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Unlike most H, production methods, the decomposition of NHz does not result in carbon dioxide emission
and is therefore classified as clean technology. Thus, NHz holds great promise for the large-scale
transportation and storage of Hj, and efficient low-temperature NHz decomposition catalysts are highly
sought after. Herein, we examined the textural properties and NHz decomposition performances of
zeolite 13X-supported Ni catalysts prepared by ion exchange, deposition precipitation, and incipient
wetness impregnation. The main surface species were identified as Ni phyllosilicates (ion exchange), NiO
+ Ni phyllosilicates (deposition precipitation), and NiO (impregnation). Compared to other catalysts, the
catalyst produced by deposition precipitation achieved the highest H, formation rate (22.9 mmol
Geat T min~t at 30000 ML geae ™t h™%, 600 °C) and exhibited a 30-40 °C lower nitrogen desorption
temperature. Given that nitrogen desorption is assumed to be the rate-determining step of catalytic NH3

decomposition, this decrease in the desorption temperature was attributed to improved low-
Received 4th November 2023 t t f s ifically. th llent f fth talvst obtained by d it
Accepted 2nd January 2024 emperature performance. Specifically, the excellent performance of the catalyst obtained by deposition

precipitation was ascribed to its large specific surface area and strong metal-support interactions due to

DOI: 10.1039/d35e01426¢ the high dispersion and uniform deposition of the active Ni metal on the surface and in the pores of the
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Introduction

The increasing incidences of natural disasters and other
manifestations of abnormal climate show that climate change
is a current rather than a future problem' and highlight the
importance of developing alternative fuels such as H, (ref. 2-4)
to achieve carbon neutrality and net-zero greenhouse gas
emission. However, transporting and storing hydrogen directly
is inefficient owing to its low volumetric density and boiling
point. Thus, current research focuses on increasing the volu-
metric capacity and decreasing the cost of H, storage through
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high-performance H, carriers such methylcyclohexane, meth-
anol, ethanol,” and NH;.° These hydrogen storage materials are
more efficient in transportation and can be reformed or
decomposed to obtain hydrogen in the consumption area.”
Compared to liquid H,, which needs to be stored at —253 °C,
liquid NH; can be stored at 20 °C and 8 bar and has 1.7-fold
higher H, storage density (120.3 vs. 70.9 kg H, m ), thus
drawing considerable attention.*® The infrastructure for NH;
production, storage, and transportation is well-established
because this compound has long been used as a refrigerant
gas and material for fertilizer production.' In addition, NH;
decomposition (2NH3(g) = Ny(g) + 3Hy(g), AH° =
46.22 k] mol ") generates no greenhouse gases and is therefore
an eco-friendly H, production process. As this process is
endothermic, it requires an external energy supply, and NH;
conversion increases with increasing temperature. Therefore,
NH; decomposition catalysts exhibiting high activity at low
temperatures are highly sought after. In general, Ru-based NH;
decomposition catalysts exhibit superior activity but are
unsuitable for large-scale use because of the scarcity and high
cost of Ru." Among the non-noble-metal (e.g., Fe, Co, Mo) NH;
decomposition catalysts, those based on Ni have the advantages
of low cost and high activity."> However, superior performance
is observed only above 600 °C. Therefore, considerable efforts
have been devoted to the achievement of the uniform

