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ARTICLE INFO ABSTRACT

Handling editor: Dr. E.A. Veziroglu Hydrogen storage systems have become of great interest particularly especially for those that conjugate a high
storage capacity together with high safety standards. Chemical storage using amino borane has attracted a great
interest and ammonia borane is playing a major role in the field due to the hydrogen storage capacity up to 19 wt
%. Nevertheless, the hydrogen evolution from ammonia borane is a matter of great complexity and hydrolytic

methods represent the simpler way to approach it. Actually, the ammonia borane hydrolysis is carried out by

Keywords:
Ammonia borane
Hydrogen storage

Pig manure . . i .
Hydrogen evolution using complex catalysts not containing critical raw materials and/or noble metals. In the present work, we report
Hydrolysis the production of iron based heterogeneous catalyst support onto carbonized pig manure. The complexity of this

waste stream was very helpfully to provide an active surface for the anchoring of iron nanoparticles and pro-
moting the hydrogen evolution form hydrolysis of ammonia borane reaching a conversion of 98.3 % at 50 °C
with an iron loading of 10 wt%. The catalytic system reduced the activation energy of the reaction up to 51 %
increasing the kinetic constant of the reaction of one order of magnitude. Furthermore, the stability of the
catalytic system was preserved after three cycles without appreciable changes.

1. Introduction

In the current era, energy resources are becoming increasingly
scarce, posing significant challenges to the environment’s quality and
overall health [1]. To address this issue, numerous initiatives have been
deployed with the ambitious goal of completely transitioning away from
fossil fuels and establishing a carbon-negative society in the coming
decades [2]. This paradigm shift envisions a transitional period where
various eco-friendly energy sources and vectors will lead the way to-
wards a sustainable society [3]. Among the promising approaches to
achieve a carbon-negative production network, the hydrogen-based
economy stands out, especially when considering technologies capable
of producing green and blue hydrogen [4]. However, the widespread
adoption of a hydrogen-based economy faces two critical challenges:
efficient hydrogen production and safe storage. Regarding hydrogen
production, intense research has been dedicated to improving produc-
tion systems, resulting in significant advances in advancements in sus-
tainable production through electrolysers [5-7]. Nevertheless, the
hydrogen storage still remains a major unsolved issue in the field [8].
Currently, large hydrogen volumes are stored as liquid hydrogen in

expensive insulated vessels, which can lead o product losses due to
accidental spill and evaporation limiting to those applications that
require high volume and pure gas under strictly controlled conditions
such as chemical and aerospace industries [9].

Expanding the use of hydrogen beyond industrial sectors needs
alternative storage technology that fullfill stringent safety requirements
[10] and exhibit high gravimetric specific capacity [11]. While physi-
osorbed approach based on porous materials (i.e. metal/chemical
organic frameworks [12-14], inorganics [15], carbon [16]) offer a
reasonable safety, they are restricted by the Chahine rule, which limits
to 1 wt% of adsorbed hydrogen per 500 m?%/g of surface area [17] and
require low temperature for storage.

Alternatively, chemical hydrogen storage routes offer promising so-
lution, yelding storage material with high gravimetric specific capacity
in compounds such as ammonia [18] or methane [19]. However, this
method requires high release temperature.

A more promising and facile chemical hydrogen storage pathway
involves the use of species such as ammonia borane (AB), which can
release hydrogen through thermolysis or hydrolysis [20]. AB can reach a
remarkable 19.6 wt% value of high theoretical gravimetric hydrogen
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Table 1
TGA program used for the evaluation of proximate analysis of PM and Fe@PM
Starting temperature (°C) Ending temperature (°C) Hold time at ending temperature (min) Heating rate (°C min 1) Atmosphere
1°step 30 110 30 20 Ny
2° step 110 950 7 20 Ny
3° step 950 760 60 20 Air

a) Constant flux of carrier and protective gas of 20 mL min !
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Fig. 1. Spectroscopic investigation through a) FT-IR (ATR mode) of PM (blue line) and Fe@PM (black line) and through b) Raman spectroscopy of Fe@PM in the
region from 250 up to 2200 cm™!. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Table 2
Proximate analysis of PM and Fe@PM calculated in according with Torquato
et al. [46].

