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Abstract

Ammonia decomposition into hydrogen and nitrogen was performed under electric-field in a point to plane reactor at
ambient temperature and pressure. A set of four catalysts presenting various structures, namely cerium dioxide (CeO»)
and lanthanum oxide (La,03), along with cerium phosphate (CePO,) and cerium zirconate (CeZrOs), were assessed for
their efficiency in the reaction. The best results in terms of activity, expressed as the number of mole of ammonia
decomposed per weight of catalyst, were obtained with CePOs, followed by CeZrO,, CeO, and La,0s. It corresponds to
the material possessing the highest pore volume and the lowest permittivity.
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1. Introduction

Hydrogen is considered as an excellent energy carrier due to its carbon-free and environmentally friendly
features [1, 2]. It plays a crucial role in the current energy transition. However, traditional methods of hydrogen
production, such as steam methane reforming, are energy-intensive and emit greenhouse gases. Ammonia
decomposition has emerged as a promising alternative, since no carbon dioxide is emitted and ammonia is
easier to liquify and store than hydrogen [3, 4]. In fact, an alternative to the conventional storage of hydrogen
as a compressed gas is chemical storage. In this approach, hydrogen is produced on-site through a chemical
reaction involving a hydrogen-containing compound. Within the range of available hydrogen carrier molecules
(such as liquid organics or methanol), ammonia decomposition surpasses other systems due to its high
hydrogen capacity (17.7 wt%). The decomposition of ammonia emerges as one of the most promising method
to produce “clean” hydrogen. It is an endothermic reaction:

2NH; — 3H, + N, (AH° =912 kJ mol ™) (R1)

Industrially, the conditions to crack ammonia are about 850—950 °C with nickel supported on alumina catalyst,
which is mechanically strong and heat resistant [5]. Silva et al. [6] achieved NH;3 conversion > 99% with a Fe-
Ni/ALLO; catalyst at a temperature of 650 °C. Ruthenium supported on MgO is also proposed as efficient
catalyst (> 98 %) at a more moderate temperature (425 °C) [7]. However, Ru high cost hinders its commercial
development.

In the pursuit of finding alternative activation methods at low temperature, non-thermal plasma coupled
to catalysis appears as an ideal solution for both ammonia synthesis and decomposition [8]. Recently, a system
was proposed using a packed-bed dielectric barrier discharge reactor at room temperature [9] and a NH;3
conversion of 15% was achieved with MgAl,Os for a deposited power of 21 W. Besides plasma, the use of a
DC electric field (EF) over a catalyst bed (without dielectric barrier) appears as an interesting process to
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perform several reactions such as ammonia synthesis. Sekine’s group [10] attributed the enhancement of
products yield to surface protonic conductivity. The advantage is that EF requires lower deposited power than
classical DBD plasma reactor. However, it has been shown that the electrical conductivities of catalysts impact
the reaction field type. For example, a plasma reaction occurs in presence of lanthanum oxide. In contrast,
catalysts with electrical conductivities, such as Sr-doped La>O3 or CeO,, do not generate plasma, but maintain
a catalytic reaction through an electric field [11].

Recently, we demonstrated that Fe and Ru deposited on CeO, catalysts present activity in the
decomposition of NH3 in an electric field [12]. In this study ammonia decomposition was investigated under
EF for a series of Ce-based materials and compared with La,Os.

2. Experimental
2.1 Reactor configuration

The ammonia decomposition reaction in electric field was carried out in a reactor with a point-to-plane
configuration (Fig. 1). A sharp tungsten electrode of 0.5 um-diameter point was set as the high voltage
electrode. The distance between the tip of the tungsten electrode and metallic fritted one was fixed at 2 mm
distance inside a Teflon connector (i.d. 4 mm). The catalyst grains, sieved in the 355/630 pm range, filled the
volume of 2 mm height between the electrodes. A DC high-voltage power supply (SPELMAN, SL300) was
used.

