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Abstract: Hydrogen, with its high energy density and zero greenhouse gas emissions, is an excep-
tional energy vector, pivotal for a sustainable energy future. Ammonia, serving as a practical and
cost-effective hydrogen carrier, offers a secure method for hydrogen storage and transport. The
decomposition of ammonia into hydrogen is a crucial process for producing green hydrogen, en-
abling its use in applications ranging from clean energy generation to fueling hydrogen-powered
vehicles, thereby advancing the transition to a carbon-free energy economy. This study investigates
the catalytic performance of various 3D-printed porous supports based on periodic open cellular
structures (POCS) and triply periodic minimal surface (TPMS) architecture manufactured from IN625
nickel alloy powder using the laser powder bed fusion (LPBF) technique. The POCS and TPMS,
featuring geometries including BCC, Kelvin, and Gyroid, were analyzed for cell size, strut/sheet
diameter, porosity, and specific surface area. Pressure drop analyses demonstrated correlations
between structural parameters and fluid dynamics, with BCC structures exhibiting lower pressure
drops due to their higher porosity and the open channel network. The dip/spin coating method
was successfully applied to activate the supports with a commercial Ru/Al,Oj3 catalyst, achieving
uniform coverage crucial for catalytic performance. Among the tested geometries, the Gyroid struc-
ture showed superior catalytic activity towards ammonia decomposition, attributed to its efficient
mass transfer pathways. This study highlights the importance of structural design in optimizing
catalytic processes and suggests the Gyroid structure as a promising candidate for improving reactor
efficiency and compactness in hydrogen production systems.

Keywords: POCS; TPMS; process intensification; ammonia decomposition; structured catalysts;
green hydrogen

1. Introduction

Hydrogen is a promising alternative to fossil fuels, crucial for advancing the global
green energy economy [1]. However, the hydrogen economy faces challenges, particularly
in storing hydrogen safely and economically at high densities without relying on high
pressures. Several hydrogen storage strategies have been explored to improve volumetric
density, including liquid carriers like methanol, formic acid, and ammonia [2]. Among
these, ammonia stands out due to its high energy density, low production cost, and ease of
liquefaction at room temperature [3]. Ammonia has been considered for both short- and
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long-term Hj storage, particularly for use in the transportation sector [4,5]. Liquid am-
monia can store hydrogen in volumes much higher (121 kg-H, /m?) than liquid hydrogen
(70.8 kg-H, /m?), which is about 1.7 times as high. Moreover, liquid ammonia can be stored
at relatively low pressures (0.99 MPa at a temperature of 25 °C), which is significantly lower
than that of compressed hydrogen. In this context, renewable ammonia production has
recently gained attraction due to its potential role as a decarbonized hydrogen carrier and
as a fuel in the hydrogen economy. Despite its potential, the use of ammonia as a hydrogen
source has been limited by the absence of an efficient method for its decomposition into
hydrogen and nitrogen, which is vital for the on-site generation of hydrogen, especially for
mobile applications. Catalytic cracking or decomposition of ammonia (2NHj <—— 3H, +
N, AH = 46 k] mol~!) is the reverse reaction of the Haber-Bosch synthesis of ammonia.
According to Le Chatelier’s principle, the reaction is favored at low pressures, and as it is
mildly endothermic, it is favored by high temperatures. The equilibrium conversion of
ammonia reaches values above 99% at 400 °C at ambient pressure [6]. Today, ammonia
cracker units are commercially used in the metallurgy industry for processes like welding,
brazing, and nitriding [7]. In these units, ammonia is preheated and passed through a
reactor containing a catalyst, operating at high temperatures of 850-1000 °C to achieve
full conversion. These small crackers produce 1-1500 kg of hydrogen per day with energy
efficiencies ranging from 30% to 60%. The endothermic nature of the cracking reaction re-
sults in a reactor design similar to steam methane reforming applications to enable efficient
delivery of heat into the catalyst bed. Indeed, multi-tubular reactors packed with catalysts
are used [8]. For small-scale applications, the reactors are heated with electric furnaces;
instead, for larger scale utilization (e.g., heavy water production, 1000 ton yp3 day~!) the
reactor setup is equipped with external burners where ammonia or natural gas and part of
the produced hydrogen are used as fuels [9]. Thermal reactors often face similar challenges.
Energy demand is closely tied to process efficiency, which is primarily affected by heat flow
and temperature gradients. Ensuring uniform temperature distribution and preventing
local hotspots from uneven heating are key objectives for all thermal reactors. Currently,
packed-bed reactors struggle with poor convective heat transfer between catalyst pellets
and experience significant pressure drops. Moreover, the resulting units have limited
management of convective heat fluxes inside and around the cracking tube. These factors
reduce reactor productivity and shorten the catalyst’s lifetime, especially for distributed
applications. Another critical challenge in NH3 decomposition is catalyst development. A
wide range of monometallic catalytic systems have been tested for hydrogen production via
ammonia decomposition. The catalytic activity is highly dependent on the choice of metal
component, the catalytic support, and the potential use of promoters, as well as the NH3 de-
composition conditions. Taking this into account, the general activity trend of monometallic
systems supported on activated alumina is Ru > Ni > Rh > Co > Ir > Fe > > Pt > Cr > Pd >
Cu > Te > Se > Pb [10]. Different combinations of metals, such as Co-Mo, Ni-Mo, Fe-Mo,
Ni-Co, Co-Mo-Fe-Ni—Cu, Mg-Fe, Fe-Co, Ni-Fe, Mg—-Co-Fe, Ni-Pt, Ni-Pd, Ir-Ni, Cu—Zn,
and bimetallic compositions with Ru, have also been studied [10]. Alternative catalysts
in the literature, such as amide/imide-based catalysts, have shown promising activities
and are still under development [11]. Many mechanisms have been proposed for NHj
decomposition. Nevertheless, irrespective of the specific catalysts, there are two possible
rate-limiting steps: (1) cleavage of the first N-H bond resulting in the formation of NH,
(ad) and H (ad), or (2) the recombination of N (ad) resulting in the desorption of Nj. The
binding energy of the N (ad) atom on the active metal surface is a good descriptor for
NHj; decomposition. This binding energy must be strong enough for dehydrogenation
of the NHy species to occur but sufficiently weak so that the recombinative N, desorbs
from the surface to complete the catalytic cycle [12]. The Ru-based materials are reported
as the most effective catalysts for low-temperature NH3 decomposition based on their
electronic promotion possessing an optimum N binding energy [13]. The basic steps for
the generation of Hy from NHj; decomposition are as follows [8]:
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(I) Ammonia adsorption:

NH; (g) + * < NH3* (ads)
(2) 1stN-H cleavage:

NHj (ads) + * — NHy* (ads) + H* (ads)
(3) 2nd N-H cleavage:

NH; (ads) + * — NH* (ads) + H* (ads)
(4) 3rd N-H cleavage:

NH?* (ads) + * — N* (ads) + H* (ads)

(5) Hj recombination:

2H* (ads) — H, (g) + 2*

(6) Ny recombination:

2N* (ads) — N3 (g) + 2*

where * is the active surface site.