Proximate analysis

Sample Moisture (wt.%)  VOCs (wt.%)  Fixed carbon (wt.%)  Ash (wt.%)

PM 1.5 34.8 39.1 24.6

Fe@PM 0.7 12.5 32.4 54.4
Table 3

EDX analysis of fresh Fe@PM and Fe@PM after three catalytic cycles.

Elements Fe@PM (wt.%) Fe@PM after three catalytic cycles (wt.%)
Cc 37.3 34.5
o 23.3 24.3
Na 0.3 1.2
Mg 0.4 0.6
Al 1.0 1.1
Si 0.8 1.2
P 1.9 1.1
S 2.3 3.1
Cl 0.5 0.6
Ca 7.6 6.4
Fe 24.5 25.9

storage capacity up the remarkable. While thermolysis of AB involves
several complex pathways with the release of complex species [21], AB
hydrolysis stand up for its simplicity, requiring only water as additional
reagent. Various catalytic routes have been explored for AB hydrolysis,
including ionic liquids [22-24], porous materials [25,26] and nano-
structured supported catalysts [27,28]. Among these option, nano-
structured supported catalysts are particularly intriguing due to
exceptional performance and ease of recyclability, although they are
often based on complex textured materials (i.e. carbon nanotubes [29],
graphene oxide [30]) containing critical raw materials (e.g. cobalt [31],
platinum [32], palladium [33], ruthenium [34], rhodium [35]).
Recent research efforts have focused on developing effective catalyst
based on non critical raw materials [36] potentially exploiting waste-
streams as sustainable sources [37,38]. In the present work, we present
the development of an iron tailored carbonized pig manure (Fe@PM) as

an efficient hydrogen evolution through ammonia borane hydrolysis.
Pig manure (PM) management contributes significantly to greenhouse
gas emissions, accounting for up to 18 % total annual emission [39], and
contains organic matter [40] and several inorganics such as phosphates,
nitrates and chlorides [41]. The complex nature of PM may prove
beneficial for the catalyst production as reported by several authors in
literature [42]. In this research, we reduced mixed an iron based pre-
cursor with pig manure and formed iron based nanostructures using a
carbothermal reduction process for the exploitation of hydrogen evo-
lution from ammonia borane water solutions.

2. Materials and methods
2.1. Materials

Ammonium sulphate (>98 %), Sodium Borohydride (>99 %), Iron
(III) nitrate nonahydrate (>98 %) and tetrahydrofuran (>98) were
purchased from Sigma Aldrich and used without any further
purifications.

PM was provided from local farmers (Piemonte, Italy) and sterilized
in autoclave at 120° for 1 h and dried for 72 h at 105°.

2.2. Methods

2.2.1. Synthesis

AB was synthesized and purified accordingly with experimental
procedure reported by Ramachandran et al. [43].

Fe@PM was produced according to Tamborrino et al. [44]. 50 g of
dried PM was suspended in 250 mL of deionized water together iron
nitrate with a weight ration of Fe/PM of 1:10 (considering the PM
without the its ash content). The mixture was stirred for 10 min and
dried in a ventilated oven at 105 °C overnight. The dried material was
used without any additional purifications. Fe@PM was prepared
through a carbothermal process using a tubular furnace (Carbolite TZF
12/65/550) in nitrogen atmosphere with a heating rate of 10 °C/min
and kept at 550 °C for 30 min.

2.2.2. Materials characterization

Fe@PM were preliminary characterized through Fourier
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Fig. 2. FESEM captures at different magnifications of fresh a-b) Fe@PM and c-d) Fe@PM after three catalytic cycles.
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Fig. 3. XRD analysis from 10 to 80° 2Theta Fe@PM (black line) and Fe@PM
(red line) of after three catalytic cycles. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of
this article.)

transformed infrared (FT-IR) spectroscopy in the range from 500 to
4000 cm ™! using a spectrometer Nicolet 5700 (Thermoscientific) oper-
ated in attenuated total reflectance (ATR) equipped with a diamond
window (Smartorbit, Thermoscientific) and through Raman spectros-
copy using a Renishaw inVia (H43662 model, Gloucestershire, UK)
equipped with a green laser line (532 nm) and a 50 x objective. Raman
spectrum was collected from 250 to 4000 cm ™' and D and G peaks were
fitted by using the protocol reported by Tagliaferro et al. [45].

