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e COx-free H, production via NHj;
decomposition on  Ru-coated
metal-structured catalysts.

e Nano-sized Ru uniformly
dispersed in plate-like Mg—Al
oxide layers by precipitation.

e Amount of Ru in the structured
catalyst was <~1/10 of that in the
pellet catalyst.

e Foams performed better catalyti-
cally than monoliths at higher
GHSV (6,000 h™1).

e Foam catalyst stability was verified
in a 20 Nm>h-H, production sys-
tem for 100 h.
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We report the development of Ru/Mg—Al oxide coated metal-structured catalysts with
excellent heat and mass transfer characteristics for efficient clean H, production from
ammonia decomposition. Ammonia is a promising carrier for the mass transport of
hydrogen and facilitates the production of COx-free hydrogen by decomposing into ni-
trogen and hydrogen. Ru nanoparticles are uniformly dispersed on the Mg—Al oxide layer
of the FeCralloy monoliths and foams via precipitation. The catalytic activities depend on
the surface area and loading of the catalysts and the metal dispersion in the oxide layer. At
temperatures <650 °C, and a gas hourly space velocity (GHSV) of 3,000 h~?, monolithic
catalysts with a large surface area and evenly distributed active metals perform excel-
lently. Foam catalysts with excellent heat transfer performance better at temperatures

E-mail addresses: kykoo@kier.re.kr (K.Y. Koo), uhjung@kier.re.kr (U. Jung).
https://doi.org/10.1016/j.ijhydene.2023.08.004
0360-3199/© 2023 The Author(s). Published by Elsevier Ltd on behalf of Hydrogen Energy Publications LLC. This is an open access article under the CC BY-NC-
ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:kykoo@kier.re.kr
mailto:uhjung@kier.re.kr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijhydene.2023.08.004&domain=pdf
www.sciencedirect.com/science/journal/03603199
www.elsevier.com/locate/he
https://doi.org/10.1016/j.ijhydene.2023.08.004
https://doi.org/10.1016/j.ijhydene.2023.08.004
https://doi.org/10.1016/j.ijhydene.2023.08.004
http://creativecommons.org/licenses/by-nc-nd/4.0/

INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 52 (2024) 534—545 535

Mg—Al oxide
Metal structured catalyst

>650 °C and GHSV >6,000 h™'. Foam catalyst stability is verified for 100 h in a 20 Nm*h
high-purity hydrogen production system.

© 2023 The Author(s). Published by Elsevier Ltd on behalf of Hydrogen Energy Publications
LLC. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Decarbonizing energy systems have attracted worldwide
attention, accelerating the research and applications of
renewable energy, hydrogen energy, and carbon capture, uti-
lization, and storage (CCUS) technologies to achieve carbon
neutrality [1]. In particular, hydrogen energy plays a crucial
role in replacing fossil fuels in various industries and power
generation systems, and the demand for hydrogen energy is
expected to increase [2]. However, the quality and quantity of
renewable energy sources, such as solar and wind energies,
depend on geographic locations. Australia, Chile, and the
Middle Eastern countries have a competitive advantage in
producing green hydrogen because of their abundant renew-
able energy resources. Hydrogen exportation from these
countries is expected to be a driving force for new energy
trade.

Hydrogen has a high energy density per unit mass (120 MJ/
kg); however, on a volume basis, hydrogen energy density is
very low, which notably increases the costs of long-distance
transportation [4]. Thus, developing technologies to convert
hydrogen into various types of carriers (ammonia, methanol,
liquefied H,, and methyl cyclohexane) is essential to overcome
this limitation. Liquefied hydrogen requires expensive storage
tanks at cryogenic temperatures (—253 °C) and qualified
hydrogen supply infrastructure [3,4]. Comparatively,
ammonia (NHs) has a higher storage density per unit volume
(121 kg-H,/m®) than that of liquid hydrogen (70.8 kg-H,/m?)
and can be liquefied at room temperature (20 °C) and 8 atm
pressure. Ammonia is more stable than hydrogen because of
its low explosive limit and high flammability, and can be
immediately detected in case of leakage. In terms of trans-
portation and distribution, regular stainless-steel pipes and
containers can be used to transport ammonia, and distribu-
tion networks are well-established internationally. Thus,
ammonia is one of the most suitable hydrogen carriers as it
enables economical transportation and eco-friendly hydrogen
production [5,6].

