Ammonia cracking catalyzed by Ni nanoparticles confined in the framework of CeO2 support
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Abstract
[bookmark: _Hlk142311213][bookmark: _Hlk142311857]　For the extraction of hydrogen from ammonia (NH3) at low temperatures, we have investigated the Ni-based catalysts fabricated by the thermal decomposition of RNi5 intermetallics (R = Ce or Y). The interconnected microstructure formed via phase separation between the Ni catalyst and the resulting oxide supporter was observed to evolve via the low-temperature thermal decomposition of RNi5. The resulting Ni/CeO2 nanocomposite exhibited a superior catalytic activity of ~25% at 400 ℃ for NH3 cracking. The interlocking of Ni nanoparticles with the CeO2 framework was attributed to the high catalytic activity. The growth of Ni nanoparticles was prevented by this interconnected microstructure, in which the Ni nanoparticles incorporated nitrogen owing to the size effect, whereas Ni does not commonly form nitrides. To the best of our knowledge, this is a unique example of a microstructure enhancing catalytic NH3 cracking. 
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[bookmark: _Hlk142665198]	Hydrogen is one of the secondary energies and also works as an energy carrier. To realize environmentally friendly hydrogen economy, technologies for the storage, transportation, and stationary/mobile applications must be established.1 Liquid ammonia (NH3) such as compressed gaseous hydrogen and liquid hydrogen, is one of the candidates for hydrogen carriers. However, the method of extracting hydrogen from NH3 at low temperature has not yet been established.2 3 4 5 The cracking reaction of NH3 is endothermic with ΔH298 = 46.1 kJ/mol and proceeds at high temperature and low pressure. In spite of the theoretical cracking fraction of 98 % at 400 ℃ under 1 atm, the reaction does not occur without the aid of catalysts (see equilibrium value in Fig. 1).  The activity of these catalysts shows a volcano-type trend in the periodic table with the apex of Ru.6  While Ru exhibits excellent properties for this reaction, 2 7 there are two drawbacks. One is the unstable price of Ru. The other is its low abundance, which cannot meet social demands, because Ru is extracted only as a byproduct of platinum or palladium mining. Thus, finding new catalysts among cheaper transition metals (TMs) has been highly desired. Among them, many efforts have been devoted to Ni, which has a relatively high activity.5  These efforts are classified into two approaches. One is to maintain its small particle size to increase the surface area.8  The other is to improve the supporter including its electron-donating power to activate Ni-based catalysts.9 10 Here, we report a novel approach to maintaining the large surface area of Ni nanoparticles by forming the characteristic microstructure via phase separation from the oxide supporter. RNi5 binary intermetallics (IMs) are chosen among the Ni-based catalysts (R = Ce or Y).
[bookmark: _Hlk141444947]	 The starting materials were Ni (Koujundo Chemical Lab., 99.9%), Y (Rare Metallic, 99.9%), Ce (Rare Metallic, 99.9%), Ni(NO3)2・6H2O (Wako, 99.9%), Y2O3 (Rare Metallic, 99.9%), and CeO2 (ITEC, 99.9 %, 10±3 nm particle size). RNi5 was prepared from a stoichiometric mixture of R and Ni by arc melting on a water-cooled Cu hearth in high-purity Ar atmosphere. For the synthesis of 5 mol%Ni/ROx powders as references, Ni was loaded with a ROx supporter by the impregnation method using Ni(NO3)2-6H2O as described in the literature.11 To realize the ultrarefinement of grains into catalysts, the powders were mechanically milled. Ten steel balls each with a diameter of 10 mm and weighing ~1 g were placed in a planetary ball mill apparatus (PL-7, Fritsch, Germany) and milled at 300 rpm for 7 h. NH3 cracking was performed in a fixed-bed plug-flow silica glass reactor (6 mm I.D.) placed in a furnace. Sixty milligrams of catalyst powder was placed on the silica wool in the reactor. Pure NH3 was allowed to flow at a rate of 10–30 mL min-1 through a mass flow controller. A mass flow meter behind the reactor monitors the change in flow rate caused by NH3 cracking, which was converted into a conversion ratio mathematically. Effluent gases were also analyzed using an