Fe@PM specific surface area was measured through Ny sorption at
196 °C on a micrometrics Tristar II instrument (Micromeritics Instru-
ment Corporation, USA) using the Langmuir model.

XRD analyses were performed by using Panalytical X’PERT PRO
PW3040/60 diffractometer (Cu K o radiation at 40 kV and 40 mA,
Panalytical BV, Almelo, The Netherlands). The diffraction spectra were
obtained from biochar powder in the 20 range from 10 to 80 °with a step
size of 0.013°. XRD spectra were analysed by using freeware software

QualX software. Only species with a quality match of 80 % or higher
were reported.

Proximate analysis of PM and Fe@PM were carried out accordingly
with the procedure reported by Torquato et al. [46] using thermogra-
vimetric analysis (TGA) using a TG 209F1 Libra a three step program as
reported in Table 1.

The weight loss of the first step is due to the release of moisture, the
weight loss of the second step is due to the volatile organic matter
(VOCs) and the weight loss of the last step is the fixed carbon. The
residue amount after the third step is the total ash content.

Surface functionalities and atomic species oxidation states of Fe@PM
were investigated through X-ray photoelectron spectroscopy (XPS) using
a X-ray photoelectron spectrometer PHI 5000 Versaprobe Physical
Electronics (Chanhassen, MN, USA) and a monochromatic Al K-a X-ray
source with 1486.6 eV energy, 15 kV voltage, and 1 mA anode current.
High resolved spectra of Cls, Ols and Fe2p were fitted by using
Gaussian lineshape for each component and a Shirley one for the base-
line. We used a Levenberg-Marquardt algorithm for the fit and obtaining
uncertainties of up +1 % for each components [47,48].

The morphology and elemental analysis of Fe@PM were investigated
using a Field Emission Scanning Electrical microscope (FE-SEM) Zeis
SupraTM 25 (Oberkochen, Germany) equipped with an energy disper-
sive X-ray detector (EDX, Oxford Inca Energy 450, Oberkochen,
Germany).

2.2.3. AB hydrolytic test for hydrogen evolution

AB hydrolysis was carried out at different temperatures (30, 40 and
50 °C) in nitrogen atmosphere. Fe@PM was put in a two-necked round-
bottom flask connected to a gas burette and another to an addition
pressure-equalized funnel. Fe@PM was stirred at 300 rpm for 10 min
and AB was added reaching a final concentration of up 0.5 M. and a AB/
Fe ratio of 0.0, 5.0 and 10.0 wt%. The hydrogen evolution was moni-
tored using the gas burette considering the external pressure and tem-
perature. After the reaction was ended the catalyst was recovered by
filtration, dried at 50 °C and 20 mbar until constant weight prior to be
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 as reported by
Abutaleb et al. [49] and activation energies (AG,) were calculated by
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()

Intensity (arb.un.)

——Cls

——C sp?
—C-X(X=0,N)
—C=0

—— COOH

n-n"

— Fitted spectrum

280

(b)

Intensity (arb.un.)

T T 1
285 290 295

Binding energy (eV)

—Ols
—C-0
—C=0

—— COOH

Fe-O

Fitted spectra

Intensity (arb.un.)

T T
530 535

Binding energy (eV)

Fe(l) 2 p,,
Fe(ll) 2 p,»
Satellite
Fe(ll) 2 p3),
Fe(lll) 2 py
Satellite
Fitted signal

Intensity (arb.un.)

Intensity (arb.un.)

Intensity (arb.un.)

