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General Introduction 

Background of This work 

Heterogeneous metal catalysts are vital to the chemical industry, especially in the 

conversion from fossil resources into fuels and a broad range of chemicals such as 

ammonia, methane, and methanol.1, 2 Typically, heterogeneous metal catalysts are 

consisting of several phases including metal particles and support materials. Normally, 

the metal particles are catalytically active phase in heterogeneous catalysts;3 for example, 

Fe or Ru in ammonia synthesis or Ni in catalytic hydrogenation reactions. In addition, 

however, support materials are extremely important and play a definitive role in 

determination of catalytic performance. Figure 1 illustrates a schematic model of the 

heterogeneous catalysis research.4 The importance of support effect is much in evidence 

in the heterogeneous catalysts; that is, the support materials help to stabilize the high 

dispersion of the metal particles,5, 6 or involves the catalytic reactions (i.e. Mars–van 

Krevelen mechanism4, 7-9). Thus, the support material is a big concern for the searching of 

effective heterogeneous metal catalysts. 

In metal-based heterogeneous catalysts, most commonly used support materials are 

oxides such as MgO,10 Al2O3,11 TiO2,12 as well as perovskites CaTiO313 and BaTiO314. In 

most cases, their function is determined by the metal cation, in terms of acidity, basicity, 

or other factors. In the recent past few years, a rising number of studies centered on 

searching for new types of catalytic supports with distinct electronic properties or 

surface/bulk anionic defects, such as inorganic electrides15, 16 and metal hydrides.17-19 A 

prime example is with ammonia synthesis/decomposition, where inorganic electrides 

like 12CaO·7Al2O3:e (C12A7:e−),15, 20 [Ca2N]:e−,21, 22 CaH2,19 Ca2NH,23 Y5Si3,24 

LaCu0.67Si1.33,25 and LaScSi26 exhibit excellent electron donation ability to the adsorbed 

gas molecular on metals, and results in significant weakening of the N2 triple bond15, 20 or 

RuN bond.27 Recently, with a range of transition metals (V, Cr, Mn, Fe, Co, and Ni), LiH17 

and BaH218 were examined as catalytic supports for ammonia synthesis. In transition 

metals/LiH (or BaH2), hydride (H) helps to remove the activated nitrogen atoms from 

metal surface, leading to break the scaling relationship between metal-nitrogen strengths 

and activity.9, 17 

We have recently reported a new perovskite-type oxyhydride BaTiO3–xHx (x = 

0.1–0.6), where the oxygen anions (O2) are partly replaced by hydride ions (H).28 At 

elevated temperatures, hydride in BaTiO3–xHx can be exchanged with the surrounding 
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atmosphere (such as D2, at approx. 400 ˚C).28, 29 Furthermore, with BaTiO3–xHx, treatment 

with N2/NH3 gas at the same temperature results in conversion to the oxynitride.30, 31 

These hydride exchange involves N2 (or NH3, H2) bond cleavage, and hints that the 

oxyhydride maybe is a useful material for activation of N2 (or NH3, H2). Hence, the 

perovskite oxyhydrides show a high potential in the applications of numerous catalytic 

reactions. On the other hand, unlike some hydride-containing compounds such as alkali 

hydrides, Ba21Ge2O5H24,32 or 12CaO·7Al2O3:H–,33 these transition metal oxyhydrides 

benefit from being members of the large perovskite family. This makes systematic 

comparisons for probing mechanisms possible, and provides a broad materials platform 

with a wide potential to further optimize catalytic activity by choice of the A-site or B-site. 

 

Perovskite oxyhdyrides: new opportunities for catalytic supports 

Hydrogen in oxides is a rather young scientific field since some perovskite oxides 

have been known to contain several atomic percent of hydrogen and then exhibit proton 

conductivity at elevated temperatures.34-36 In oxide lattice, hydrogen may take in a variety 

of positions and charge states. When an oxide is equilibrated in gas mixtures with 

hydrogen-containing gases, e.g., water vapour, hydrogen will dissolve in the oxides.37 

Hydrogen may in principle dissolve in the forms of different species: as neutral atoms (H0, 

is not a stable charge state in oxides and easily ionized to proton38, 39), hydride ions (H, 

the hydride species can be form in oxides under reducing condition37), and protons (H+). 

Hydride ion (H), unlike a proton, is highly polarizable because two electrons are bound 

by just one proton.40, 41 The H has some similarity with oxygen ion (O2, and also F) in 

both radius and charge, while the radius and charge of the proton and oxygen ion are both 

widely different.37, 41 Moreover, the H is lighter in mass, smaller in charge (cf. the oxide 

anion) and has a high standard potential of –2.2 V for H‒/H2, which makes this ligand 

mobile and labile.42 However, in oxides the commonly observed dissolved hydrogen 

species are the protons, often termed interstitial protons,43, 44 but in reality always 

associated with oxygen ions as hydroxide groups, OH.37, 45-47 In contrast to proton, the 

existence of H in oxides, actually, a very rare case.37 Stable compounds containing both 

hydride and oxygen anions were confirmed in few examples such as Ba3AlO4H,48 

Ba21Ge2O5H24,49 LaSrCoO3O0.7,40 and BaTiO3–xHx28, 50. 

Titanium oxyhydride BaTiO3–xHx were synthesized by reduction with CaH2.28 A 

symmetry change from the tetragonal P4mm space group to the cubic Pm3 m space group 

is observed during conversion of the oxide to oxyhydride, which is due to the electron 

doping.28, 29 These perovskite-type oxyhydrides can also be easily modified in terms of 

A-site or B-site choice.29 Furthermore, using H/D exchange experiments, the oxyhydride 

was found to be almost fully deuterated (based on neutron diffraction data), indicating 

that the lattice H− in BaTiO3–xHx can be exchanged with surrounding D2 gas at 400 ˚C.28 
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This exchange involves D2 (H2) bond dissociation and hints that various hydrogenation 

reactions may be possible. On the other hand, since the chemical reactivity of the lattice 

hydride is quite active at elvated temperatures (i.e. thermolability), BaTiO3–xHx is 

exploited for various synthetic uses.30, 31, 51 For example, BaTiO3–xHx has been shown to be 

a useful precursor for topotactic conversion to oxynitrides via H/N exchange under 

moderate conditions with N2 or NH3 atomsphere, as shown in Figure 2.31 Other mixed 

anion phases impossible to access otherwise, such as BaTi(O, H, F)3 and BaTi(O, H, OH)3, 

have also been reported using the anion exchange reactions starting from titanium 

oxyhydrides (Figure 2).30 Hence, these hydride exchange results suggesting that the 

oxyhydride is a useful material for activation of H2, NH3, and even the robust N2. It is well 

known that N2 cleavage is the key aspect in the ammonia synthesis. Hence, the perovskite 

oxyhydride offers a new opportunity for N2 activation and maybe NH3 synthesis. Other 

than N2 activation, the perovskite oxyhydride provides a spillover pathway for adsorbed 

hydrogen since the hydride exchange with atmosphere hydrogen (H/D exchange) at 

elevated temperatures. This suggests that the oxyhydride maybe useful for Ru metals, 

where the hydrogen is easily poisioned. 

In addition to thermal lability described above, another suspected interesting feature 

of oxyhydride is the electron back donation from lattice H, leading the Lewis basicity (i.e. 

the solid basicity) of oxyhydride maybe higher than the corresponding oxides. The 

importance of solid basicity for catalytic performance of supported metal catalysts has 

been described elsewhere, such as NH3 synthesis15 and CO2 methanation reaction52, 53. 

However, the basicity of BaTiO3–xHx has not yet been established due to the typical 

methods such as CO2–TPD (temperature-programmed desorption) requires high thermal 

stability materials but the oxyhydride sample decomposes when the temperatures higher 

than 400 ˚C. Hence, the direct determination of solid basicty for oxyhydrides is impossible. 

However, some other methods such as kinetic analysis may be provide kinetic insights 

into the hydride role during the catalytic reactions. All in all, the perovskite oxyhydrides 

have a large potential in the applications of heterogeneous catalysis. 

 

Hydride diffusion in oxyhydrides: experimental analysis 

In addition to the interest of catalysis, the mobility of H in an oxyhydride 

framework is another concern of the perovskite oxyhydrides. The existence of hydride ion 

in oxides have been identified or suggested only in a limited class of oxides.40, 48, 49, 54 The 

reason is because of the formation of hydride ions generally requires strong reducing 

conditions, which often result in degradation of the host material itself.50, 54 The 

motivation for studying hydride diffusion in oxides is similar with the proton diffusion.36 

However, the experimental analysis of hydride diffusion in oxyhydrides is rarely reported. 

Orthorhombic LaSrCoO3H0.70, the first transition metal oxyhydride with significant 
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amounts of hydride ions, can obtain by CaH2 reaction with the layered perovskite 

LaSrCoO4.40, 55 Quasielastic neutron scattering (QENS) were used to investigate the 

hydride diffusion in LaSrCoO3H0.70 and revealed that the hydride ions migrated along the 

direction of vacancies in the one-dimensional (1D) hydride anion sublattice above 675 

K.36 The Chudley-Elliot model and Gaussian model were used to fit the Lorentzian FWHM 

versus Q lines, which results indicated the two models have a very little difference in the 

quality of fits. It was found that the H− hopping distance is equal to the length of a lattice 

parameter (ca. 3.85 Å), suggesting that the hydride is jump between vacant sites along the 

a-axis within the perovskite layer (as shown in Figure 3). Very recently, Kanno and 

co-workers56 demonstrated pure H− conduction in La2−x−ySrx+yLiH1−x+yO3−y using 

impedance measurements, revealing that two-dimensional (2D) H− conduction in the 

layered lithium perovskite is facilitated by introducing H− vacancies (y), though the 

activation energy of 68.4 kJ mol−1 for La0.6Sr1.4LiH1.6O2 (x = 0.40 and y = 1.0) is somewhat 

larger than that in LaSrCoO3H0.70 (nearly 20 kJ mol−1). 

Turing to ATiO3−xHx (A = Ba, Sr, Ca or Ca-Sr, Sr-Ba solid solutions, or Eu), using 

TG-MS, the titanate oxyhydride perovskites have been shown to release H2 at approx. 400 

˚C when heated under an inert atmosphere (such as Ar).28, 29, 51, 57 The same with H2 

release, heating oxyhydrides under D2 at the same temperature resulted in H/D anion 

exchange, yielding the oxydeuteride, as shown in Figure 428, 57. Such an H/D exchange 

implies the diffusion of hydride in the oxyhydride lattice. However, the high electronic 

conductivity (mixed electron and anion conductivity) of ATiO3–xHx does not permit the 

direct measurement of H– conductivity by an impedance measurement. Alternatively, DFT 

calculations were used to investigate the hydride diffusion in oxyhydride lattice.58-62 On 

the basis of calculation results, Iwazaki et al. proposed that, in BaTiO3 lattice, the hydride 

first transfer two electrons to the titanium atoms, and then jump as a proton to an 

interstitial site, after which it converts back to a hydride ion on another anionic site.58 

Moreover, using DFT calculations, Zhang et al.59 found that the hydrogen diffusion in 

BaTiO3−δHx is dominated by migration of the interstitial H with low energy barrier. Recent 

calculations by Liu et al. have examined the activation energy of hydride diffusion in the 

BaTiO3 lattice.61 They showed that the hydride jumping between the nearest neighbor 

sites is an energy-minimizing process. 

Since the quite mobile hydride anions (or thermolability), oxyhydrides exhibit a 

broad potential applications in solid state synthesis, solid state ionics, and catalysis. 

With the recent increase in reported oxyhydrides from solid state chemistry, a 

universal experimental method to investigate the hydride diffusion mechanism 

would help explain many curiosities and serve as a convenient tool to investigate 

the suitability of oxyhydrides for various applications. In summary, the potential 

applications of perovskite oxyhydrides are essentially related to the thermal 
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behaviour of hydride anions. Hence, the dynamics research of hydride will enhance 

the potential use of perovskite oxyhydrides in applications for solid state synthesis, 

catalysis, or ionics. 

 

Outline of This Work 

On the basis of gas molecule activation on these water-stable oxyhydrides, together 

with the suspected strong electron donating powder of hydride, we try to perform 

oxyhydride as a new type of catalytic supports for Fe, Co, Ni, and Ru-based catalysts for 

ammonia synthesis and CO2 methanation reaction. Accordingly, this thesis focuses on 

investigations of the catalytic applications of ATiO3−xHx, with the aim of developing a new 

kind of support materials for metal based heterogeneous catalysts. Furthermore, the 

thermal behaviors of hydride ions in oxyhydride lattice (i.e. diffusion mechanism) were 

investigated by the H/D exchange. 

In Chapter 1, the solid-state hydride-containing Ti compounds (TiH2 and BaTiO2.5H0.5) 

exhibit continuously (~7 days) form NH3 under H2/N2 flow conditions, with activity (up 

to 2.8 mmol g–1 h–1) almost comparable to conventional supported Ru catalysts such as 

Cs-Ru/MgO or Ru/BaTiO3 that we have tested. As with the homogeneous analogues, the 

initial presence of hydride within the catalyst is critical. Moreover, a rare hydrogen-based 

Mars–van Krevelen (MvK) mechanism may be at play here. Conventional scaling rules of 

pure metals predicts essentially no activity for Ti, making this a previously overlooked 

element, but the results show that by introducing hydride, the repertoire of 

heterogeneous catalysts can be expanded to include formerly unexamined compositions 

without resorting to precious metals. 

In Chapter 2, the ammonia synthesis activities of Ru, Fe, Co/ATiO3−xHx (A = Ca, Sr, Ba) 

were examined to determine the role of hydride ions in these oxyhydride-supported 

metal catalysts. For Ru, H/D isotope studies show participation of lattice hydride in the 

catalytic cycle, while kinetic analysis shows reduced H2 poisoning probably due to 

spillover, implying that the hydrogen-based MvK effect is still present. For Fe (and Co), the 

presence of hydride resulted in significantly lower activation energy and N2 reaction order, 

likely due to strong electron donation from the oxyhydride support. This 

metal-dependent oxyhydride support effect was further verified by N2 isotopic exchange 

experiments. In terms of activity, the BaTiO2.5H0.5 supports enhance the activity of BaTiO3 

by orders of magnitude; for Fe and Co the activity increases by a factor of 70~400, making 

them more active than conventional Ru catalysts of similar loading amount. These 
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perovskite-type oxyhydrides can also be easily modified in terms of A-site and B-site 

choice; the high potential for compositional variation as well as morphologies will expand 

the search for efficient catalysts for ammonia synthesis. 

