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Beyond Fertilizers: NH,ZnPO, for the Reversible Chemical
Storage of Ammonia

Takahiro Kozawa,* Tai Hashiba, Kayo Fukuyama, Hiroya Abe, Shu Morita,
Minoru Osada, and Makio Naito

Enhancing NH; as a carbon-free energy carrier of H, and next-generation fuel
is a promising approach for a sustainable society. Chemically storing NH,
molecules in crystal structures offers better selectivity and reusability than
storage in traditional porous materials based on physicochemical adsorption;
however, designing materials that can be reversibly stored in structural gaps
is still a significant challenge. Herein, the use of NH,ZnPO,, which is
previously used as a fertilizer, is proposed as an NH; uptake material through
a chemical storage mechanism. The NH,ZnPO, particles synthesized by a
wet mechanochemical method with monoclinic and hexagonal crystal
structures can incorporate NH; molecules and directly transform them into
NH,Zn(NH,)PO, without producing byproducts. The chemical storage
mechanism depends on the particle morphology; therefore, the uptake
amount per surface area surpasses that of porous materials. NH,ZnPO,

energy carrier of H, has increased be-
cause H, gas can replace fossil fuels
for thermal power generation due to its
secure transport and storage and lack of
CO, emissions during combustion.['*]
Utilizing NH, offers advantages in reduc-
ing the cost of H, production and CO,
emissions.l*! However, the intense odor
and formation of ammonium salts within
the atmosphere that cause PM2.5 remain
fundamental issues that threaten public
health.’] Additionally, the NH; residue
during H, production degrades the cat-
alytic performance in applications such
as fuel cells and biogas reforming.[®7]
Therefore, the search for and design

exhibited excellent cycling performance due to its reusability, which is
regenerated by releasing NH; from NH,Zn(NH,)PO, when heated in air at
~100 °C. Taking inspiration from previously used and familiar fertilizers
further extends this new area of innovative materials that can be used for the

reversible storage of low-molecular-weight gases.

1. Introduction

Ammonia (NH;) is a crucial raw material for various human ac-
tivities, such as the production of fertilizers, chemical fibers, rub-
ber, and resins. In the 21st century, the demand for a carbon-free
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of innovative materials suitable for the
highly efficient capture and separation
of NH, are closely related to construct-
ing safe and sustainable societies.

In general, porous materials are
employed for NH,; uptake through
physicochemical adsorption. Previously,
inorganic materials such as activated
carbon and zeolites have attracted attention as NH, uptake
materials.[®?] Nevertheless, they face technical challenges regard-
ing pore structure control, reusability, and NH; gas selectivity.
To address these challenges, metal-organic frameworks (MOFs)
have recently emerged, in which the size of nanocages that cap-
ture NH; molecules can be tuned by altering the organic lig-
ands and central metal ions.['%1%l The NH, molecules chemisorb
strongly within the MOF structure but can also desorb upon
heating.['718] Although this reversible and efficient uptake pro-
cess is appealing, the high cost and complex synthesis of MOFs
hinder their practical application.

As an alternative NH; uptake method to physicochemical
adsorption, a chemical storage mechanism has been demon-
strated in a lead-based organic-inorganic iodide perovskite.!""]
When reacted with NH; vapor containing H,O, the 1D
columnar perovskite undergoes phase separation into a prod-
uct with a 2D layered structure. The intermediate phase
reacts with NH,; to form two nitrogen compounds, which
are chemically stored on the layered product. Although this
approach shows high selectivity due to the direct reaction
with NH;, the dynamic structural transformation involving
phase separation raises concerns about reversibility and struc-
tural stability during NH, uptake. As demonstrated by hydro-
gen storage alloys that change only the crystalline phase by

© 2024 The Author(s). Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 1. a) Schematic illustration of AZP particles obtained through the wet mechanochemical method using a planetary ball mill. b) XRD patterns
of the products obtained by milling with ¢»5 mm balls. The diffraction peak positions for the monoclinic (m-AZP) and hexagonal (h-AZP) phases were
added based on each ICDD database (m-AZP: 01-088-1126; h-AZP: 01-089-6315). c) Monoclinic and hexagonal phase ratio versus milling time. d) Raman

spectra of m-AZP and h-AZP.

incorporating H, into the gaps in the structure 2!l a chemi-
cal storage mechanism that can take up NH; without dynamic
phase separation should expand the possibility of exploring new
materials.