International Journal of Hydrogen Energy xxx (xxxx) xxx

—Cls
——Csp?
—— C=0C-X (X=0,N)
—C=0
COOH
— Fitted spectrum

—Ols
—C-0
—C=0
—— COOH

- Fe-O
Fitted spectra

O]

T T
530 535

Binding energy (eV)

Fe2p
Fe(Il) 2 py ),
Fe(Ill) 2 py,
Satellite
Fe(II) 2 p3/
Fe(I1l) 2 py,
Satellite
Fitted signal

T
730

T
720

Binding energy (eV)

T
720

Binding energy (eV)

Fig. 4. XPS analysis (Cls, Ols, Fe 2p) of a-c) Fe@PM and d-f) Fe@PM of after three catalytic cycles.

Chemical functionalities distribution obtained from XPS analysis of C1s, O1s and

Fe 2p) spectra.

Chemical functionalities”

Fe@PM (%)

Fe@PM after three catalytic cycles (%)

C spz
c-0
Cc=0
COOH
c-0
c=0
COOH
Fe-O
Fe (I)
Fe(1Il)

Carbon

Oxygen

Iron

53
31
11
5

19
53
12
17
40
60

58
29
11
3

13
55
14
18
41
59

# Uncertainty of +1 %.

using Arrhenius equation [50].
3. Results
3.1. Characterization of the catalysts

PM is a complex feedstock but as reported by Saeys et [51]. with a
quite regular inorganic composition. The preliminary characterization
of the materials was run by spectroscopic methods as reported in Fig. 1.

As reported in Fig. 1 a, the FT-IR spectrum of PM showed a material
still rich in organic matter with broad bands centered at 3275, 3160,
2937 cm ™! respectively due to voy, and unsaturated and saturated vcy.
The presence of unsaturated compounds was also supported by the
broad vc—¢ band centered at 1656 cm ™' while the presence hydroxyl
function was confirmed by the vc.o centered at 1218 cm~ . The FT-IR
spectrum of Fe@PM was considerably simpler than the previous one
showing only a broad band centered at 1021 cm ! due to the hydroxyl
residues contained into the carbonized PM structure. Furthermore, the
presence of the peak centered at 779 cm ™' (Upeo) proved the presence of
iron oxide formation in Fe@PM as reported in literature [52]. Raman
spectrum of Fe@PM (Fig. 1 b) allowed us to evaluate the organization of
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Fig. 5. Hydrogen evolution test with a loading of Fe of a) 0 wt%, b) 5 wt% and c) 10 wt%. Fe loading is calculated based on EDX analysis.

Table 5
Values of k and AG, of hydrolysis of AB under different loading of iron.

Fe loading (wt.%) k(™ AG, (kJ/mol)
30°C 40°C 50 °C
0 0.7¥1073 0.9¥1073 4.0¥1073 111
101072 3.0v1073 6.0v1073 84
10 5.0v1073 7.0¥1073 20.0%10° 54
100 H [ EEEN EEEE SRS BN |
IR = B B B B R
90 : [ B
» m
. . |
80 "o
s
70 4
= £
X 60
N - .
[= LR
=) u
& 504 .
[
z .
S 40"
o |
304 ®
20 15tcycle
04 = 2%cycle
i 3cycle
O T T T T T T T T T
0 100 200 300 400 500 600 700 800 900
Time (s)

Fig. 6. Hydrogen evolution test with a loading of Fe up to 10 wt% during three
catalytic cycles run at 50 °C. Fe loading is calculated based on EDX analysis.

graphitic carbon formed during the carbothermal reduction process
through the estimation of both intensity ratio of the D and G bands (Ip/Ig
ratio) [40] and the average length of graphitic clusters diameter (L,)
[53]. The D peak centered at 1322 cm ™! was quite broad compared to G
peak centered at 1591 em ! with a resulting Ip/Ig ratio up to 3.4. This
value is quite high and suggest the presence of highly disorganized
carbon matrix [44,54-59]. Accordingly, the average value of L, is up to
13 A and it is quite low confirming the poor reduced graphitization
degree of carbon formed at 550 °C. Furthermore, the presence of small
broad peaks at 274 and 383 em™? supports the presence of ferrite on the
surface of Fe@PM as reported by Yew et al. [60] promoted by the partial
reduction of Fe(III) precursors [61-63].