This journal is © The Royal Society of Chemistry 2024
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dispersion of large amounts of Ni metal on the support surface
to improve catalytic activity. Support properties and catalyst
preparation methods significantly impact the physicochemical
characteristics (e.g., Ni particle size, dispersion, and metal-
support interactions) and activity of Ni-based catalysts.'"**** Gu
et al. showed that the structural characteristics of porous
alumina matrices help disperse small Ni particles and improve
catalytic performance.* Basic supports such as MgO and La,0;
can enhance catalytic activity through electron donation and
strong metal-support interactions; however, their small surface
area can significantly limit metal dispersion at high loadings.*®
Porosity and a large surface area increase the contact area
between the support and active material, promoting species
diffusion within the support.'”*® Zeolites are widely used as
catalyst supports because of their well-defined crystal structure,
uniform pore structure, cation-exchange capability, acid-base
properties, and large surface area.”* Active metal particles can
be positioned in zeolite pores or on the zeolite surface,
depending on their size, and can engage in strong metal-
support interactions.*** These interactions, together with the
high dispersion of the active metal, contribute to catalytic
activity enhancement.”*** The NH; decomposition activity of
5% Ni/ZSM-5 catalysts was found to depend on the preparation
method, e.g, the catalyst prepared by a modified solid-state ion-
exchange method showed high activity because of the strong
interaction between the highly dispersed Ni nanoparticles and
ZSM-5 support.>® A 23% Ni/SBA-15 catalyst was prepared by
a deposition-precipitation method by exploiting the large
surface area and mesoporosity of the zeolite support; this
catalyst featured highly dispersed Ni metal particles and
exhibited high NH; decomposition activity owing to strong
metal-support interactions.® The structural characteristics of
zeolites are expected to influence the uniformity of active metal
loading and metal-support interactions.* In particular, zeolite
13X has a Faujasite structure featuring sodalite cages and
supercages and is characterized by a low Si/Al ratio, thus
providing abundant acidic sites advantageous for NH; adsorp-
tion. However, despite these advantages, zeolite 13X has not
been used to support NH; decomposition catalysts. Herein, we
loaded the active metal (Ni, 15 wt%) on zeolite 13X through ion
exchange (IE), deposition precipitation (DP), and incipient
wetness impregnation (IMP) and examined the textural prop-
erties, surface acidity, Ni-support interactions, and NHj;
decomposition performance of the resulting catalysts.

Experimental
Catalyst preparation

Ni(NO3),-6H,0 (97%, Junsei) and zeolite 13X (Sigma Aldrich, Si/
Al ratio = 1.2) were used as the active metal precursor and
support. Depending on the preparation method, the catalysts
were labelled as Ni/13X-IE, Ni/13X-DP, or Ni/13X-IMP. For Ni/
13X-IE synthesis, the support was treated with 0.5 M Ni(NO;),
solution (support/solution = 1 g/100 mL) at 80 °C for 24 h to
exchange the Na* ions in the zeolite for Ni*" ions. For Ni/13X-DP
synthesis, the support-solution mixture was supplemented with
urea (60.06%, Junsei) with a Ni: urea = 1 : 30 molar ratio at 70 °

This journal is © The Royal Society of Chemistry 2024
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C, and the precipitate was aged for 2 h at 90 °C, filtered, and
thoroughly washed with deionized water. Ni/13X-IMP was
prepared by an incipient wetness impregnation method. All
catalysts were dried at 120 °C overnight and then calcined at
400 °C for 4 h in air.

Catalyst characterization

For Ni and Na quantitation, the sample was dissolved in
a solution of 70% HNO; and 30% HCI, and the solution was
analyzed by inductively coupled plasma-atomic emission mass
spectrometry (ICP-MS; Agilent 7700S, Agilent). Phase composi-
tions were analyzed using X-ray diffraction (XRD; SmartLab
High Temp, Rigaku) with Cu Ko radiation (A = 0.154 nm).
Samples were scanned in steps of 0.02° over a 26 range of 10°-
90°. The crystallite size (d) was calculated using the Scherrer
equation:

d = kM(B cosf) (1)

where 1 is the X-ray wavelength, § is the full width at half-
maximum of the diffraction peak, ¢ is the diffraction angle,
and k is a constant.

Specific surface areas and pore distributions were measured
using the Brunauer-Emmett-Teller (BET) and Barrett-Joyner-
Halenda (BJH) methods (BELSORP-MAX, MicrotracBEL Corp.).
The sample (100 mg) was heated in a vacuum at 300 °C for 24 h,
and N, sorption isotherms were then measured at —196 °C.
Samples were reduced at 700 °C for 1 h in a 10% H,/N, gas flow
before analysis. The distribution of meso- and micropores was
determined using BJH and MP plots.

The catalyst reduction temperature and active metal-support
interactions were probed using H,-temperature programmed
reduction (H,-TPR; BELCAT-B, MicrotracBEL Corp.). The
sample (50 mg) was heated in a flow of Ar at 400 °C, cooled
to 50 °C, and heated to 1000 °C at a rate of 10 °C min~' in 10%
H,/Ar.

Active metal dispersion was examined using H, chemisorp-
tion (BEL-METAL-3, MicrotracBEL Corp.). The sample (50 mg)
was reduced in pure H, at 700 °C for 1 h and then cooled to 50 °©
C under Ar. Pulse adsorption was conducted at 50 °C in 10% H,/
Ar until saturation. The Ni dispersion state and surface area
were estimated from the amount of adsorbed H,, assuming an
adsorption stoichiometry of H/Ni; (surface nickel atom) = 1.0.