Herein, we present the first evidence that agricultural fer-
tilizers can be chemical storage materials for NH; without
dynamic phase separation. Fertilizers that already immobilize
NH,* ions as a nitrogen source would have a high affinity for
NH; and could further incorporate it within the crystal struc-
ture, similar to hydrogen storage alloys. However, to date, no
fertilizer-inspired chemical storage materials have been devel-
oped. This work uses ammonium zinc phosphate (NH,ZnPO,,
AZP), a previously used fertilizer,?”l as a novel NH; up-
take material for allowing only a chemical phase change to
NH,Zn(NH,)PO, (AZAP). With the advent of long-used agri-
cultural fertilizers for chemical storage, the design guidelines
for selective NH; uptake materials are at a significant turning
point.

2. Results and Discussion

2.1. Synthesis and Characterization of AZP

The AZP powder was synthesized through a wet mechanochem-
ical route in water with a planetary ball mill.[2*?*] The wet milling
of Zn,CO,(OH),-H,0 and NH,H,PO, produced monoclinic
AZP (m-AZP) and hexagonal AZP (h-AZP) phases with increas-
ing milling time (Figure 1a). The X-ray diffraction (XRD) pat-
tern of the product after 0.5 h shows the formation of m-AZP
and no residues of the raw materials (Figure 1b). Unlike other
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ammonium metal phosphates (NH,MPO,-xH,0, M = transi-
tion metal), AZP precipitates as an anhydride.[?! With increas-
ing milling time, h-AZP appears after the formation of m-AZP.
Although the XRD peaks of both phases are similar, the charac-
teristic peaks at 26 = 21.7°, 28.1°, 33.5°, and 39.5° distinguish the
h-AZP phase. Eventually, h-AZP can be obtained after milling for
16 h. According to quantitative analysis based on the obtained
XRD pattern, the hexagonal ratio reaches 73% (Figure 1c). Ra-
man spectroscopic measurements revealed that h-AZP is sensi-
tive to laser excitation and is significantly noisier than m-AZP
(Figure 1d). The detected bands, derived from PO, tetrahedra,
can be attributed to the following:1?%?”] P-O symmetric stretch-
ing (v;) at #980-990 cm~!, P-O antisymmetric stretching (v;) at
~1000-1100 cm~!, O-P-O symmetric bending (v,) at ~#250-500
cm~!, and O-P-0 antisymmetric bending (v,) at #550-650 cm™.
The v; mode position shifts to higher wavenumbers in h-AZP
compared to that in m-AZP.[28]

The synthesized AZP particles showed shape anisotropy de-
spite the milling process. The m-AZP particles obtained after
0.5 h were irregularly shaped nanoparticles with a size range
of 50-200 nm (Figure 2a). In contrast, the product after 4 h of
milling consisted of micron-sized particles that exceeded 5 um
in size and grew in the 1D direction (Figure 2b). Transmis-
sion electron microscopy (TEM) images show that some parti-
cles have an internal straw morphology (Figure 2c). The wall
thickness and inner diameter are ~85 nm and 150-200 nm,
respectively. Scanning electron microscopy (SEM) images of
the fracture surfaces confirmed the presence of micron-sized
particles with a straw-like morphology (Figure S1, Supporting
Information). Notably, during TEM, the AZP particles were
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Figure 2. a—d) TEM and SEM images of AZP particles after milling for (a) 0.5 h, (b,c) 4 g, and (d) 12 h. e) The longitudinal size distribution of 1D-grown
AZP particles after milling for 4 h. f) N, adsorption/desorption isotherms. g) Specific surface area of the AZP powders.

sensitive to electron beams, and prolonged irradiation or high
irradiation energies caused their decomposition (Figure S2, Sup-
porting Information). In this study, the energy of the electron
beam used to irradiate the samples was suppressed by reduc-
ing the spot size. In wet mechanochemical synthesis, extra
milling energy is employed to pulverize particles once their crys-
tal growth is complete. The 1D-grown AZP particles larger than
5 um were ground down to ~500 nm (Figure 2d).