The transported ammonia can be used directly for gas
turbines, fuel cells (solid oxide fuel cells), and ammonia-
capable industrial furnaces. Ammonia can also produce
high-purity hydrogen via a clean process without emitting
carbon dioxide [7]. In general, producing hydrogen from
ammonia involves thermal decomposition (2NH; < N, + 3H,,
AH® = 92 kJ/mol) followed by purification to remove small
quantities of residual ammonia and nitrogen [4,8]. The
required purity of the produced hydrogen depends on the final
application. For instance, high-purity hydrogen (>99.97%)
with a residual NHj3 concentration below 0.1 ppm and N,

concentration below 300 ppm is required for fuel cell vehicles
according to ISO 14687 standard [9,10].

The traditional blue hydrogen production method is based
on a natural gas (NG) reforming process, and multiple steps
are involved, such as the pretreatment of raw materials (NG
and H,0), CHy-steam reforming (CHy + H,O < CO + 3H,,
AH® = 206.3 kJ/mol) and water gas shift(WGS, CO(g) + H,0(g)
< COy(g) + Hy(g), AH® = —41.1 kJ/mol) reactions, pressure
swing adsorption(PSA) for separation purification, and carbon
capture and storage(CCS) (Fig. 1) [11]. By contrast, ammonia-
based hydrogen production is a simple two-step process
(decomposition and purification) with a single raw material
(ammonia) [12]. Moreover, the low operating temperature of
ammonia decomposition favors the maintenance of the
catalyst activity. Compared with the NG reforming process,
ammonia-based hydrogen production does not involve car-
bon deposition. Thus, the life of the catalyst and the efficiency
of hydrogen production are both expected to increase. Ulti-
mately, the advantages of ammonia decomposition compared
with those of NG reforming should ensure that the former will
be more economical.

However, the successful commercialization of ammonia
decomposition technology has yet to be reported worldwide
[6]. Major licensing companies for large-scale hydrogen pro-
duction or ammonia synthesis (e.g., Haldor-topsoe, thys-
senkrupp-Uhde, and  KBR) are  promoting  the
commercialization of ammonia decomposition hydrogen
production processes by utilizing existing natural gas
reforming processes and reforming catalysts.

Active catalysts with high durability and improved low-
temperature activity have been synthesized to develop
ammonia decomposition catalysts. Metals including Ru, Ni,
Co, and Fe, have been studied as prospective active metals,
and Ru-based catalysts demonstrated the best performances
[4,13]. In general, Ru-based catalysts display good catalytic
activity at low temperatures of <500 °C in the ammonia
decomposition reaction. Li et al. [14] reported that the
ammonia conversion accomplished by a Ru catalyst was
higher than 20% of that by a Ni catalyst under the same re-
action conditions and support. Furthermore, the support,
which provides a large surface area, high metal dispersion,
and displays high sinter-stability, has a marked effect on the
catalytic activity in ammonia decomposition. In particular,
the basicity of the support improves the recombinative
desorption of surface nitrogen atoms (the rate-determining
step) due to the electron donating properties [4]. Mg—Al
oxide (MgAlOy) has received much attention because it has a
large surface area and displays good thermal stability at high
temperatures while simultaneously imparting basicity [15]. A
MgAlOx support can be prepared by a thermal treatment of
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Fig. 1 — Comparison of process unit between natural gas (NG) reforming and NH; decomposition for the high-purity blue

hydrogen production

Mg—Al layered double hydroxide (LDH). Moreover, Ru/MgAlIO,
catalysts have been used in various reactions, including NO
storage/decomposition/reduction, glycerol steam reforming
and carbon dioxide reforming of methane for the production
of hydrogen and syngas, and ammonia synthesis [16—19].
Despite these advantages, few studies have been performed
on a MgAIO, supported Ru catalyst system for ammonia
decomposition [20,21].