In Chapter 3, the oxyhydride were examined as a support material for Ni, Ru-based 

catalysts for CO2 methantion reaction. The results shown that the BaTiO2.4H0.6 enhances 

the activity of BaTiO3 by 2–7 times. Furthermore, Ni/BaTiO3–xHx is also durable with its 

catalytic performance being kept for at least 10 hours under a water-rich environment. 

Kinetic analysis revealed that the lattice hydride improves hydrogen adsorption on the 

metal surface. We anticipate these perovskite oxyhydrides will shed new light on the 

design of high-efficiency metal-based catalysts for water-involved catalytic reactions. 

In Chapter 4, gaseous hydrogen exchange and release experiments were analyzed 

using the Kissinger method to estimate the activation energy (Ea) for H/D exchange and 

H2 release in BaTiO3–xHx (x = 0.35–0.60) and LaSrCoO3H0.70. It is revealed that for each 

BaTiO3–xHx at a given hydride concentration (x), both H/D exchange and H2 release 

experiments provide similar Ea values. While for BaTiO3–xHx with different x, the obtained 

Ea values significantly decrease with increasing x until around 0.4; beyond 0.4 it becomes 

nearly constant (200–220 kJ mol–1). This observation suggests that the diffusion process 

in the low hydride concentration (x< 0.4) includes oxide as well as hydride diffusion, 

whereas for 0.4 <x (< 0.75) only hydride migrates, with second nearest-neighbour (2NN) 

jumps as a rate-determining process, which is supported by DFT calculations. The 

Kissinger analysis of LaSrCoO3H0.70 yielded a similar Ea of 170–190 kJ mol–1, consistent 

with the 2NN hopping scenario. The presented method provides a facile tool for designing 

and improving hydride conductivity in oxyhydrides regardless of the presence of 

electronic conductivity. 
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Figure 1. Structural parameters and kinetic effects on supported metal catalysts.
4
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Figure 2. Different anion exchange routes starting from an oxyhydride. 

 

 

 

Figure 3. QENS study of hydride diffusion in LaSrCoO3H0.7. 
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Figure 4. Mass spectrometry of gaseous species during deuteride exchange in 

BaTiO3−xHx. 
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Chapter 1. Titanium-based hydrides as heterogeneous catalysts for 
ammonia synthesis 

1.1. Introduction 

N2 activation and conversion to NH3 has been studied intensively. In terms of basic 

science, much research has been done to understand the biological process of N2 fixation, 

while industrially, NH3 synthesis is the starting step for various nitrogen-containing 

chemicals, including synthetic fertilizers. More recently, NH3 has gathered attention as a 

convenient hydrogen carrier1,2 or fuel,3,4 necessary for implementing the hydrogen 

economy. 

In terms of nitrogen activation by metal complexes, hydride complexes form a 

distinct class where strong reducing agents such as KC8 or Na/Hg are not necessary to 

activate N2. This has been reviewed extensively by Ballmann et al.5 and Jia et al.6 Hydride 

complexes of Co, Fe, Ru, Rh, Ir, Mn, Mo, Ni, Ti, Ta, and Nb have all been reported to form 

nitrogen complexes upon exposure to N2 gas.5,7 Preparing these transition metal hydride 

complexes sometimes requires highly reducing reagents such NaBH4, but numerous Ti 

complexes require only H2 gas at ambient conditions to form hydrides. One example 

demonstrating this reactivity is shown in Figure 1.1a, where a titanocene derivative forms 

a hydride complex in-situ, and then transforms to ((Me4Cp)2Ti)2(μ-N2) under N2.8 One 

common aspect of catalysis for NH3 synthesis in both homogeneous and heterogeneous 

states is the importance of multiple metal centers; as for titanium, Shima et al. recently 

demonstrated a polynuclear Ti complex with reactivity for H2 and N2 (shown in Figure 

1.1b).9 The initial (CpMe4SiMe3)Ti(CH2SiMe3)3 complex reacts with H2 gas to form a 

capped trinuclear titanium cluster, and further reaction with N2 gas yields a 

nitride/imido/hydrido complex. Exposure to a mixture of N2/H2 also yields an 

imido-hydride complex cluster (see lower route of Figure 1.1b). While this is an 

extraordinary example of imido group formation from N2 and H2 gas, no NH3 is formed. 

Turning to solids, titanium metal is one of the few elements relatively prone to 

oxidative addition of H2 to yield TiH2,10,11 whose fluorite-type structure shown in Figure 

1.1c. As a related compound, we have recently reported the synthesis of a titanium-based 

perovskite oxyhydride, BaTiO2.5H0.5.12 Using H/D exchange experiments, we have shown 

that the lattice H– is thermolabile and can be exchanged with surrounding D2 gas at 400 ˚C 

(Figure 1.1d). This exchange involves D2 (H2) bond dissociation, and hints that various 

hydrogenation reactions may be possible. In a more recent study, we have found that 

treatment with N2 gas at the same temperature results in conversion to the oxynitride 

BaTiO2.5N0.2.13 Combined, these results suggest that the oxyhydride is a useful material for 

the activation of diatomic H2 and N2. 
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However, despite these observations from complexes and the solid state, 

hydride-containing titanium compounds have not been investigated previously as 

heterogeneous catalysts. Here, we examine TiH2 and BaTiO2.5H0.5 as ammonia synthesis 

catalysts under Haber-Bosch conditions, and find that they exhibit surprisingly robust 

catalytic activity. 

1.2. Experimental section 

1.2.1. BaTiO3 and BaTiO2.5H0.5 catalysts A commercial sample of BaTiO3 (Sakai 

Chemical Industry, particle size ~100 nm) was used as a reference catalyst. The catalyst 

BaTiO2.5H0.5 was synthesized by the CaH2 reduction of this BaTiO3 as reported 

previously.12,13 BaTiO3 and CaH2 were mixed in a N2-filled glovebox (1:3 molar ratio), 

pelletized (1.5 g, ɸ12 mm), and sealed in an evacuated (~10–2 Pa) pyrex tube (O.D. 20 mm, 

I.D. 14 mm, length ca. 12 cm) for 1 week at 560 ˚C. After reaction, the blue-black 

BaTiO2.5H0.5 (about 1 g) was split in two batches, and each was washed with 

NH4Cl/methanol (0.1 M, 300 mL), and dried at 100 ˚C under vacuum. The amount of 

hydride in the sample can be verified directly or indirectly by a number of ways, such as 

TGA (oxidative atmosphere), Rietveld refinement of X-ray data, thermal desorption 

spectroscopy (TDS), and if available, neutron diffraction. Previous studies12,13 show that 

all techniques give a consistent formula, and that the amount of anion vacancies was 

negligible. Commercial samples of TiH2, CaH2, TiO2, and Ti2O3 were ball milled for 12 

hours in a N2-filled ZrO2 pot. The milled powders were subsequently stored and handled 

under N2.  

1.2.2. NH3 synthesis A 0.1 g sample of catalyst was suspended in a 3/8” stainless 

steel tube on a bed of quartz wool. Blank tests using the reactor tube and quartz wool did 

not give any measurable activity. Catalyst samples were initially treated with flowing H2 

(90 mL min–1) at 400 ˚C (6 ˚C min–1 heating/cooling). Catalytic runs were then conducted 

at 5 MPa (gauge pressure), with a flow rate of 110 sccm. The synthesis gas composition 

was N2:H2:Ar = 22.5:67.5:10, unless otherwise noted (the Ar was initially intended to 

serve as an internal standard for calibrating a mass spectrometer). Commercially 

supplied gases (O2 < 2 ppm, H2O < 5 ppm) were purified with an in-line H2O/O2 filter to 

achieve ppt-level purity. Ammonia formation was quantified by an aqueous trap 

(1.87×10–5 M NH4Cl, 333 mL) and an NH3-selective electrode (Horiba X 5002A). 

1.2.3. Kinetic studies Apparent activation energies were measured at 5 MPa, over 

325–400 ˚C. For N2 and H2 reaction order measurements, gas compositions of N2:H2:Ar 

were 10:50:40, 16.7:50:33.3, 25:50:25, and 33.3:50:16.7 for determining the N2 order, and 

16.7:33.3:50, 16.7:50:33.3, 16.7:66.7:16.7 and 16.7:83.3:0 for determining the H2 order. 

All measurements were conducted at 5 MPa, 400 ˚C at a flow rate of 110 sccm. Reaction 
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orders of NH3 were determined by varying the conversion rate, achieved by changing the 

flow rate of the gas (22.5:67.5:10) between 50 mL min–1, 110 mL min–1, 150 mL min–1, 

and 200 mL min–1. This data was then analyzed by the method of Aika et al.14 At the 

experimental conditions, the typical ammonia concentration is farless than 1%, thus 

being far from the equilibrium value (approx. 15% at 5 MPa, 400 ˚C).  

1.2.4. Catalyst characterization XRD patterns were recorded on a Bruker Advance 

D8 diffractometer. Combustion elemental analysis for nitrogen was conducted at the 

School of Pharmacy, Kyoto University. XPS data were collected on an Ulvac-Phi MT-5500 

instrument using Mg Kα radiation. The charge correction was conducted by shifting the O 

1s peak to 529.5 eV. Surface areas were obtained by a Microtrac Bel BELSORP mini-II 

instrument using N2 adsorption and the BET method. 

1.2.5. Computational studies Calculations were performed using the CASTEP 

program15 as provided within the Materials Studio package using the PBE-GGA exchange 

correlation functional. Initial k-mesh convergence and cut off energy tests were 

conducted on bulk structures, after which bulk lattice parameters were then optimized. 

Convergence criteria were 10–5 eV for energy, 0.03 eV/Å for force, 0.05 GPa for stress, and 

0.001 Å for displacement. Slab structures with inversion symmetry (P-3m1) were then 

created, with slab and vacuum thicknesses roughly checked for energy convergence. Slab 

internal coordinates were thenrelaxed with the same criteria as above; this typically 

resulted in the outer two layer atoms slightly shifting their z-coordinates. The slabs were 

once again checked for k-mesh convergence (~0.026 Å–1) and cut off energy (760 eV), 

implying that adsorption energies are converged to within at most 5 kJ mol–1. The total 

electronic energy of gaseous N2 was determined by placement in an 8Å × 8Å × 8Å box. 

Optimization of the N–N bond length resulted in 1.104 Å (experimental 1.11 Å). 

Dissociative heats of adsorption were defined as (Eslab+EN2)-Eslab+2N, and molecular heats 

of adsorption were defined as (Eslab+EN2)-Eslab+N2. Work functions were calculated by 

examining the electrostatic potential within the slab and at the vacuum separating the 

slabs. Slab models and adsorption sites are shown in the Supporting Information. 

1.3. Results 

1.3.1. Activity Figure 1.2a compares the activities of various catalysts for NH3 

synthesis at 400 ˚C under 5 MPa of flowing N2/H2 gas. As examples of typical Ru-based 

catalysts, the activities of Ru/BaTiO316 and Cs-Ru/MgO catalysts17,18 have been included;  

in our own experiments these catalysts produce 4.10 mmol g–1 h–1 and 2.7 mmol g–1 h–1 of 

NH3, respectively (the Ru loading amount, ~0.9 wt %, is relatively low for our samples). In 

comparison, TiH2 and BaTiO2.5H0.5 exhibit catalytic activities of 2.8 and 1.4 mmol g–1 h–1, 

which is surprisingly on par with the aforementioned Ru catalysts. The surface area of the 
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TiH2 and BaTiO2.5H0.5 powders were 10.5 m2 g–1 and 15.6 m2 g–1, so there is still room for 

improved activity by increasing the surface area. CaH2, another hydride compound, is not 

active; we also note that BaTiO3, TiO2 and Ti2O3 powders are not catalytically active under 

our probed conditions. Hence, having the titanium center and hydride anion together 

seem to be critical for activity. 

This result is rather different from recent reports with CaH2 or LiH-based catalysts. 

For example, Kitano et al report the activity of Ru/CaH2, but not for CaH2 itself. For 

Ru/CaH2, the high activity is due to Ru enabling the partial conversion of hydride to 

electride, i.e. Ru/CaH2–x(e–)x, thus functioning as an electride catalyst.19 In a separate 

report, Wang et al illustrate their use V, Cr, Mn, Fe, Co, Ni, and Ru metal mixed with LiH, 

with surprisingly high activities for all catalysts.20 However, there have been no reports of 

catalytic activity from a single hydride compound. Reports on titanium-based materials 

are extremely scarce, being limited to a report on activity at atmospheric pressure 

exhibited by TiN nanoparticles.21 

Figures 1.2b and 1.2c show the cumulative amounts of synthesized NH3 as a function 

of time. The linear increase shows that the catalytic activity is stable over many hours. 

The horizontal dotted line indicates the amount of ammonia expected based on the 

simple decomposition of the catalyst, taking into account the amount of hydride. Since the 

activity is sustained at a constant rate over TON = 1, the generation of NH3 is indeed 

catalytic, and the stability for TiH2 has been confirmed up to 7 days (Figure 1.2e). 

During NH3 synthesis, it is quite possible that the hydrides partially convert to 

nitrides. We combined a variety of techniques to estimate the bulk and surface 

composition of the catalysts after the NH3 synthesis reactions. The XRD patterns in Figure 

1.3a show no change for BaTiO2.5H0.5 before and after NH3 synthesis; however, a close 

examination revealed small changes in lattice parameters (Table 1.1) and relative peak 

intensities. We note in our previous publications that BaTiO2.5H0.5 is found to convert to 

an oxynitride(hydride) in pure N2 (or NH3) atmosphere at similar temperatures, 

depending on the temperature.13, 22 Here, since the gaseous environment consists of both 

N2 and H2, an oxyhydride-nitride composition somewhat reflecting this mixed N2/H2 

environment can be expected. A Rietveld refinement of the X-ray data (Table 1.1) gives 

results consistent with hydrogen being partially replaced by nitrogen, and combustion 

analysis of nitrogen concludes that the composition after catalysis to be approximately 

BaTiO2.5N0.2H0.3. A separate control experiment using BaTiO2.5N0.3 as a catalyst found no 

activity; hence, the initial presence of hydride in the catalyst phase is critical. 