The composition of the catalyst surface and the oxidation
states of the constituent elements were examined using X-ray
photoelectron spectroscopy (XPS; Sigma Probe, Thermos VG
Scientific) in ultrahigh vacuum (10~° Torr) using an Al Ko
(1486.7 eV) X-ray source. The baseline was adjusted using the
Shirley background, and all spectra were calibrated using the
peak of adventitious carbon at 284.8 eV.

The shape and distribution of Ni particles were examined by
transmission electron microscopy (TEM; JEM-F200, JEOL) at
200 kv. The distributions of Al, Si, O, Na, and Ni in the catalyst
matrix were probed by energy-dispersive X-ray spectroscopy
(EDS). Samples were dispersed in ethanol by ultrasonication,
and a drop of the resulting suspension was placed on an
ultrathin holey carbon grid and allowed to evaporate. The ultra-
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microtome (Powertome, RMC) cutting technique was used to
examine cross-sections of the Ni/13X catalysts.

NH;-temperature programmed surface reaction and temper-
ature programmed desorption (NH3;-TPSR and NH;-TPD,
BELCAT-B, MicrotracBEL Corp.) measurements were conducted
to study catalyst surface acidity and NH; decomposition perfor-
mance. The catalyst was reduced in a flow of 10% H,/Ar at 700 °C
for 1 h, cooled to 50 °C in a flow of He (50 sccm), held in an
atmosphere of 10% NH;/He at 50 °C for 1 h, maintained in a flow
of He (50 sccm) for 1 h to desorb weakly physically adsorbed NH;.
And then the catalyst was heated from 50 to 800 °C at a rate of 10 ©
C min~" under 10% NH3/He gas and He gas in NH;-TPSR and
NHS,-TPD, respectively. Residual NH; (m/z = 17), H, (m/z = 2), and
N, (m/z = 28) desorption were analyzed by mass spectrometry
(BELMASS, microtracBEL Corp.). Pyridine-adsorbed diffuse-
reflectance infrared Fourier transform spectroscopy (DRIFTS)
was used to analyze the acidic sites on the catalyst surface. The
sample was heated at 400 °C for 1 h to remove moisture, treated
with 1 vol% pyridine/He at 50 °C for 1 h, and purged with He flow
to desorb the weakly bound pyridine. Spectra were recorded using
a step size of 4 cm ™" on a Nicolet iS50 FTIR spectrometer (Thermo
Fisher Scientific) equipped with a focal plane array detector and
a praying mantis DRIFTS attachment (Harrick) with a ZnSe
window in the reaction chamber. For each analysis, 128 scans
were performed on average.

Catalytic activity testing

Catalytic NH; decomposition was conducted in a quartz fixed-bed
reactor loaded with the catalyst (200 mg) mixed with the diluent
(MgALO,) in a 1:5 mass ratio. The reaction temperature was
controlled by a thermocouple placed in the catalyst bed. Prior to
each test, the catalyst was reduced in a flow of 20% H,/N, at 700 °
C. Subsequently, the temperature was decreased to 400 °C at
arate of 1 °C min~" in a flow of pure NH;. NH; was injected into
the reactor at a flow rate of 20-150 mL min ', corresponding to
weight hourly space velocities (WHSV) of 6000-45000 mL g, "
h™. The concentrations of N, H,, and NHj; in the outlet gas were
measured using gas chromatography (Agilent 7890 GC, Agilent).
NH; and N, were quantified using He as a carrier gas and a Por-
aPLOT Amines column, while H, was quantified using Ar as
a carrier gas and an HP-PLOT 5A column. Each column was
equipped with a thermal conductivity detector. The NH; conver-
sion (Xnus3), H, formation rate, apparent activation energy (E.)
and turn over frequency (TOF) were calculated as follows:
XNHS ((VD) = (Fln - Fout)/Fin (2)
H, formation rate (mmol ge, ! min~!) =
[(Fin/22.4) x Xnp3 X 1.5)/mey (3)

k = A exp(—E,/RT) (@)

TOF (s~ )= (H, formation rate
x mass of catalyst)/(Ni dispersion x Ni contents) (5)

where Fj, is the inlet NH; flow rate, F,, is the NH; flow rate after
the reaction, m., is the amount of catalyst used, £ is the reaction
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rate constant, A is the pre-exponential factor, R is the universal
gas constant, and T is the absolute temperature.