In this study, Ru/Mg—Al oxide-coated metal-structured
catalysts were unprecedentedly used to produce COy-free
hydrogen via ammonia decomposition. Ammonia decomposi-
tion is endothermic, and effective external heat transfer is vital
to improve hydrogen production efficiency. The metal-
structured catalysts have a large ratio of the geometric reac-
tion surface area to the reaction volume (S/V) and higher heat
transfer rate per unit volume of process flow (US/V) [22]. Owing
to the excellent heat and mass transfer, the catalysts in the
forms of monoliths and foams can replace ceramic pellet cat-
alysts in typical chemical processes and enable a compact
reactor design [12,23]. However, the catalyst coating layer de-
taches easily from the metal substrate because of the difference
in the thermal expansion coefficients between the ceramic
catalyst layer and the metal substrate. A precipitation method
based on a proprietary coating technique was applied to coat
the Ru/Mg—Al oxide catalyst uniformly on the surface of the
FeCralloy monoliths and foams to solve this problem [24,25].
The catalytic performances of the Ru/Mg—Al oxide-coated
monoliths and foams in ammonia decomposition were inves-
tigated and compared. In addition, the foam catalysts were
applied to a reactor in a 20 Nm?%h high-purity H, production
system, and their performance was evaluated for 100 h.

2. Experimental
2.1. Catalyst preparation

FeCralloy (Fe:72.8, Cr:22,Al:5, Y:0.1, Zr:0.1 wt%, Goodfellow
Corp.) monolith and foam were used as metal-structured
carriers. The diameter of the monolith was 22 mm, height
was 20 mm, and cell density was 600—1000 cpi (cells/in?). The
foam with a thickness of 6.35 mm and a porosity of 20 and 40

ppi (pore per inch) was cut into a round shape (22 mm in
diameter). The prepared monolithic catalysts and foam cata-
lysts were designated as M_(cpi) and F_(ppi), respectively. The
metal-structured carriers were rinsed with acetone and pre-
calcined at 900 °C to form an Al,O3 layer on the metal sub-
strate. Ru/Mg—Al oxide-coated metal-structured catalysts
were prepared sequentially using a precipitation method
based on the proprietary coating technique [24,25]. First,
magnesium nitrate (Mg(NOs),-6H,0, Aldrich) and aluminum
nitrate (Al(NOs)3-9H,0, Aldrich) were employed as metal pre-
cursors to prepare an Mg—Al oxide support layer. The pre-
cursor solution was aged at 80 °C after adding urea as a
precipitant. The coated Mg—Al oxide support layer was
calcined at 900 °C in air. The Ru active metal was then coated
using a ruthenium(Ill) nitrosyl nitrate solution (Ru(NO)
(NO3),(OH)y, Aldrich) and ammonia solution as the metal
precursor and precipitant, respectively.