The reaction was conducted at ambient temperature and pressure at a fixed current value (4, 6 and 8§ mA)
while the voltage required to maintain the current varied. The weight of catalyst was between 30 and 80 mg in
order to fill the space between the two electrodes.
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Fig. 1. Schematic representation of the reactor.
2.2 Experimental setup overview

The reaction was performed using a mixture of ammonia diluted in helium (5 vol% of NH3). The gaseous
product of reaction (essentially N», H») and unconverted ammonia was analyzed in situ by a micro GC Varian
gas chromatograph equipped with a CP-Volamine column (Agilent) using He as carrier gas.

Ce0; and La,03; were commercial powders while other catalysts were synthesized in the laboratory. The
preparation of CePO4 was based on hydrothermal method reported elsewhere [13]. Ceria-zirconia mixed
oxides were prepared by classical sol-gel method using nitrate as precursor salt [14].

Efficiency of the process was calculated as follows (Eq. 1):
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Where Power (W or J s™') is the product of deposited voltage (kV) by current (mA), and Qi and Qr are the
initial and final molar fluxes of ammonia in feed.
SER: Specific Energy Required

The catalyst activity was normalized per mass of catalyst according to Eq.2. It corresponds to the space
time yield (STY) as proposed by Kim et al. [15].

Converted NH3(mT01)

()
mass of catalyst (g)

Permittivity was determined using Impedance Spectroscopy Measurements with a Modulab Solartron
Analytical potentiostat in a 1-10 MHz frequency range. A 1 V amplitude alternating signal was applied, with
respect to the system linear behaviour. A two electrode configuration at room temperature in ambient air was
used. The sample was introduced as pellet of 3 cm of diameter and 0.558—1.335 mm of thickness, pressed by
applying 5 tons of force, and dried at 40 °C in the oven during 48 hours. The pellet was placed between two
flat copper current collectors playing the role of electrodes, one of which is a guard electrode of 2 cm (3.1415
cm?). The thickness of each sample was measured systematically by the instrumentation installed into sample
holder (Solartron) and automatically normalised so that to minimize the geometrical factor.

The permittivity was found by extrapolating at 10 MHz frequency relying on a simple capacitor model (Eq.3)

CxL

€= 3)

e0x A

where C is a capacitance automatically calculated with respect to sample thickness (L), and the surface of
guard electrode A.

XRD analyses of the samples were carried out on diffractometer Malvern Panalytical®, Empyrean model.
The source is a copper tube working with a voltage of 45 kV and a current of 40 mA. Diffractograms were
recorded in the range of 10—100° (20) with a step of 0.01°. Particle size determination was done by Scherrer
equation over the 100% peak. The specific surface area and pore volume of materials were measured by N»
physisorption technique at 77 K using TriStart 3000 Micromeritics instrument, applying single point BET
analysis (Brunauer—Emmett—Teller). The morphology at a microscopic scale of CePO4 and CeZrO4 samples
was examined using Scanning Electron Microscopy instrument SEM FEG JSM-7900F Jeol (5 kV, SEI detector
and 6 mm working distance).

3. Results

The catalysts were characterized using conventional techniques such as X-Ray Diffraction (XRD), N»
physisorption, and Scanning Electron Microscopy (SEM). The results reported in Table 1 show that both CeO;
and La,Os have low surface area while CePOs and CeZrO,4 exhibit a surface area of 37 and 34 c¢cm’ g’l,
respectively.

The materials differ significantly in terms of pore sizes. The commercial CeOs is a non- porous solid. The
porosities of CePO4 and La,Oj are similar with values of 0.10 and 0.09 cm® g, respectively. SEM analysis of
CePOy (Fig. 2) and CeZrOs (Fig. 3) reveal different morphologies. The presence of nanorods is clearly visible
for CePO, similar to what was reported by Sato et al. [16].

Decomposition of ammonia was investigated over CeO; at different fixed current values: 4, 6 and 8 mA.