online gas chromatograph (GC-8A, Shimadzu, Japan) equipped with thermon-3000+KOH Sunpak columns and thermal conductivity detector. The synthesized materials were identified by powder X-ray diffraction (XRD; Miniflex II, Rigaku, Japan) using Cu Kα radiation. Crystallite size (CS) and strain were evaluated using a Halder–Wagner method12 from XRD peak broadening. The hydrogen or nitrogen contents of the catalysts were estimated by thermal desorption spectroscopy (TDS). Ni surface area was determined by CO pulse chemisorption (BELCAT-A, Bel, Japan) at 50 °C using a He flow of 30 mL min-1 and pulses of 0.03 mL (9.51% CO in He). Prior to dispersion analysis, the catalysts were treated with flowing H2 (10 mL min-1) at 300 °C for 120 min and then with flowing Ar (10 mL min-1) at 300 °C for 60 min to remove adsorbed H atoms from the reduced catalysts. A stoichiometry of Ni/CO = 1 was assumed to calculate the metal dispersion. The morphology of the obtained powder was examined by SEM (TM3000, Hitachi, Japan). Scanning transmission electron microscopy (STEM) and high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) images were captured using a Jeol JEM-ARM 200F equipped with an EDX detector operating at 200 kV.  To obtain cross-sectional STEM images, the prepared samples were cut to a thickness of 70 nm using a focused ion beam (JIB-4601F, Jeol, Japan) with a liquid gallium ion source. Here, a Peltier cooled sample stage (~223 K) was used to prevent damage to the samples.  
	Heat treatment in NH3 is often used for nitridation, with which a strong reducing atmosphere is realized. Although we investigated the catalytic activity for various Ni-based IMs, most of the IMs underwent thermal decomposition in NH3. There were IMs showing no thermal decomposition, such as Ni3Al, Ni3Si, and NiTi. However, these materials commonly show no catalytic activities. On the other hand, a sample exhibiting high activity tends to undergo thermal decomposition to form metallic Ni particles. Thus, it is key to designing new catalysts to induce the decomposition of the IMs at the nanoscale level.  Among the R–Ni systems, we focused on RNi5 compounds because of their higher Ni content and paid attention to R = Ce or Y owing to its lower work function. Fig. 1 shows the catalytic activity of RNi5. Oxidation treatment at 350 and 500 ℃ in air for 0.5 h was performed for R = Ce and Y, respectively, in order to enhance the decomposition of RNi5. This oxidation treatment markedly improved the catalytic activities of RNi5. The activity increased from zero at ~250 ℃ to 80 and 90 % at 500 ℃ for R = Ce and Y, respectively.  Note also that the activities of R = Ce and Y at 400 ℃ are 22 and 26%, respectively. These activities were much higher than those of the 5% Ni/ROx catalysts prepared by the impregnation method. The apparent activation energy (79.3 kJ/mol) for R = Ce was calculated from the Arrhenius plot in the temperature range of 340–400 ℃. As will be described later, Ni particles were formed by the thermal decomposition of RNi5 in NH3. The preparation process is shown in scheme 1. The generated Ni phase is primarily responsible for the catalytic reactions. Fig. S1a in Supporting Information (S. I.) shows the time dependence of catalytic activity. The activity of Ni/CeO2 at 500 ℃ decreased from 75 to 65%. Fig. S1b in S.I. also shows the gasflow dependence of catalytic activity.  Now, we compare the obtained activities with those reported in the literature.5  Among many reports, catalysts with relatively high activity are listed in Table S1 in S.I.  The activities depend highly on experimental conditions including temperature or WHSV. The obtained activities values (22–26% at 400 ℃) are comparable to those of Ni-based catalysts (e.g., Ni/CaNH), which show the highest activities previously reported. 10 13
