experiments were focused on metallic particles of Manganese and Titanium, which are known
to give stable hydrides at ambient temperature conditions, in order to investigate the role of
different atomic cell structure. Additionally, in order to test this technique on technologically
relevant materials, we investigated the hydrogenation of an intermetallic compound studied for
magnetic refrigeration applications, namely La(Fe,Si,Mn), ;, whose magnetic properties are strictly

dependent on the hydrogen content. Finally, preliminary tests have been carried out on LaNi. as
well an intermetallic compound of great interest in hydrogen storage applications. The results

obtained point out that the sonochemical technique can be seen as a cheap and fast tool for
hydrogenation of metal microparticles and of intermetallic compounds.

2. Materials and methods

2.1. Ultrasonic treatment of metallic slurries

High intensity ultrasonic treatments have been performed by using a 20 kHz sonotrode (Bandelin
HD 2200) equipped with Titanium probes (13 or 19 mm of diameter). Aqueous suspensions of

1.6 wt% of metallic microparticles and intermetallic alloys were exposed to pulsed ultrasounds
(duty cycle 50%) with the sonotrode operating at 50% of the maximum power, for 90 and 180 min,
in a 50 ml or 100 ml glass vessel reactor. For all the treatments performed the temperature of the
solution did not exceed 30 °C, by means of the cooling provided by an ice bath or by a cooling
water jacket (see Fig. 1). Pulsed treatment was chosen to prevent the erosion of the probe tip and to
avoid excessive heating of the solution. According to calorimetric power measurements [29] the
power employed in our experiments corresponds to 10 W. The role of the saturating gas has been
investigated using air-saturated solutions and hydrogen-saturated solutions produced by adding
Sodium borohydride before the sonication treatment (NaBH,,: metal particles weight ratio was 2:1

or 4:1). To avoid the oxidation of metallic particles, in some experiments the effect of a coating
polymer like polyvinyl alcohol (PVA, M, 89000-98000 Da) has been also investigated. Metal

microparticles of Mn,Ti and a La(Fe,Si,Mn), , magnetic compound have been used for these

experiments. All the samples were centrifuged after treatment and let dry overnight before
characterization.

2.2. Materials characterization

The sample phase composition of the metallic powders was investigated by means of X-ray
diffraction (XRD) in Bragg-Brentano geometry, with Cu Ka radiation, both in the as-received state
and after sonochemical treatments. Lattice parameters, a,, have been extrapolated from a linear fit

of the a,,, vs cosBcotgh plot of all the available experimental reflections. Morphology of the

powders has been studied by means of field-emission scanning electron microscopy (SEM). The
samples phase transformations and the release of hydrogen upon heating was monitored by power-
compensation differential scanning calorimetry (DSC) with a heating rate of 10 K/min. On each
sample two heating and cooling scans under the same temperature program were performed to
evaluate the reversibility of the processes. The DSC curves displayed below were obtained from the



subtraction of the second heating run from the first one in order to get rid of the baseline signal of
the DSC cell.

3. Results and discussion

3.1. Ultrasonic treatment of Mn microparticles

Manganese is a quite active metal and, according to its Pourbaix diagram, it is never immune in

contact with water, being capable to react with it either oxidizing to Mn®" ion or forming
passivating insoluble species such as Mn(OH), or Mn oxides of different oxidation state, depending

on pH and electrode potential [30]. The stable allotrope of Manganese at atmospheric pressure and
room temperature is a-Mn, with a complex cubic cell containing 58 atoms, stable up to 710 °C.
However, at higher temperatures Mn can exist in other allotropic forms, namely 3-Mn, y-Mn and 6-
Mn, all with cubic lattices of different symmetry. Under hydrogen pressure and at high temperatures
Mn is able to form four different hydride phases: two ‘low pressure” hydrides, namely a-MnH, and

B-MnH_ (with x <0.1), are solid solutions of hydrogen in a-Mn and 3-Mn, respectively, stable up to
p(H,) < 0.8 GPa; these are transformed into ‘high pressure’ hydrides: e-MnH, with a hcp cell
(x> 0.65) at lower temperatures, and y-MnH, (0 <x <0.5) with fcc structure, at higher temperatures