We have also used X-ray photoelectron spectroscopy (XPS) to probe the surface. 

Results are shown in Figures 1.3d~f. The blue traces (i~iii) indicate spectra for BaTiO3, 

BaTiO2.5H0.5, and post-reaction BaTiO2.5H0.5. The Ti 2p spectra (Figure 1.3d) appear similar, 

but a slight shoulder to the right of the peak at 458 eV indicates a slightly reduced surface 
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for BaTiO2.5H0.5 and post-reaction BaTiO2.5H0.5 (ii, iii) compared to BaTiO3 (i). As expected, 

there is no appreciable change in the O 1s spectra. A small N 1s peak is observed, however, 

after NH3 synthesis (Figure 1.3f, iii). Integrating the O 1s and N 1s peaks yields an atomic 

O/N ratio of 10:1, which is close to the bulk BaTiO2.5N0.2H0.3 formula obtained previously. 

The TiH2 catalyst before and after NH3 synthesis was also characterized in a similar 

manner. The XRD shown in Figure 1.3b shows no appreciable change; the peaks remain 

characteristic of a TiH2 fluorite phase. Close examination of the region shown in Figure 

1.3c shows a minute peak possibly from TiN, signifying potential nitridation of the surface. 

This is confirmed by the XPS spectra (Figure 1.3f, v~vi); the N 1s signal has increased 

slightly in intensity as a result of conducting NH3 synthesis. The large N 1s signal 

observed even before NH3 synthesis (Figure 1.3f, v) is due the ball milling step; the 

powder was sealed in a ball mill pot within a N2-filled glove box. Ball milling the TiH2 

powder (commercially obtained) was necessary in order to reduce the particle size and 

expose a non-oxidized TiH2 surface. This surface oxide of the initial TiH2 particles is quite 

evident in the O 1s spectra (Figure 1.3e iv), but decreases substantially after ball milling 

(Figure 1.3e, v). Despite the large N 1s peak after ball milling, the catalyst overall is still 

characterized as TiH2, as demonstrated by the XRD pattern (Figure 1.3b,c), combustion 

elemental analysis showing only trace nitrogen content (0.66 wt% N), and the further 

increase of N 1s intensity during NH3 synthesis. Furthermore, we have determined in a 

separate control experiment that TiN of the same particle size (i.e. ball milled) is not 

catalytically active for NH3 synthesis. Previously, Kumagai et al. reported a TiN-carbon 

nanocomposite (399 m2 g–1) with a modest activity (31 μmol g–1 h–1 at atmospheric 

pressure).21 However, despite the difference in reaction pressure, our own results 

comparing ball milled TiN and TiH2 show a clear difference in terms of activity under 

equivalent conditions. 

These results show that for both catalysts, during the reaction the catalyst surface is 

an oxyhydride-nitride composition, where the presence of hydride is a key to catalytic 

activity (despite the change in bulk/surface compositions, for this paper we refer to the 

catalysts by their initial composition for convenience). Although there is some partial 

nitridation, a significant amount of hydride remains, due to the equilibrium brought by 

surrounding H2 gas and the consequent hydrogenation of the nitride species. Aside from 

the equilibrium due to the H2 gas, excessive nitridation may also be kinetically sluggish. 

Gradual surface nitride accumulation may be an issue for catalyst longevity, but as shown 

in Figures 1.2b-d, we do not see any deactivation within the time frame of our 

experiments. 

1.3.2. Kinetics Heterogeneous catalysts for ammonia synthesis have been often 

compared by their activation energies and reaction orders. In order to compare the 

nature of the catalyst with other examples, the activation energy and reaction orders with 
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respect to N2, H2, and NH3 are plotted in Figures 1.4a~d. The activation energy, obtained 

over a range of 325~400 ˚C at 5 MPa for both hydride catalysts is 70~80 kJ mol–1. 

Comparison with other titanate systems is not possible as there are very few reports, but 

most standard Ru catalysts have activation energies in the region of 80~130 kJ mol–1. 

Hence, the activation energy for our catalyst is reasonably low. For example, Cs-Ru/MgO 

has been reported to have an activation energy of 109 kJ mol–1,23 and for Ru/BaTiO3, 

130~90 kJ mol–1 has been reported,24,25 while more recently, exceptionally low values 

(such as 40~60 kJ mol–1) for Ru/C12A7:e– have been suggested to imply alternate 

rate-limiting steps.25,26 The reaction orders on N2, H2, and NH3 (α, β, and ɣ, respectively) 

give insights into the catalytic behavior. For most conventional catalysts, α is close to 1, 

being related to the fact that the rate-limiting step is the unimolecular cleavage reaction 

of an adsorbed N2 species. As seen in Figure 1.4b, while there is some scatter in the data, 

the N2 reaction order for TiH2 is quite low, 0.5±0.2. For BaTiO2.5H0.5 a higher value is 

obtained, 0.84±0.07. Such low reaction orders (~0.5) have only been reported recently by 

Kitano and Hosono et al, with Ru/C12A7:e– (α = 0.46),19 Ru/Ca2N:e– (α = 0.53),19 and 

Ru/CaH2 (α = 0.55).19 These catalysts are all supported Ru catalysts, making direct 

comparisons precarious, but no other titanium-based catalysts have been reported before. 

The role of hydride in this aforementioned catalysts is not entirely clear either, as 

Ru/C12A7:H– has a reaction order of 1.00, unlike that of Ru/C12A7:e–, Ru/CaH2 or TiH2. 

In these electride catalysts with α ≈ 0.5, alternate rate-limiting steps (such as N-H bond 

formation) have been proposed.26 It is notable that in our presented results, an equally 

low α has been obtained in the absence of Ru or any electride support. The elementary 

steps on TiH2 could be quite different from conventional Ru (or Fe) catalysts, so the rather 

low N2 reaction order requires further consideration to be explained properly. 

The reaction order on H2, β (Figure 1.4c), is often important from a practical 

perspective since for noble metal catalysts it represents the degree of hydrogen poisoning. 

At the high pressures encountered under Haber-Bosch conditions, Ru catalysts suffer 

from excessive adsorption of H2 on the surface, decreasing the overall reaction rate, 

leading to negative values of β. For example, for Cs-Ru/MgO, β = -0.9.23 Naturally, changing 

the catalytic element from Ru to Ti in our system eliminates this hydrogen poisoning; for 

TiH2, β = 1.1±0.1, and for BaTiO2.5H0.5, β = 0.53±0.08. Both TiH2 and the barium titanate 

oxyhydride-nitride system can adopt variable H stoichiometry.12,27–29 This may also be a 

contributing factor, by providing adequate spillover capacity/pathways for the active sites 

to avoid hydrogen poisoning. Such an effect has been reported in cage-structured 

catalysts Ru/C12A7:e– previously.25 The reaction order on NH3 (ɣ), with data plotted in 

Figure 1.4d, has been obtained by varying the flow rate of the N2/H2 feed gas. The values 

for BaTiO2.5H0.5 and TiH2, –1.2±0.2 and –1.9±0.1, are strongly negative and are closer to Fe 

catalysts rather than Ru catalysts. While the literature concerning NH3 orders is not 
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extensive, Fe/C and KM1 have reported values of –1.0, –1.5, respectively;30 while some Ru 

catalysts have reported values of 0.0 (for Cs-Ru/MgO),23 or –0.25, (for Ru/C12A7:O2–).25,26 

Some of the more recent electride/hydride-supported Ru catalysts appear to have slightly 

more negative orders, such as Ru/C12A7:e– (–1.00),25 or Ru/Ca2N:e– (–1.03),19 but it is 

quite evident that with the strongly negative orders, the titanium hydride-based systems 

have surfaces which interact quite strongly with the product ammonia. 

1.3. Discussion 

The results in Figure 1.2 tell us that the choice of both titanium and hydride seem to 

give rise to the catalytic activity, and while there are analogous cases in the literature, 

there are not any other Ti-based catalysis to make direct comparisons. As mentioned 

before, a titanium hydride cluster was shown to react with gaseous N2 to form an 

imido-nitride complex, but with no NH3 production.9 In terms of the solid state, the 

closest analogy may be that reported by Vettraino et al.31 Here, mesoporous TiO2 was 

impregnated by a zero-valent bis(toluene) titanium complex, after which the ligand was 

removed by thermal treatment. This led to the formation of a titanium nitride species due 

to reaction with ambient N2. Reaction of the nitride with residual H2O in the framework 

led to the non-catalytic formation of NH3, observed by IR and NMR. In a further 

development, a catalytic cycle based on an in-situ reduced Ta2O5 catalyst surface has been 

reported by Yue et al32,33 with an activity of ~1 μmol g–1 h–1 at 350 ˚C, atmospheric 

pressure. Here, Ru or Pd was supported on Ta2O5; the supported metal is thought to 

dissociate H2, which then spills over and partially reduces the Ta2O5 surface. N2 activation 

on this reduced Ta2O5 surface is used to explain the unusual activity demonstrated with 

Pd/Ta2O5 and the very low activation energy (9 kJ mol–1). 

Recently, Wang et al. reported on catalysis using various transition metals combined 

with LiH,20 and this system offers interesting insight into our own catalysts. The various 

transition metal-LiH catalysts have reaction orders quite similar to TiH2 (or BaTiO2.5H0.5); 

that is, a low N2 order (α ≈ 0.5), positive H2 order (β ≈ 1), and strongly negative NH3 order 

(ɣ < –1). LiH alone cannot dissociate N2, hence, N2 is dissociated on the transition metal 

surface, and then transferred to LiH; here it is hydrogenated to the final NH3. The N2 

dissociation step is reasonably fast such that the transfer and hydrogenation on the LiH 

phase becomes the rate-determining step, and the activation energy (46~64 kJ mol–1) is 

reflective of this. It is quite possible that TiH2 and BaTiO2.5H0.5 function in a similar way.  

Titanium, being an early transition metal, has a high Ti–N bond strength, making the 

dissociative adsorption of N2 facile. Conventional knowledge regarding ammonia 

synthesis shows a trend (i.e. the scaling relationship) between metal-nitrogen bond 

strengths and activity,20,34,35 and the Ti–N bond is regarded as too strong for a catalytic 
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ammonia synthesis as an inactive surface nitride is formed. These metal-nitrogen bond 

strengths usually concern Ti in the metallic state, and at a first glance, it seems possible 

that for titanium hydride, the Ti–N bond has been weakened. It is not trivial to gain a 

complete picture of the mechanism, but some simple DFT calculations offer us answers to 

focused questions. In other words, does the incorporationof hydride in Ti weaken the 

otherwise excessively strong Ti–N bond? 

To answer this, we have performed calculations concerning N2 adsorption, on bare 

surfaces of Ti (hcp) 001, TiN (fcc) 111, and TiH2, (fcc) 111; Ti-terminated surfaces were 

examined (see Supporting Information for structural discussions). All three of these 

surfaces are close-packed Ti surfaces, with the major difference being the presence (or 

absence) of sub-surface hydride or nitride. Comparing the adsorption heats on these 

hypothetical surfacesallows us to focus on electronic effects of hydride on Ti–N bond 

strength and N2 activation, while more realisitic, complex surfaces would illuminate how 

surface hydride may directly take part in atom transfer reactions. 

Table 1.2 shows our results. 3-fold adsorption sites were chosen, and due to 

variations in stacking, two sites are possible, site A and B (see Figures 1.5 and 1.6 for 

details). The dissociative heat of adsorption reflects the Ti–N bond strength. The 

calculated dissociative heat of adsorption on Ti is 443~460 kJ mol–1, which agrees 

reasonably with previously reported 481 kJ mol–1.34 Unpromoted Ru metal has a negative 

calculated heat of adsorption, also reported and explained previously.34 For the TiH2 

species, we see that two sites on the 111 surface have adsorption energies of 534 kJ mol–1 

and 374 kJ mol–1. The dissociative adsorption energy of N2 on Fe has been placed at 

205~293 kJ mol–1 so even with lattice hydride,34 the Ti–N bond remains quite strong, 

contrary to our initial hypothesis.  

We have also calculated work functions of the bare surfaces and N–N bond lengths 

for end-on molecular adsorption of N2. These two parameters may be taken as an 

indication of how much back donation from the Ti surface to the N2 molecule there is. 

The N–N bond length of N2 adsorbed on TiH2 is elongated (1.173 Å) when compared 

to on Ti (1.165Å) or unpromoted Ru (1.138Å), but this value is still somewhat small when 

compared to the most activated adsorption sites on more complex surfaces of 

Co3Mo3N36,37 and Ru/C12A7:e–.38 The work function for the TiH2 111 surface is 3.96 eV, 

fairly high compared to C12A7:e– (~2.4)39 and simply closer to Ti (3.99 eV) or Ru (4.67 

eV). 

These calculations show that indirect electronic effects from lattice hydride do not 

affect surface adsorption enough to warrant the results we see. In turn, we must now 

examine other hypotheses with more realistic models. In a recent paper, Li et al find that 

sub-surface incorporation of nitrogen into Ti (i.e. surface nitride formation) is 

energetically favored;40 such an approach needs to be considered for our case also. We 
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have also not yet examined more complex (i.e. lower index) surfaces, in the presence of 

surface hydride/nitride. The key to understanding the reaction orders and activity of TiH2 

probably lies here, with the complex interplay of lattice/bulk hydride and nitride. Another 

possibility that could be investigated isdirect hydrogenation of N2, as found in the 

associative N2 fixation mechanism of nitrogenase. 

1.4. Conclusions 

In conclusion, when viewed from a wider perspective, the catalytic activity of TiH2 

and BaTiO2.5H0.5 is interesting from two directions. On one hand, extensive research on 

N2-activating complexes has resulted in a number of conclusions, such the choice of early 

transition metals, which have strong metal-nitrogen bonds to assist in N≡N cleavage, and 

the use of hydride groups to eliminate strongly reducing agents.5,6,41 Additionally, studies 

have shown that multi-nuclear clusters tend to be effective, as they are well-suited for 

supplying the multiple electrons required in the stepwise reduction of N2.41–43 The solid 

state nature of our own catalysts provides a locked multi-atom environment on the 

surface, and thus can be seen as an extension of these cluster systems. 