Ruthenium catalysts exhibit high activity below 500 °C, especially when supported on
carbon (CNTs, CNFs, and graphene) or metal oxides (Al,O3, MgO, SiO;) [14]. However,
their high cost, due to the high Ru content (2-8 wt%), are disadvantages for future large-
scale applications. In addition, Ru is included in the EU’s list of Critical Raw Materials
(CRMs). Nowadays, the catalyst used commercially for the decomposition of ammonia at
high temperatures is nickel supported on alumina, due to its mechanical properties and
heat resistance [15]. Also, lanthanum oxide, silica, magnesium oxide, ceria, titania, and
zirconia have all demonstrated high activity at temperatures above 600 °C. Operational
conditions are typically up to 900 °C where near-equilibrium conversion can be achieved.
Nickel catalysts are relatively inexpensive compared to precious metal catalysts, and their
advantage is further enhanced by their ability to achieve near-equilibrium conversion at
much higher space velocities than lower temperature catalysts. This makes nickel catalysts
both suitable and cost-effective for large-scale applications where a substantial amount
of catalyst is needed. However, ruthenium-based catalysts may be a good choice for
small-scale applications for the distributed production of green hydrogen from ammonia
decomposition. Indeed, the economics of low-temperature applications involve balancing
the savings from operating at lower temperatures with the higher costs of PGM-based
catalysts [7]. While ruthenium is effective at low temperatures, even minimal loadings
can significantly increase costs, with prices in August 2024 around USD $400 per troy
ounce [16]. Thus, there is a pressing need to develop new compact reactor architectures
that optimize material usage and enhance the efficiency of expensive ruthenium-based
catalysts. By reducing the amount of construction material and catalyst required, these
advanced designs could significantly lower costs while maintaining high productivity.
Membrane reactors offer a promising solution by allowing selective separation and re-
action processes within a single unit at lower temperatures with respect to conventional
reactors. This integration can improve catalyst utilization, reduce the overall catalyst load,
and increase the efficiency of low-temperature hydrogen production, making them an
ideal choice for future applications. In recent studies [17,18] Gallucci et al. experimentally
demonstrated the catalytic decomposition of ammonia to recover pure H; in a tubular
packed bed membrane reactor (PBMR) over a Ru-based catalyst (2 wt% Ru/Al,O3 in pel-
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letized form, 3 mm) and double-skin Pd-based membranes and low-cost carbon molecular
sieve membrane (CMSM). In the case of the Pd-based membrane, for temperatures from
and above 425 °C, full NH; conversion was achieved, and more than 86% of H, fed to the
system as ammonia was recovered with a purity of 99.998% at 4 bar. In the case of CMSM
operating at 5 bar and temperatures ranging from 450 to 500 °C, NHj3 conversion rates
exceeding 90% were achieved, with conversion approaching thermodynamic equilibrium at
temperatures above 475 °C. Simultaneously, the carbon membrane facilitated the recovery
of hydrogen from ammonia, yielding recoveries of 8.2-9.8%. The recovery process can
be improved through the optimization of the installed membrane area as compared to
the amount of catalyst used and the residence time of ammonia in the reactor. This is a
viable path due to the cost of carbon membranes that are in fact less expensive compared to
Pd-based membranes. On the catalyst side, as discussed above, conventional packed-bed
reactors face limitations in heat and mass transfer, which are crucial for efficient catalyst
utilization and hydrogen diffusion. In this regard, structured catalysts can play a relevant
role to enhance ammonia decomposition. Structured catalysts for process intensification are
receiving a large interest from the chemical engineering community and are also becoming
a topic of great attention in industrial research. There has been a gradual increase in the use
of open-cell foams, monoliths, and periodic structures as catalyst supports for processes
where high gas throughput and low-pressure drop, as well as high heat and mass transfer,
are required [19-21]. Moreover, structured catalysts enable the use of less catalyst due to
their high specific surface area, which maximizes the exposure of active sites [22]. This
efficient utilization of the catalyst not only enhances reaction rates but also significantly
reduces the amount of catalyst required. As a result, the overall costs of catalyst materi-
als, especially expensive ones like ruthenium-based ones, can be substantially lowered,
making the cost of a reactor unit more economical without compromising performance. A
new generation of cellular structures, known as metallic periodic open cellular structures
(POCS), has recently gained attention in the scientific community. Produced through addi-
tive manufacturing (AM), also known as 3D printing, this technique has been around for
over 30 years but has only recently been explored for designing and producing innovative
structured catalysts [23]. The POCS are characterized by a single unit cell, such as cubic,
tetrakaidecahedral, or diamond, repeated in all spatial directions, creating a highly regular
structure that combines the benefits of open-cell foams and honeycomb monoliths, such as
high radial mass flow, high radial heat exchange, very good tortuosity of the gas flow, low
resulting pressure drop, and tunable geometrical macroporosity [24]. Indeed, the design
flexibility of AM allows for optimizing network geometry (pores, cells, and strut sizes), spe-
cific surface area, porosity, flow resistance, mass transfer, and heat transfer when they are
made of highly conductive materials [25]. Additionally, these technologies are sustainable
for industrial use, reducing material waste, human involvement, and energy consumption
while enabling more complex geometries than traditional manufacturing methods [26]. In
general, the washcoating technique is widely used for the functionalization of structured
supports for application in thermochemical processes. It offers key advantages: it reduces
the amount of catalyst needed, particularly important for costly critical raw materials
(CRMs) like platinum group metals (PGMs), lowering overall device costs. Additionally, it
enhances the exposed catalytic surface, improving reactant access and boosting mass and
heat transfer efficiency. This leads to higher specific activity per mass of catalyst compared
to conventional packed bed systems. Among the different procedures, a combined dip-spin
coating method was evaluated successfully as a possible alternative deposition technique
for complex geometries (Foams) to the commonly used dip coating process [27]. In addition,
the dip-spin coating method was also used for the activation of POCS [28]. This study inves-
tigated various porous open-cell structures manufactured from IN625 nickel alloy powder
using the laser powder bed fusion (LPBF) technique. Analysis encompassed characteristics
such as cell size, strut/sheet size, porosity, solid volume, and specific surface area across
different POCS geometries, including BCC and Kelvin. The triply periodic minimal surface
(TPMS) architecture named Gyroid has also been investigated and compared to the POCS.
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The dip/spin coating method was employed to uniformly activate all the metallic supports.
Catalytic activity towards ammonia decomposition was comprehensively investigated,
varying weight space velocity (WSVs: 26,154-52,564 cm® gt ! h™!, gas hourly space
velocity, GHSV: 5172-10,446 h~!) and temperature (400600 °C) with the aim to identify
correlations between structural parameters and catalytic performances. Although there are
several correlations derived for traditional cellular structures, to the best of our knowledge
there is no publication that makes use of the flexible design opportunities of POCS and
TPMS geometries for the enhancement of the ammonia decomposition process.

2. Materials and Methods
2.1. Materials
POCS and TPMS Structures and Used Catalyst

The POCS and TPMS were manufactured using the laser powder bed fusion (LPBF)
technique based on CAD files, resulting in cylindrical structures with an envelope of 10 mm
diameter and 15 mm height (Figures 1-3). The POCS structures are made of two unit-
cell types: BCC and Kelvin, repeated in the X, y, and z directions to reach the envelope
dimensions given hereabove; instead, the TPMS structures are made of a single cell named
Gyroid. Ni-alloy (Ni625) was selected as powder material for the printing process, and a
SLM280 HL metal printer was used to produce the POCS and the TPMS samples.

Table 1 provides a summary of the design parameters, namely materials, strut/sheet
size, cell length, porosity, and internal surface area derived from the CAD with the values
experimentally obtained. It can be noted that the measured dimensions are in good
agreement with the theoretical (i.e., CAD) dimensions. The catalyst used for the coating
process is a commercial 5 wt% Ru/Al,Os from Engelhard.

Strut
size

Strut
size

Figure 1. Optical images of BCC POCS as built: (a,b) cell size = 3 mm, Strut size = 0.4 mm; (c,d) cell
size = 3 mm, strut size = 0.6 mm; (e f) cell size = 3 mm, strut size = 0.8 mm.
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Figure 2. Optical images of Kelvin POCS as built: (a,b) cell size = 3 mm, strut size = 0.4 mm; (c,d) cell
size = 3 mm, strut size = 0.6 mm; (e f) cell size = 3 mm, strut size = 0.8 mm.

Figure 3. Optical images of Gyroid TPMS as built: (a,b) cell size = 3 mm, strut size = 0.4 mm; (c,d) cell
size = 5 mm, strut size = 0.34 mm.
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Table 1. Bare POCS and TPMS features.
Cell C.ell Strut{Sheet Solid SOllfi Internal Porosity  Surface/Solid Vol. Caf. Layer
Type Size Size Volume Density  Surface Area (%) (SSA-cm2/em®) Thickness
P (mm) (mm) (cm®) (g/cm®) (cm?) (um)
3 04 0.099 11.31 92.1 .
BCC 0.4 3% (0.4%) (0.163 *¥) (8.3 *) 9.47 (86.17 %) 95.66 (17.24 ****)
3 0.6 0.220 8.86 83.3 I
BCC 0.6 3% (059 %) (0.284 %) (8.40 *) 12.94 (75.89 *+%) 58.82 (23.92 ****)
3 0.8 0.395 441 71.5 .
BCC0.8 3% 0.75 %) (0.392 +%) (3.41 ) 15.41 (66.71 %) 39.01 (37.46 ****)
. 3 04 0.126 14.21 90.4 .
Kelvin 0.4 (3.04%) (0.44 %) (0213 *) (8.40 **) 11.21 (81.94 %) 88.97 (13.77 ***%)
. 3 0.6 0.290 10.14 78.7 _—
Kelvin 0.6 3% 0.61%) (0.344 +%) (8.50 **) 15.23 (70.75 *+%) 52.52 (27.02 ****)
. 3 0.8 0.518 9.42 64.4 .
Kelvin 0.8 3% (0.81%) (0.569 *¥) (8.53 %) 16.93 (51.64 ) 32.68 (41.74 ****)
. 3 0.4 0.476 11.12 59.6 .
Gyroid 0.4 (3.10%) (0.41 %) (0.624 %) (8.49 ) 23.01 (47.01 *+%) 48.34 (28.22 ****)
. 5 0.34 0.245 11.26 79.2 _—
Gyroid 0.34 (5.18%) (0.34%) (0.325 *%) (8.49 ) 14.51 (72.40 *+%) 59.22 (26.11 ****)
In brackets measured/calculated values: * measured from optical images; ** calculated from He pycnometer
measurement; *** calculated from the geometrical measurement and measured solid volume; **** theoretical
catalytic thickness calculated from Equation (2).
2.2. Activation of the Structured Supports
2.2.1. Slurry Preparation and Composition
The composition of the slurry prepared is reported in Table 2. Powder dispersions
were obtained according to a procedure reported elsewhere [29].
Table 2. Slurry composition used in this study for the activation of the structured supports.
Powder Glycerol PVA Water Slurry
Slurry Catalyst Catalyst (%) (%) (%) (%) Density (g/cm?)
5 wt% RU/A1203
5¢g Engelhard 22.4 42.50 1.50 33.60 1.4