2.2. Characterization

Inductively coupled plasma-mass spectrometry (ICP-MS
7700S, Agilent) was performed to measure the amount of Ru
coating. The samples were pretreated in a mixed acid solution
(70% HNO3, 7 mL + 35% HCI, 3 mL) at 200 °C for 30 min using a
microwave reaction. The Brunauer Emmett and Teller (BET)
surface areas of the prepared metal-structured catalysts were
measured on BELSORP-Max equipment (BEL Japan, Inc.). An
in-house cell was used to measure the entire metal-structured
catalyst sample. The sample was pretreated at 120 °C for4 h
under vacuum, followed by N, adsorption at —196 °C. Metal
dispersion and Ru particle size were measured by chemi-
sorption analysis (BEL-METAL-3, BEL Japan, Inc.). The metal-
structured catalysts were cut to an appropriate size (approx-
imately 0.3 g) and reduced at 600 °C for 3h in H, gas and then
purged with He gas at 600 °C for 15 min. After cooling to 50 °C,
a CO pulse was injected with 10 vol% CO/He mixed gas. The
metal dispersion and particle size were estimated from the
obtained CO adsorption, assuming an adsorption stoichiom-
etry of CO/Ru = 1. The surface morphologies of the prepared
metal-structured catalysts were analyzed using scanning
electron microscopy (SEM, S-4700, Hitachi).
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2.3. Catalytic test

A schematic of the experimental apparatus for ammonia
decomposition is shown in Fig. 2. The test was carried outin a
1-inch Inconel tubular reactor (0.D. = 25.4 mm, I.D. =22.1 nm)
under reaction conditions of T = 550—700 °C, and gas hourly
space velocity (GHSV) = 3,000—10,000 h™* under atmospheric
pressure. The thermocouple was placed at the bottom center
of the catalyst bed. The catalysts were reduced at 600 °C for 3h
under 10%H,/N, atmosphere before the reaction. The effluent
consisted of H,, N,, and NH; and the residual NH; concen-
tration (ppm) was measured using a gas analyzer (Airwell+7,
KINSCO) via tunable diode laser absorption spectroscopy
(TDLAS). HSC chemistry® 7.1 software was used to calculate
the thermodynamic equilibrium value. NH; conversion (Xyus)
was calculated as follows:

XNHS (%) _ FNH3.in — FNH&out % 100

FNHS.in
where Fyps in @and Fyus out are the mole flowrates (mol/min) of
the inlet and outlet ammonia gases, respectively. For com-
parison, a commercial 0.5 wt% Ru/Al,O; pellet catalyst
(3 mm x 3 mm, AlfaAesar) was used as a reference.

3. Results and discussion
3.1. Catalytic characterization

The Ru contents, BET surface areas, Ru dispersions, and par-
ticle sizes of the prepared metal-structured catalysts are
summarized in Table 1. Owing to the geometrical character-
istics of the monolith and foam, the coated catalysts had
different physical properties and active metal contents. The
loaded Ru content was highest in the monolith catalyst
(M_600) with a low cpi. This effect occurred because a higher
cpi corresponded to narrower channel inlets, and did not favor
the permeation of the precursor solution to owing to capillary
action [22,26]. As the ppi of the foam catalyst increased, the
cell window size and strut thickness decreased, increasing the
porosity, geometric surface area (GSA), and S/V ratio [27]. The
monolithic catalyst (M_800) and foam catalyst (F_40) with
similar GSA and S/V ratios, had similar Ru contents
(0.0014—0.0015 g). By contrast, the F_20 catalyst had a high Ru
content of 0.0012 g, despite the halved GSA and S/V ratio
values. The BET surface areas of the metal-structured cata-
lysts were in the order M_600 > M_1000 > M_800 > F_40 > F_20.
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Fig. 2 — Schematic diagram of the experimental apparatus for NH; decomposition reaction system.

Table 1 — Characteristics of Ru-coated metal-structured catalysts and pellet catalyst.