In wet mechanochemical synthesis, the ball size affects the
crystalline phases and particle size of AZP powders. Increas-
ing the ball size results in longer particle growth in the 1D
direction (Figure 2e). This is due to the larger space between
the balls, which allows crystal growth. Conversely, decreasing
the ball size can promote the formation of h-AZP in a shorter
time (Figure S3, Supporting Information). Particle synthesis
through wet mechanochemical reactions is strongly related to
the collision energy of the ball media, and small balls with
greater collision frequencies can promote the reaction more
efficiently.[?”]

Unsimilar to the nanocages in MOFs, the synthesized AZP
particles have nearly no pores. A detailed evaluation of the
pore structure, which is generally required for gas adsorp-
tion in porous materials, was conducted through N, adsorp-
tion/desorption measurements (Figure 2f). The hysteresis re-
gion appears in the relative pressure range of 0.9 to 1, indicat-
ing that the synthesized AZP contains few nanopores below the
mesopore size (Figure S4, Supporting Information); the straw-
like macropores shown in Figure 2c¢ do not affect the N, adsorp-
tion/desorption measurements. The specific surface area (S,,) of
the AZP powders increased with milling time (Figure 2g). There-
fore, the characteristic properties of the synthesized AZP powder
are attributed to the particle shape and size.
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2.2. Formation Mechanism of AZP Particles

The formation of AZP proceeds through the dissolution—
precipitation reaction of raw materials triggered by the col-
lision of ball media. NH,H,PO, is soluble in water, while
Zn,CO,(OH),-H,0 has a low solubility (1 mg 100 mL~'). How-
ever, the reaction solution with dissolved NH,H,PO, is weakly
acidic (pH ~4.8), so Zn,CO,(OH),-H,0 can gradually dissolve
in the solution during milling. In addition, planetary ball milling
reduces the particle size of the raw materials to promote disso-
lution. The collision of ball media generates local and instanta-
neous high-temperature and high-pressure zones that trigger sol-
ubility changes, resulting in the nucleation of AZP. From a com-
bined analysis of the experimental reaction rates and the sim-
ulated ball motion, our group previously found that ball colli-
sions in the normal direction contribute to nucleation,[*! as de-
picted in Figure la. When using soluble zinc sources, such as
ZnCl, and Zn(CH,C0O0),-2H,0, Zn,(PO,), hydrates are formed
by a preferential condensation reaction between PO,*~ ions
(Figure S5, Supporting Information). Therefore, the solubility of
raw materials plays a crucial role in particle synthesis via wet
mechanochemical reactions.

Owing to the dissolution—precipitation reaction, the crystal
growth in the 1D direction of h-AZP is attributed to its crys-
tal structure.?*3° For the crystal structure of h-AZP, the PO,
and ZnO, tetrahedra are arranged in a zigzag pattern along
the c-axis sharing a vertex.3! This results in preferential crys-
tal growth in the c-axis direction, producing needle- or rod-like
particles. The difference in the growth rate of each crystal plane
produces straw-like particles,233] as shown in Figure 2c. As in
the general solution method, shape-anisotropic particles can be
formed through the dissolution—precipitation reaction in the wet
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Figure 3. In situ XRD patterns for the transformation of AZP-4 to AZAP
upon exposure to the saturated vapor of a 28% NH; solution at 25 °C.

mechanochemical method. The particle size depends on the pro-
cessing time and ball diameter, as crystal growth is limited by the
space between ball media. In terms of the relative stability of m-
AZP and h-AZP, the latter is slightly more stable.l?®34l The mon-
oclinic phase, which is a dense structure, can be stable at high
temperatures and pressures if both crystalline phases have an
equilibrium stability field.**] Therefore, in wet mechanochem-
ical reactions, where local nonequilibrium conditions are gener-
ated, the formation of m-AZP would be preferential in the early
stages. However, experimental analysis has not been conducted,
and the phase stability is debatable.