Results and discussion
Characteristics of Ni/zeolite 13X catalysts

Table 1 lists the characteristics of the prepared catalysts
showing that their Ni contents were similar (14.2-14.8 wt%). In
contrast, the Na content was broadly variable and followed the
order of Ni/13X-IE < Ni/13X-DP < Ni/13X-IMP = zeolite 13X.
This order reflected that the loss of Na(+) ions due to ion
exchange for Ni ions was significant in the case of Ni/13X-IE. In
contrast, the loss that occurred during aging was less significant
for Ni/13X-DP. Ni/13X-DP featured the smallest Ni crystallite
size (21.9 nm) and the highest Ni metal dispersion (2.71%). The
specific surface area of all catalysts was significantly lower than
that of the fresh zeolite 13X (919 m* g~ ) because of the pore
blockage caused by the supported Ni; Ni/13X-IE (457 m* g™*)
and Ni/13X-DP (563 m” g~ ') exhibited the smallest and largest
specific surface area, respectively. Fig. 1 presents the N, sorp-
tion isotherms, revealing that zeolite 13X featured a type-I
isotherm and could therefore be classified as a microporous
material. Ni/13X-IE and Ni/13X-IMP also behaved as micropo-
rous materials. In contrast, Ni/13X-DP featured a type-IV
isotherm with H3 hysteresis and was the only catalyst contain-
ing mesopores (~12 nm), as reflected in its pore size distribu-
tion (Fig. S11). This finding was attributed to the formation of
mesopores during the conversion of Ni(OH), into NiO and Ni
metal through calcination at 400 °C and reduction at 700 °C.>”>®
The formation of mesopores is thought to benefit the diffusion
of reactants and their adsorption onto the catalyst.>* The activity
of Ni catalysts depends on particle size and support-interface
properties.

Fig. 2 presents the XRD patterns of catalysts recorded after
calcination and reduction, in which NiO and Ni peaks corre-
sponded with reference ICDD #44-1159 and #04-0850. The
patterns of the calcined samples showed peaks of NiO at 26 =
37.3°,43.3°, and 62.9°, corresponding to the (1 0 1), (0 1 2), and
(1 1 0) crystal planes. Upon reduction (700 °C, 20% H,/N,), the
patterns of all catalysts indicated the conversion of NiO to Ni’.
For the calcined Ni/13X-IE catalyst, the characteristic peak of
zeolite 13X was not observed due to the formation of Ni phyl-
losilicate on the surface of zeolite 13X due to the ion exchange
of Ni ions. The broad peak at 260 = 23° corresponds to amor-
phous silica, and the Ni phyllosilicate characteristic peaks (26 =
34.1° and 60.8°) were not clearly observed due to low crystal-
linity.*® The patterns of reduced Ni/13X-IE and Ni/13X-DP were
dominated by Ni peaks and featured weakened and broadened
zeolite 13X peaks, whereas that of reduced Ni/13X-IMP featured
more pronounced zeolite 13X peaks. When fresh zeolite was
reduced, the characteristic pattern of zeolite 13X did not change
(Fig. S27). The size of Ni crystallites was calculated using the Ni
(2 0 0) peak; it was found to increase in the order of Ni/13X-DP
(21.9 nm) < Ni/13X-IE (27.2 nm) < Ni/13X-IMP (36.3 nm).
According to previous studies, the impregnation-based loading
of active metals onto zeolites decreases metal dispersion, while

deposition-precipitation-based  loading improves metal

This journal is © The Royal Society of Chemistry 2024
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Table 1 Physicochemical characteristics of Ni/zeolite 13X catalysts
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Zeolite 13X Ni/13X-IE Ni/13X-DP Ni/13X-IMP
Ni content (wt%)* — 14.5 14.8 14.2
Na content (wWt%)* 4.27 1.54 2.85 4.20
Metal dispersion (%)” — 0.96 2.71 0.59
NiO crystallite size (nm)“ — 6.8 9.0 25.8
Ni° crystallite size (nm)° — 27.3 21.9 36.4
Surface area (m? g~)¢ 919 457 563 493
Pore volume (cm® g~)¢ 0.38 0.26 0.48 0.23
Average pore diameter (nm)? 1.62 2.32 3.42 1.88
H, consumption (mmol g~)° — 1.28 1.50 2.40

“ Determined by ICP-MS. b Estimated from H,-Chemisorption at 50 °C. ¢ Estimated from XRD. ¢ Estimated from the N, adsorption at —196 °C.