Fig. 4 shows the evolution of conversion in time at different applied currents.
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Conversion NH; (%)

Table 1. Characterization of the material by N» physisorption.

Catalyst derys (nm) Sper (m? g7!) Vipore (cm® g 1)
CeO, 77 2 -
CePO4 18 37 0.10

CeZ1rO4 6 34 0.06
La,0; 70 3 0.09

x20,000 5.0kV SEI

Fig. 3. SEM image of CZrO4.
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Fig. 4. Ammonia decomposition over CeO; catalyst, 5% NH3/He, 30 mL min ! total flow, ambient
conditions a) NHj; conversion versus time for i =4, 6 and 8 mA, b) imposed voltage for input
current i =4, 6, 8 mA.
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The NH3 conversion is stable in time at 4 mA, while an increasing tendency is observed, with an
improvement in efficiency at 6 and 8 mA. The results in Fig. 4 (b) show that with the increase of the input
current, the imposed voltage decreased, suggesting the creation of a greater amount of active species in gas
phase or on the surface of CeO, which could sustain the electric field. Moreover, it was shown that ammonia
was converted only into nitrogen and hydrogen, and no other by-products were produced such as hydrazine,
as obtained in other published paper [17].

La;O3 and CeO activities were compared as they possess similar specific surface areas (Fig. 5). One can
see that there is no substantial difference in conversion of ammonia between the two catalysts, and a small
decrease in efficiency could be observed.
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Fig. 5. Ammonia decomposition over La,O3 and CeO; catalyst. 5%NH3/He,
30 mL min ! total flow, ambient conditions; 4 mA.

Comparison of voltage data for both catalysts, shown on Fig. 6, reveal a greater voltage for La;Os. This can
be explained by the fact that La;Os3 is generally characterized by a lower conductivity compared to CeO; [18,
19].
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Fig. 6. Dependency of voltage vs. conversion for La;O3; and CeO; catalyst. Conditions:
5%NHs/He, 30 mL min™! total flow, ambient conditions; 4 mA.

The Ce-based catalysts are compared in Fig. 7 at a fixed current of 8mA. The results show that CeO; is the
most active catalyst within the Ce-based materials tested. The operating voltage to maintain the current at SmA
differ slightly for the three materials, it is comprised between 0.36 and 0.46 kV (Table 2). The lowest value is
obtained for the semiconductor CeO,. No direct correlation is visible between permittivity and operating
voltage but the three materials are characterized by low dielectric constant.

Another important point to note is that the amount of catalyst used to completely fill the zone between the two
electrodes differ strongly from one material to another.
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Fig. 7. Ammonia decomposition over Ce-based catalyst. 5%NH3/He, 30 mL min™' total flow,
ambient conditions; 8 mA.

The activity of catalysts was then normalized per mass of catalyst (Eq. 2). The results, gathered in Table 2,
show that CePOs is the best catalyst in terms of mol of ammonia decomposed per gram of catalyst and per
hour (space time yield). The low amount of catalyst used to fill up the catalytic zone is due to the low bulk
density of CePO4 compared to CeZrO, and CeO,. The highest activity is reached with the catalyst possessing
the lowest permittivity. It corresponds also to the material with the highest porosity.

Table 2. Weight of catalyst and space time yield (STY) of catalyst over Ce-based catalyst.
5%NHs/He, 30 mL min™! total flow, ambient conditions; 8 mA.

e . STY

Catalyst Permittivity U (kV) Weight (mg) (mol h'g™)
CeO; 6.5 0.36 80 16.8
CeZrO4 6.5 0.46 65 21.6
CePOq 4.2 0.42 31 34.2

4 Discussion

Cerium oxide and lanthanum oxide are two commonly used rare earth metal oxides that serve as supports for
metals in traditional thermal catalysis for ammonia decomposition [20]. We show here that these two oxides
are active in ammonia decomposition at room temperature under electric field without the need of metal species
supported at the oxide surface. Over CeO,, NH3 conversion increases with time for 6 and 8 mA which is not
the case for 4mA. Moreover, it is shown that the voltage is not increased, it proves that a modification of the
electric field is not responsible for the conversion increase. It could be due to an increase in crystal size or the
formation of defects in the structure of CeO, when a higher current is applied. Indeed, cerium oxide is known
to possess oxygen vacancies that could be modified with time at higher applied current [21].