2.3. NH, Uptake Properties of AZP

The AZP particles can incorporate NH, molecules within their
crystal structure without dynamic phase separation and trans-
form into AZAP. In situ XRD measurements verified this trans-
formation process via a solid—gas reaction (Figure 3). The AZP
powder containing monoclinic and hexagonal phases and a 28%
NH,; solution were placed in an airtight domed holder to avoid
direct contact. Within 30 min, the AZAP phase appeared. The
intensity of the diffraction peaks of the AZAP phase increased
with increasing exposure time. The changes in the diffraction
peak intensities attributed to each of the two crystalline phases
in the AZP and AZAP samples indicate that the amounts of the
monoclinic and hexagonal phases decrease with the formation
of AZAP (Figure S6, Supporting Information). AZP undergoes a
phase change to AZAP regardless of its crystal structure. In addi-
tion, no byproducts are generated. This is evidence of the direct
storage of NH; molecules in the structure.

The uptake performance was evaluated from exposure tests in
the saturated vapor of a 28% NHj solution at 25 °C in a sealed
container. The AZP samples evaluated were powders synthe-
sized with ¢5 mm balls for 0.5, 4, and 12 h, denoted as AZP-
05, AZP-4, and AZP-12, respectively. After 48 h of exposure,
the NH; uptake per weight ranged from 8.2 to 10.6 mmol g~}
(Figure 4a). Since the theoretical storage capacity of AZP for
incorporating one NH, molecule is 5.6 mmol g, these re-
sults suggest that physical adsorption on the product surface,
including H,O molecules in the vapor, also occurs. A compari-
son of the properties within the AZP samples shows that AZP-
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05, which consists of irregularly shaped, fine monoclinic parti-
cles, is already saturated at the initial exposure stage up to 4 h.
Meanwhile, the NH; uptake increases asymptotically with the
exposure time for 1D-grown AZP-4 and AZP-12. Furthermore,
the uptake properties of activated carbon and zeolite, which are
typical inorganic porous materials based on a physical adsorp-
tion mechanism, were also investigated. Zeolite, like AZP-05,
reaches saturated adsorption (~8.1 mmol g7!) in the early stage,
while activated carbon has more than twice the storage capac-
ity (23.6 mmol g~!) of AZP. This result is due to the large S,
of activated carbon; the S, of the activated carbon and zeolite
used are 1071 and 359 m? g™}, respectively (Figure S7, Supporting
Information). Therefore, we compared the NH; uptake per sur-
face area (Figure 4b). These results show that AZP has a signif-
icantly greater uptake than inorganic porous materials. In addi-
tion, the AZP samples with smaller S, values incorporated NH,
in a shorter time, suggesting that the NH, uptake performance of
AZP depends on the particle size and shape rather than the pore
structure.

AZP underwent a complete phase change to AZAP after 48 h
of exposure to NH, vapor (Figure 4c). The AZAP phase trans-
formed from AZP-4 is consistent with the simulation pattern
of AZAP.I®] Furthermore, the Raman spectrum reveals that the
v, mode for PO,>~ shifted to a lower wavenumber than that of
both AZP phases (Figure 4d). The overall spectrum is broad and
similar to that of h-AZP but resembles that of m-AZP below
600 cm!. The significant transformation in the particle mor-
phology occurs after the phase change. AZAP particles trans-
formed from 1D-grown AZP-4 exhibited a plate-like morphol-
ogy of ~1 ym (Figure 4e). This is due to the rearrangement of
the crystal structure upon NH, uptake, resulting in fragmenta-
tion of the particles and subsequent crystal growth. The crys-
tal growth may be influenced by H,O vapor in the exposed at-
mosphere. According to this shape change, AZP-05, an irregu-
lar and isotropic nanoparticle, suppresses the effects of the frag-
mentation step and permits the phase change to AZAP during
the early stage (Figure 4c,d). The chemical storage mechanism
of NH; molecules from the particle surface is independent of the
pore structure, and the particle size and shape affect the uptake
performance.