¢ Estimated from the integration of H,-TPR peaks.

zeolite 13X
(22-000390009000-00-20-00-0039039-00-03-03-00 oo

A

Ni/13X-IF 5 g p
rwww
g
> ?

PPN S 950530
1 1 1 1

0.0 0.2 0.4 0.6 0.8 1.0

Vy/em3(STP) g1

PP,

Fig. 1 N, adsorption isotherms of Ni/zeolite 13X catalysts.

dispersion because of strong metal-support interactions.**
Therefore, the loading of Ni by IE and DP mainly affected
bonding within the zeolite pore structure and framework, while
IMP mainly resulted in the loading of Ni onto the zeolite
surface, and negligible change in the zeolite crystal structure
was observed after calcination and reduction. Notably, the Ni/
13X-DP catalysts exhibited distinct XRD peak changes before
and after reduction. For the reduced Ni/13X-DP catalyst, the
zeolite 13X peak disappeared and the peak of amorphous silica
was observed. This is because during reduction, the Ni-O-Si
bonds on the surface of the particles were cleaved, resulting in
a Ni metal phase and amorphous SiO,, and the characteristic
peaks of zeolite 13X were not observed. In addition, during
reduction at 700 °C, the crystals of Ni metal particles grew and
the peak intensity increased. To explain this, the XRD analysis
of the Ni/13X-DP catalyst as a function of reduction temperature
is shown in Fig. S2.T When only fresh zeolite 13X support was
reduced at 700 °C, no change in the characteristic peaks was
observed. However, for the Ni/13X-DP catalyst, the character-
istic peaks of zeolite 13X disappeared and an amorphous silica
peak was observed at reduction temperatures =600 °C, and the
intensity of the crystal peak of Ni metal increased with
increasing reduction temperature.*

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 XRD patterns of (a) calcined and (b) reduced Ni/zeolite 13X
catalysts.

The catalyst reduction temperature depends on the location
(e.g., support surface and pores) of the loaded active metal.** In
particular, the strong interaction between the support and Ni
located in zeolite pores results in a high reduction temperature.
Fig. 3 presents the H,-TPR profiles of the three catalysts, which
are deconvoluted into three peaks (a, B, and vy). The o peak,
observed at =400 °C, corresponds to the reduction of NiO
located on the external surface of the zeolite and the weak
interaction with the same.”* The B peak, observed at 400-600 °C,
corresponds to the reduction of NiO located within the pores
(e.g., zeolite supercages and sodalite cages) and the stronger

Sustainable Energy Fuels, 2024, 8, 896-904 | 899
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Fig. 3 H,-TPR profiles of Ni/zeolite 13X catalysts.

interaction with the support than NiO located on the zeolite
surface. The y peak, observed at >600 °C, corresponds to the
reduction of Ni** located in hexagonal prisms.** Ni located in
hexagonal prisms was considered as present in ion-exchangeable
positions. o peaks were observed for all catalysts and had the
largest relative area in the case of Ni/13X-IMP (Table S17). High-
temperature y peaks were observed only for Ni/13X-IE and Ni/
13X-DP because Ni in these catalysts was loaded onto the sites
previously occupied by Na, thus interacting more strongly with
framework Al and Si. Thus, in Ni/13X-DP, Ni was uniformly and
efficiently dispersed in the zeolite pore structure, engaging in
strong metal-support interactions.” This agrees with the results
of H,-chemisorption measurements.
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Fig. 4 presents the TEM images of calcined and reduced
catalysts, revealing that calcined Ni/13X-IE featured long
lamellar Ni particles, while Ni/13X-DP featured both lamellar
and spherical particles. Ni/13X-IMP contained only spherical
particles. This finding is consistent with the observation of both
zeolite and NiO XRD peaks due to the presence of agglomerated
NiO particles on the zeolite surface. A lamellar structure was
observed on the surface of the Ni/13X-IE catalyst even after
reduction, and although a lamellar structure was observed on
the surface of the Ni/13X-DP catalyst, the formation of spherical
particles of Ni metal due to reduction was more pronounced.
For Ni/13X-IMP, the reduction did not change the particle shape
but induced Ni particle agglomeration due to sintering at high
temperatures. Therefore, in the case of Ni/13X-IMP, the weak
interaction between the support and Ni particles led to their
agglomeration, which was reflected in the largest Ni crystallite
size and the lowest metal dispersion among the catalysts.
Interestingly, the simultaneous detection of Si and Ni in Ni/13X-
IE, which maintained its morphology after reduction, indicated
the presence of Ni phyllosilicate.>3>3¢