Catalyst GSA S/V. Ru content Ru content BET surface Ru dispersion Ru particle = Ru metal
m?» (MY  (wt%)® area (m%/g)° (%)? size (nm)? amount
compared to
Pellet ratio (%)
Monolith M_600 (600 cpi) 3.89 x 102 5,373 0.036 0.0024 143.3 19.3 6.92 15.2
M_800 (800 cpi) 436 x 1072 5,939 0.020 0.0015 91.5 12.5 10.7 9.1
M_1000 (1000 cpi) 5.03 x 1072 6,893 0.025 0.0023 100.8 15.7 8.53 14.1
Foam F_20 (20 ppi) 2.05 x 1072 2,997 0.021 0.0012 62.1 16.0 8.37 7.2
F_40 (40 ppi) 410 x 102 5,994 0.030 0.0014 90.2 13.2 10.1 9.0
Pellet (0.5 wt% Ru/Al,05) 6.27 x 1073 826 0.40 0.016 116.0 34.6 3.9 100

@ Calculated using the catalyst packed volume: 7.60*10> L(monolith, pellet), 6.84*10~> L(foam).

® Determined by ICP-MS.
© Estimated from N, adsorption at —196 °C.
@ Estimated from CO-chemisorption at 50 °C.
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Fig. 3 — SEM images of Mg—Al oxide support layer coated on the FeCralloy metal substrate (a) M_600, (b) M_800, (c) M_1000,
(d) F_20, (e) F_40.
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Fig. 4 — SEM images of Ru/Mg—Al oxide catalyst layer coated on the FeCralloy metal substrate (a) M_600, (b) M_800, (c)
M_1000, (d) F_20, (e) F_40 (reduction: 600 °C, 3h).
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By contrast, the Ru metal dispersion was in the following
order M_600 > F_20 > M_1000 > F_40 > M_800. Therefore, the
geometry of the metallic structure had a marked effect on the
Ru loading content, BET surface area, and Ru dispersion in the
metal substrate. In particular, the amount of active metal in
the structured catalyst was less than approximately 1/10 that
in the pellet catalyst for the same reaction volume, i.e., a very
small amount of Ru was uniformly coated as a thin layer on
the metal substrate surface.

Fig. 3 shows the SEM images of the Mg—Al oxide support
layer coated on the metal surface. A thin layer of plate-shaped
Mg—Al oxide was uniformly formed on the monolith and foam
surfaces. As mentioned previously, as the cell density of the
monolith increased, the narrower and thinner monolith
channels hindered the formation of a uniform coating. For the
foam, the higher the ppi, the smaller and more complicated
the pore size; this effect was unfavorable for developing uni-
form coatings on the internal part of the foam. However, it
was confirmed that the precipitation-based coating method
enabled uniform coating of the support layer on the metal
surface, regardless of the geometric shape of the structure. In
addition, the shapes and sizes of the Ru particles formed on
the Mg—Al oxide support surface are shown in Fig. 4. Even
after reducing the temperature to 600 °C, nanosized Ru par-
ticles (5—10 nm) were uniformly formed on the plate-shaped
Mg—Al oxide support layer. In particular, the formation of
spherical Ru particles was evident in the monolithic catalyst.
Therefore, by applying the precipitation method, a small
amount of active Ru metal could be uniformly loaded on the
support layer surface.

3.2. Catalytic test in ammonia decomposition
The ammonia decomposition performance of the reference

pellet catalyst (0.5 wt% Ru/Al,0;) was evaluated at various
temperatures at GHSV = 3,000 h~. The unreacted ammonia

concentration and ammonia conversion were compared to
the thermodynamic equilibrium values calculated using the
HSC (Fig. 5). The reaction results were markedly different from
the equilibrium values at reaction temperatures lower than
600 °C. Therefore, the operating temperature had to
be > 600 °C for an actual ammonia decomposition reaction
system. If the reaction conditions were set to <600 °C, excess
catalyst was required, and the product gas composition could
vary markedly, even with a small temperature change.