On the other hand, the conclusion that a hydride compound is effective for NH3 

synthesis is also interesting from the field of heterogeneous catalysis. The direct exchange 

with lattice species in catalysis (the Mars–van Krevelen mechanism44) is quite common in 

oxides, where oxides are inherently good catalysts for oxidation reactions, given their 

ability to easily adsorb oxygen on surface vacancies, or even exchange their bulk lattice 

oxygen. Apart from oxides for oxidation, halides and sulfides, and a nitride have also been 

sporadically examined for halogenation,45,46 hydrodesulfurization,47,48 and ammonia 

synthesis49,50 reactions. It is then natural to ask the question whether could a hydride 

compound function as a hydrogenation catalyst, and our results show that this is indeed 

possible for N2 hydrogenation to ammonia. From the perspective of ammonia synthesis, 

finding new catalysts to break the scale limitation have garnered much attention 

recently.20,35 While the activity we observe here is modest,when compared to industrial 

catalysts (KM1 or Ba-Ru/C), our Ti–H solid system is one example of a new composition 

that may be a starting point for breaking scaling rules, and ultimately lead to cheaper 

catalysts working at lower temperatures and pressures. 
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Table 1.1. Crystallographic parameters of BaTiO2.5H0.5 catalyst before and after NH3 

synthesis. 

Compound Atom Site x y z Occ. 100Uiso 

BaTiO2.44H0.56 Ba 1b 0.5 0.5 0.5 1 0.847(9) 

Pm–3m Ti 1a 0 0 0 1 0.98(2) 

a = 4.04092(3) Å O/H 3d 0.5 0 0 0.815(5) 1.49(9) 

Rwp = 5.06%, Rp = 3.76%, χ2 = 2.21 

BaTi(O,N)2.69H0.31 Ba 1b 0 0 0 1 0.87(1) 

P4mm Ti 1a 0.5 0.5 0.521(2) 1 1.09(8) 

a = 4.01662(6) Å 

c = 4.0236(1) Å 

(O,N)/H 

(O,N)/H 

1a 

2c 

0.5 

0.5 

0.5 

0 

0.02(1) 

0.557(4) 

0.898(6) 

0.102(6) 

–0.1(2) 

–0.1(2) 

Rwp = 4.62%, Rp = 3.54%, χ2 = 1.81  

BaTi(O,N)2.74H0.26 Ba 1b 0 0 0 1 0.88(1) 

P4mm Ti 1a 0.5 0.5 0.529(2) 1 0.8(1) 

a = 4. 01664(6) Å 

c = 4.0236(1) Å 

(O,N)/H 

(O,N)/H 

1a 

2c 

0.5 

0.5 

0.5 

0 

0.006(5) 

0.537(2) 

0.912(6) 

0.088(6) 

1.00 

1.00 

Rwp = 4.65%, Rp = 3.55%, χ2 = 1.83  
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Table 1.2. Calculated adsorption heats on close-packed surfaces, N–N distances, and 

work functions. 

Ads. Sitea 

Heat of ads.b 

(kJ mol–1) 

N–N dist. 

(Å) 

W. F.c 

(eV) 

Diss. End-on 

N2 

Ru-A -114 -136 1.138 
4.67 

Ru-B -66 -165 1.144 

Ti-A 443 95 1.162 
3.99 

Ti-B 460 86 1.160 

TiH2-A 534 142 1.173 
3.96 

TiH2-B 374 99 1.162 

TiN-A 356 97 1.159 4.22 

N2 (gas) – – 1.104 – 

a sites as defined in Figures. 1.5 and 1.6; b see experimental details for definition; c work function of 

bare surface. 
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Figure 1.1. Reaction schemes and relevant structures. (a) A titanium-based hydride 

complex reacting with N2 gas, (b) a polynuclear titanium hydride complex and its reaction 

with N2 gas, (c) the crystal structure of TiH2 (light blue spheres represent Ti and large 

blue spheres represent hydrogen) and (d) structure of BaTiO2.5H0.5 shown with products 

from reactions with D2 and N2. 
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Figure 1.2. Catalytic activities. (a) Catalytic activities of select catalysts for NH3 synthesis 

at 400 ˚C, 5 MPa. The full scale (5 mmol g–1 h–1) corresponds to an NH3 concentration of 

0.17%. The activities of the BaTiO2.5H0.5 and TiH2 catalysts range by a factor of 1~2 

depending on thermal and pressure history of the sample; the error bars represent 

standard deviations from four separate sample/trials, and the dotted bar indicates the 

highest activity observed. (b, c) Plots showing time dependence of NH3 synthesis. (d) A 

longer experiment showing the stability of TiH2 activity over 1 week (final TON ~ 6). (e) 

Pressure dependence (gauge pressure) of activity; the dotted lines indicate a second trial. 
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Figure 1.3. Characterization of catalysts. In panel a, XRD shows that the BaTiO2.5H0.5 

catalyst keeps the same bulk structure during NH3 synthesis. Panel b shows that the TiH2 

catalyst also shows no change after ball milling or NH3 synthesis, whereas in panel c a 

close examination shows possible traces of TiN. The catalyst surface was also examined 

by XPS, shown in panels d~f. Blue traces denote BaTiO2.5H0.5 (or BaTiO3) catalysts: i, ii, iii 

represent spectra of BaTiO3, BaTiO2.5H0.5, and the BaTiO2.5H0.5 catalyst after NH3 synthesis, 

respectively. The black traces, iv, v, and vi, are spectra of TiH2 before ball milling, after ball 

milling, and after NH3 synthesis. 
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Figure 1.4. Reaction kinetics of BaTiO2.5H0.5 (blue) and TiH2 catalysts (black). Activation 

energies in panel a are at 5 MPa, and reaction orders (panels b~d) of N2, H2, and NH3 (α, β, 

and ɣ respectively) are at 400 ˚C, 5 MPa. For panels b (and c), the H2 (or N2) concentration 

in the feed gas was kept constant, while the N2 concentration (or H2) was varied, with Ar 

also varied as a balance gas. In panel d, q represents the flow rate; this was varied to 

provide different NH3 concentrations, and hence the reaction order on NH3. 
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Figure 1.5. Defining model systems to find adsorption energies on close-packed Ti 

surfaces. (a) Unit cells of slabs used for modeling the Ti 001hcp, TiH2 111fcc, and TiN 111fcc 

surfaces. (b) Example of two 3-fold sites on a TiH2 surface. For details on the possible 

3-fold surface sites on Ti/Ru, and TiN, see Figure 1.6. (c) Energetic diagram for N2 

adsorption. ‘I’ represents dissociative adsorption of N2, while II represents end-on 

adsorption of molecular N2. 
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Figure 1.6. Detailed view of close-packed slabs (side and top views) and adsorption sites 

for calculating heats of adsorption. 
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Chapter 2. Metal-dependent support effects of oxyhydride-supported Ru, 
Fe, Co catalysts for ammonia synthesis 

2.1. Introduction 

Ammonia is one of the most important basic chemicals, and widely employed for the 

production of fertilizers, plastics, fibers,1 and more recently, COx-free hydrogen.2 It is 

predominantly produced by the Haber-Bosch process, typically using oxide-supported 

iron as the catalyst. Ru-based catalysts on carbon3 and MgO4 have also been extensively 

reported. 

Over the most recent past few years, a number of new studies have focused on new 

catalysts incorporating metal hydride or electride in the support, such as 12CaO·7Al2O3:e 

(C12A7:e−),5, 6 [Ca2N]:e−,7, 8 CaH2,9 Ca2NH,10 Y5Si3,11 LaScSi,12 LiH,13 and BaH2,14 where all 

of these catalysts show high activities and unusual mechanisms. As a related material, we 

have recently examined BaTiO2.5H0.5 and TiH215 as a catalyst for NH3 synthesis under 

Haber-Bosch conditions (400 ˚C, 5 MPa). Titanium, being an early transition metal, was 

traditionally viewed as an inactive metal for catalytic NH3 synthesis,16-19 but we observed 

a continuous NH3 formation on BaTiO2.5H0.5 and TiH2 even in the absence of the typically 

necessary Ru, Fe, or Co particles. Hence, this finding provides one example of a new 

composition (Ti−H solid system) that may be a starting point for breaking scaling rules.13, 

20 

So far, other than titanium oxyhydride, the recently reported numerous new 

catalysts for NH3 synthesis have all involved supported metals such as Ru, Fe, or Co 

particles. Given the above electride and metal hydride examples, it is reasonable to 

believe that these new support materials play a key role in the superior performance. It 

thus naturally raises the question that whether the titanium oxyhydride is a good support 

material for metal-based catalysts. It is important to note that, these novel supports were 

either supported with Ru (C12A7:e−), or Fe, Co (LiH, BaH2), but have never been 

examined with both metals. The Ru-based catalysts exhibit good activities even under 

moderate conditions,21 but the effect on other metals (Fe, Co, Ni, etc.) would be 

interesting as Wang et al. observed with their LiH and BaH2 support.13, 14 Hence, 

comparing the activities of Ru, Fe, and Co supported on BaTiO3 and BaTiO2.5H0.5 is a 

perfect set where the effect of hydride (H–) can be isolated, and compared with the other 

novel metal hydride and electride–supported metal catalysts. In this paper, we compare 

the activities of various catalysts involving BaTiO2.5H0.5 (and BaTiO3) as a support, 

attempt to gain insight into the reaction mechanism based on isotope studies and kinetic 

experiments. 
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2.2. Experimental section 

2.2.1. ATiO3–xHx (A = Ca, Sr, Ba) A powder sample of BaTiO3–xHx was synthesized by 

the CaH2 reduction of BaTiO3 (particle size 100 nm) as reported previously.1 BaTiO3 (1.62 

g) and CaH2 (0.88 g, 99.9%, Aldrich) with a molar ratio of 1:3 were mixed in an N2-filled 

glovebox, pelletized (2.5 g), and sealed in an evacuated (~102 Pa) pyrex tube (O.D. 20 mm, 

I.D. 14 mm, length ca. 12cm). The compositions of BaTiO2.5H0.5 and BaTiO2.6H0.4 were 

obtained by heating the tubes for 1 week at 560 ˚C and 520 ˚C, respectively. After reaction, 

the blue-black BaTiO3–xHx specimen (ca. 1.5 g) was washed with NH4Cl/methanol (0.1 M, 

300 mL), and dried at 100 ˚C under vacuum. The amount of hydride in the sample was 

verified directly or indirectly by a number of ways, such as TGA (oxidative atmosphere), 

Rietveld refinement of X-ray data, thermal desorption spectroscopy (TDS), and if available, 

neutron diffraction. Our previous studies show that all techniques give a consistent 

formula, and that the amount of anion vacancies is not substantial.1 

We also prepared the oxyhydrides with A = Ca, Sr, Ba, where the starting materials 

ATiO3 were prepared with citric acid method.2 The powder specimens of citric acid (20.0 g, 

98%, Wako) and ACO3 (0.025 mol, 99.9%, Aldrich) were dissolved in ethylene glycol (300 

mL, 98%, Wako) with titanium isopropoxide (7.5 mL, 97%, Wako) in an N2-filled glovebox 

and then heated at 300 ˚C till the solution became black. The black powder was then 

calcinated at 500 ˚C overnight. The oxyhydrides were synthesized by the same method as 

above with the identical conditions (1 week at 560 ˚C). 

2.2.2. BaTiO3–xDx CaD2 was used to prepare BaTiO3xDx in the same manner as 

BaTiO3xHx. CaD2 was synthesized by reaction between Ca metal (99.9%, Wako) and D2 

gas (99.8%, Taiyo Nippon Sanso). A 3/8” stainless steel tube with a pressure gauge was 

charged with Ca metal (10.0 g) under N2 atmosphere, and then pressurized with D2 gas 

(0.2 MPa). The tube was isolated from the D2 source and heated to 600 ˚C (5 ˚C min1), 

and a pressure drop was observed within a few minutes. After the pressure decreased to a 

constant value, D2 was re-introduced (0.2 MPa). This cycle was repeated until no pressure 

decrease was observed, typically requiring approximately 10 cycles. The reactor was then 

quenched with water, opened in a glovebox, and the sample was ground, after the above 

reaction process was repeated another 2 times. 

2.2.3. Preparation of Ru, Fe, and Co-based catalysts A Ru3(CO)12 (63.3 mg, 99%, 

Aldrich)/THF solution (300 mL, 3.3104 M) was prepared, to which the oxyhydride 

support (3.0 g) was added. After stirring at room temperature for 4 hours, the solvent was 

removed in-vacuo. The powder (0.3 g) was collected, sealed in a pyrex tube under vacuum 

(~102 Pa, O.D. 12 mm, I.D. 10 mm, length ca. 10 cm) and heated in a furnace to 390 ˚C at a 

rate of 1.7 ˚C min1 for 3 hours. A slight Ru mirror is deposited on the pyrex tube, so 

elemental analysis was necessary to determine the accurate Ru content. The resulting 

Ru/BaTiO3xHx is pyrophoric, and hence is stored in an N2-filled glovebox. After 
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impregnation and carbonyl decomposition, BaTiO2.5H0.5 yielded Ru/BaTiO2.7H0.3, while 

BaTiO2.6H0.4 yielded Ru/BaTiO2.85H0.15. Here, the hydride contents of the oxyhydride 

support after metal deposition were determined by Rietveld refinement of synchrotron 

XRD. For Cs-Ru/MgO, Ru/MgO was impregnated in the similar manner, with an ethanol 

solution of CsCO3 (molar ratio of Ru:Cs = 1:1). Fe and Co catalysts were prepared by 

impregnation of the support (3.0 g) with a Fe(acac)3 or Co(acac)3 solution in methanol 

(189.7 mg of Fe(acac)3 or 181.3 mg of Co(acac)3, 5.37104 M, 300 mL), in the same 

manner as Ru. After solvent removal, the catalyst was directly decomposed to metallic Fe 

or Co state during an extended H2 reduction procedure (3 hours) immediately before the 

NH3 synthesis experiment. 