The proximate analysis reported in Table 2 showed a quite high
amount of ash in both PM and Fe@PM with value respectively of up to
24.6 and 54.4 wt%. The increment of ash noticed for Fe@PM was due to
the carbothermal process that involved the reduction of iron precursors
with the oxidation of organic matter as clearly proved by the concurrent
decrement of VOCs and fixed carbon. This allowed to reduced the
variability promoted by the presence of organic structure that survived
from the thermal conversion (see Table 3).

Additionally, Fe@PM showed a specific surface area up to 55 m?/g
and a total pore volume 0.04 cm®/g.

The morphological analysis of Fe@PM (Fig. 2 a-b) showed an organic
matrix composed by high chunks of up 10 ym (Fig. 2 a) decorated with
iron based inorganic particles of up around 80-100 nm (Fig. 2b). As
reported in Table 2, the amount of iron inserted through the carbo-
thermal process reach up to 24.5 wt% and several inorganic species were
detected in according with the complex composition of PM [64]. As
reported by Kalindi et al. [65], the inorganic impurities can boost the
hydrogen evolution from AB in hydrolytic condition promoting espe-
cially the acidic sites such those formed by aluminum or iron oxide [66,
671.

As reported in Fig. 3, XRD spectrum of Fe@PM showed the reflection
of both Fe304 and Fe;O3 with a ratio of close to 4:1 together with plenty
of other peak due to the inorganic alkaline salts (i.e. phosphates,
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Fig. 7. Hypothetical mechanism of AB hydrolysis over Fe@PM.
Table 6
Comparison between catalytic performance of Fe@PM and the alternative catalytic systems.
Catalyst Particle size (nm) Conversion” (%) Conversion (%) t (min) AG, (kJ/mol) Catalyst loading (wt.%) Reference
Fe@PM 80 97 2.9 15 54 10 Present work
Co/y-Al;03 13 97 2.9 70 62 10 [74]
Fe nanoparticles 60 ~100 3 8 Not reported 12 [75]
Ni nanoparticles <19 ~100 3 6 Not reported 10 [76]
Cu@zeolite 50 ~100 3 120 54 2 [77]
Ru/y-Al,03 2 ~100 3 3 23 2 [78]
Rh/y -Al,03 3 ~100 3 2 21 2 [78]
Pt/y -Aly03 2 ~100 3 1 21 2 [78]
Ru@Zeolite 1 ~100 3 8 67 0.5 [79]

¥ Converison = 100*(ny, produced)/(theoretical ny,), where theoretical ny, = 3 mol.

silicates, chlorides) include in the carbon matrix in agreement with the
elemental composition reported in Table 2. It was also observed a big
bump of the signal up to 27° due to the massive presence of amorphous
carbon produced after the carbothermal reduction [68].

A further investigation of iron oxidation states and surface texture
was carried out through XPS analysis as reported in Fig. 4 and sum-
marized in Table 4.

As shown in Fig. 4 c, the Fe 2p spectrum showed only two compo-
nents due to Fe (IT) (2py/2 710.7 eV, 2p3/; 723.7 eV) and Fe(Il) (2p; />
711.9, 2p; /5 725.6 eV) with a ratio of around 1.5 supporting the pres-
ence of a large amount of Fe304 and around 20 wt% Fe;Os3. C1s spectrum
(Fig. 4 a) showed the absence of C sp® and the presence of large amount
of C sp? up to 53 % centered at 285.7 eV supporting carbonization of PM.
The large amount of oxygen presented ranging from hydroxyl to car-
boxylic functionalities suggest a large tailoring of carbon formed even
after the carbothermal reduction of iron.

3.2. Catalytic tests

Hydrolysis of AB sketched in eq.1 is a selective reaction producing up
to 3 mol for each mole of AB consumed with a mechanism proceeding
through the addition of two molecules of water and the formation of
highly reactive boron species [69].