The dispersion medium was produced by dissolving polyvinyl alcohol (PVA, 87-89%
hydrolyzed from Sigma—Aldrich, St. Louis, MO, USA) in distilled water and then by adding
glycerol (GLY, 99.5% bi-distilled, Analar Normapur®, Radnor, PA, USA) under magnetic
stirring at 85 °C. GLY was used as dispersant, PVA as rheology modifier, and distilled
water as solvent/diluent. Catalyst powder (5 wt% Ru/Al;O3, Engelhard, Iselin, NJ, USA)
was thus added to the dispersion medium, and the resulting slurry was ball-milled using
agate spheres (1 cm diameter and mass ratio with respect to powder equal to 7) as grinding
bodies for 24 h at 300 rpm in an agate jar (vol. = 50 cm®). Prior to addition to the dispersion
mixture, the powder was ball milled for 3 h at 300 rpm in the same jar used to prepare the
dispersion. At the end of the milling process, a sonication treatment was performed for
30 min on the slurry to reduce foaming. Glycerol/powder ratio of 1.9 and water/powder
ratio of 1.5, respectively, and 2 wt% of PVA related to the water—glycerol mixture was
used. The flow curve reported in Figure 4 indicates that the prepared slurry exhibits shear-
thinning behavior, which is advantageous for coating processes. This rheological property
allows the slurry to maintain a thick, stable consistency while becoming more fluid under
shear during application. This behavior ensures uniform coating coverage since the slurry
can flow easily into small pores and around complex geometries.
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Figure 4. Slurry rheological behavior.

2.2.2. Support Pretreatment and Slurry Deposition

Before the deposition process, the as-built samples were cleaned in a mixture of ace-
tone/water (50% vol.) in an ultrasound bath for 30 min, immersed in a 2M NaOH solution
for 1 min, washed in water, and then dried at 120 °C for 1 h. After the cleaning phase, the
structures were calcined at 900 °C for 6 h in calm air in a furnace to generate a thin layer
of oxides [30], which can improve the powder adhesion strength. Slurry deposition was
performed by coupling a dip coating and a spin coating procedure. In a typical procedure,
the structured sample was dipped by hand in the liquid medium. Special care must be taken
to ensure that the network is completely saturated and wetted with slurry. This procedure
is completed after a short immersion time of about 10 s. Then, a commercial spin-coater
(SPIN 150 SPS Europe, Putten, The Netherlands) was used to remove the excess liquid that
was entrapped in the support network. Rotation time (20 s), rotation speed (1000 s1), and
acceleration (1000 rpm/s?) were precisely controlled. After each step, samples were flash
dried in air for 6 min at 350 °C in a furnace. Multiple dipping and spinning (about four
steps) were performed to obtain a coating load of about (x0.2 g/cm?). The final structured
catalysts were obtained by calcining at 450 °C for 6 h (5 °C min~! heating rate). The coating
quality is considered perfect when the structured network is completely coated and open
cells at the same time show no prevalent clogging phenomena. Gravimetric analysis was
performed after each flash drying step and after the final calcination process to control weight
evolution and assess washcoat load. The final washcoat load was determined by weight as
the difference between the as-built and the coated samples. In Figures 5-7, repesentative
images of washcoated samples are reported. The images confirm that the dip-spin coating
method facilitated a uniform catalyst distribution across different geometries, ensuring even
coverage regardless of the structural design. This allows to minimize discrepancies in active
site distribution, enabling a focused evaluation of how geometric factors, such as cell design
and strut thickness, influence performance. Moreover, the spinning step and, in particular, the
spin speed could be controlled to prevent any type of clogging. An increase in the spinning
speed has the potential to remove excess slurry more effectively, generating thinner catalyst
layers and limiting occlusion within the pores.

2.3. Test Setup

The catalytic behavior of the sample for ammonia decomposition was studied at
atmospheric pressure by using a fixed-bed quartz reactor (@™ = 1 cm, length of catalytic
bed = 1.5 cm) in the temperature range 400-600 °C at different weight space velocity (WSVs:
26,154-52,564 cm? gcat_l h1, gas hourly space velocity, GHSV: 5172-10,446 h™1). The
flow was composed of 46% ammonia and the rest helium (used as internal standard). The
catalysts are reduced in situ with a 50% v/v flow of H, /N, at the flow rate of 15 mL min~!
at 300 °C for 2 h. After that, the catalyst was cooled down to 300 °C under N flow (15 mL
min~!). Next, catalytic tests were carried out by setting the ammonia flow rate between
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102 and 205 mL min~!, varying the temperature from 400 to 600 °C at intervals of 25 to
25 °C. The outgas stream was analyzed online by using a GC-MS (GC 7890A and MS
5975C, Agilent, Santa Clara, CA, USA) composed of three parallel columns (Hayesep Q, HP
PLOT Q, and Molesive 45/60, Santa Clara, CA, USA) connected to a thermal conductivity
detector (TCD) using Ar as carrier gas. The hydrogen formation rate (mmol h™! gt 1)
was calculated from the H, content in the reaction products, while ammonia conversion
was calculated using the following equation:

0 FNHsin B FNH3out
X (%) = —%— 100 (1)
Sin

where Fnpysin and Fypsout indicate the inlet and outlet NH3 molar flow rates (mmol
gas-min~ 1), respectively. Note that, once the reaction stabilized at the required temperature,
five consecutive measurements were taken, with the average value presented in this work.
To assess the stability of the catalysts, certain temperature points (400 and 550 °C) were
repeated at the end of the temperature evaluation (each structured catalyst was tested for
approximately 40 h, with daily start-up and shut-down cycles). All the catalysts prepared
showed good stability under these conditions, maintaining constant activity throughout the
repeated tests. It should be mentioned that ammonia conversion in the temperature range
400-600 °C in the blank reactor was negligible under the selected operation conditions.

2.4. Characterizations

The MultiVolume Pycnometer 1305 (Micromeritics, Norcross, GA, USA) was used
to obtain true volume and relative densities/porosities of the structured samples. The
analyst enters the mass of the material, and then the chamber containing the sample is
first pressurized with helium. Subsequent expansion of this gas into a precisely measured
volume results in a pressure drop. The sample volume, density, and porosity are then easily
calculated from the two pressure readings as displayed on the digital indicator. Density can
then be calculated with an assured accuracy of £0.1 to 0.2%, and volume can be calculated
with a guaranteed accuracy of +0.2% (4-0.010 cm?).

Figure 5. Ni-alloy BCC coated (& =1 cm, L. = 1.5 cm, catalyst = 5 wt% Ru/Al,O3); (a,b) cell size = 3 mm,
strut size = 0.4 mm, catalyst loading ~ 0.23 g/cm?; (¢,d) cell size = 3 mm, strut size = 0.6 mm, catalyst
loading ~ 0.2 g/cm3; (e,f) cell size = 3 mm, strut size = 0.8 mm, catalyst loading ~ 0.2 g/cm3.
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Figure 6. Ni-alloy Kelvin coated (J =1 cm, L = 1.5 cm, catalyst = 5 wt% Ru/Al,O3); (a,b) cell
size = 3 mm, strut size = 0.4 mm, catalyst loading ~ 0.2 g/cm?; (c,d) cell size = 3 mm, strut size =
0.6 mm, catalyst loading ~ 0.2 g/ cm?; (e,f) cell size = 3 mm, strut size = 0.8 mm, catalyst loading ~
0.19 g/cm?.