2.2.4. NH3 synthesis A 0.1 g sample of catalyst was suspended in a 3/8” stainless 

steel tube on a bed of quartz wool. The catalyst samples were reduced under flowing pure 

H2 (90 mL min1) at 400 ˚C (6 ˚C min1 heating/cooling) for 2 hours. Catalytic runs were 

conducted at pressures of 0.1 MPa to 5 MPa (gauge pressure), with a flow rate of 110 mL 

min1. The synthesis gas composition was N2:H2:Ar = 22.5:67.5:10, unless otherwise 

noted. NH3 formation was qualitatively monitored by a Pfeiffer OmniStar mass 

spectrometer (monitoring NH3+ or NH2+), and quantified by an aqueous trap (1.87105 M 

NH4Cl, 333 mL) and NH3-selective electrode (Horiba X 5002A). 

2.2.5. Kinetic studies All kinetic studies were conducted at conditions where the 

conversion was at most 1.5% (400 ˚C, 5 MPa). The thermodynamic conversion limit under 

these conditions is approximately 15%, so our measurements conditions were far from 

equilibrium. Apparent activation energies were measured at 5 MPa, over temperatures 

range from 300 to 400 ˚C, with a flow rate of 110 mL min1 in both heating and cooling 

processes. Initially, gases of commercial supplied purity (O2 < 2 ppm, H2O < 5 ppm) were 

used. Later, an in-line H2O/O2 filter was installed to provide a higher purity (< ppt). We 

found this essential to reduce the hysteresis observed for Ru-based catalysts. For N2 and 

H2 reaction order measurements, gas compositions of N2:H2:Ar were 10:50:40, 

16.7:50:33.3, 25:50:25 and 33.3:50:16.7 for determining the N2 order, and 16.7:33.3:50, 

16.7:50:33.3, 16.7:66.7:16.7 and 16.7:83.3:0 for determining the H2 order. All 

measurements were conducted at 5 MPa, 400 ˚C at a flow rate of 110 mL min1. Reaction 

orders of NH3 were determined by varying the conversion rate, achieved by changing the 

flow rate of the gas (22.5:67.5:10) between 50 mL min1, 110 mL min1, 150 mL min1, 

and 200 mL min1. This data was then analyzed by the method of Aika et al. (ref. 33). 

2.2.6. N2 isotopic exchange N2 isotopic exchange reactions over Cs-Ru/MgO, 

Ru/BaTiO3, Ru/BaTiO2.5H0.5, and Fe/BaTiO2.5H0.5 were conducted using a U-shaped glass 

reactor connected with a closed gas circulation system as reported elsewhere.3-5 The 

catalysts (0.25 g) were first loaded into the U-shaped glass reactor in an N2-filled glovebox. 

Prior to the exchange reactions, the catalysts were heated in a H2 atmosphere at 400 ˚C for 
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2 hours to reduce oxidised metal catalysts. The reaction mixtures (15N2:14N2 = 1:3, total 

pressure = 15.0 kPa) were then adsorbed on the catalysts without circulation at the 

conditions of 240–320 ˚C, 0.1 MPa until an adsorption equilibrium was achieved. The 

reactions (m/e = 28, 29 and 30) were monitored by a Pfeiffer OmniStar mass 

spectrometer. 

2.2.7. Catalyst characterization X-ray diffraction (XRD) patterns were recorded on 

a Bruker Advance D8 diffractometer in-house, and at beamline BL02B2 at SPring-8 (JASRI, 

Japan) under beamline proposals 2014A1083, 2014B1104, and 2014B1360. 

Transmission electron microscope (TEM) images were recorded on Hitachi NAR-9000 

(300 kV) or JEM-2010 (200 kV). Pulse CO adsorption was conducted on a BELCAT 

instrument (Nippon Bel. Co. Ltd.), with a pre-treatment of He (50 ˚C), H2 (400 ˚C), He (200 

˚C). Combustion elemental analysis for nitrogen was conducted at the School of Pharmacy, 

Kyoto University. The hydride content was also analyzed by thermal desorption 

spectroscopy (ESCO. Ltd.). Ru, Fe, and Co contents were analyzed by Sumica Corp; 

samples were digested by a sodium peroxide fusion, followed by acid extraction and 

ICP-AES analysis. X-ray absorption spectra (XPS) were obtained at the Ritsumeikan 

University SR Center, at Beamlines BL-11 and BL-13, and at SPring-8, BL-27SU. XPS data 

on samples transferred under inert conditions were obtained at the Ritsumeikan 

University SR Center, using an Ulvac-Phi instrument. 

2.3. Results 

2.3.1. Ru, Fe, Co/BaTiO3–xHx We examined the NH3 synthesis activities of 

BaTiO3–xHx after depositing Ru, Fe, and Co at 400 ˚C and 5 MPa, and the results are shown 

in Figure 2.1a. Ru/BaTiO3, recently reported by Wang et al.22 and Horiuchi et al.,23 is quite 

a respectable catalyst, slightly surpassing the well-reported Cs-Ru/MgO,24, 25 one of the 

most active NH3 synthesis catalysts. However, Ru/BaTiO2.5H0.5 has an activity enhanced 

by a factor of 7 when compared to Ru/BaTiO3 (28.8 mmol g–1 h–1 vs. 4.1 mmol g–1 h–1). 

The increase in activity correlates with the hydride content, as an intermediate activity 

was achieved with Ru/BaTiO2.65H0.35. This indicates that the presence of hydride within 

the oxide support drastically enhances the catalytic activity. When the Ru amount 

increases from 0.86 wt% (nominally 1 wt%) to 2.5 wt% (nominally 3 wt%), the activity 

increases to 50 mmol g–1 h–1. Table 2.1 summarizes the actual loading metal amounts and 

turn over frequency (TOF) values for these catalysts. For the nominally 1 wt% loaded Ru 

catalysts, when the support was changed from BaTiO3 to BaTiO2.5H0.5, the TOF increased 

by 9 times, from 0.054 s–1 to 0.453 s–1. This compares quite favorably to Cs-Ru/MgO, 

which has a TOF of 0.032 s–1 under the same reaction conditions. Other highly active 
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Ru-based catalysts involve Ba-Ru/C,26, 27 and more recently, Ru/C12A7:e–,5, 6 but we have 

not been able to obtain data with these catalysts. 

Fe and Co are metals far less examined currently for NH3 synthesis,28 but the 

enhancement from oxyhydride support is especially prominent here. For Fe, switching 

the support from oxide to oxyhydride results in an activity enhancement of 70 times (0.2 

mmol g–1 h–1 vs. 14 mmol g–1 h–1, Figure 2.1a). It is notable that with the use of an 

oxyhydride support, Fe-based catalysts even surpass pre-existing Ru catalysts. For Co, the 

activity is increased by a factor of 400 when compared to Co/BaTiO3 (0.014 mmol g–1 h–1 

vs. 5.5 mmol g–1 h–1). The recent reported active catalysts, transition metals/LiH,13 show 

quite high activity at 350 ˚C and 1 MPa (11 mmol g–1 h–1 for Fe/LiH and 11.5 mmol g–1 h–1 

for Co/LiH). The metal loading amount, however, is nearly 130–135 wt%, making it 

difficult to compare the support effect with our oxyhydrides. For Fe, XPS and Fe-L3,2 edge 

XAS on the catalysts before/after the reactions show that the supported Fe species during 

the reaction are not completely an elemental metal (Figure 2.2). This has made it difficult 

to obtain adequate CO adsorption data (and hence TOF values), but it is curious that the 

Fe catalyst exhibits such a high activity, despite its seemingly disadvantaged oxidation 

state. 

2.3.2. Ru/(Ca, Sr, Ba)TiO3–xHx To understand the role of A-site alkali-earth cations, 

NH3 syntheses of Ru/(Ca, Sr, Ba)TiO3–xHx (citric acid samples) were examined at 400 ˚C 

and 5 MPa. The Ru metal particle size and actual deposited amounts on the various 

supports were also compared (see details in ESI). As shown in Table 2.1, these Ru 

catalysts (Ru/(Ca, Sr, Ba)TiO3 and Ru/(Ca, Sr, Ba)TiO3–xHx) show very similar metal 

size/deposition effects. The (Ca, Sr, Ba)TiO3–xHx supports exhibit much higher catalytic 

activity than the corresponding oxide supports (Figure 2.1b). Among these, 

Ru/BaTiO2.67H0.33 showed the highest catalytic performances, both in activity and TOF. In 

order to make a fair comparison, it is necessary to consider the slightly differing H 

contents in the oxyhydride samples (Table 2.2). However, even though the H content of 

Sr-oxyhydride (x = 0.41) is higher than Ba-oxyhydride (x = 0.33), the NH3 synthesis 

activity of Ru/SrTiO2.59H0.41 (15 mmol g–1 h–1) is much lower than Ru/BaTiO2.67H0.33 (30.5 

mmol g–1 h–1). Thus, the incorporation of hydride has enhanced the activity of all A-site 

substituted catalysts, while preserving the differences in reactivity between the Ca, Sr, 

and Ba-containing oxide supports. Evidently, the A-site still plays an important role. 

2.3.3. Pressure effects As shown in Figure 2.3, we also examined the catalytic 

behavior of BaTiO3–xHx-supported Ru, Fe, and Co catalysts under a range of pressures 

(0.1–5 MPa). The influence of reaction pressure on the activity is more prominent in 

Ru/BaTiO2.5H0.5 than Ru/BaTiO3; the NH3 synthesis activities for Ru/BaTiO2.5H0.5 

increased from 5 mmol g–1 h–1 at 0.1 MPa to 24.8 mmol g–1 h–1 at 400 ˚C, 5 MPa. In 

contrast, for Ru/BaTiO3, the synthesis activities are quite similar between 0.1 MPa and 5 
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MPa (2.5–3 mmol g–1 h–1). For Fe, Co/BaTiO3–xHx, the pressure dependences were much 

less pronounced than Ru/BaTiO3–xHx (2.7 mmol g–1 h–1 at 0.1 MPa and 14 mmol g–1 h–1 at 

5 MPa for Fe, 0.3 mmol g–1 h–1 at 0.1 MPa and 4 mmol g–1 h–1 at 5 MPa for Co). Such 

different catalytic behavior between Ru/BaTiO3–xHx and Fe, Co/BaTiO3–xHx under 

pressures is quite interesting, as it may reflect distinct roles of hydride anions played 

during the catalytic reactions. Particularly interesting is the case of Ru-based catalysts, 

where the incorporation of hydride significantly increases the synthesis activity under 

higher pressure (5 MPa). This behavior is closely related to the elimination of the 

so-called “hydrogen poisoning effect” on Ru surface with hydride. Hydrogen poisoning 

effect can be detected by the reaction order on H2. Hence, in the following, we examine 

the effect of H– incorporation in the support on kinetic parameters such as reaction order 

and activation energy. 

2.3.4. Kinetics Comparisons of activation energies (Ea) and reaction orders offer 

more direct insight into what effect hydride anions and different A-site cations provide on 

the activity. The NH3 formation rate is determined by the rate constant and the reaction 

order with respect to N2 (α), H2 (β) and NH3 (γ).6, 29 Activation energies from our own 

experiments and some values from the literature are summarized in Table 2.3. The table 

lists Ea values for both heating and cooling processes when a considerable difference was 

observed; this hysteresis appears to be dependent on gas purity, so we simply discuss the 

results using averages. In our experiments at 5 MPa, Fe/BaTiO3 shows an Ea value of 117 

kJ mol–1. The inclusion of hydride (Fe/BaTiO2.4H0.6) substantially decreases the Ea value 

by a factor of 2 (64 kJ mol–1). In comparison, the activation energy for unpromoted Fe/C 

has been reported to be 143 kJ mol–1,28 and for the industrial Fe catalyst KM1R from 

Halder-Topsøe, Ea ranges from 70 kJ mol–1 (1 MPa) to 180 kJ mol–1 (100 MPa).28, 30 For 

Co/BaTiO2.4H0.6, again a low activation energy (69 kJ mol–1) is achieved, as Co/C is 

reported at 149 kJ mol–1 (1 MPa) and a Co spinel catalyst at 270 kJ mol–1 (10 MPa).30 

Obviously, the incorporation of hydride has a significant effect for Fe and Co, resulting in 

activation energies almost on par with Ru/C12A7:e–,5, 6 Ru/CaH2,9 and transition 

metals/LiH, BaH2.13, 14 

For Ru-based catalysts, the results are more ambiguous given dependencies on gas 

purity. For a Ru/BaTiO3 sample (commercial BaTiO3 with 100 nm particle size), with 

typical commercially supplied gases, we obtain Ea of 141 kJ mol–1, but when cooling, a 

substantially lower Ea (50 kJ mol–1) was observed. Purifying the gas to ppt level 

impurities gave Ea values of 89 kJ mol–1 and 103 kJ mol–1, decreasing the hysteresis and 

increasing the activity. In addition to the commercial BaTiO3 samples, we also examined 

catalyst samples where the precursor oxides were prepared by the citric acid method 

(see experimental section), which gave Ea values of 147/159 kJ mol–1 (heating/cooling) 

for Ru/BaTiO3 after purifying the feed gas. For Ru/BaTiO2.7H0.3 (the starting BaTiO3 was 
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prepared by citric acid method), the activation energies are 132 kJ mol–1 and 137 kJ mol–1 

in heating and cooling processes, respectively. Gas purity-dependence of Ea values were 

also observed in other oxide- (Ru/CaTiO3 and Ru/SrTiO3) and oxyhydride-supported Ru 

catalysts (Ru/SrTiO2.6H0.4 and Ru/CaTiO2.77H0.23). It is somewhat surprising that for 

Ru-based catalysts there is no considerable difference in activation energy due to the 

presence of hydride. 

We now turn to the reaction order. Fe/BaTiO3 and Fe/BaTiO2.5H0.5 differ greatly in 

terms of N2 reaction order. As shown in Table 2.3, the incorporation of hydride has 

resulted in lowering α from 1.24 to 0.56, a factor of one half. This is an exceptionally low 

value, considering that α is typically close to 1. Recent examples of a low α are 

Ru/C12A7:e– (α = 0.46) and Fe, Co/LiH (α = 0.37–0.48) where a novel rate-determining 

step (RDS) has been suggested.6, 13 We note that Kitano et al.18 have also measured the 

reaction order for the hydride-incorporated Ru/C12A7:H, which is the closest analogy to 

our oxyhydride catalyst, but obtained a more standard value of 1. 