The NH; molecules enter channels in the crystal framework
and induce a phase change from 3D to 1D structures. The
m-AZP phase, which has an ABW-type zeolite structure, pos-
sesses channels with eight-membered rings of ZrO, and PO,
tetrahedra,3¢37] while the h-AZP phase consists of channels with
six-membered rings (Figure 5). These channels in the 3D frame-
works contain NH,* ions. In contrast, AZAP has a 1D lad-
der structure with a four-membered ring as the basic unit con-
sisting of ZnO,(NHj;) and PO, tetrahedra linked together, with
NH, ™" ions located in the gaps between the frameworks.**) The
packing structure surrounding the PO, tetrahedron accounts for
the varying peak position of the v; mode in the Raman spec-
trum. The NH; molecules break the Zn—-O-P bridges by coor-
dinating with the Zn ions of the readily accessible AZP crys-
tal framework, causing structural rearrangement. Zinc phos-
phates, in which both Zn and P atoms adopt tetrahedral coor-
dination, build 0D, 1D, 2D, and 3D structures from combina-
tions of basic four-membered ring units.*®3%] In general, the rear-
rangement of these basic units transforms zinc phosphates from
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Figure 4. a) NH; uptake per weight for AZP and inorganic porous materials. b) NH; uptake per surface area recalculated from (a). c) XRD pattern,
d) Raman spectrum, and e) SEM image of AZAP transformed from AZP-4 by exposure to NH; vapor for 48 h.

low- to high-dimensional structures. Moreover, AZAP with a 1D
structure was discovered in the study of the transformation of
2D layers to 3D structures.!*! The 2D NH,Zn, (PO,)(HPO,) lay-
ered compound transforms to 1D AZAP under NH, vapor. This
phase change was made possible by the cleavage of basic units
within the [Zn,(PO,)(HPO,)]” anionic layer. However, the di-
rect transformation from a 3D to 1D structure by incorporat-
ing NH; molecules has never been reported. Although releasing
NH, molecules from AZAP with an endothermic reaction has
been indicated by Amghouz et al.,l**] we found that this reverse
reaction, i.e., an exothermic one, is kinetically possible. Conse-
quently, the chemical storage mechanism is achieved by utilizing
gaps in the crystal structure and structural rearrangement with-

NH, ZnO4(NH,)

NH; exposure

NH,,*#’
b P L

G AZAP

Figure 5. Illustration of the chemical storage mechanism for NH; in AZP.
Crystal structures were drawn using VESTA software.[37]
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out producing byproducts. There may be other candidate materi-
als that can chemically incorporate NH; molecules among tran-
sition metal phosphates with various crystal frameworks.[“"]

2.4. NH, Release from AZAP and Cycle Performance

The NH; molecules incorporated as AZAP are readily released
by low-temperature heating in air and regenerated to AZP. We
investigated NH, release behavior by heating AZAP, which was
transformed by exposing AZP-4 to saturated vapor from a 28%
NH, solution at 25 °C for 24 h (Figure 6a). Under heating condi-
tions at 25 and 60 °C in air, the released amount leveled off after
24 h, exhibiting 3.5 and 5.5 mmol g™', respectively. The average
NH, uptake of AZP-4 was 9.2 mmol g~!, and the physical adsorp-
tion deducted from the theoretical amount was 3.6 mmol g='.
Therefore, physisorbed NH; can be desorbed at 25 °C, and re-
lease begins within the AZAP structure upon heating at 60 °C.
Increasing the temperature to 100 °C further accelerated the
release. The release of 9.8 mmol g1, equivalent to the uptake
amount, was obtained after 48 h. The XRD pattern of the prod-
uct after heating at 120 °C for 24 h revealed regeneration of mon-
oclinic AZP (Figure 6b). Once AZP-4, a mixture of monoclinic
and hexagonal phases, transforms to AZAP, only the monoclinic
phase is formed during regeneration to AZP. The regenerated
AZP particles are plate-like particles that are slightly refined while
reflecting the shape of AZAP (Figure 6¢). The ability to regulate
the release of NH;, one of the desired properties, reflects the
sustained-release properties exhibited in fertilizer applications. If
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Figure 6. a) Atmospheric heating with AZAP transformed by exposing AZP-4 to the saturated vapor of a 28% NH; solution at 25 °C for 24 h. b) XRD
pattern and c) SEM image of regenerated AZP after heating at 120 °C for 24 h. d) Cycle performance of NH; uptake and release using AZP-4; uptake at