Figure 7. Ni-alloy Gyroid coated (& =1 cm, L = 1.5 cm, catalyst = 5 wt% Ru/Al,O3); (a,b) cell size =
3 mm, strut size = 0.4 mm, catalyst loading = 0.21 g/cm?; (c,d) cell size = 5 mm, strut size = 0.34 mm,
catalyst loading = 0.19 g/cm3.

The coating procedure was evaluated in terms of homogeneity of the coating, amount
of catalyst deposited, and adhesion force. A Keyence VHX-7000 (KEYENCE ITALIA
S.p.A., Milano, Italy) digital optical microscope characterized by a fully integrated head
that uses stage shift technology and 4K mode for high-resolution imaging was also used
for morphological measurements. Detailed images of the POCS were taken with VHX-
E20 (high-resolution, low magnification objective lens 20-100x) and VHX-E100 lenses
(high-resolution, medium magnification objective lens 100-500x). Measurements were
made at various points on the struts and windows to identify any discrepancies from the
CAD model.

The adherence of the coating layer was evaluated in terms of weight loss after ul-
trasonic treatment in a petroleum ether bath for 30 min. The coated POCSs were treated
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for 30 min at 45 kHz and 130 W using the USC 900D (Basildon Essex, UK) ultrasonic
bath and dried for 1 h at 120 °C. The weight loss percentage was referred to the catalytic
layer deposited.

The rheology of the slurry was characterized using a rotational rheometer (Modular
Compact Rheometer MCR 92, Anton Paar GmbH, Graz, Austria). Measurements were
made at 25 °C by using a double-gap measuring system. Slurry viscosity was measured in
the 0.1-3000 s~ ! shear rate range.

The pressure drop was measured with a micromanometer (DeltaOhm HD 2114.2,
Delta Strumenti s.r.l.,, Gemonio, Varese, Italy) with an instrumental resolution of 0.005 mbar
and an accuracy of +/— 0.3% of full scale attached to a tube housing the structured
samples. The pressure ports are located 6 cm from both the inlet and outlet of the sample
(external diameter = 1 cm, length = 1.5 cm) positioned in the middle of the reactor tube.
N, was introduced at room temperature, and its rate was determined by a different digital
flowmeter (Defender 530+, volumetric accuracy = 0.75%, standardized accuracy: 1%,
MesaLabs, Lakewood, CO, USA), with velocities ranging from 0 to10 m/s. To mitigate the
potential impact of the reactor setup, blank tests (without the structured support) were
carried out for each flow rate and sample used. These blank tests allow you to isolate and
subtract any interference arising from pressure loss attributable to the reactor setup and the
positioning of pressure ports to ensure that the measured pressure drop accurately reflects
the characteristics of the samples under investigation, regardless of any external influences.

3. Results and Discussion
3.1. Morphology, Pressure Drop, and Mechanical Stability

As reported in Table 1, the BCC, Kelvin, and Gyroid supports were manufactured with
the same cell sizes and strut diameters (except for the Gyroid with a cell and sheet size equal
to 5 mm and 0.34 mm, respectively); however, the different geometry leads to differences
in the resulting properties. Keeping the cell size and the strut diameters constant, the BCC
samples show a lower solid volume with respect to the Kelvin samples. In contrast, the
Gyroid samples showed the higher solid volume between the selected structures. This
behavior influences the surface/solid volume ratio and, in turn, affects the porosity and
pressure drop of bare and coated POCS. Indeed, comparing the properties of the samples
reported in Table 1, the highest surface/solid volume ratio associated with the highest
porosity is shown by the BCC 04 and Kelvin 04 samples. The other reported structures
show values that are comparable in some cases. In particular, the Gyroid 0.34 structure is
characterized by a surface/solid volume ratio equal to 59.22 cm?/cm? associated with a
calculated porosity of 72.40%; those values are comparable with the BCC 0.6 and Kelvin 0.6.
In addition, the modification of cell size and strut diameter during the design phase of a
structure with a selected geometry offers precise control over several crucial parameters,
particularly solid volume, surface/solid volume ratio, and porosity, which play pivotal
roles for the coating. As an example for all the supports reported in Table 1, some general
correlations can be carried out, especially for BCC and Kelvin samples. Keeping the
cell size constant at 3 mm, increasing the strut size results in a decrease in porosity and
surface/solid volume ratio, and instead the solid volume increases. Higher porosities result
in less material in the structure’s solid phase. The surface/solid volume ratio refers to the
surface area per unit mass of a material. A higher surface/solid volume ratio generally
provides more surface area for the coating to interact with, which, potentially, can enhance
coating coverage and uniformity. Moreover, the decrease in porosity suggests less room
for the coating to penetrate, which could lead to challenges in achieving uniform coating
coverage. Overall, a washcoated homogeneity was observed for all the samples prepared,
associated with the absence of relevant uncoated areas. The observed homogeneity of the
coating across all samples is closely related to the spinning step at 1000 s~ 1. At this speed,
the slurry experiences a reduction in viscosity due to shear-thinning behavior (Figure 4),
allowing it to spread more uniformly over the surface of the structures. This decrease
in viscosity ensures that the slurry penetrates even the smallest pores and covers the
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entire surface area effectively, minimizing the risk of uncoated areas. The centrifugal
force generated during the spin coating process further aids in achieving a homogeneous
coating by evenly distributing the slurry across the sample surface, leading to the high-
quality, uniform coatings observed in this study. However, a partial occlusion phenomenon
that results in a reduction of the pore sizes is present for the supports with the lowest
surface/solid volume ratio and the higher strut size (Figures 5e/f, 6e,f and 7a,b). These
properties are also critical for the pressure drop of bare and coated samples. Indeed, the
highest pressure drop is shown by the sample with the lowest surface/solid volume ratio,

lowest porosities, and highest solid volume (Figures 8-10).
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Figure 8. Comparison between bare and coated (catalyst = 5 wt% Ru/Al,O3) BCC POCS; influence
of different strut sizes (0.4, 0.6, 0.8 mm) at fixed cell size (3 mm) on pressure drop.
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Figure 9. Comparison between bare and coated (catalyst = 5 wt% Ru/Al,O3) Kelvin POCS; influence
of different strut sizes (0.4, 0.6, 0.8 mm) at fixed cell size (3 mm) on pressure drop.
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Figure 10. Comparison between bare and coated (catalyst = 5 wt% Ru/Al,O3) Gyroid TPMS; influence
of different cell sizes (3 and 5 mm) and strut size (0.34 and 0.4 mm) on pressure drop.

Several general correlations can be derived from the pressure drop results, which apply
to any type of structure. From first and general observation the pressure drops decrease
with an increase in porosity; this behavior aligns with typical trends in porous media flow.
Other correlations can be made considering the cell size, the strut/sheet diameter, and the
solid volume reported. Keeping the cell size constant, the pressure drop across the structure
increases as the strut diameter increases. This is because the larger strut diameters offer
less space for fluid flow, increasing the resistance to flow and resulting in a higher pressure
drop. Regarding the Gyroid samples, as reported in Figure 10, some considerations can be
made on the influence of the cell size. A smaller cell size means that the available pathways
for fluid flow are more restricted and confined. This increased confinement results in higher
resistance to fluid flow, leading to a higher pressure drop across the structure. In other
words, the correlation highlights that decreasing the cell size results in a more intricate and
restricted network of passages for the fluid, causing increased resistance and, consequently,
a higher pressure drop. Based on the obtained results, comparing the different geometries
studied (BCC, Kelvin, and GYROID), the Gyroid-based supports showed a higher pressure
drop with respect to the other structures. Compared to the POCS, the Gyroid samples
are characterized by a higher solid volume and tend to have lower porosity, features
that negatively affect the pressure drop. Moreover, the Gyroid has a continuous, triply
periodic minimal surface (TPMS) structure with intricate, curved surfaces that create a
more tortuous flow path. This complex geometry increases resistance to fluid flow, causing
a higher pressure drop as fluids must navigate through the numerous twists and turns of
the surface. In contrast, the BCC samples showed the lowest pressure drop compared to
the other geometries studied. This result is related to the more open geometry of the BCCs
and to the related higher porosities, as reported in Table 1. In addition, the comparison
between bare and coated samples allows to isolate the coating effect on flow resistance. The
Figures 8-10 highlight that the increase in pressure drop is more pronounced for samples
with a lower surface/solid volume ratio and larger strut sizes in which a partial occlusion
of the pores was observed. The partial occlusion results in a slight reduction in the pore
size of the supports, which further restricts gas flow through the structure. This narrowing
effect contributes to the increased pressure drop observed. This trend indicates that these
geometries, with reduced accessible pore space, experience higher flow resistance due to
partial occlusion, which directly impacts gas diffusion. The mechanical stability of the
different coated samples seems not particularly affected by the above-mentioned properties;
indeed, the weight loss of the coated layer (evaluated through an accelerated stress test in
an ultrasound bath) is between 1% and 2% with respect to the amount of catalyst loaded.
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3.2. Catalytic Activity
3.2.1. Influence of Space Velocity on the Performances of Kelvin-Based POCS