The Ru/Mg—Al oxide-coated metal-structured catalysts
were tested for ammonia decomposition at 550—700 °C when
the GHSV was 3,000 h™(Fig. 6). The concentration of unreac-
ted ammonia decreased as the reaction temperature
increased for all the structured catalysts. However, at low
temperatures (<600 °C), the performance of the Ru/Mg—Al
oxide-coated catalyst was notably different from that of the
pellet catalyst, indicating that the amount of catalyst was key
to the reaction activity when the reaction rate was low. We
hypothesized that M_800 and F_40, with similar catalyst
loading amounts and BET surface areas, would show similar
performances. However, M_800 demonstrated a significantly
higher catalytic activity, suggesting that the catalytic perfor-
mance also depends on the Ru loading condition on the
metallic substrate of the monolith and foam (SEM images, in
Fig. 4). As a result, the M_1000 and M_800 catalysts, with large
BET surface areas, high catalyst loading, and uniform metal
dispersions, showed the best performances. However, as the
reaction temperature increased, most catalysts showed
similar performance above 650 °C. At higher temperatures,
the reaction rate increased. The differences in physical prop-
erties, such as the specific surface area, catalyst loading
amount, and metal dispersion, had a negligible effect on the
catalytic performance. It is worth noting that at a temperature
>650 °C, the catalytic activities of metal-structured catalysts
were equivalent to that of the pellet catalyst, although only 1/
10 of the Ru active metal was used for the same reaction
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Fig. 5 — NH3 conversion and residual NH; concentration using 0.5 wt% Ru/Al,O3 pellet catalyst in NH; decomposition
reaction (reaction condition: T = 550—750 °C, GHSV = 3,000 h~%).
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volume. Therefore, the uniformly coated Ru/Mg—Al oxide thin
layer was expected to enable the design of a compact
ammonia decomposition reactor by improving the heat
transfer efficiency and reducing the amount of catalyst.

Fig. 7 shows the unreacted residual ammonia concentra-
tions and ammonia conversions at different reaction gas flow
rates at 700 °C. The unreacted residual ammonia concentra-
tion increased because a high GHSV caused a mass transfer
limitation owing to the increased diffusion resistance [22]. In
terms of catalytic activity, GHSV-dependent experiments
showed different tendencies from those of the temperature-
dependent experiments. In the temperature-dependent ex-
periments, the M_1000 catalyst showed the best activity atlow
temperatures among the structured catalysts. By contrast, at
high GHSV values, the F_40 catalyst showed the best activity.
In addition, the F_20 catalyst with the lowest activity at low
temperatures exhibited excellent performance in the GHSV-
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Fig. 7 — Comparison of (a) unreacted NH; concentration and
(b) NH3 conversion of metal structured catalysts for
different GHSVs in NH; decomposition reaction (reaction
condition: T = 700 °C, GHSV = 3,000—10,000 h™Y).

dependent experiments. When the GHSV increased, the re-
action heat absorbed by the catalyst bed increased markedly.
Therefore, heat transfer from external heat sources was
extremely important. Generally, foams are suitable for low-
pressure drop applications because of their high porosity
and excellent mass transfer related to their complex pore
structures and large geometric surface areas. In particular,
foams can maintain a more uniform temperature distribution
because of the improved thermal conductivity [28—30]. The
wall temperature of the reaction tube in the foam catalysts
was lower than those in the monolithic and pellet catalysts,
confirming the excellent heat transfer in foams. However,
foam catalysts were not suitable at low temperatures because
of the low ammonia conversion under pressurized conditions.
The foam catalyst was better than the monolithic catalyst at
high GHSV (>6,000 h™") and high temperatures (>650 °C).
Moreover, a high ppi value could be advantageous because of
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the increased surface area. However, differential pressures 3.3. 20 Nm>/h high-purity hydrogen production

may be induced by the reactor shape and an appropriate ppi

should be selected according to the reactant flow rate and The ammonia-based high-purity hydrogen production system
reactor structure. comprises a decomposition reactor, residual ammonia
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5.0kV 14.1mm x5.00k SE(M)

e

10.0um | 5.0V 14.1mm x50.0k SE(M)