25 °C and release at 100 °C for 24 h each.

strongly chemically bonded within the structure, acid washing or
heating processes above 150 °C are required.[1*1617] By reducing
the pressure, the heating temperature for the release of NH; is
lowered.">1°] Compared to conventional uptake materials, NH,
molecules in AZAP are weakly bonded by coordination bonds to
Zn?* ions. Thus, the fact that NH; can be readily released by heat-
ing at a low temperature of 100 °C under atmospheric pressure
leads to lower energy consumption for reusability.

On the other hand, temperature restrictions exist for the use of
AZAP and AZP. Continued heating of AZAP at 120 °C resulted
in further weight loss, i.e., the release of NH; associated with the
partial decomposition of AZP. According to the thermal analysis,
AZP can withstand temperatures up to 200 °C but gradually de-
composes by releasing NH, above that temperature (Figure S8,
Supporting Information). During the regeneration process from
AZAP to AZP, the binding force of NH,* ions within the struc-
ture decreases. Consequently, decomposition occurs after pro-
longed holding, even at 120 °C. These results suggest that 100 °C
is sufficient for NH, release from AZAP.

We further evaluated the cycling performance of AZP as an
NH, uptake material (Figure 6d). By increasing the number of cy-
cles, the amount of NH, released approached the uptake amount,
and the efficiency was almost 100% by the fifth cycle. Since par-
ticle shape changes associated with uptake and release are com-
pleted only in the initial stage, these NH; amounts are nearly
constant. A chemical storage mechanism without dynamic phase
separation or byproduct formation can provide stable cycling per-
formance. The ability to readily release this material increases its
practical advantage.

3. Conclusion

In summary, we synthesized AZP particles, which were previ-
ously used as a fertilizer, as a new material for NH; uptake. Us-
ing a planetary ball mill, a wet mechanochemical technique pro-
duced monoclinic and hexagonal anisotropic AZP particles via
a dissolution—precipitation reaction. The resultant AZP particles
incorporated NH; molecules into their crystal structure, result-
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ing in a phase change to AZAP. The chemical storage mecha-
nism involving this phase change was a reversible reaction that
allowed NH;, release under operable atmospheric heating condi-
tions below 100 °C. Compared to conventional inorganic porous
materials, AZP exhibited a much greater NH; uptake capacity
per surface area and superior cycling performance. The phase
change process between AZP and AZAP is a reversible kinetic
reaction; therefore, the reaction rate depends on the relative pres-
sure of NH; and the particle morphology. Although this study
was conducted in a saturated vapor atmosphere of a 28% NH,
solution at 25 °C, the reaction would be completed in a shorter
time in a high-pressure NH, gas atmosphere. In addition, the
phase change from the particle surface allows the response to be
accelerated by fine particles with a large surface area. By focusing
on fertilizers, which are well-known materials that have a high
affinity for nitrogen compounds, a new functionality of NH; up-
take was discovered. A chemical storage mechanism within the
crystal structure utilizing a reversible phase change would fur-
ther expand the candidate materials for capturing and separating
low-molecular-weight gases such as H,, NH;, and CO,,.