The influence of reagents’ flow rate (102, 152, 205 cm® min~!) on the ammonia de-
composition has been studied with the Kelvin-based POCS with cell size 3 mm and strut
diameter 0.6 mm activated by the 5 wt% Ru/Al,Os. The results are reported in Figure 11a,b.
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Figure 11. Performances of Ni-alloy Kelvin POCS (Kelvin 0.6: cell size = 3 mm, strut diameter = 0.6 mm)
activated by 5 wt% Ru/Al,O3 (catalyst loading = 0.234 g, 0.2 g/cm?), with the influence of
WSV. (a) ammonia conversion, (b) hydrogen productivity. Operating conditions: He = 54% vol.,
NH; = 46% vol., p = 1 bar, T = 400-600 °C, WSV: 26,154 cm3gei ™' h™! (total flow = 102 cm?
min~1), WSV: 38,974 cm3gq, ' h™! (total flow = 152 cm® min~1), WSV: 52,564 cm3ge, ™! h™! (total
flow = 205 cm3 min—1).

The better performances in terms of ammonia conversion were carried out at the low-
est WSV (26,154 c:rn:“gcat_1 h=1) investigated; in these conditions, the ammonia is almost
totally converted, reaching 99.27% at 600 °C. However, the highest productivity (24.17 mmol
Hj-gcat ! min~1) was obtained with a WSV equal to 52,564 cm3gcot 1 h~! (GHSV =10446 h 1)
at 600 °C with a conversion equal to 96.02%. At low temperatures (400425 °C), the negative
effect of the short contact time is balanced by the increase in productivity due to the high
flow rate of the reagents. As a result, the rates of hydrogen formation are similar for all the
WSV investigated, ranging from a minimum of 3.82 mmol Hy- gcat’l min ! registered at
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the lowest WSV (at 400 °C) to a maximum of 7 mmol H,- gcat’l min—! obtained at 425 °C
with the highest WSV. The effect of temperature and WSV starts to become more relevant in
terms of conversion and productivity in the range between 475 °C and 500 °C. Indeed, the
ammonia conversion increased from 56.28% (T = 475 °C, WSV = 52,564 Cm3gcat_1 h™1) to
90.88% (T =500 °C, WSV = 26,154 Cmggcat’l h~1); in contrast, the associated H, rate increased
from a minimum of 10.10 mmol Hj- gcat_l -min~! obtained at the lowest WSV (at 475 °C) to
18.06 mmol Hy-geat ! -min~! registered at 500 °C and at the highest WSV investigated.

3.2.2. Influence of Geometric Features on the Performances of Kelvin-Based Catalyst

In Figure 12, the performances of Kelvin POCSs manufactured with the same cell size
(3 mm) and different strut diameters (0.4, 0.6, and 0.8 mm) are reported and compared. Com-
paring the results, it seems that the geometry slightly influences catalytic activity. In particular,
the best performances in the temperature range between 400 and 500 °C, in terms of ammonia
conversion were obtained by the POCS with the larger strut size (0.8 mm). For the Kelvin
0.8 sample, the ammonia conversion increased from 36.39% to 99.25%, increasing the tempera-
ture from 400 to 600 °C. The lowest activity between the Kelvin-based catalysts studied was
obtained with the Kelvin 0.4 sample; the NH3 conversion varied from 27.05% (400 °C) to 95.08%
(600 °C). Medium values were shown by the Kelvin 0.6. At high temperatures (550-600 °C), the
difference between the different structured catalysts is reduced. We must specify that the sample
with the lower strut diameter (0.4 mm, green line in Figure 12) also has a lower catalyst loading
than the others. This behavior suggests that at lower temperatures, the catalytic activity is more
sensitive to the amount of catalyst loaded, as the reaction kinetics are slower and rely more
heavily on the available active sites. On the other hand, the low amount of catalyst for the Kelvin
0.4 contributes to calculating a slightly higher productivity with respect to the one calculated for
the other samples. Indeed, as reported in Figure 12b, the Kelvin 0.4 sample showed the highest
Hj rates (12.72-13.86 mmol Hy-gcat ' -min~1) in the temperature range (500-600 °C) in which
the catalyst is more active. In the same temperature range, the Kelvin 0.8 sample has shown
a Hj rate that increases from 12.18 mmol Hy g, ! -min ! to 12.99 mmol Hp-geat Hmin~1. A
correlation between these results and the properties (SSA, porosity, etc.) of the Kelvin POCSs
yields insight into the underlying relationships. As reported in Table 1, increasing the strut
size results in a decrease in porosity and SSA, instead of the solid volume increase. This could
influence the deposition of the coated layer. The POCS catalysts with a lower SSA and lower
porosity provide less space for the slurry to penetrate and less metallic surface to interact with,
resulting in an increase in the thickness of the catalytic layer and eventually in a partial pores
occlusion or pores size reduction.

Regarding the pore’s occlusion, the images registered (Figure 6) with the digital optical
microscope show a reduction of the pore size and not a complete clogging phenomenon,
especially for the samples with large strut size (Kelvin 0.8). A theoretical calculation of
the layer thickness can be made based on some models reported in the literature [29,31]
together with experimental results and geometric properties of the POCS. A quick method
for estimating the layer thickness is the differential weighing of the POCS samples both
before and after layer deposition/calcination. By using the following equation, the resulting
coating mass (Mcatalyst) can be converted to a corresponding catalytic layer thickness.

Meatalyst

()

Catalyst Thickness =
SSApocs X Vpocs X djayer

where M1yt = mass of the coated (calcined) catalytic layer (g), specific surface area (SSA
POCS) = surface/volume ratio of the POCS (cm?/cm?), Vpocs = geometric volume of the
POCS (cm?), and djayer = density of the coated catalytic layer (g/ cm?), the same as for the
slurried catalyst (1.4 g/cm?), calculated by pycnometric measurement, the value obtained is
similar to other alumina-based slurries reported in the literature [32]. The equation assumes
the layer thickness to be homogenously distributed at the entire substrate. The results show
that the theoretical thickness of the deposited layer on the Kelvin POCS with strut diameters of
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0.4 mm, 0.6 mm, and 0.8 mm is approximately 13.77 um, 27.02 um, and 41.74 pm, respectively.
This behavior can help to explain the Kelvin catalysts results, which were all characterized by
a complex pore network. While the sample with a large strut diameter (0.8 mm) may see some
pore size reduction due to the thicker layer, the overall increase in available catalytic surface
area can compensate by providing multiple pathways for reactants to diffuse and reach active
sites. This increased availability of catalytic sites can enhance the overall catalytic activity,
especially at lower temperatures where the interaction between the reactants and catalyst
is crucial. The catalyst layer thickness can be considered as the diffusion length controlling
the utilization; if the catalytic layer is too thick, it can impede the diffusion of reactants to
the active sites, leading to poor utilization of the catalyst. Conversely, an optimal thickness
can ensure that the diffusion length is sufficiently short for efficient reactant transport while
providing ample active sites for the reaction to occur. This, together with the optimal amount
of the catalytic material loaded, maximizes catalyst utilization in the Kelvin 0.8 sample.
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Figure 12. Performances of Ni-alloy Kelvin POCSs activated by 5 wt% Ru/Al,Os; influence of strut
size (0.4, 0.6, 0.8 mm) at constant cell size (3 mm). Kelvin 0.4: (catalyst loading = 0.202 g, 0.17 g/ cm3,
WSV = 30,149 cm3gea ' h™1), Kelvin 0.6: (catalyst loading = 0.234 g, 0.2 g/cm?, WSV = 26,154
cm’ gcafl hfl), Kelvin 0.8: (catalyst loading = 0.225 g, 0.19 g/cm3, WSV = 27,067 Cm3gcaf1 hfl).
(a) ammonia conversion, (b) hydrogen productivity. Operating conditions: He = 54% vol., NH3 =
46% vol., p = 1 bar, T = 400-600 °C, total flow = 102 cm® min—!, GHSV = 5172 h~1.
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3.2.3. Influence of Geometric Features on the Performances of BCC-Based Catalysts