H3;N-BH3+2H,0—-NH4BO,+3H;(eq.1)

In the present work, we studied the hydrogen evolution from ammonia
borane hydrolysis at temperature from 30 °C up to 50 °C with an iron
loading ranging O up to 10 wt% as reported in Fig. 5 evaluating both k
and AG, as summarized in Table 5.

Asreported in in Fig. 5 a, the non-catalysed hydrolysis of AB involved
a slow and low release of hydrogen reaching up a maximum conversion
of up to 17.8 % at 30 °C after 900 s. An appreciable increment was
observed by increasing the temperature up to 40 and 50 °C with con-
version values up to 32.2 % and 33.3 %. The increment of reaction
temperature positively also affected k that reached up 4.0-1073 s7! at
50 °C. As show in Fig. 5 b, the addition of Fe@PM with a Fe loading of up
to 5 wt% improved the hydrogen evolution reaching up to 71.9 % at
50 °C and increment of k from 1.0-1072 s ™! at 30 °C up to 6.0-10~° with

an increment over the double compared to the non-catalysed reaction. A
further increment of iron loading up to 10 wt% (Fig. 5 c¢) promote a
further boost of conversion reaching up to 68.7 % at 30 °C with a k of up
to 5.0-1072 s~ while and increment of temperature induced greater
enhancements compared with the other test reaching a conversion of up
98.3 % and a k 20.0-1072 s7L. The positive effect of the catalyst was
proved by the decrement of AG, from 111 down to 54 kJ/mol using an
iron loading of 10 wt% suggesting a reaction mechanism as the one
reported by Wu et al. [69] based on the coordination and hydrolytic
decomposition of AB over the metal oxide nanosurfaces with adsorption
and desorption process as summarized in Fig. 7.

It is particularly relevant observing the crucial role of the defect of
oxygen on the surface of catalyst in the AB hydrolysis as reported by
several authors [70,71]. This is key strong point of Fe@PM compared on
highly organized materials [72,73].

As shown in Fig. 6, the catalytic systems showed a good stability
upon up to 3 cycles at 50 °C using an iron loading of up to 10 wt%
without showing a small decrement of activity down to 93.9 %.

A comprehensive analysis of Fe@PM after three catalytic cycles
showed a substantial preservation of shape of nanostructured surface of
Fe@PM (Fig. 2 c and d) with a negligible increment of iron content up to
25.9 % reasonably due to the loss of some inorganic salts as proved by
the reduction of Ca and P and modification in the XRD spectrum of the
recycled catalyst. XPS spectra of recycled catalyst (Fig. 4 d-f) did not
show any appreciable differences with a negligible increment of 1 % of
Fe (II) upon Fe (III) without observing the presence of Fe (0).

As shown in Table 6, Fe@PM showed a AG, comparable with the one
achieved by using copper nanoparticles supported on zeolites [77] but
considerably higher of the one achievable by using noble metals [78].
Furthermore, noble metals required lower loading but the Fe@PM was
able to achieved the same conversions value with very close time.
Additionally, Fe@PM outperformed materials such as Co/y-Aly03 [74]
showing similar result of colloidal iron [75] or nickel [76] nanoparticles
eve if with a great time to completion.

4. Conclusions

The hydrogen evolution from AB hydrolysis is a topic of significant
interest and the development of new catalytic systems has garnered
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considerable attention. Utilizing waste pig manure presents a remark-
able opportunity to achieve a complex texture of the catalytic support
while simultaneously finding an alternative valorization route for
challenging-to-manage waste streams. Moreover, the fabrication of
Fe@PM involved the use of a non-critical raw material, iron, without
compromising the catalyst performances. This results in an impressive
conversion rate of up to 98.3 % reducing the AG, up to 51 % and
increasing the reaction rate over two order of magnitude, using an iron
loading of up to 10 wt%. The stability over three cycles proved the
possible utilization of Fe@PM for prolonged utilization without any
detectable leaching.

We firmly believed that the valorization of waste streams could
represent a solid strategy to create an integration on which the hydrogen
economy will grow and proliferate in in the society.
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