Both CeO, and La,0s; exhibit similar ammonia conversion rates at a fixed current of 4 mA, despite their
very low surface areas. However, the energy efficiency, expressed in mmol of NH3; decomposed per kJ,
although low for the two materials, is higher for CeO> due to its lower operating voltage at 4 mA. This lower
voltage is attributed to the higher conductivity of CeO, compared to La,0s. Indeed, it is believed that the low
conductivity of La,Os, characteristic of a dielectric material, leads to the formation of a spark discharge.
Conversely, CeO», being a semi-conductor type material, does not favour plasma formation [11].

As suggested by Sekine’s group [22], the reaction mechanisms under electric field is significantly different
from the conventional thermo catalytic reactions. Adsorbed species play a key role for proton hopping on the
catalyst surface, with or without metal species deposited at the surface of the catalyst. An associated reaction
mechanism is proposed under electric field in which N, dissociate via the formation of N,H" as intermediate
promoted by proton hopping.
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Despite their markedly different morphologies revealed by SEM analysis, CePO4 and CeZrO,4 exhibit
comparable NH; conversion, suggesting that these properties do not directly influence the catalytic activity.
However, the three Ce-based materials show distinct redox properties. In classical catalysis the defects in CeO»
associated with the Ce*"/Ce*" couple contribute to its superior catalytic performance. CeZrO4 possesses also
oxygen vacancies, while Ce maintains a stable oxidation state as Ce** in CePO4[23]. In contrast to pure thermo
catalytic process, it is evident that the presence of defects in the solid structure does not significantly impact
ammonia decomposition.

Under electric field, the imposed voltage does not follow the Ohm’s low (U = R I) as shown in Figure 4b).
Over CeQO; an increase of the applied current leads to a significant decrease of the imposed voltage as shown
also by Oshima et al. [24]. Comparing CePOs, CeZrO4 and CeO,, the lowest value of imposed voltage was
reached for CeO,, which exhibits also the higher activity. It is believed that the imposed voltage is dictated by
the gas atmosphere and the electrical conductivity of the catalyst. Consequently, it appears that the conversion
of ammonia depends on the nature of the catalyst stronger than on the effect of the electric field.

The catalytic activity normalized per mass of catalyst is the highest with CePO4, which is associated to its
larger pore volume (0.10 cm® g™') as shown in table 1. However, it is challenging to definitively attribute the
enhanced performances only to this parameter. Permittivity, a physical parameter that reflects the polarizability
of the catalyst and the interfacial space charge, should also be considered. Based on calculations, it was
reported that the propagation of discharge inside pores is defined by the permittivity of materials [25].
Moreover, it has been observed that solids with low permittivity exhibit higher activity in plasma-catalysis
process compared to those with higher permittivity values.

The experimental results obtained in this study match with the proposed explanations. Nevertheless, the
catalyst with the highest pore volume and lowest permittivity consistently demonstrates superior performance,
making it difficult to identify the exact role of each parameter. Further studies are required to gain a more
comprehensive understanding of the parameter that plays the most significant influence on the activity.

5. Conclusion

This study demonstrates the feasibility and the energy efficiency of ammonia decomposition using the electric
field process at ambient temperature and pressure and over Ce- and La-based catalysts. As expected, increasing
the applied current with CeO, catalyst leads to a higher NH3 conversion. At a fixed current of 4mA, CeO»
shows the highest NH;3 conversion among the tested catalysts, while CePO, demonstrates the highest activity,
normalized per mass of catalyst.

Further investigations are necessary to gain a deeper understanding and improve the reaction of ammonia
decomposition under electric field.
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