[8], [31]. In all hydrides H atoms partially occupy octahedral interstitial positions. To test the
chemical effects of ultrasonic treatment on metallic manganese we have studied two different
conditions, in order to assess the influence of the dissolved gas on hydride formation, namely: the
sonochemical treatment in deionized water and the sonochemical treatment in presence of a
hydrogen-releasing agent (NaBH,), dissolved in water solution. A control experiment with Mn

powder immersed in deionized water for 90 min and for 30 days, without any reactant and without
ultrasonic irradiation has been carried out as well. In addition, the effect of PVA as coating polymer
has been also investigated. Table 1 summarizes the different experimental conditions used and the
produced samples, along with their ID, used for the sake of brevity in the rest of the discussion.

Table 1. Summary of experimental conditions tested during the sonochemical experiments on Mn
powders and qualitative phase composition of the resulting samples. The lattice parameter of the
cubic Mn(H) phase is reported together with the standard error of the linear fit performed to
calculate it.

Condition Treatment Sample ID Phases detected
o o-Mn,
Starting material none Pristine Mn a, =8.9197 +0.0007 A
powder
Mn,0 ,(traces)
a-MnH, cubic,
Susp?nsion in water a,=8.930 % 0.001 A
90 min NAT-short
‘Natural’ oxidation i no coating Mn,O,
atural’ oxidation in MnOOH (traces)

deionized water ]
. o-MnH_ cubic,
Suspension in water X

30 days NAT-long a,= 8.952 +0.002 A
no coating e-MnH,) 5. hexagonal



Condition

Treatment

US irradiation 90 min

Sample ID

Phases detected
MnSO 4
a-MnHXcubic,
ag = 8.958 + 0.002 A

no coating US-water €-MnH,; 5. hexagonal
Sonochemical treatment in Mn;0,
deionized water a—MnHXcubiC,
US irradiation 180 min US-PVA a,=8.951+0.002 A
PVA coating €-MnH,) 5. hexagonal
Mn,0 ,(traces)
O(-MnHXcubic,
us irradiatiqn 90 min a, = 8.944 £ 0.002 A
NaP.)H4 SOIPUOH e-MnH,j ¢ hexagonal
(weight ratio US-H2 2:1 MnO

NaBH,:Mn = 2:1) 2
Mn,0, (traces)

Sonochemical treatment in H,- no coating
Mn(OH)), (traces)

rich solution
US irradiation 180 min
NaBH 4 solution

(weight ratio
NaBH,:Mn = 4:1)

no coating

a-MnH, cubic,
a,=8.959 £ 0.002 A
e-MnH,, o hexagonal
MnO (traces)

US-H2 4:1

A first series of experiments involved the sonication of aqueous suspension of Mn microparticles,
and their results were compared to the ‘natural oxidation’ in water. Fig. 2 displays the XRD patterns
of selected samples treated in deionized water: as one can see from Fig. 2A the Mn peaks of the
NAT-short sample (see the details in Table 1) are slightly shifted towards lower angles, indicating a
cell expansion with respect to the pristine Mn powder. A short treatment in deionized water (sample
ID: ‘NAT-short’) is indeed sufficient to produce a slight oxidation of the Mn powder, and, as a result
of availability of hydrogen gas produced through the redox reaction, also a detectable change in Mn
lattice parameter (see table I) due to interstitial hydrogen incorporation into the cubic metal cell.
The process can be described by the following reaction:

4Mn + 4H,0 — Mn,O; + MnH, + (4-x)H, (1)

In the ‘NAT-long’ sample, kept in water for 1 month, the oxidation proceeded to a greater extent,
giving rise to: i) a higher fraction of Mn,0, (hausmannite); ii) a much greater increase of the cubic

a-MnH, lattice parameter and iii) the appearance of the hexagonal hydride, with stoichiometry

MnH The XRD patterns in Fig. 2A can be compared with the ones in Fig. 2B, where the Mn