As reported in Figure 13 and in accordance with the findings for catalysts based
on Kelvin structures, the geometry appears to exert an influence on the performance
of the catalytic system at temperatures below 500 °C for the BCC samples. Indeed, no
significant predominance of one structure over the other was observed at high temperatures
(500-600 °C). As an example, at 500 °C, all the investigated samples have shown similar
ammonia conversion values that range from a minimum of 93.50% for the BCC 0.4 sample
to a maximum of 93.81% for the BCC 0.8 sample. Similarly, at 600 °C, the minimum value of
conversion was shown by the BCC 0.4 sample (97.32%); again, the maximum values were
shown by the BCC 0.8 one (98.91%). In this temperature range, the BCC 0.4 sample exhibits
lower catalytic activity despite having a slightly higher catalyst loading compared to the
other samples. In contrast, for the BCC catalytic system, the higher catalyst loading likely
contributes to increased ammonia conversion, particularly in the lower temperature range
(400475 °C), where the catalyst is generally less active. The BCC 0.4 sample, indeed, has
shown the highest ammonia conversion from a minimum of 41.28% registered at 400 °C
to a maximum value of 87.82% obtained at 475 °C. Instead, the other two samples have
shown similar results.

The higher catalyst loading in the BCC 0.4 sample provides more active sites, which be-
comes particularly advantageous in this lower temperature range, leading to the observed
increase in ammonia conversion. However, as the temperature increases to the 500-600 °C
range, the reaction rate becomes less dependent on the catalyst loading due to the higher
kinetic energy available, resulting in similar conversion rates across all samples, regardless
of the slight variations in catalyst amount. This indicates that at higher temperatures, the
catalyst’s inherent activity is sufficient to drive the reaction towards near-complete conver-
sion, diminishing the impact of catalyst loading. Again, as in the case of Kelvin structures,
the amount of catalyst loaded influences productivity calculation. The BCC 0.6 and BCC
0.8 catalysts exhibited comparable productivity values, with a range of 4.61 (400 °C) to
12.40 mmol Hy-gea ! -min~! (600 °C) for the BCC 0.6 and of 4.72 (400 °C) to 12.09 mmol
H,- gcat’l -min~! (600 °C) for the BCC 0.8. In contrast, the BCC 0.4 sample demonstrated
lower Hj rates values, with a range of 4.47 (400 °C) to 10.54 mmol Hp -gcat’l -min~! (600 °C).
In general, comparing the performances of the BCC system with the Kelvin system, it seems
that BCC works slightly better in a temperature range between 400 and 500 °C. Conversely,
at temperatures exceeding 500 °C, the Kelvin system exhibited enhanced performance,
albeit to a limited extent. The geometrical differences between BCC and Kelvin can be used
to explain the different results obtained. BCC structures feature regular straight channels,
while Kelvin structures have a more intricate geometry. The geometric differences between
BCC and Kelvin structures can influence their catalytic performance due to variations in
their specific surface area, porosity, as reported in Table 1, and flow dynamics too. BCC
structures, with their regular straight channels, likely facilitate more uniform gas flow
and better accessibility of reactants to the catalyst surface, which is advantageous at lower
temperatures (400-500 °C) where reaction kinetics are more sensitive to mass transfer. On
the other hand, the intricate geometry of the Kelvin structures might promote more effec-
tive mixing and contact time at higher temperatures (above 500 °C), leading to enhanced
catalytic activity. This increased complexity could also result in higher resistance to flow
and potential pressure drops (Figures 8 and 9), which might be beneficial at elevated tem-
peratures where diffusion and heat transfer become more critical for maintaining catalytic
efficiency. Moreover, the theoretical thickness of the deposited layer on the BCC POCS
with strut diameters of 0.4 mm, 0.6 mm, and 0.8 mm are approximately 17.24 pm, 23.92 pum,
and 37.46 um, respectively, that are near the values obtained for the Kelvin structures
but with a different geometry. As for the Kelvin structures, the catalytic layer thickness
in BCC samples has a direct correlation with the specific surface area (SSA) of the bare
supports. As strut diameter increases, the SSA decreases, which is due to the increase in
solid content within the structure, as seen in Table 1. This behavior affects the coating
process by resulting in varying catalyst layer thicknesses: with larger struts, the coating



Processes 2024, 12, 2663

18 of 27

layer tends to be thicker. Conversely, the structure with smaller strut diameters maintains
higher surface-to-volume ratios, allowing for thinner distributed coatings. Thus, the SSA,
which in this case represents the available surface area for catalyst deposition per unit
volume, is crucial for determining how effectively the catalyst can be distributed and how
much surface area is available for reactions to occur. Specifically, the BCC 0.4 structure, at
lower temperatures (400475 °C), showed the highest conversion rates, possibly due to the
enhanced mass transfer efficiency enabled by the higher SSA (Table 1). Probably, for the
BBC 0.4 structure, a balance between catalyst loading and mass transfer efficiency across
the channels and the catalytic layer contributes to enhancing the conversion efficiency at the
lowest temperatures studied. This balance suggests that both the number of active catalysts
and the transfer processes are well optimized, leading to efficient performance. Moreover,
in structures with more open geometries, such as BCC, gas diffusion is facilitated, leading
to lower pressure drops (Figure 8) and stable flow rates, which can enhance performance
in conditions where rapid gas exchange is critical. In this case, the superior performance
registered for the BCC 0.4 sample at lower temperatures could also be associated with its
thinner catalytic layer, which facilitates more efficient reactant diffusion to active sites. The
reduced thickness minimizes diffusion limitations, allowing reactants to reach the catalyst
surface more easily, which is particularly advantageous at lower temperatures where reac-
tion kinetics are slower. These findings are also valid for the Kelvin POCS and in general
for the structured catalytic systems. As an example, the Kelvin 0.8 sample has shown
the best performance at low temperatures (Figure 12) between the other Kelvin catalysts
investigated. Despite its differing geometry and catalytic layer thicknesses with respect
to the BCC 0.4 sample, it manages to achieve optimal performance in these conditions.
Probably, in the case of the Kelvin 0.8 structure, which has a more complex pore network
than the BCC one, a different balance between the amount of catalyst and the thickness
of the catalytic layer helps ensure sufficient catalytic activity by providing ample surface
area for reactions to occur. In addition, the more intricate geometries of Kelvin create
tortuous paths that, while increasing surface area, can hinder gas diffusion due to higher
resistance to flow (Figure 9). This can lead to improved performance in reactions that, such
as ammonia synthesis (Figure 11), benefit from extended contact times, as reactants are held
longer within the active regions of the catalyst. Consequently, performance is influenced
by a balance of surface area availability and gas diffusion efficiency, each impacted by
the specific geometry of the structure. Probably in this case, the thicker layer on Kelvin
0.8 increases the likelihood that reactants will remain within the active regions longer,
despite lower SSA, thus compensating for potential limitations in surface area. This design
allows for a balance where the thicker layer, together with the tortuous geometry, supports
sustained reactant diffusion and enhances catalytic performance in processes sensitive to
contact time. Thus, for the different geometries studied, a thinner catalyst layer that pro-
vides greater surface area does not necessarily improve performance, as effectiveness is also
influenced by reactant diffusion through the support’s geometry, which plays a crucial role
in determining overall performance. This concept could be extended to Gyroid structures.