Lehman et al. used a template ion-exchange method to load
Ni onto MCM-41 and showed that lamellar Ni(OH), or Ni
phyllosilicates were present on the surface at or above a certain
Ni loading.* In general, Ni(OH), decomposes into cubic NiO
crystallites above 197 °C, whereas Ni phyllosilicates are ther-
mally stable. Therefore, the lamellar structures observed on the
surface of Ni/13X-IE after reduction at 700 °C were identified as
Ni phyllosilicates.?” This conclusion is consistent with the H,-
TPR profile of Ni/13X-IE, where the reduction peak was mainly
observed at 650 °C. The composition and dispersion of Ni
particles on the calcined catalyst surface were examined using
EDS (Fig. 5). The lamellar particles observed on the surfaces of
Ni/13X-IE and Ni/13X-DP were found to contain Ni.

Zeolite 13X

{ NVI3X-IE(CaL)

Ni/13X-DP(Cal.)

NV/13X-IMP(Cal.)

Zeolite 13X(Red.)
v

Ni/13X-DP(Red.) Ni/13X-IMP(Red.)

)

Fig. 4 TEM images of (a) fresh zeolite 13X, (b—d) calcined Ni/zeolite 13X catalyst, (e) reduced zeolite 13X, and (f-h) reduced Ni/zeolite 13X

catalysts.
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Fig. 5 TEM elemental mapping images of calcined (a) Ni/13X-IE; (b) Ni/13X-DP; (c) Ni/13X-IMP.
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Fig. 6 Ni 2p 3/2 and Si 2p spectra of reduced Ni/zeolite 13X catalyst.

Furthermore, Ni particle agglomeration induced by sintering
was observed on the surface of Ni/13X-IMP. Notably, in the case
of Ni/13X-DP, lamellar and spherical Ni particles coexisted on
the support surface, which agreed with the wide reduction
temperature range of this catalyst. To confirm the distribution
of Ni deposited inside the pores of the zeolite 13X support, we
obtained cross-sectional TEM images of the Ni/13X-DP catalyst
with ultra-microtome pretreatment (Fig. S4t1). EDS mapping
indicated that NiO particles were uniformly distributed inside
the pores along with lamella-structured Ni phyllosilicate parti-
cles on the surface of the calcined Ni/13X-DP catalyst. This
indicates that Ni can be distributed through ion exchange and
pore internal deposition. After reduction, Ni metal particles
coexisted on the surface and inside the pores of the zeolite 13X
support. This is consistent with the H,-TPR results, which

This journal is © The Royal Society of Chemistry 2024

exhibited a high reduction temperature distribution of Ni
particles with stronger interactions than the zeolite surface.
Fig. 6 shows the X-ray photoelectron spectra of reduced cata-
lysts, revealing the presence of Ni 2p3/2 peaks at ~852 (Ni?),
~853 (NiO), ~855 (Ni**), and 860 eV (broad shake-up satellite
peak). The NiO peak was observed only for Ni/13X-DP and Ni/
13X-IMP, indicating the partial oxidation of surface Ni during
analysis.® For the Ni/13X-IE catalyst, a significant Ni** peak was
observed due to the strong chemical bonding and stable
structure of Ni-O-Si present on the surface. This is consistent
with the H,-TPR results, where a high-temperature reduction
peak was observed for the Ni/13X-IE catalyst due to the Ni-O-Si
bonds of Ni phyllosilicate formed by ion exchange.** In the Si 2p
spectra, a peak due to a Si-O-Al bonding structure within the
zeolite was observed at 102.9 eV for all catalysts. In addition to
the Si-O-Al peak, the Si 2p spectrum of Ni/13-IE featured the
Ni-O-Si peak of Ni phyllosilicate at 101.6 eV.** Similarly, to TEM
analysis, this finding suggested that the preservation of lamellar
particles in Ni/13X-IE, even after reduction at 700 °C, was due to
Ni phyllosilicate formation.*****® Fig. 7 presents the pyridine-
adsorbed DRIFT spectra. Bands corresponding to the pyridine
adsorbed on Lewis acid sites (LASs) 19b and 8a were observed at
1441-1453 and 1591-1607 cm ', respectively. The peak at
1441 cm™ ' is due to the pyridine adsorbed on the AI’* ions
adjacent to the Na' cations of the zeolites, and the same peak as
in zeolite 13X was observed in Ni/13X-IMP. Moreover, the peak
at 1446 cm~ ' observed for Ni/13X-IE was attributed to a band
shift caused by the incorporation of Ni** through ion exchange
with Na'.*! This finding is consistent with the results of ICP-MS
and H,-TPR measurements, as some Na' was ion exchanged for
Ni** during precipitation. Notably, a peak at 1453 cm™" was
observed for Ni/13X-DP, which was attributed to the presence of
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Fig. 7 Adsorbed-pyridine DRIFT spectra of Ni/zeolite 13X catalysts.