For Ru, the N2 reaction order remains almost unchanged with the incorporation of 

hydride into the BaTiO3 support, while the H2 reaction order β increases from negative to 

positive. Most Ru catalysts have negative β values, reflecting hydrogen poisoning of the 

Ru surface. Cs-Ru/MgO has a H2 reaction order of –1.5, and for Ru/BaTiO3 it is –0.89. For 

Ru/BaTiO2.5H0.5, however, the reaction order is slightly positive, around 0.2. This 

indicates that with the incorporation of hydride, the Ru catalyst is less susceptible to 

hydrogen poisoning. This results in a large gain of overall NH3 yield at elevated pressures, 

as shown in Figure 2.3. Given the usual correlation between N2 reaction order α and 

activation energy Ea, in Ru/ATiO3–xHx (A = Ca, Sr, Ba) we focused on the H2 reaction order, 

and this is where we see some differences. For Ru/BaTiO2.7H0.3, the H2 reaction order is 

slightly positive, around 0.25. The H2 order of Ru/SrTiO2.6H0.4 (–0.36) and 

Ru/CaTiO2.77H0.23 (0.1) are considered to significantly improve hydrogen poisoning when 

compared to the equivalent oxide supports. 

2.3.5. N2 isotopic exchange The activation energies of N2 isotopic exchange 

reaction (IER) over oxide- and oxyhydride-supported Ru, Fe catalysts were examined at 

240–320 ˚C and 0.1 MPa. As shown in Figure 2.4, there is no activation energy difference 

of N2 IER between Ru/BaTiO3 (72 kJ mol–1) and Cs-Ru/MgO (73 kJ mol–1) under our 

reaction conditions. This N2 IER activation energy is determined by the N2 desorption 

process (RDS in N2 IER31) and hints that a similar support effect of BaTiO3 and MgO for Ru. 

Furthermore, the activation energies between NH3 synthesis and N2 IER for Ru/BaTiO3 

are quite similar (89 kJ mol–1 vs. 73 kJ mol–1) but for Ru/BaTiO2.5H0.5 they are quite 

different (130 kJ mol–1 vs. 80 kJ mol–1), indicating a substantial effect from hydride. For 

Fe/BaTiO2.5H0.5, in marked contrast, we observed an approximate value between NH3 

synthesis and N2 IER (64 kJ mol–1 vs. 68 kJ mol–1). Moreover, for oxyhydride supports, 
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there is no significant difference of Ea values between high (5 MPa) and low pressures 

(0.1 MPa), both for Ru (88 kJ mol–1) and Fe (68 kJ mol–1) (Figure 2.4c). These activation 

energy values, when viewed from the point of RDS, can be realized from two steps; i.e. N2 

cleavage or NHn formation6, 32. For Ru, combined with similar NH3 synthesis activation 

energies between Ru/BaTiO3 and Ru/BaTiO2.5H0.5 (80–90 kJ mol–1), we deduced that the 

RDS is the conventional dissociation process of N2 (Figures 2.5a). The much higher N2 IER 

activation energy (130 kJ mol–1) probably means that the adsorbed N atoms on Ru 

surface with oxyhydride BaTiO2.5H0.5 support is more stable than that with oxide BaTiO3 

support (Figure 2.5a). This parallels what Kitano et al. claimed for Ru/electride in ref. 6; 

that the Ru-N energy for electride should be at a lower energy than the conventional 

oxide supports. However, this cannot be a plausible explanation for high activity of 

Ru/BaTiO2.5H0.5. Kitano et al.6 had summarized the activation energies of N2 IER on 

various Ru-based catalysts, showing that the electron back donation from the electride 

support significantly decreases the N2 IER activation energy, which seems absent in our 

Ru/oxyhydride. Since the change of N2 IER activation energy is not decisive factor for the 

high activity of Ru/oxyhydride, the elimination of H2 poisoning, which is manifested by 

the positive H2 reaction order, might be more important for Ru. 

For Fe, let us first assume that the RDS is the N2 dissociation process, both for BaTiO3 

and BaTiO2.5H0.5 support. For Fe/BaTiO3, this energy profile is quite reasonable on the 

basis of large NH3 synthesis activation energy (117 kJ mol–1). For Fe/BaTiO2.5H0.5, the 

activation energy of N2 IER is very close to that of NH3 synthesis (68 kJ mol–1 vs. 64 kJ 

mol–1), meaning that the adsorption energy of nitrogen on Fe is quite small (ca. 4 kJ 

mol–1). Without support materials, the activation energy for N adsorption on Fe was 

found to be nearly 260 kJ mol–1.33 For KM1R, an Fe-based catalyst that were used in the 

majority of the industrial ammonia synthesis, a value of 146 kJ mol–1 was measured for N 

desorption from Fe surface at 1 MPa.34 Together with the Ea value (70 kJ mol–1, at 1 MPa) 

of KM1R28, we can estimate the adsorption energy of N on Fe is ca. 76 kJ mol–1. 

Furthermore, similar to the Ru case, we expect the Fe-N energy for BaTiO2.5H0.5 should be 

at a lower energy than that for conventional oxide supports. Obviously, this arrangement 

does not permit this. Hence, as shown in Figure 2.5b, the RDS for Fe/BaTiO2.5H0.5 is 

altered from N2 cleavage to the process of NHn formation if the oxyhydride support 

functions as a strong electron donor for Fe. As a result, the N adsorption energy on 

Fe/BaTiO2.5H0.5 could be much higher than the first assumption, i.e. 4 kJ mol–1. 

2.3.6. H/D isotope studies We have previously shown the labile nature of hydride 

anion in BaTiO2.5H0.5 by its facile exchange with the gas phase.35, 36 If such hydride 

exchange of the bulk also occurred during NH3 synthesis, this would provide a convenient 

H2 spillover pathway, which in turn would help explain the lack of H2 poisoning, as 

observed in the reaction order of the Ru/BaTiO2.5H0.5 catalyst. To gain further insight, we 
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prepared a deuterated Ru/BaTiO2.4D0.6 and examined the H/D isotopic purity of the NH3 

produced when a stream of N2/H2 was used. The use of the deuterated support enables us 

to distinguish the hydrogen source in the product NH3. Figure 2.6 plots isotope products 

(NH3, ND2H, ND3) as the catalyst temperature is increased. NH3 is produced, sequentially 

in the forms of ND3 (m/e = 20), ND2H (m/e = 19) and NH3 (m/e = 17) (NDH2 was not 

monitored since the m/e = 18 signal can come from H2O and ND2+). The initial deuterated 

NH3 signifies that the lattice hydride of the support is involved in the catalytic cycle. After 

this, NH3 is continuously produced, meaning that the process is catalytic and ultimately 

involves the gaseous and lattice hydrogen species. The NH3 synthesis rate was stable for 

the entire 3 hours of the experiment, amounting to a turnover number of 50 with respect 

to the lattice hydrogen, again indicating a catalytic cycle. 

We further examined the H/N/O content in the support at various stages, using a 

combination of combustion elemental analysis (N), synchrotron XRD Rietveld refinement 

(O+N) and thermal desorption spectroscopy (H). As shown in Table 2.2, for 

Ru/oxyhydride, depositing the Ru particles requires impregnating with Ru3(CO)12 and 

then treating under vacuum at 390 ˚C; this process results in some loss of hydride, 

leading to a composition Ru/BaTiO2.72H0.28, which is the catalyst loaded into the reactor. 

After H2 treatment (400 ˚C, 0.1 MPa) and NH3 synthesis, the resulting composition is 

Ru/BaTiO2.72N0.16H0.12. The partial replacement of H by N3 is not surprising, based on 

our previous results showing that BaTiO2.5H0.5 converts to an oxynitride form at 

moderate conditions under N236 or NH3.35 As the activity is stable for at least 3 hours (also 

with 48 hours reactions, Figure 2.7), we expect that the oxyhydride-nitride is the active 

catalyst composition, and remains constant for the entire duration of the synthesis. 

We have also probed the catalytic activity of Ru/BaTiO2.5N0.2 (explicitly prepared in 

the above manner with N2), but the activity, as shown in Figure 2.1a, is quite low. These 

results demonstrate that during the reaction, the lattice hydride is indispensable to 

enhance the catalytic activity. The Fe catalysts show similar H/N compositions, with the 

catalyst composition changing from BaTiO2.35H0.65 to Fe/BaTiO2.72H0.28 (after H2 reduction 

at 400 °C) and finally Fe/BaTiO2.77N0.12H0.11 (after NH3 synthesis, see Table 2.2). Despite 

the varied compositions during the actual NH3 synthesis, unless otherwise stated we 

refer to all catalysts with their anion compositions prior to metal deposition/NH3 

synthesis. 

2.4. Discussion 

The results presented above clearly show that incorporating hydride into an oxide 

support induces various changes in the catalytic activity. In short, when comparing the 

BaTiO3 and BaTiO3–xHx supports, we find that: (i) with Ru, the oxyhydride support 
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suppresses the hydrogen poisoning on the metal surface; (ii) with Fe (or Co), the 

oxyhydride support significantly decreases the activation energy and N2 reaction order 

(α); (iii) the choice of A-site in perovskite oxyhydride is another factor for the catalytic 

performance; (iv) the reversible exchange between lattice hydride and gas-phase H2 is 

critical, especially for Ru which is otherwise easily poisoned. 

Figure 2.8 summarizes our proposed mechanisms of the effects that hydride bring 

about. Given the lability of hydride in BaTiO2.5H0.5,35 the oxyhydride support provides a 

convenient spillover pathway for H– (and perhaps even N3–) (Figure 2.8a). This is 

manifested by the positive H2 reaction order (β) value that we observe with the 

Ru/BaTiO2.5H0.5 catalyst. For conventional oxide-supported Ru catalysts, one main factor 

limiting the activity is the excessive adsorption of hydrogen at high pressures, which 

decreases the amount of active sites for NH3 synthesis, but this effect seems to be 

mitigated by the colossal H2 spillover. The N2 IER on Ru-based catalyst addition supports 

this effect. The participation of the lattice hydride within the NH3 synthesis cycle 

indicates that the hydrogen-based Mars-van Krevelen (MvK) effect previously suggested 

in BaTiO2.5H0.5 and TiH215 is still present even when Ru is added. 

The second striking effect is the electron donation from the oxyhydride support 

(Figure 2.8b), which is observed based on kinetic analysis of Fe, Co/oxyhydride catalysts; 

that is, the exceptionally low values of activation energy and N2 reaction order observed 

with the BaTiO3–xHx supports. In general, electron donation from the support reduces the 

strength of the N≡N bond of an adsorbed N2 molecule, and cleavage of this bond is 

thought to be the RDS.37, 38 Hence, low activation energy is one indication of strong 

electron donation for the oxyhydride support. As for the reaction order of N2 (α), 

Fe/BaTiO2.5H0.5 showed a roughly one half value compared to conventional 

heterogeneous catalysts (Table 2.3), indicating a novel RDS is indeed possible.5, 6 

Moreover, the oxyhydride-supported Fe catalysts exhibited higher catalytic activity (70 

times with respect to the oxide support) for NH3 synthesis with a lower activation energy. 

Taking into consideration the corresponding N2 IER results, we conclude that adsorbed 

N2 molecules dissociate more smoothly on the Fe surface by electron donation from the 

oxyhydride support, while the subsequent steps can be the RDS for the surface reactions 

of dissociated N and H atoms (Figure 2.3b). 

The role of hydride has been discussed in many catalytic supports recently, but 

hydride appears to have somewhat different roles depending on the material supported. 

For the Ru/C12A7:e– and Ru/Ca2N:e–, a small amount of hydride is introduced into the 

support during the reaction; this is a sign of spillover which in turn leads to no H2 

poisoning on the surface.5, 6, 9, 39 However, H2 poisoning is observed on the pure hydride 

catalyst Ru/C12A7:H–,6 so there are some subtleties here. For the Ru/CaH2 and 

Ru/Ca2NH,9 Kitano et al. proposed that an in-situ partial conversion of hydride into 
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electride (i.e. Ru/CaH2–x(e–)x), and the electride’s strong electron donation, not hydride’s, 

is the main factor for increasing activity. We should note that these materials have only 

been tested with Ru so far. 

Regarding the effects of LiH and BaH2, Wang et al.13 and Gao et al.14 addressed 

different aspects. On the basis of the results of a wide range of supported metals (V, Cr, 

Mn, Fe, Co, Ni), the authors proposed that the transition metal-adsorbed nitrogen species 

is readily transferred to the LiH surface and then hydrogenated into a [LiNH] species. 

This leads to low α and high activity on a wide range of metals which would otherwise 

may have unfavorable metal-nitride bond strengths.17 Interestingly, an alternate 

explanation similar to Ru/electride can be applied to this material too. This would involve 

partial conversion of LiH to an electride, leading to reduced activation energies, and low 

N2 reaction order due to an alternate RDS. As yet, there is no cross-confirmation between 

the various proposed mechanisms and new support materials.  

In the case of our oxyhydride supports, we see a combination (but not all) of these 

effects, depending on the metal supported. For Ru/oxyhydride, unlike Ru/CaH2, we do 

not see any evidence of hydride conversion to electride, since we do not see any 

substantially reduced activation energies or N2 reaction order. However, we find 

increased activity due to elimination of H2 poisoning, as shown by the positive H2 

reaction order and isotope study. Furthermore, our oxyhydride supports are still effective 

for Ru at low temperatures (Figure 2.4b), this is extremely different from Ru/C12A7:e–,6 

where the reaction mechanism was controlled by the temperatures. Combined, for Ru, 

oxyhydride is only to suppress the H2 poisoning on the metal surface. Fe and Co, which 

typically give lower activities than Ru, benefit from the presence of hydride the most in 

our study; this is similar to the study by Wang et al.,13 where the activity of Co increases 

by three orders of magnitude. The N2 reaction orders and activation energies also 

decrease significantly in their study, analogous to our own results for Fe and Co. However, 

with N2 IER experiments, we observed an evidence for altered RDS on Fe/oxyhydride. 

Hence, unlike Ru, the oxyhydride supports function as an electron donor for Fe (and 

possibly Co). 