[bookmark: _Hlk143771222] The obtained catalysts were characterized to elucidate the origins of their activities. Figs. 2a and 2b show powder XRD patterns of RNi5 (R= Ce and Y, respectively).  CeNi5 is decomposed into Ni/NiO/CeO2 by oxidation treatment at 350 ℃. (Fig. 2a(1)). After NH3 treatment, Ni/NiO/CeO2 is converted into 5Ni/CeO2 through the reduction of NiO (Fig. 2a(2)). That is, as shown in Fig. S2 in S. I., the microstructure of the catalyst is controlled by the insertion/deinsertion of oxygen. This result reminds us of the hydrogenation–disproportionation–desorption–recombination process (HDDR) using hydrogen.14  Hydrogen is often used for controlling the microstructure to invade into metals and to bring about hydrogen embrittlement. The IMs such as CeNi5 do not absorb hydrogen well at ~1 atm.15  Expecting the use of oxygen, which has strong oxidation ability at low temperatures for decomposition, we attempted the low-temperature thermal decomposition of IMs by selective oxidation.16  Note that NiO is not formed from metallic Ni powder by the same oxidation treatment in air at 350 ℃. This difference is tentatively attributed to the chemical reactivity of Ni increased by the added Ce with low electronegativity.  As shown in Fig. 2, the diffraction peaks corresponding to metallic Ni formed by RNi5 decomposition show peak broadening with the Lorentzian shape. This broadening was attributed to the CS of the formed Ni particles. Table 1 shows the CSs evaluated from the diffraction peak broadening. An example of the Halder–Wagner plot is shown in Fig. S3 in S. I.. The small CS of 10(1) nm of Ni particles was due to the thermal decomposition of CeNi5. (The CS did not depend on the presence/absence of oxidation treatment.)  Fig. 3a shows a SEM image of CeNi5 (after NH3 treatments), revealing the inhomogeneous dispersion of the size of particles. As shown in the HAADF image of the Ni/CeO2 nanocomposite in Fig. 3b, the nanocomposite has the characteristic microstructure. The composition ratio of Ni/Ce was determined as 5 by EDX, and the Ce part of the microstructure showed the electron diffraction derived from CeO2 having the fluorite-type crystal structure. Si derived from contamination by the silica wool was also confirmed; for now, however, we do not know the effect of the Si contamination. Figs. 3c and 3d show the HAADF–STEM image and EDX mapping images of the region, respectively. The Ni/CeO2 phase separation with interconnectivity at the scale of 10–20 nm order is induced not by spinodal decomposition, but by nucleation of CeOx via oxygen-insertion. The number of surface active sites was estimated from CO adsorption to be 4.62 × 1020 and 1.64 × 1020 for Ni/CeO2 and Ni/YO1.5, respectively. Hence, the turnover frequencies of Ni/CeO2 and Ni/YO1.5 were 133 h-1 and 420 h-1 at 400 ℃ and WHSV of 10000 mL g-1 h-1, respectively. TDS measurements provide H or N content information (Fig. S4 in S. I.). Note that the obtained chemical composition of the Ni/CeO2 catalyst, (CeO2)(Ni5N0.45)H0.01 indicates the formation of NiN0.09.  The EDX measurement of TEM images also suggests the formation of NiN0.03 in the phase separation region.17 The Ni/YO1.5 catalyst did not contain a large amount of N or H, and it showed a TDS spectrum shape different from that of Ni/CeO2. These results indicate an uptake of nitrogen by Ni nanoparticles in Ni/CeO2, whereas metallic Ni was not found to commonly form nitrides. Next, we attempted to realize the ultrarefinement of grains of Ni particles by ball milling (BM), in order to investigate the effect of CS. Fig. S5 in S.I. shows the catalytic activity over the Ni catalysts fabricated by BM. Table 1 also shows the variation of CS caused by NH3 treatments.  The following three findings were obtained:  (a) Milling gave rise to 28(4) nm CS of Ni powder. (b) After NH3 treatments, the CS increased to 76(2) nm, and the catalytic activity reached only 10% at 500 ℃. (c) The addition of only 20 mol% supporter prevented the increase in CS upon heating, and the catalytic activity reached ~60% at 500 ℃. We found that the small CS of Ni particles enhances chemical reactions with ammonia. The thermal decomposition of Ni-based IMs is a convenient method of forming Ni nanoparticles. The ultrarefined microstructure is maintained by the oxide supporter.  There are no reports about the catalytic NH3 cracking reactions enhanced by the characteristic microstructure of Ni-based catalysts, to the best of our knowledge. We will briefly mention the results of YNi5. The Ni/YO1.5 catalyst partially had the microstructure of phase separation, although the volume fraction of the interconnected microstructure was not large. We were unable to find characteristic features of the microstructure, from STEM observations.