LASs due to AI*" ions present in the tetrahedral sites of the
zeolite framework.** In addition, for Ni/13X-IE and Ni/13X-DP,
the 1607 cm " band was more intense than the 1591 cm "
band in the 1591-1606 cm ' region. Peaks at 1453 and
1606 cm™ " were attributed to LASs caused by the presence of
A’ The band at 1488 cm ™" observed for all samples reflected
the presence of both Brensted-acidic sites (BASs) and LASs. For
Ni/13X-IE and DP, surface acidity changes such as a shift in
LASs and an increase in the peak intensity of BASs were
observed as Ni was ionically exchanged with Na.***

NH,; decomposition activity

Fig. S5b¥ presents the results of the NH;-TPSR-MS measurements,
showing the desorption profiles of NH3, N,, and H,. The NH;
signal lost intensity with progressing NH; decomposition above
300 °C and became undetectable above 650 °C. Interestingly, Ni/
13X-IE did not completely decompose NH; even above 700 °C,
which is expected to affect catalytic activity for NH; decomposi-
tion. The formation of N, and H, was confirmed along with
desorption through NH; decomposition. The N, desorption
temperature decreased in the order of Ni/13X-IE (365 °C) > Ni/13X-

View Article Online
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IMP (351 °C) > Ni/13X-DP (321 °C). For NH; decomposition on
non-noble-metals (e.g., Fe, Co, and Ni) catalysts, the recombina-
tion and desorption of surface N atoms is the rate-determining
step, and the facile desorption of recombined N, can enhance
NH; decomposition activity.* Fig. 8a presents NH; conversion
achieved at a WHSV of 30000 mL g.. * h™" as a function of
temperature. This conversion increased with increasing tempera-
ture, following the order of Ni/13X-DP > Ni/13X-IMP > Ni/13X-IE.
The temperature corresponding to a conversion of 50% (Ts,) was
in the order of Ni/13X-DP (572 °C) < Ni/13X-IMP (586 °C) < Ni/13X-
IE (601 °C). Thus, the maximum Ty, difference between different
catalysts was ~15 °C (Table 2). In agreement with NH;-TPSR
results, Ni/13X-IE, which showed the least N, and H, desorption
even at maximum temperature, required a higher temperature for
complete NH; decomposition. Ni/13X-IE exhibited a low NH;
conversion due to the presence of mostly Ni phyllosilicate on the
surface that was not reduced to Ni metal. Ni/13X-DP showed the
highest NH; conversion at low temperatures, which was ascribed
to the efficient and uniform dispersion of Ni resulting from the
high support-reactant contact area provided by the mesopores
formed during catalyst synthesis. The H, formation rates of Ni/
zeolite 13X catalysts ranged from 17.3 to 22.9 mmol g, * min "
at a WHSV of 30 000 mL g.,e ' h™" and 600 °C.

Table S21 summarizes the NH; decomposition performances
of previously reported catalysts, revealing that the H, formation
rate of Ni/13X-DP exceeded that of the 15 wt% Ni/MRM-600
catalyst with a similar Ni content (18.4 mmol g.,, ' min~") and
was similar to that of the 25 wt% Ni/rGO catalyst with a higher Ni
content (24.8 mmol g, ' min~").*’*® The H, formation rates of
the Ni/SiO, and Ni/SiO,-AEH catalysts with a SiO, support were
11.4 and 16 mmol g, * min~", respectively, which were lower
than those of the prepared Ni/13X catalyst. The TOF (s ') values
were calculated using the dispersion of Ni particles determined
by H,-chemisorption. The TOF of the prepared -catalysts
increased in the order of Ni/13X-DP < Ni/13X-IE < Ni/13X-IMP as
the dispersion of Ni particles decreased (Table 2). However, the
Ni/13X-DP catalyst exhibited high NH; conversion activity, which
contradicted the catalytic activity order based on TOF. Consid-
ering the results of previous studies performed under the same
reaction conditions (WHSV = 30 000 mL g, ' h™", 600 °C), the
TOF of 10 wt% Ni/SiO, (metal dispersion = 0.9%) prepared by the
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Table 2 Catalytic performance of Ni/zeolite 13X catalysts