3.2.4. Influence of Geometric Features on the Performances of Gyroid Based Catalysts

The Gyroid samples are characterized by triply periodic minimal surface (TPMS)
topologies that result in a complex, labyrinthine tridimensional structure. The Gyroid
bare supports show a good amount of exposed surface area per unit volume comparable
or superior to some samples based on Kelvin and BCC structures (Table 1). In addition,
the TPMS structures possess a highly interconnected network of tortuous channels that
offers efficient mass transfer and diffusion pathways. As reported in Figure 14, the Gyroid
catalysts have shown similar performances in terms of ammonia conversion. Nevertheless,
the Gyroid structure with a smaller cell size (Gyroid 0.4) exhibited slightly higher NH3
conversion rates across the temperature range tested that increased from 41.99% (400 °C)
to 99.05% (600 °C) compared to the Gyroid catalyst with a larger cell size (Gyroid 0.34)
that showed conversion values between 41.08% (400 °C) and 98.80% (600 °C). In addition,
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both the Gyroid-based catalysts showed better ammonia conversion at low temperatures
(400475 °C) compared to the other investigated geometries, again with similar values to
those of the Gyroid 0.34 ranging from 41.85% to 87.72% and for the Gyroid 0.4 ranging
from 41.99% to 87.87%, respectively.
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Figure 13. Performances of Ni-alloy BCC POCSs activated by 5 wt% Ru/Al,Oj3; influence of strut size
(0.4, 0.6, 0.8 mm) at constant cell size (3 mm). BCC 0.4: (catalyst loading = 0.272 g, 0.23 g/cm?, WSV
= 22,390 cm>geat ! h™1), BCC 0.6: (catalyst loading = 0.232 g, 0.2 g/cm3, WSV = 26,250 cm3g ¢ !
hfl), BCC 0.8: (catalyst loading = 0.241 g, 0.2 g/ cm3, WSV = 25,270 crr13gcaf1 h*]). (a) ammonia
conversion, (b) hydrogen productivity. Operating conditions: He = 54% vol., NH3 = 46% vol.,
p = 1bar, T = 400-600 °C, total flow = 102 cm3 min~!, GHSV = 5172 h~1.

However, it should be noted that the Gyroid 0.34 has a lower catalyst load (0.225,
0.19 g/cm?®) than the Gyroid 0.4 (0.255, 0.21 g/cm?), where the weight discrepancy is 0.03 g.
Indeed, in terms of productivity, the Gyroid 0.34 showed the highest H; rate all over the
investigated temperature range, from 5.38 mmol Hp-gcat ~-min ! (400 °C) to 12.93 mmol
Hy-geat ~H-min~! (600 °C). In this regard, the Gyroid 0.34 sample seems to be performing
better because it requires less catalyst with respect to the Gyroid 0.4 to obtain similar
ammonia conversion values. As reported in Table 1, the Gyroid 0.4 structure with a cell
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size of 3 mm has a slightly lower surface/volume ratio (48.34 cm?/cm?) compared to the
Gyroid 0.34 with a cell size of 5 mm (59.22 cm? /cm?®); despite the higher amount of catalyst
in the Gyroid 0.4 structure, the two samples exhibit similar theoretical thicknesses (Table 1).
From the perspective of different geometries, the Gyroid 0.34 has a more open cell structure
(5 mm cell size compared to 3 mm in Gyroid 0.4), which may facilitate better gas flow and
reduce pressure drop, allowing the catalyst to perform effectively even with less material.
This trend confirms that, as with the other investigated geometries (BCC and Kelvin), a
different balance between the amount of catalyst loaded, the thickness of the catalytic layer,
and the geometrical features could be crucial for ensuring sufficient catalytic activity. This
balance between catalyst loading and geometric efficiency suggests that while Gyroid 0.34
has a lower catalyst content, it can still achieve satisfactory performance, especially in
systems where catalyst efficiency and gas flow dynamics play a significant role.
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Figure 14. Performances of Ni-alloy Gyroid TPMS structures activated by 5 wt% Ru/Al,Os, influence
of Strut size (0.4, 0.34 mm) and cell size (5, 3 mm). Gyroid 0.34: (Cell size = 5, catalyst loading = 0.225 g,
0.19 g/cm3, WSV = 27,067 cm3g.t 1 h™1), Gyroid 0.4: (Cell size = 3, catalyst loading = 0.255 g, 0.21 g/cm?,
WSV = 23,882 cm® gcat_l h~1). (a) ammonia conversion, (b) hydrogen productivity. Operating conditions:
He = 54% vol., NH3 = 46% vol., p = 1 bar, T = 400-600 °C, total flow = 102 cm?® min—!, GHSV = 5172 h—1.
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3.2.5. Comparing Different Structured Catalysts (BCC, Kelvin, Gyroid)

A comparison between the three studied structures (Kelvin, BCC, and Gyroid) is not
straightforward due to their differing geometries and how they interact with the flow of
reaction gases. Each structure presents unique characteristics that influence its performance
in catalytic processes. The Kelvin structure features interconnected struts arranged in a
periodic lattice, providing ample surface area for catalytic activity and efficient gas diffusion.
In contrast, the BCC structure exhibits regular, straight channels that ensure consistent
fluid flow and distribution of reactants across the catalyst bed. On the other hand, the
Gyroid structure is characterized by a complex, labyrinthine, and tortuous network of
channels, offering efficient mass transfer pathways. These structural differences result in
varied gas-solid interactions, affecting factors such as surface area, porosity, pressure drop,
and mass transport, which ultimately impact catalytic performance. The catalyst tests were
selected in such a way that the catalyst loadings of the samples were as close to equal as
possible, thus minimizing the effect of loading on catalytic performance. The comparison is
reported in Figure 15.

The results have shown that the Gyroid sample works better than the other geometries
investigated; in the temperature range between 400 and 500 °C, instead of at temperatures
exceeding 500 °C, no marked prevalence of one of the structures was noted. In particular, the
difference in performance becomes more noticeable as the temperature decreases. As examples,
at relatively low temperature (450 °C), the ammonia conversion for the Gyroid catalyst is
equal to 75% associated with a productivity of 9.83 mmol Hy-ge,t!-min~!. At the same
temperature, the BCC and Kelvin samples show a conversion of 71.3% and 64.4% associated
with a productivity of 9.05 mmol H, -gcafl -min~! and 8.11 mmol H,- gcaf1 .min—?, respectively.
The geometrical differences between the Gyroid, BCC, and Kelvin structures explain the distinct
catalytic results observed. While the catalyst loading and resulting thicknesses are relatively
similar across all structures (Gyroid: 26.11 um, Kelvin: 27.02 pm, BCC: 23.92 um), indicating a
similar concentration of catalytic material per unit area, the Gyroid’s labyrinthine network of
channels is likely the key factor for its superior low-temperature performance. This complex
geometry enhances mass transport, ensuring that reactants efficiently reach the active catalytic
sites. The increased surface area and intricate channel pathways optimize reactant diffusion,
leading to higher reaction rates and improved performance at lower temperatures, where mass
transfer becomes critical. This contrasts with the more straightforward channel geometries
in BCC and Kelvin structures, which, probably, do not offer the same degree of efficiency in
reactant transport as the Gyroid. This again confirms that, especially in a temperature range
in which kinetic is not favorable, that geometrical features and the balance between catalyst
loading and geometric efficiency can be determinants to improve the overall performance of a
catalytic structured system. Thus, in a Gyroid reactor, the reactants are more likely to come
into contact with the catalyst material, leading to a more efficient catalytic reaction. While, in
general, the Gyroid system may appear less porous due to its intricate design, it compensates
by providing an abundance of active sites. The convoluted channels increase the surface area
available for reactions. In addition, the Gyroid’s winding channels allow reactants to take
diverse paths. This dynamic transport ensures that molecules encounter active sites efficiently.
This behavior is in agreement with a CFD study [33] that identified the Gyroid geometry able
to split the incoming flow into separate streams that flow within the swirling channels of
the structure; as such, the activated walls can experience more interaction with the incoming
gaseous reagent. Similarly, another study [34] confirms that the flow within a Gyroid TPMS
exhibits a highly convoluted structure. Each Gyroid unit cell contributes to four through-
flow passages, leading to four intricately intertwined and coiled 3D helical flow structures,
fostering enhanced fluid mixing. Moreover, the complex nature of Gyroid, forces the flow to
change trajectory as it flows past the structure, inducing vortices that enhance turbulence and
ultimately enhance heat transfer. This latter effect, in the case of an endothermic process, such
as ammonia decomposition, can contribute to improving the catalytic performance. In this
regard, our previous study has confirmed that the Gyroid configuration seems to offer superior
momentum and heat transfer characteristics relative to the BCC and Kelvin configurations [35].
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Moreover, in this study we also examined the impact of flow velocities between 1 and 10 m/s,
with Reynolds numbers from 30 to 400 (based on strut thickness) for the three cell types,
focusing on thermohydraulic performance. Through the relative analogy between heat and
mass transport, these observations could also offer insights into mass transfer behavior. At
the lowest velocity (~Stokes flow regime), differences among structures were minimal. In
this regime, the inertial terms in the Navier-Stokes equations are negligible compared to
diffusion terms. Here, transport phenomena, including mass transfer, are primarily governed
by wall friction, which is proportional to the available surface area of the periodic open
cellular structures (POCS). Therefore, under similar porosity and, particularly, similar specific
surface area, the impact of cell type differences is small. At higher velocities, in the so-called
Forchheimer regime, the inertial forces related to the local acceleration of the fluid particles
start contributing to the transport phenomena. This inertial contribution to the overall pressure
drop in porous media is typically expressed by a u2 term by almost all authors. From a
heat transfer perspective, the Kelvin cell emerged as the optimal choice. However, when
balancing heat transfer with pressure drop considerations, the gyroid cell proved to be the best
overall cell type, with the Kelvin cell ranking last, closely followed by the BCC cell. Detailed
flow visualization provided insights into this behavior: the Kelvin cell exhibited a jet-like
fluid flow pattern (with a preferential flow path), the BCC cell maintained relatively straight
streamlines, and the gyroid cell presented the most tortuous path. This tortuosity in the gyroid
structure could promote greater dispersion of reactants across the POCS matrix, helping to
mitigate the formation of preferential flow paths. Therefore, under higher flowrate, the gyroid
structure appears advantageous for improving reactant distribution and alleviating external
mass transfer limitations. Finally, regarding the performance of the Gyroid catalyst at higher
temperatures and in general of all structured systems under investigation, the data suggest that
as the temperature approaches 600 °C, ammonia conversion approaches equilibrium value,
demonstrating that the catalytic systems are no longer limited by the kinetics but instead by
thermodynamic constraints. Another way for evaluating the overall performance of different
POCS designs in terms of their space utilization for catalytic activity could be to measure the
efficiency of hydrogen production per unit volume of the structured catalyst (HPUV). It gives
an indication of how effectively the catalyst within the structure is converting reactants into
hydrogen, considering the overall volume of the structure. This metric evaluates the reactor’s
productivity per unit volume or footprint area. A higher space-time yield indicates higher
productivity relative to the reactor size.