	First, we discuss the uptake of N by Ni nanoparticles.  According to the literature, (a) Ni3N forms via the nitridation of Ni by NH3. However, the synthesis of a large batch is impossible.18 (b) For the synthesis of bulk Ni3N, supercritical NH3 is used.19 (c) Ni4N forms via the nitridation of Ni thin films at 400 ℃ in NH3.20 These reports suggest the possible uptake of N by the surfaces of particles through NH3 treatments, although we did not find XRD peaks derived from NiN0.09 in Ni/CeO2 because of the small volume fraction of the nitride. This phenomenon means that the position of Ni in a volcano plot shifts slightly to increase its chemical reactivity with nitrogen. How can we interpret the effect of CS on catalytic NH3 cracking through chemical bonding?  It has been interpreted historically as the modulation of the Ni d band through chemical bonding.21 As a surface expands owing to the shortage of lattice energy, the bandwidth of the late TM d band decreases, leading to both a deeper shift in Fermi energy (EF) and an increase in the density of states at EF. Thus, an increase in the volume fraction of the surface increases the adsorption energy of NH3. Finally, we briefly discuss the origins of small CS attributed to IM decomposition. The phase separation with interconnectivity formed by the thermal IM decomposition is key to maintaining the CS of Ni nanoparticles. Another origin is the large difference in the characteristics of the crystal structure between CeNi5 and metallic Ni.  CeNi5 possesses the CaCu5-type crystal structure.  This large difference between the Ni5 sublattice in CeNi5 and the FCC lattice of Ni prevents the emergence of Ni from CeNi5 at 500 ℃. The phase separation with interconnectivity has also been reported in the literature.22 The thermal decomposition of YNi into Ni/ YO1.5 was utilized for the preparation of a methane-reforming catalyst. The microstructure derived from the phase separation between the metallic catalyst and the oxide supporter seems to be a common product of the thermal decomposition of IMs via selective oxidation. The interconnected phase separation between the catalyst and the supporter is key to designing state-of-the art catalysts.
	In summary, we have investigated the Ni-based catalysts fabricated by the low temperature thermal decomposition of RNi5 intermetallics (R = Ce or Y). (1) The Ni/CeO2 nanocomposite prepared by thermal decomposition of CeNi5 exhibited a superior catalytic activity of ~25% at 400 ℃ for NH3 cracking. (2) The interconnected microstructure formed via phase separation between the Ni catalyst and the resulting oxide supporter was observed. (3) The interlocking of Ni nanoparticles with the CeO2 framework was attributed to the high catalytic activity. (4) The growth of Ni nanoparticles was prevented by this interconnected microstructure, in which the Ni nanoparticles incorporated nitrogen owing to the size effect, whereas Ni does not commonly form nitrides.
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Table 1. CSs of Ni estimated from XRD peak broadening. No predominant strain was found. 
	Catalyst
	CS of Ni (nm)
before NH3 treatment
	CS of Ni (nm)
after NH3 treatment

	CeNi5
	-
	10(1)

	YNi5
	-
	7.8(9)

	Ni BM
	28(4)
	76(2)

	(Ni BM) + CeO2
	15(2)
	80(10)

	(Ni + CeO2)BM
	9(1)
	18(1)
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Fig. 1. Temperature dependence of conversion in NH3 cracking over various Ni-based catalysts at a weight hourly space velocity (WHSV) of 10000 mLNH3 gcat-1 h-1, RNi5 with oxidation treatment (R = Ce or Y) (solid line), reference Ni–based catalysts prepared by impregnation method (dashed line), and calculated thermodynamically equivalent values (dotted line).
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Fig. 2. Powder XRD patterns of RNi5 catalyst (R = Ce (a) or Y (b)). 
(1) RNi5 with oxidation treatment. (2) After NH3 treatment. 
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Fig. 3 Micro- and nanostructures of Ni/CeO2 catalyst. (a) SEM image of Ni/CeO2 particles.
 (b) HAADF image of Ni/CeO2 nanocomposite.  (c) High-magnification HAADF–STEM image. 
(d) The red and green areas in the EDX mapping images correspond to Ni and CeO2, respectively. 
[image: ]
Scheme 1.　Flowchart for preparing Ni/ ROx catalysts.
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