0.85°
powders suspended in water were irradiated with high intensity ultrasounds for 90 min, with and
without the addition of the coating polymer PVA: in the uncoated sample (ID: ‘US-water’) three
phases are present: the cubic ‘low-pressure’ hydride, a-MnH_, the hexagonal ‘high-pressure’



hydridee-MnH, 4,

(8.958 A) than the one of the corresponding naturally oxidized sample (8.930 A), indicating a
higher degree of hydrogen incorporation into the metal lattice. Thus, during ultrasonic irradiation
both oxidation and hydrogenation processes are greatly enhanced, indicating an acceleration of the
reaction (1) induced by ultrasounds.

and Mn,0,. The calculated lattice parameter of the cubic hydride is much larger

Since in these conditions a strong oxidation of the metallic particles occurs, the same treatment was
performed in an aqueous suspension containing 0.5% of polyvinyl alcohol: as expected, the sample
treated in presence of PVA has a lower content of Manganese Oxide because of the capping action
of PVA which prevents particles oxidation, while both Mn hydrides are again formed. Since the
partial oxidation of the sample is commonly an unwanted effect, we decided to treat our samples in
hydrogen-rich solutions in order to increase the amount of hydrogen available for reacting with
metallic particles and to prevent the oxidation effect. For this purpose aqueous solutions of NaBH,,

have been employed to suspend the metallic microparticles. Sodium borohydride is a well known
reducing agent in aqueous solutions and its hydrolysis reaction can be exploited for the generation
of hydrogen in situ [32], according to the reaction:

NaBH, + 2H,0 — Na' + BO,” + 4H, ()

The metaborate ion (BO,") is strongly basic so, hydrogen evolution is accompanied by an increase

in pH of the solution due to its hydrolysis reaction, which, in turn, causes a decrease of the rate of
reaction (2).

In this case (see Fig. 3) the formation of both cubic and hexagonal Mn hydrides is attained without
significant oxidation. The sample treated in solution with higher NaBH ,;:Mn weight ratio (US-H2

4:1) shows a higher degree of hydrogenation of the cubic a-MnH,_ phase (a,=8.959 A vs 8.944 A)
and a higher phase fraction of the hexagonal MnH,; 4. phase, with respect to sample US-H2 2:1.

Small intensity peaks of different Mn oxides and hydroxide were also observed.

Fig. 4 displays the SEM images of selected Mn samples, namely: the pristine powder (A), the US-
water sample (B), the US-PVA sample (C) and the US-H2 4:1 sample (D). From their comparison it
is evident that:i) ultrasonic irradiation produces erosion of the particles edges, which appear
rounded in all the treated samples; ii) the surface morphology of the PVA-coated sample is quite
different from the uncoated ones, the latter being characterized by tiny crystals (100—200 nm in
diameter) surrounding the particles, presumably composed of Mn-oxide species, also detected in the
corresponding XRD patterns. The particles of the PVA-coated sample are instead quite smooth and
free from nanocrystals growth, in agreement with the results of XRD analysis in Fig. 2B, fact that
demonstrates the effective protection of PVA against oxidation.

DSC scans show the heat exchanged during sample heating and cooling over a defined temperature
range. Fig. 5 reports the DSC curves of all the studied Mn samples: an endothermic irreversible
event due to hydrogen desorption, with onset at about 150 °C and a peak temperature variable in the
range 230-290 °C, is observed in all samples except the pristine Mn powder. This technique
confirms the results of the diffraction experiments showing that even the slight oxidation of Mn
produced by a short treatment in water is sufficient to partially hydrogenate the metal. In more
extreme conditions (i.e. long oxidation or sonochemically-driven reactions) the amount of hydrogen



absorbed is greatly enhanced and a rich variety of behaviors is observed, which deserves further
investigation.