As reported in Table 3, the Gyroid structure exhibits better performance in terms of
HPUV compared to the Kelvin and BCC structures. Despite having a lower surface/volume
ratio compared to the other structures, the Gyroid still maintains a high HPUV. This sug-
gests efficient utilization of space within the structurer, maximizing the available surface
area for catalysis. Again, the unique geometry of the Gyroid structure promotes enhanced
fluid flow and distribution of reactants, optimizing contact between the catalyst and re-
actants. This design feature further enhances productivity and contributes to the higher
HPUYV observed. The BCC and Kelvin structures for the condition studied show similar
HPUYV values. This can be attributed to their similar periodic lattice arrangements with
interconnected struts. While their channel geometries differ, they both provide similar
surface area for catalytic activity, leading to similar HPUV values. However, BCC demon-
strates slightly better productivity, possibly due to its specific channel geometry and flow
characteristics. In summary, while all three structures demonstrate suitability for ammonia
decomposition, the Gyroid structure stands out as the most efficient in terms of space-time
yield, offering the potential for realizing reactors with reduced volume requirements while
maintaining high productivity. The different catalytic systems can also be compared in rela-
tion to their weight; in this case, a specific productivity metric (hydrogen productivity per
unit of weight, HPUW), which calculates the amount of hydrogen produced per unit weight
of the reactor, can be used. In this case, the weight of the reactor refers to the total mass of
the structured support. This formula provides a measure of the reactor’s efficiency in terms
of hydrogen production relative to its weight. A higher value indicates better productivity
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per unit weight. Also in this case, Gyroid exhibits the highest productivity per unit weight,
followed by BCC and then Kelvin. This means that for the same weight of the reactor
material, the Gyroid structure can produce more hydrogen, making it highly efficient in
terms of weight utilization. Consequently, when designing a reactor, utilizing the Gyroid
structure would result in a lighter reactor with a lower volume while maintaining high
hydrogen production rates. This weight reduction can be beneficial for various applications,
particularly where weight constraints are critical, such as in space-constrained setups for
distributed applications. Additionally, the lower volume requirement can contribute to
space-saving benefits, facilitating easier integration into existing systems or reducing the
footprint of the overall hydrogen production setup.
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Figure 15. Performances of Ni-alloy structures activated by 5 wt% Ru/Al,Oj3, influence of strut
size (0.4, 0.34 mm) and cell size (5, 3 mm). Gyroid 0.34 (cell size = 5, catalyst loading = 0.225 g,
0.19 g/cm3, WSV = 27,067 cm3geat~! h™1), BCC 0.6: (catalyst loading = 0.232 g, 0.2 g/cm?, WSV =
26,250 cm3gcaf1 h~1), Kelvin 0.6: (catalyst loading = 0.234 g, 0.2 g/ cm3, WSV = 26,154 cm3gcaf1
h~1). (a) ammonia conversion, (b) hydrogen productivity. Operating conditions: He = 54% vol., NH3
=46% vol., p = 1 bar, T = 400-600 °C, total flow = 102 cm>® min—!, GHSV = 5172 h~1.
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Table 3. Comparison of geometric parameters of bare Kelvin, BCC, and Gyroid structures and related
productivity performances at 450 °C.

Cell Strut/Sheet Solid Mass of Surface/Volume HPUV (145070 HPUW (1450 )
Structure . . . | - 1
Tyvoe Size Size Volume  Support Ratio (mmol gp min—1/ (mmol g, min—1/
yp (mm) (mm) (cm?) (g) (cm?/cm®) Vol. Supportrs cm) Weight Supports 8
Kelvin 0.6 3 0.6 0.290 293 52.52 1.61 0.65
BCC 0.6 3 0.6 0.220 2.38 58.82 1.78 0.88
Gyroid 0.34 5 0.34 0.325 2.76 59.22 2.13 091

4. Conclusions

This study investigated the characteristics and performance of various porous periodic
open cell structures (POCS) and a triply periodic minimal surface (TPMS) architecture
manufactured from IN625 nickel alloy powder using the laser powder bed fusion (LPBF)
technique. The analyses included BCC, Kelvin, and Gyroid geometries, examining parame-
ters such as cell size, strut/sheet size, solid volume, porosity, and specific surface area.

Observations revealed slight differences between measured and designed values,
particularly in solid volume and density, indicating potential influences from material
properties, manufacturing processes, or variations in production conditions. The discrepan-
cies in porosity were attributed to complexities in real-world manufacturing compared to
idealized design conditions, influenced by non-flat surfaces resulting from powder usage
during fabrication.

Pressure drop analyses across different geometries indicated correlations between
pressure drop, porosity, cell size, strut size, and solid volume. Generally, increasing
porosity led to decreased pressure drops, while larger strut diameters and smaller cell
sizes resulted in higher pressure drops. Additionally, higher solid volumes increased
obstruction to fluid flow, elevating pressure drops. Comparing the different geometries
investigated, Gyroid-based structures exhibited higher pressure drops due to higher solid
volumes and complex structure networks. The BCC geometries show the lowest pressure
drop between the different POCS studied. The dip/spin coating method was used to
activate the structures. The method consistently achieved uniform coating coverage across
various support geometries despite differences in surface/volume ratio, porosity, and
solid volume among these structures. This uniform coverage is essential for ensuring the
catalytic effectiveness of the coated supports. Regarding the catalytic activity, this study
comprehensively investigated the performance toward ammonia decomposition of POCS
and TPMS structures. The analysis encompassed various geometrical factors such as specific
surface area, strut diameter, porosity, thickness of the catalytic layer, and productivity
metrics. The comparison revealed distinct characteristics of each structure. The Kelvin
structure, characterized by interconnected struts, demonstrated efficient gas diffusion and
catalytic activity. Meanwhile, the BCC structure with its regular, straight channels ensured
consistent fluid flow and reactant distribution. The Gyroid structure, with its labyrinthine
network of channels, provided efficient mass and heat transfer pathways. Amidst these
structures, the Gyroid exhibited superior performance with respect to the other POCS
catalysts, especially at low temperatures (400-500 °C). Its intricate channel network allowed
for efficient reactant transport and ample active sites, resulting in enhanced catalytic activity.
Furthermore, the Gyroid structure enabled the design of lighter and more compact reactors,
addressing weight and volume constraints in applications like distributing hydrogen
production. Leveraging the Gyroid structure could lead to the development of more
efficient and space-saving hydrogen production systems. Overall, this comparative analysis
highlights the importance of structural design in catalytic processes and underscores the
potential of Gyroid structures for advancing reactor efficiency and compactness. But some
general findings, related to the different geometries investigated, cannot be excluded from
the final conclusions. The unique geometries and catalytic characteristics of each structured
system enable an optimal balance between catalyst loading and mass transfer, ensuring that
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each structure performs effectively under the chosen operating conditions. This balance is
crucial for achieving high catalytic efficiency, demonstrating that different strategies can
lead to equally effective outcomes when the catalyst’s properties and the system’s design
are well-matched.
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