2.5. Conclusions 

The introduction of hydride into the oxide ATiO3 (A = Ca, Sr, Ba) support results in 

enhanced activities and altered kinetic parameters, with the details depending on the 

choice of supported metals (Ru, Fe, Co). Overall, the high activity is due to a 

hydrogen-based Mars–van Krevelen mechanism decreasing the hydrogen poisoning, and 

also as hydride functioning either as a strong electron donor. Which of these effects 

visibly dominates depends on the metal supported. 
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Comparison with other hydride-based catalysts reveals that hydride can have a variety of 

roles, depending on the support matrix. In terms of optimization, the titanium 

oxyhydrides are based on well-known oxide perovskites, and have a potential to have 

their composition tuned in A-site or B-site substitution to search a further active 

ammonia synthesis catalyst. As the number of oxyhydrides increases,40-43 our study 

shows that the interesting effects of hydrogen can be investigated in a wider range of 

materials than previously thought. 
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Table 2.1. Comparison of activities, particle sizes, and turn over frequency (TOF) values. 

TOF values based on sites available as measured by CO-pulse adsorption. The Ru particle 

sizes on the oxide and oxyhydride supports are very close, all within the range of 35 nm. 

This indicates these prepared catalysts should show very similar metal size/deposition 

effects. 

 

Catalysts 

Ru  wt% Dispersio

nb 

% 

Sizec 

nm 

Rated 

mmol g-1 

h-1 

TOFe 

s-1 Nomina

l 

Actuala 

 

Ru/BaTiO3 

1 0.89 23.8 5.6 4.1 0.054 

3 2.6 20.8 6.4 9.41 0.049 

5 4.1 15.5 8.6 29.5 0.130 

 

Ru/BaTiO2.51H0.49 

1 0.86 20.8 6.4 28.8 0.453 

3 2.5 10.3 12.9 50 0.543 

5 4.3 11.6 11.5 20.7 0.116 

Fe/BaTiO3 1 0.39 – ~5 0.2 – 

Fe/BaTiO2.35H0.65 1 0.40 15.7 7.4 14 0.345 

Co/BaTiO3 1 0.26 – ~5 0.014 – 

Co/BaTiO2.37H0.63 1 0.31 66.3 ~5 5.5 0.044 

Cs-Ru/MgO 1 0.85 28.2 4.7 2.74 0.032 

Ru/BaTiO3 1 0.76 34.4 3.9 2.12 0.022 
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a as measured by ICP-AES after alkali-fusion/acid digestion; b,c particle size and dispersion were 

calculated on the basis of CO-pulse results; d rate denotes ammonia synthesis rates; e TOF was 

calculated by synthesis rates divided by the number of Ru atoms deposited on the catalysts. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Ru/BaTiO2.7H0.3 1 0.81 52. 5 2.6 30.36 0.2 

Ru/SrTiO3 1 0.66 52.2 2.6 2.03 0.017 

Ru/SrTiO2.6H0.4 1 0.75 39.8 3.4 15.74 0.148 

Ru/CaTiO3 1 0.73 38.9 3.5 0.77 0.008 

Ru/CaTiO2.77H0.23 1 0.71 26.2 5.1 5.37 0.082 
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Table 2.2. Details of anionic compositions and lattice parameters of oxyhydride supports. 

Chemical formulae and lattice parameters are based on Rietveld refinement of 

synchrotron XRD, while the nitrogen content was independently measured by combustion 

analysis. H contents are inferred by assuming no vacancies. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Catalyst 

 

Support composition 

 

After metal 

deposition 

After H2 reduction 

(before NH3 

synthesis) 

 

After NH3 synthesis 

Ru/BaTiO2.5H0.5 BaTiO2.51(1)H0.49(1) 

a = 4.02995(4) Å 

Ru/BaTiO2.72(1)H0.28(1) 

a = 4.01145(4) Å 

 Ru/BaTi(O,N)2.88(1)H0.12(1) 

a = 4.0099(3) Å 

c = 4.0098(6) Å 

(N 0.90 wt%) 

Ru/BaTiO2.65H0.35 BaTiO2.65(1)H0.35(1) 

a = 4.0243(1) Å 

Ru/BaTiO2.85(1)H0.15(1) 

a = 4.00428(6) Å 

c = 4.0106(1) Å 

 Ru/BaTi(O,N)2.98(1)H0.02(1) 

a =4.00446(5) Å 

c = 4.01218(7) Å 

(N 0.61 wt%) 

Fe/BaTiO2.4H0.6 BaTiO2.35(2)H0.65(2) 

a = 4.03370(2) Å 

 Fe/BaTiO2.72(2)H0.28(2) 

a =4.02319(4) Å 

Fe/BaTi(O,N)2.89H0.11 

a =4.01348(4) Å 

(N 0.72 wt%) 

Co/BaTiO2.4H0.6 Co/BaTiO2.37(2)H0.63(2) 

a = 4.030(1) Å 

  Co/BaTi(O,N)2.87(2)H0.13(2) 

a = 4.01288(4) Å 

(N 0.69 wt%) 

Ru/BaTiO2.7H0.3 BaTiO2.50(1)H0.50(1) Ru/BaTiO2.67H0.33  Ru/BaTi(O,N)2.88(4)H0.12(4) 

Ru/SrTiO2.6H0.4 SrTiO2.62(2)H0.38(2) Ru/SrTiO2.59H0.41  Ru/SrTi(O,N)2.69(2)H0.31(2) 

Ru/CaTiO2.77H0.23 CaTiO2.72(2)H0.28(2) Ru/CaTiO2.77H0.23  Ru/CaTi(O,N)2.86(2)H0.14(2) 
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Table 2.3. Comparison of activation energies and reaction orders. 

a, b, c 1 MPa, 320400 ˚C, from ref. 32; f 2 MPa, 277357 ˚C, ref. 28; g, h, i 0.1 MPa, 320400 ˚C, ref. 5, 6; h, i 

ref. 5; g ref. 6; d commercial 100 nm BaTiO3; e starting materials ATiO3 (A = Ca, Sr, Ba) were prepared 

by citric acid method. 

 

Catalysts Ea,  kJ mol1 N2 order, α H2 order, β NH3 order, γ 

Fe/BaTiO3 131/103 1.24(±0.09) 0.93(±0.05) –0.52(±0.09) 

Fe/BaTiO2.4H0.6 72/54 0.5(±0.1) 0.7(±0.1) –1.1(±0.2) 

Fe/C a 143 0.9 1.5 –1 

KM1R b 70 0.9 2.2 –1.5 

Co/C c 149 0.8 –0.4 –0.3 

Ru/BaTiO3 89/103 1.2(±0.2) –0.89(±0.02) –0.19(±0.05) 

Ru/BaTiO2.5H0.5 d 83 0.7(±0.08) 0.2(±0.1) –0.64(±0.04) 

Ru/BaTiO3 153 – –0.56 – 

Ru/BaTiO2.7H0.3 e 135 – 0.25 – 

Ru/SrTiO3 91 – –0.98 – 

Ru/SrTiO2.6H0.4 e 94 – –0.36 – 

Ru/CaTiO3 68 – –0.26 – 

Ru/CaTiO2.77H0.23 e 71.6 – 0.1 – 

Cs-Ru/MgO f 109 0.8 –0.9 0 

Cs-Ru/MgO – 1.14(±0.08) –1.5(±0.2) –1(±0.2) 

Ru/C12A7:e– g 49 0.46 0.96 –1 

Ru/C12A7:O2– h 105 1 – – 

Ru/C12A7:H i – 1 0.63 0.6 
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Figure 2.1. Activities of various supported-metal catalysts. Nominally 1 wt% metal 

loading amount, see Table 2.1 for the actual amounts. Anionic compositions during 

synthesis conditions are given in the Table 2.2. 
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Figure 2.2. XPS and XAS spectra of Fe catalysts. Panel a compares the XPS spectra of 

Fe/BaTiO3 and Fe/BaTiO2.45H0.65 before H2 reduction, prior to NH3 synthesis. The dotted 

lines for Fe, FeO, and Fe2O3 are representative positions from the NIST XPS database. 

Panel b shows the Fe-L3,2 X-ray absorption spectra for the Fe catalysts before and after 

NH3 synthesis. The split L3 peak at 708–710 eV indirectly reflects the oxidation state. 

While the split peak intensities ideally represent the t2g and eg orbital populations, 

empirically they correlate with Fe2+ and Fe3+ states; Fe2+ compounds have a intense peak 

at 708 eV, while for Fe3+ compounds the peak component at 710 eV is stronger. The data 

show that during/after NH3 synthesis, both the oxide- and oxyhydride-supported 

catalysts have relatively similar oxidation states. 
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Figure 2.3. NH3 synthesis activities of Ru, Fe, Co/BaTiO3–xHx at 400 ˚C reactions over a 

range of pressures (0.1–5 MPa). 
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Figure 2.4. (a) Arrhenius plots for N2 isotopic exchange. (b) Arrhenius plots for NH3 

synthesis over Ru/BaTiO2.5H0.5 at different temperature ranges. This indicates that our 

oxyhydride-supported Ru catalysts, unlike Ru/electride, have no temperature dependence 

of support effects with the reaction temperatures range from 240 to 400 ˚C. (c) Arrhenius 

plots for NH3 synthesis over Ru, Fe/BaTiO3–xHx at 0.1 MPa, temperature ranges from 325 

to 400 ˚C. 
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Figure 2.5. Energy profile of NH3 synthesis and N2 isotopic exchange over 

Ru/BaTiO2.5H0.5 (a) and Fe/BaTiO2.5H0.5 (b). The enthalpy change for the production of 

NH3 from N2(g) and H2(g) is ca. −46 kJ mol−1.38 
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Figure 2.6. (a) Isotope products during ammonia synthesis. Various N(H,D)3 products 

are monitored as the N2/H2 synthesis gas is flowed over a Ru/BaTiO2.5D0.5 catalyst. (b) is 

an enlargement of the first hour. 
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Figure 2.7. Stability of Ru/BaTiO2.5H0.5 for 48 hours reactions. Reaction conditions: 400 

˚C, 5 MPa. The blue dots show the results from an aqueous trap and NH3-selective 

electrode, and the red dots show the NH3 concentration during reactions from FT-IR 

measurements. 
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Figure 2.8. Possible metal-dependent mechanisms for the high activity. (a) Colossal 

spillover of H through the support, hindering H2 poisoning on Ru. (b) Partial electron 

donation from H to the Fe (and possibly Co) particle, assisting in N2 activation. 
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Chapter 3. Hydride-enhanced CO2 methanation: water-stable BaTiO2.4H0.6 
as a new support 

3.1. Introduction 

Heterogeneous metal catalysts are crucial to the modern chemical industry, involved 

in the synthesis and conversion of a broad range of chemicals such as ammonia, methane, 

and methanol.1-3 Usually, in heterogeneous metal catalysts, support materials are 

extremely important and play a definitive role in the catalytic performance. In the past 

few years, a rising number of studies centered on searching for new types of catalytic 

supports with distinct electronic properties or surface/bulk anionic defects, such as 

electrides4, 5 and metal hydrides.6-8 A prime example is with ammonia synthesis, where 

inorganic electrides such as 12CaO·7Al2O3:e (C12A7:e−),4, 9 [Ca2N]:e−,10, 11 CaH2,8 Ca2NH,12 

Y5Si3,13 and LaScSi14 exhibit excellent electron donation to adsorbed species,4, 9, 15 

enhancing activity. LiH6 and BaH27 have also been examined as catalytic supports for NH3 

synthesis, with lattice hydride (H–) playing a decisive role in the hydrogenation of 

adsorbed nitrogen.6, 16 The new recent activity concerning NH3 synthesis, as opposed to 

other reactions, is doubtlessly related to the stability of the catalysts in these anhydrous 

and anaerobic environments. Other than Y5Si3, all of these materials are not 

water-stable.17 

However, catalytic reactions involving water as a reactant or byproduct are quite 

numerous, such as the Fischer-Tropsch process,18 steam reforming,19 or the Sabatier 

reactions (CO2 methanation)20. These reactions are challenging environments for any 

electride or hydride supports, as virtually all of these aforementioned electrides (except 

for Y5Si3, but only NH3 synthesis was reported13) or hydrides are not stable in water. 

However, we note that the oxyhydride BaTiO2.4H0.6 is stable both in air and boiling 

water,21 making it a good candidate for testing how hydride-based catalysts fare with 

these other types of reactions. We have previously confirmed that the lattice H− in 

BaTiO2.4H0.6 can be exchanged with surrounding D2 gas at 400 ˚C (based on neuron 

diffraction).21 This H/D exchange involves D2 bond dissociation and hints that various 

hydrogenation reactions may be possible. In a more recent study, we found a lattice 

hydride-involved (Mars–van Krevelen mechanism) formation of NH3 on BaTiO2.4H0.6 

under Haber-Bosch conditions,22 indicating a great potential of oxyhydride for catalysis 

applications. 

Hence, in this paper we examine the influence of hydride as it is introduced into a 

BaTiO3 support when utilized as a catalyst for the Sabatier reaction (CO2 + 4H2  CH4 + 

2H2O). The interesting feature of oxyhydride is the suspected electron donating power of 

H, which should be more than that from oxide anions (O2). Hence, the Lewis basicity (i.e. 
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the solid basicity) of oxyhydride may higher than the corresponding oxide. The 

importance of basicity for CO2 methanation has already been previously discussed.23-25 In 

this study, we have examined the activities of Ni/BaTiO3–xHx and Ru/BaTiO3–xHx catalysts 

finding that the activity is enhanced by 2–7 times, despite the water-rich environment. 

We also observe changes in reaction orders when compared to BaTiO3-supported 

catalysts, indicating that activity change is due to the kinetics being influenced by hydride. 

This work demonstrates that the oxyhydride is an effective support material for CO2 

hydrogenation catalysis, and perhaps other water-involved catalytic processes. 