4. Experimental Section

Chemicals  and  Materials:  Ammonium  dihydrogenphosphate
(NH4H,PO,, 99.0%), zinc carbonate basic (Zn,CO;(OH)¢-H,0,
69-74% as ZnO), zinc chloride (ZnCl,, 98.0%), zinc acetate dihydrate
(Zn(CH;C0O0),-2H,0, 99.9%), activated carbon (powder), zeolite
(molecular sieves, 13X), and ammonia solution (28 mass% in water)
were obtained from commercial sources (FUJIFILM Wako Pure Chemical,
Japan) and directly used without further purification. Pure water was used
in all experiments.

Wet Mechanochemical Synthesis of AZP: Typically, water (20 mL)
and Y,0s-stabilized ZrO, balls (100 g) 5 mm in diameter were
placed in a stainless-steel vessel (170 cm?). Then, NH,H,PO, and
Zn,CO; (OH)g-H,O with a PO, /Zn molar ratio of 1.2 (total of 3 g) were
added to this vessel. The vessel was sealed and fixed in a planetary ball
milling apparatus (High-G BX254E, Kurimoto, Japan). The milling was
conducted for up to 16 h under a centrifugal acceleration of 150 G. The
rotation and revolution were in the same direction, and the speed ratio of
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rotation/revolution was a constant value of 0.497. After milling, the sus-
pension was separated from the balls with a screen. The solid product was
collected using centrifugation, washed with water and ethanol, and dried
in an oven at 100 °C.

Evaluation of NH; Uptake Performance: Sample NH; uptake perfor-
mance was evaluated by determining the weight change after exposure to
the saturated vapor of a 28% NHjs solution at 25 °C. A borosilicate glass
test tube (¢12 X 75 mm) containing AZP powder (0.1 g) was placed in a
polystyrene conical tube (50 cm?). Then, 28% NH; solution (5 mL) was
added to the conical tube without contacting the AZP powder. After being
sealed, the conical tube was placed in an incubator at 25 °C. Exposure to
NH; saturated vapor ranged from 1to 48 h. For comparison, the same ex-
periments were conducted with general inorganic porous materials, such
as activated carbon and zeolite.

The release of NH; from AZAP was evaluated by heating under am-
bient atmospheric pressure. The AZAP powder, obtained by NH; vapor
exposure for 24 h, was kept in an oven from 25 to 120 °C for up to 48 h
in an open system. The amount of NH; released was estimated from the
weight change. The cycling test was performed by repeating the NH; va-
por exposure at 25 °C and the heat treatment at 100 °C for 24 h each. All
NH; uptake and release experiments were performed three times for each
sample.

Characterization of Materials: The crystalline phases of the obtained
products were characterized by powder XRD (D2 PHASER, Bruker AXS,
Germany) using Cu Ke radiation at 30 kV and 10 mA. Diffraction patterns
were acquired in steps of 0.02° (26) with a counting time of 0.5 s/step.
Simplified in situ XRD measurements during the NH; uptake process for
AZP were performed using an airtight domed holder (Bruker AXS). AZP
powder and a small amount of 28% NH; solution were placed in the
center and edges of the holder, respectively, to avoid direct contact. In-
terval XRD measurements were started immediately after attaching the
airtight dome. The particle morphologies were examined by SEM (SU-70,
Hitachi, Japan) and TEM (JEM-2100F, JEOL, Japan). Raman spectra were
acquired using a micro-Raman system (LabRAM HR-800, Horiba Jobin-
Yvon, France) with a 532 nm excitation laser. The specific surface areas
of the samples and their pore size distributions were estimated from the
results of N, adsorption/desorption measurements (3Flex, Micromerit-
ics, USA) using the Brunauer—Emmett—Teller (BET) and Barrett—Joyner—
Halenda (BJH) methods, respectively. Before each measurement, the pre-
outgassed sample was further treated under vacuum for 3 h at 60 and
120 °C for the AZP and inorganic porous materials, respectively. Thermal
analysis was performed using a thermogravimetric differential thermal an-
alyzer (TG-DTA; TG-DTA8122S, Rigaku, Japan) in the air with a flow rate of
200 mL min~".

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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