3.2. Ultrasonic treatment of Ti microparticles

Titanium has been chosen because it forms a very stable hydride at ambient temperature and
pressure and its formation is thermodynamically favored. Usually this material is synthesized using
high pressure and high temperature conditions as the increase of temperature modifies the atomic
cell from hcp to bcc, allowing the hydrogen enter more easily into interstitial sites of the metallic
structure [7], [8]. We have performed several trials using simple aqueous suspension of Ti, and
suspension of Ti in NaBH,, solution, as in the case of Mn, but it was not possible to identify any

Titanium hydride phase by XRD measurements. Indeed it is worth noting that, the hcp cell of Ti has
octahedral sites quite large compared to the hydrogen radius, so the interstitial insertion of H atoms
in hcp-Ti may not produce large effects on the cell size, making it harder to detect the formation of
a Ti-H solid solution by XRD characterization. DSC measurements were then performed to spot any
signal of hydrogen release upon heating, but their results were not conclusive: a very small
endothermic signal was detected at low temperature (130 °C) only in samples treated in NaBH,,

solution, but a possible contamination of the sample with borate species with a certain amount of
crystal water (borax, tincalconite), residue of the reaction solution, may also explain this small
signal observed. It appears that, despite the thermodynamic stability, the hcp-cell and the presence
of a very efficient passivating native oxide layer on the metal represent a limit for the formation of
stoichiometric Titanium hydride by means of the sonochemical technique.

3.3. Ultrasonic treatment of La(Fe,Si,Mn)13 intermetallic compound

The La(Fe,Si,Mn), , intermetallic compound is a magnetic phase which exhibits magnetocaloric

effect, i.e. a temperature change due to the reversible magnetization and demagnetization process,
driven by an applied field. This effect is related to the entropy change between the
ferromagnetically ordered state and the paramagnetic disordered state. To exploit this temperature
change in the cooling cycle of a refrigeration device, the ferromagnetic (FM) to paramagnetic (PM)
transition temperature (Curie temperature) of the material has to be close to the operating
temperature of the device (i.e. room temperature). Interestingly, the Curie temperature of the
La(Fe,Si,Mn), , intermetallic can be modified by inserting interstitial hydrogen within the metal

lattice, that forces the cubic cell to expand [33]. In particular, the transition temperature from the
ferromagnetic to the paramagnetic state can be shifted around room temperature, making the
hydrogenated compound La(Fe,Si,Mn), ,H_ one of the most studied materials for magnetic

refrigeration applications [34].

For this reason this magnetic compound has been used as a benchmark material to evaluate the
effectiveness of the sonochemical (SC) process in comparison with the conventional hydrogenation
technique, since its magnetic properties and thermal stability, which are strongly dependent on
hydrogen content, are already known [34], [35]. Usually hydrogen adsorption of La(Fe,Si,Mn),, is

performed in pure hydrogen atmosphere at high temperature (0.9—1 bar, 450-500 °C) [35]. As a

starting material we used an intermetallic of nominal composition LaFe,; ,-Si; ,gMn ,-H; o (for

1.28
the sake of brevity called ‘Pristine compound’) which had been already hydrogenated by the



conventional process and we thermally treated it at 450 °C for 15 min, to promote hydrogen
desorption (producing the ‘Dehydrogenated compound’), according to the reaction:

La(Fe,Si,Mn);3Hy + heat — La(Fe,Si,Mn);; + x/2H,

Then, the dehydrogenated compound was sonochemically treated to induce hydrogen uptake again.
The ultrasonic treatment was performed in NaBH,, solution, to prevent sample oxidation and to

accelerate the rate of hydrogen absorption. As it shown in Fig. 6, through the XRD peak shape it
was possible to follow the hydrogenation process of the La(Fe,Si,Mn),, compound performed by

the sonochemical method. The process occurred in an incremental way after repeated treatments.
The first treatment in NaBH,; solution for 90 min produced a partial hydrogenation of the sample: a

broad range of compositions was formed, with the tower-like XRD peak profile revealing an almost
continuous increase of the lattice constant due to the incorporation of hydrogen into the
intermetallic lattice. After 180 min of sonochemical treatment the compound was fully re-
hydrogenated: its diffraction pattern and peak shapes were practically coincident with the ones of
the pristine sample obtained through the gas-phase hydrogenation process, revealing that this
technique can be used as a fast method to hydrogenate intermetallics too.