Fig. 9 — (a) FeCralloy bare foam, (b) Mg—Al oxide support coated foam, (c) Ru/Mg—Al oxide coated foam (before reduction), (d)
Ru/Mg—Al oxide coated foam (after reduction at 600 °C, 3 h), and (e) SEM images of Ru/Mg—Al oxides coated foam catalysts

applied for 20 Nm>/h-H, production.

adsorption reactor, and PSA (Fig. 8(a)). The metal foam catalyst
developed in this study was applied in the reactor a 20 Nm*h
high-purity hydrogen production system. The ammonia
decomposition reactor used natural gas as a heat source and
eight heat exchange type tube reactors were arranged around a
burner (Fig. 8(b)). The external diameter, internal diameter, and
thickness of the donut-shaped foam catalyst were 43.2 mm,
15.9 mm, and 6.35 mm, respectively. Sixty catalysts in each
reactor (480 metal foam catalysts in total) were used in the entire
reactor (Fig. 8(c)). The experimental results of the ammonia
decomposition reaction in the lab-scale 1” reactor confirmed
that the foam had better heat transfer properties than those of
the monolith. In addition, 20 ppi foam was used in the ammonia
decomposition reactor to minimize the differential pressure
problem. Mg—Al oxide and Ru active metal were coated by
sequential precipitation similar to the foam catalyst used in the
1” reactor. By observing the foam catalyst after each stage of
catalyst preparation, a clear color difference was observed in the
Mg—Al oxide support layer coating and Ru catalyst coating
before and after reduction (Fig. 9). The support layer and Ru
active metal were uniformly coated on the entire surface of the
foam. To confirm the stability of the metal foam catalyst coated
with Ru/Mg—Al oxide, the catalyst was applied in an ammonia
decomposition reactor and evaluated for 100 h (Fig. 8(d)). The
operating pressure was maintained at 8 bar to ensure smooth
operation of the PSA in the downstream of the reactor. The
average temperature of the outlet of the metal foam catalyst
layer was maintained at 800 °C, and the ammonia conversion
was >99.0%. In addition, the ammonia conversion and the outlet
temperature of the catalyst layer were well maintained for 100 h
of cumulative operating time, indicating no deterioration in the
performance of the metal foam catalyst. Moreover, high-purity
hydrogen was produced through the ammonia decomposition

reactor and the downstream process was applied to the PEMFC
(proton-exchange membrane fuel cell) to stably generate elec-
tricity for 50 h (not detailed in this paper) [31—34].

4, Conclusions

Novel Ru/Mg—Al oxide-coated metal-structured catalysts
have been applied in ammonia decomposition reaction to
produce COx-free hydrogen. The Ru/Mg—Al oxide catalyst was
uniformly coated as a thin layer on the surface of the
FeCralloy monoliths and foams using the precipitation
method. Ru particles with sizes of 5-10 nm were evenly
dispersed on the surface of the wide-plate-shaped Mg—Al
oxide support layer. In the ammonia decomposition reac-
tion, the activity of the prepared metal-structured catalysts
depended on the BET surface area, catalyst usage, and catalyst
loading state. When the temperatures were <650 °C, the
monolithic catalyst with a large specific surface area and
evenly coated active metal layer exhibited excellent perfor-
mance. By contrast, at temperatures >650 °C, the metal foam
catalyst with excellent heat transfer properties displayed
higher ammonia conversion at a high GHSV of 6,000 h™?. In
addition, at a temperature >650 °C, the metal-structured
catalyst loaded with 1/10 of Ru exhibited ammonia decom-
position activity equivalent to that of the pellet catalyst
because of the improved heat transfer characteristics. The
stability of the Ru/Mg—Al oxide-coated foam catalyst was
verified in a 20 Nm?%h high-purity hydrogen production sys-
tem. Our study demonstrates that a compact and highly effi-
cient ammonia decomposition reaction system can be
developed on a large scale in the future by utilizing the Ru/
Mg—Al oxide coated foam catalyst.
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