H, formation rate®

Catalyst Tso (°C)  Tos (°C)  (mmol g ' min~')  TOF (s ")
Ni/13X-1IE 601 689 17.3 12.2
Ni/13X-DP 572 654 22.9 5.6
Ni/13X-IMP 586 674 19.3 22.5

“ Calculated at 600 °C and WHSV = 30 000 mL g, " h ™.

precipitation method* and that of 9 wt% Ni/BN (metal disper-
sion = 1.1%) were 12.4 and 16.0 s, respectively, which were
higher than those of the Ni/13X-DP catalyst (metal dispersion =
2.71%); however, the NH; conversions of these catalysts (36.4%
and 48.1%, respectively) were lower. In addition, previous
studies®* reported that the catalytic activity improved while the
TOF tended to decrease with Ni loading. Therefore, the Ni metal
dispersion has a major effect on the NH; conversion. In partic-
ular, Ni/13X-DP had a dispersion more than double those of Ni/
SiO, and Ni/BN, indicating that the even distribution of Ni active
sites on the support surface improved the NH; conversion.
Fig. 8b shows the NH; conversions obtained at 550 °C and
different WHSVs, revealing that conversion decreased as the
WHSYV increased from 6000 to 45 000 mL g.,. * h™*, following the
order of Ni/13X-DP > Ni/13X-IMP > Ni/13X-IE even at high
WHSVs. Fig. 8c shows the Arrhenius plot for NH; decomposition
over Ni/zeolite 13X catalysts. The effect of the catalyst preparation
method on the apparent activation energy of NH; decomposition
was determined in the NHj; conversion range of 10-20% at
a WHSV of 30 000 mL g.,. ' h™'. Ni/13X-DP featured the lowest
apparent activation energy (57.0 k] mol™"), suggesting that the
preparation method significantly enhanced catalytic activity. This
finding is consistent with the low NH; decomposition and N,
desorption temperatures of Ni/13X-DP observed by NH,-TPSR.>*>*
Therefore, because of its low apparent activation energy and high
N, recombination and desorption rates, Ni/13X-DP exhibited the
best low-temperature catalytic activity. To evaluate the stability of
the prepared catalysts, we performed NH; decomposition for 30 h
at WHSV = 30000 mL g., * h™" and 550 °C (Fig. 9). Ni/13X-IE
and Ni/13X-DP showed stable activity with no decrease in
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EOOO00000000000000000“0000000&

2000090000000000000000000009(

NH3 conversion (%)
8

Time (h)

Fig. 9 Stability test of NHs decomposition over Ni/zeolite 13X
catalysts.
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initial conversion (26.6% and 36.5%, respectively) after 30 h. In
the case of Ni/13X-IMP, the initial conversion of 31.8% decreased
by 2.6% after 30 h, which was attributed to the low dispersion of
Ni metal and its weak interaction with the support.

Conclusions

Ni/zeolite 13X catalysts with a Ni loading of 15 wt% were prepared
using IE, DP, and IMP and utilized to realize CO,free H,
production through NH; decomposition. The well-defined struc-
ture of the zeolite support allowed the uniform loading of Ni
particles, the shape and dispersion of which were strongly influ-
enced by the preparation method. Ni/13X-IE featured lamellar Ni
phyllosilicate structures, while Ni/13X-IMP mainly featured
spherical Ni particles on the zeolite surface, as confirmed by TEM.
The morphology of Ni/13X-DP had the features of both Ni/13X-IE
and Ni/13X-IMP, i.e., lamellar structure and uniformly dispersed
spherical Ni particles were observed. As a result of the uniform
distribution of Ni particles within the zeolite structure and their
strong interaction with the support, reduction peaks were
observed over a temperature range of 500-700 °C. For Ni/13X-IE
and -DP, surface acidity changes such as a shift in LASs and an
increase in the peak intensity of BASs were observed as Ni was
ionically exchanged with Na. Among the prepared catalysts, Ni/
13X-DP showed the lowest apparent activation energy of NHj
decomposition and achieved high NH; conversion, high H,
formation rate, and stable activity at low temperatures.
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