This is confirmed by the DSC curves shown in Fig. 7: the pristine compound shows two major
endothermic events that are absent in the dehydrogenated compound: a small peak due to the
reversible FM-PM transition and a huge peak due to the heat absorbed during hydrogen release
from the metal lattice (irreversible process). The same features are observed in the sonochemically
treated sample: the FM-PM transition in SC-treated sample is restored to the same temperature as in
the original compound, an indirect evidence that the hydrogen content introduced into the metal
lattice by ultrasonication is equivalent to the one of the conventional process; besides, a huge signal
associated to hydrogen desorption is a further demonstration of the effectiveness of the
sonochemical treatment. The onset of the hydrogen desorption process is shifted towards higher
temperatures for SC-treated samples, a fact that deserves further investigations, since, contrary to
the case of hydrogen storage materials, here the thermal stability of the hydrogenated compound is a
beneficial property for its long-term application in magnetic refrigeration devices.

3.4. Possible mechanism of sonochemical hydrogenation

The results obtained with Mn microparticles evidenced that: i) spontaneous surface oxidation
reactions in pure water supply enough hydrogen to promote a partial hydrogenation of the metal
(interstitial solid solution) or even the formation of a 'high pressure' hydride with crystal structure
different from the host metal; ii) hydrogen adsorption can be greatly accelerated by ultrasonic
treatments. Usually hydride formation is described by the reaction:

M + x/2H, - MHx

in which M represent the generic metallic phase. To accomplish this, the H, molecule has to be

dissociated leaving H radicals enter the structure as an interstitial atom. As a result, an a-hydride
solid solution, containing hydrogen randomly distributed within the metal lattice, is formed.
Interstitial hydrogen is responsible of the cell size expansion, as it was observed for both Mn and
La-Fe-Si-Mn samples; then, after reaching a critical concentration, stoichiometric hydride formation
occurs and new hydride phases are detected. To explain the acceleration of the process induced by



the sonochemical treatment we must consider that during sonication treatments several concurrent
events are taking place. Firstly, the well known formation of H. and OH. radicals during sonication
of water (water sonolysis) [36] can accelerate the hydride formation process, secondly, the high
shear stress and mechanical forces on particles surfaces arising from bubbles oscillation and
collapse, can increase the diffusion of hydrogen within the interstitial sites of the materials.
Baidukova et al. [28] investigated the formation of Mg hydride particles under high intensity
ultrasounds, observing that the formation of chemically modified nanostructured particles can be
seen as a combination of these two effects. The results reported here show that the nature of the
metal strongly influence this mechanism. Passivating properties, instability of the hydrides or
thermodynamic barriers may hinder or prevent the hydrogenation as for the case of Ti particles that
we have investigated. Additionally it should be considered that in common processes of gas-solid
synthesis of hydrides (i.e. high pressure and high temperature) several steps which facilitate the
introduction of hydrogen into the interstices can be accomplished at the same time, such as the
structural phase transition to high temperature phase of the metal, and the thermal expansion of the
metal lattice. Although the extreme conditions achieved by high intensity ultrasonic treatments, in
some cases it was impossible to obtain pure metallic hydrides with this method. However the
sonication of metallic particles in hydrogen-rich solutions opened new possibilities. By means of
NaBH, hydrolysis the formation of hydrides and diffusion process within the metal can be

accelerated and this could be beneficial for the case of intermetallics which may require the
repetition of several cycles of hydrogen adsorption/desorption in conventional hydrogenation
processes. During the sonication treatment hydrogen-rich bubbles nucleate in the bulk solution and
on metal particles surfaces, increasing the amount of H [37] radical that can be injected within the
particles by the mechanical effects of cavitation. The consequences of this mechanism have been
clearly observed on both elemental metals and intermetallics from SEM characterization. In Fig. 8
the SEM pictures of the surface of coarse particles (~1 mm) of the La(Fe,Si,Mn), , compound

before and after the sonochemical treatment are compared: although some hemispherical pores,
formed during alloy solidification, are visible in the dehydrogenated sample (left), in the SC-treated
sample (right) new morphological features are evident, i.e. small round craters that could be seen as
the “trace” of the impact of collapsing bubbles on metallic surfaces.

Another synergistic effect of the ultrasonic treatment arises from the fact that, as the hydrolysis of
NaBH,, occurs, the increase of pH causes a decrease of the reaction rate reducing the H, gas

formation, however the ultrasonic pulse induces the nucleation of hydrogen gas bubbles released
into the solution acting as sort of accelerating tool of the reaction rate.

4. Conclusions and perspectives

The results obtained in this work show for the first time the possibility to use a simple ultrasonic
set-up to synthesize metallic and intermetallic hydrides at room temperature and atmospheric
pressure. The sonication of metallic and intermetallic particles slurries has been investigated both in
pure water and in solution of a hydrogen-releasing reactant and the insertion of hydrogen atoms
within the metal lattice, with formation of stable metal hydrides, has been demonstrated. The
experimental conditions affecting the process have been investigated and optimized to obtain the
sonochemical hydrogenation of an intermetallic compound whose magnetic properties (e.g. the FM-
PM transition temperature) are well known and highly dependent on hydrogen content. The results
reported here show as ultrasonic treatments can be used as a tool for top-down nanostructuring of



multiphase metal particles in order to obtain metal hydrides which commonly would require pure
H, atmosphere with high pressures (~1 GPa). These experiments reveal as acoustic cavitation can

be exploited as a cheap and fast synthetic method in fields still unexplored. As an example,
preliminary results obtained on LaNi (here not shown) indicate that this method could be

promising also for hydrogen storage materials. Further investigation is needed to better understand
the thermal behavior and stability of the hydride formed by this method and to compare it with the
ones of the conventional hydrogenation process.
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Fig. 1. Scheme of the experimental set up used for ultrasonic treatment of metallic microparticles.
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Fig. 2. X-ray diffraction patterns of selected Mn samples treated in deionized water: panel A)
Natural oxidation condition: the sample was suspended in water for a short period (90 min, ID:
NAT-short) or a longer one (1 month, ID: NAT-long); panel B) Sonochemical treatment in water:
samples irradiated in US with and without PVA are compared. The pattern of the untreated Mn
starting powder is also shown in both plots for comparison. Symbols identify the phases
corresponding to the Powder Diffraction File (PDF) quoted in the legend. Peaks without symbols
correspond to a-Mn(H).
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Fig. 3. X-ray diffraction patterns of selected Mn samples treated in NaBH,, solution. Symbols

identify the phases corresponding to the Powder Diffraction File (PDF) quoted in the legend. Peaks
without symbols correspond to a-Mn(H).

Fig. 4. SEM images of selected Mn samples: pristine powder (A), US-water sample (B), US-PVA
sample (C) and US-H2 4:1 sample (D). See Table I for details on samples’ treatment and phase
composition.
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Fig. 5. DSC scans of the Mn samples (see samples ID in Table I). Each curve is obtained by
subtraction of the signal of the second heating run from the first heating run performed on the same

sample. Endothermic signals are reported as positive peaks.
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Fig. 6. X-ray diffraction patterns of the La(Fe,Si,Mn), , samples, before (dehydrogenated

compound) and after (SC-treated samples) sonochemical treatments of different duration. The XRD
pattern of the pristine compound (the starting powder prior to hydrogen desorption by thermal
annealing) is also reported for comparison. A small angular range is considered to better display the

peaks shift. Indexed peaks correspond to the cubic La(Fe,Si,Mn), ,(H) phase.



| — classically hydrogenated compound (phstine sample)
| SC-hydrogenated sample (180 min)
—— dehydrogenated compound

5 -
irreversible
I.'[\ - dehydrogenation

i
endo up

v
‘I_EII
=
=) |
5 2 reversible FMIPM |
=3 1 transition f
|
1- |
] L]
u-g:;%ﬁL‘ —
5 I e I & L] 4 I
0 100 200 300 400 500

Temperature ("C)

Fig. 7. DSC scans of the classically hydrogenated sample (pristine compound) and of the
sonochemically (SC) hydrogenated sample. The scan of the dehydrogenated compound, showing no
relevant features, is also reported for comparison. All the curves are obtained by subtraction of the

signal of the second heating run from the first heating run performed on the same sample.

Endothermic signals are reported as positive peaks.

Fig. 8. SEM images of the surface of coarse particles (~1 mm) of the La(Fe,Si,Mn), , compound

A) dehydrogenated compound before the sonochemical treatment; B) sonochemically treated
sample with the characteristic traces of microcavities induced by bubbles formation/collapse.
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