 

3.2. Experimental Section 

3.2.1. Catalyst preparation All of the reagents were of analytical grade and were 

used without any further purification. BaTiO3 (100 nm particle size, provided by Sakai 

Chemical Industry Co., Ltd.) was preheated at 200 ˚C overnight to completely remove any 

adsorbed water. The BaTiO3 powder was then ground with 3 molar equivalents of CaH2, 

pelletized in a glovebox and then sealed in an evacuated Pyrex tube at pressures below 

3×10–2 Pa.21, 26 The tubes were then heated at 560 ˚C with different reaction durations to 

prepare BaTiO3–xHx with different hydride contents.27 The catalysts were prepared via the 

impregnation method. For 5 wt% Ni/BaTiO3–xHx, 0.703 g of Ni(cod)2 

(bis(1,5-cyclooctadiene)nickel), 99 %, Wako Co., Ltd.) powder were dissolved in 200 mL 

THF (tetrahydrofuran, 99.5 %, Wako Co., Ltd.) solution and 3 g of BaTiO3–xHx powders 

were then added to the yellow solution, which was kept at room temperature for 4 hours 

under vigorous stirring. The THF slurry was then evaporated by rotary evaporation. The 

powder was sealed in an evacuated Pyrex tube and then heated at 120 ˚C for 6 hours and 

collected the sample in an N2-filled glovebox. The same Ni impregnation method was 

conducted for ruthenium (Ru3(CO)12, trirutheniumdodecacarbonyl, 99 %, Wako Co., Ltd.) 

catalysts supported on oxides and oxyhydrides. 

3.2.2. Catalytic activity measurements The catalysts were tested in a quartz 

reactor having a length of 300 mm and a diameter of approx. 10 mm, which was heated in 

a furnace. Typically, 100 mg catalysts were placed on quartz wool in the reactor and 

tested at temperatures ranging from 250 ˚C to 400 ˚C for 1 hour, respectively. The 

Ni-based catalysts were first reduced at 400 ˚C for 30 min (for Ru-based catalysts are 2 

hours) under a pure H2 flow at 90 mL min–1. The gas flow was then switched to a reactant 

gas with a molar ratio of CO2 : H2 = 1 : 4 and the total flow rate was set to 90 mL min–1. 

The outlet gas was analyzed online by gas chromatography (GC 490, Agilent Technologies) 

after cooling the effluent with a cold trap to remove excess H2O.  

3.2.3. Kinetic measurements The BaTiO3 and BaTiO2.4H0.6-supported Ru catalysts 

(with 1 wt% metal deposition) were used in kinetic experiments. The hydride content of 

the oxyhydride support after Ru deposited was determined by Rietveld refinement of 
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Synchrotron data, see details in the part of charactering the anion content. The 

experiments were conducted in a fixed bed quartz reactor, the same with that in catalytic 

measurements. The kinetic experiment consists of two parts: the activation energy and 

the reaction order. We operated with low temperature (250–300 ˚C) to ensure low CO2 

conversation that the water level in the cold trap is low enough to minimize adsorption of 

gas species. The flow rates were controlled by mass flow controllers (MFC). The 

activation energy of the Ru-based catalysts were determined in the experiments that the 

temperature range from 250–300 ˚C and the flow rates were set at 100 mL min–1 with the 

mole ratio of CO2 : H2 : Ar = 15 : 60 : 25. Mixtures of CO2, H2 and Ar were used to 

determine the reaction order of H2 and CO2, which the experiment conditions are 275 ˚C 

with the flow rates are 100 mL min–1. 

3.2.4. Characterization X-ray diffraction (XRD) patterns were collected at room 

temperature by a Bruker D8 Advance diffractometer equipped with a Cu-Kα source (λ = 

1.5406 Å). The synchrotron XRD experiments were performed at room temperature 

using a Debye−Scherrer camera installed at BL02B2 (λ = 0.42 Å) at SPring-8, JASRI. The 

synchrotron X-ray results were analyzed by the LeBail/Rietveld method with 

EXPGUI/GSAS.28, 29 Thermal gravimetric analysis (TGA) was performed with a Rigaku 

Thermo Plus (TG 8120) using a Pt pan under flowing O2 (300 mL min–1). CO-pulse 

chemisorptions were conducted on a BELCAT instrument (BELCAT-II, BEL, Japan). The 

size and dispersion of the Ni and Ru particles were determined by CO-pulse adsorption at 

50 ˚C using a He flow of 30 mL min–1 with intermittent pulses of 50 mL min–1 (9.97 % CO 

in He). Prior to the CO-pulse measurements, the catalyst was treated with flowing He (30 

mL min–1) at 50 ˚C for 10 minutes and then flowing H2 (30 mL min–1) at 400 ˚C for 120 

minutes and cooling to 200 ˚C. Adsorbed hydrogen on the reduced catalysts was removed 

by purging with He (30 mL min–1) at 50 ˚C for 15 minutes. A stoichiometry of Ni/CO = 1 

and Ru/CO = 1 was assumed to calculate the metal dispersion. Ru and Ni contents were 

analyzed by Sumica Corp; samples were digested with by a sodium peroxide fusion, 

followed by acid extraction and ICP-AES analysis. 

3.2.5. Characterizing the anion contents As we reported previously, the hydride 

contents in the BaTiO3 lattice can be determined by various methods such as thermal 

gravimetric analysis (TGA, in air or oxygen), Rietveld refinement of X-ray diffraction data 

(synchrotron diffraction data or laboratory diffraction data), or neutron diffraction 

data.21 Thermal gravimetric analysis of the BaTiO3–xHx samples show a weight increase at 

the sample reverts to BaTiO3.27 Assuming that all anionic sites are occupied by either O2– 

or H– (our previous studies show that anion vacancies are negligible21), this weight 

increase is consistent with the formulae BaTiO2.65H0.35, BaTiO2.56H0.44, and 

BaTiO2.38(1)H0.62(1), with the longer reaction times resulting in high hydride content. The 

increasing a lattice parameter is a good guide to the changes in hydride contents of the 
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cubic BaTiO3–xHx. The variation of the a lattice parameter of BaTiO3–xHx is shown in our 

previously results.27 It is evident that more hydride results in an increase of the lattice 

parameter of BaTiO3–xHx, from 4.02578(4) for x = 0.35 to 4.03300(3) for x = 0.62. Rietveld 

refinement of the synchrotron diffraction data (see details in the Figure 3.1a, c, and e) 

results in the formulae BaTiO2.61(1)H0.39(1), BaTiO2.55(1)H0.45(1) and BaTiO2.44(1)H0.56(1), very 

close to that obtained from the thermal gravimetric analysis. More accurately, the lattice 

parameter of BaTiO3–xHx extracted via a synchrotron refinement shows the very similar 

behavior with that from lab XRD results, with an increasing lattice parameter as the 

hydride contents increased (see details in Table 3.1). These consistent results led to the 

similar formulae BaTiO2.65(4)H0.35(4), BaTiO2.56(1)H0.44(1) and BaTiO2.40(4)H0.60(4), which we 

take as our final composition for various BaTiO3–xHx supports. 

3.2.6. Method to calculate CH4 conversion In this work, the CH4 conversion was 

quantified by the following equation: 

4
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where, FCH4, out is the flow rate of CH4, and FCO2,out is the flow rate of CO2 during the 

reaction. The produced CH4 amounts during reaction were quantified by Micro GC (GC 

490, Agilent Technologies) combined with a gas mixer. 

3.3. Results and discussion 

Three powder samples of BaTiO3−xHx with x = 0.35, 0.44, and 0.60 were synthesized 

by reduction with CaH2 (see the Supporting Information).21 A symmetry change from the 

tetragonal P4mm space group to the cubic Pm3 m space group is observed during 

conversion of the oxide to oxyhydride, which is due to the electron doping.21, 26 We 

previously21, 26 reported that the hydride content in the BaTiO3 lattice can be determined 

by various methods, such as thermal gravimetric analysis (TGA27), Rietveld refinement of 

X-ray diffraction data (synchrotron or laboratory XRD, see Figure 3.1), or neutron 

diffraction data. These consistent results led to the similar formula of BaTiO2.65H0.35, 

BaTiO2.56H0.44, and BaTiO2.4H0.6 prepared with different reaction durations, which we take 

as our final compositions for various oxyhydride supports. More details for the anionic 

compositions are listed in Table 3.1. 

3.3.1. Activity Figure 3.2 shows the CH4 conversion of Ni and Ru catalysts supported 

on oxide (BaTiO3) and oxyhydride (BaTiO2.4H0.6). For the Ni catalysts, the activities of 

both Ni/BaTiO3 and Ni/BaTiO2.4H0.6 increased as the Ni loading amount increased from 1 

wt% to 10 wt%. For the 5 wt% results (blue traces in Figure 3.2a), the CH4 conversion of 

Ni/BaTiO2.4H0.6 (43%) at 350 ˚C is 5 times higher than that of Ni/BaTiO3 (8%). At 10 wt% 
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(red traces in Figure 3.2a), we see a similar enhancement with the oxyhydride support. In 

general, the methanation activity of Ni/BaTiO2.4H0.6 is higher than Ni/BaTiO3 between 

250 ˚C to 400 ˚C, especially at the intermediate temperatures of 300 ˚C (insert of Figure 

3.2a) and 350 ˚C. Other binary oxide supports have been examined extensively;30 among 

these, the widely studied Ni/Al2O3 (16 wt%) was reported to have CH4 conversion of 55% 

at 400 ˚C,31 almost comparable with our 5 wt% Ni/BaTiO2.4H0.6 (ca. 53% conversion at 

400 ˚C) despite the difference in metal loading. Furthermore, the CH4 conversion of 5 wt% 

Ni/BaTiO3–xHx with diverse hydride contents (x = 0.35−0.6) were also examined under 

the identical conditions. As shown in Figure 3.3, Ni/BaTiO2.4H0.6 yield highest 

methanation activity at 350 ˚C (see the Supporting Information), demonstrating that the 

hydride is the main enhancement factor. 

For the Ru catalysts, depositing the Ru particles requires impregnating with 

Ru3(CO)12 and then treating under vacuum at 390 ˚C; this process results in some loss of 

hydride, as we have confirmed the composition Ru/BaTiO2.67H0.33 (Figure 3.1f). As shown 

in Figure 3.2b (red traces), the CH4 conversion of Ru/BaTiO2.67H0.33 achieved its constant 

activity (probably limited by thermodynamics) at approximately 350 ˚C. The activity of 

Ru-based catalyst was enhanced nearly 2.5 times when the support was changed from 

oxide to oxyhydride (300−375 ˚C). Ru/BaTiO2.67H0.33 appears to be more active at 300 ˚C 

with approximately 50% CH4 conversion. The results indicate that the oxyhydride 

support drastically enhances the catalytic activity. Note that while the highest activity is 

obtain with Ru/BaTiO2.67H0.33, our oxyhydride-supported Ni catalysts already surpass 

oxide-supported Ru catalysts at 350 ˚C, showing that the activity can be drastically 

enhanced without resorting to previous metals. 

To ensure an accurate comparison between the various catalysts, the metal particle 

sizes and dispersion were examined by CO-pulse adsorption experiments, with the 

results were summarized in Table 3.2. For the 5 wt% and 10 wt% Ni catalysts, no 

significant differences in metal dispersion between BaTiO3 and BaTiO3−xHx-supported 

catalysts are seen. Ru particle sizes were also examined, resulting in 3.1 nm for 

Ru/BaTiO3 and 2.7 nm for Ru/BaTiO2.67H0.33 after reactions. The real deposited Ni, Ru 

amounts were examined by ICP-AES; as shown in Table 3.2, with the same nominally Ni 

amounts (1, 5, 10 wt%), the actual metal loading amounts are very similar both for oxide 

and oxyhydride supports. This indicates that the prepared metal catalysts show very 

similar metal size/dispersion effects for CO2 methanation. 

3.3.2. Stability In the Sabatier reaction, every mole of reacted CO2 yields two moles 

of H2O byproduct. We have previously confirmed the stability of BaTiO2.5H0.5 under 

boiling conditions with H2O,21 but not yet explicitly tested the upper limits in terms of 

temperature. Potentially, water may act as a weak oxidizing (or acidic) agent and reduce 

the hydride content in the oxyhydride support. Hence, we have monitored the activities 
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of Ni/BaTiO2.4H0.6 and Ni/BaTiO3 over a period of 10 hours at 350 ˚C, as shown in Figure 

3.4a, and then examined the catalyst after the reaction. 

Throughout the 10 hours, the Ni/BaTiO3 catalyst is approximately stable in terms of 

activity. The activity of the Ni/BaTiO2.4H0.6 catalyst somewhat decreases during the first 

1~2 hours, but afterwards remains fairly constant and is still higher than the activity of 

Ni/BaTiO3 (25% vs. 5% CH4 conversion). During this test, some Ni sintering for both 

catalysts was observed, but occurred in almost identical amounts for both catalysts. For 

the Ni/BaTiO3 catalyst, the particle size as observed from CO-pulse adsorption increased 

from 53 nm to 87 nm, and for the oxyhydride-supported catalyst, the analogous particle 

sizes were 45 nm and 87 nm. 

The partial decrease in activity of Ni/BaTiO2.4H0.6 over time is probably due to partial 

loss of hydride, but also suggests that after the initial loss there is remaining hydride in 

the catalyst, preserving the overall enhanced activity. Figure 3.4b, c show Rietveld 

refinements of synchrotron XRD of the catalysts before and after the 10 hours reaction. 

According to these results, the formula of catalyst sample before reaction is 

Ni/BaTiO2.48H0.52, and this changes to Ni/BaTiO2.72H0.28 after the reaction. The changes in 

anion content also agree with the change in lattice parameters resulting from oxidation of 

Ti (see Table 3.1). Almost half of the hydride is lost, but as the activity is stable after the 

initial two hours, the partially oxidized catalyst is probably in a meta-stable state where 

the residual hydride, perhaps further away from the surface, remains and still has effects 

on the surface catalysis reactions. 

3.3.3. Kinetics Different catalysts can be distinguished by their characteristic 

activation energies and reaction orders; hence, we have examined these parameters for 

our Ru/BaTiO3 and Ru/BaTiO2.67H0.33 catalysts. The literature for Ru is more developed 

than for Ni, so we have not examined our Ni catalysts in this regard. Activation energies 

are more difficult to interpret, and numerous possible mechanisms have been proposed 

for CO2 methanation32-34 involving various intermediate species and hence different 

rate-determining step (RDS). As shown in Figure 3.5a, the activation energies were 95 kJ 

mol−1 for Ru/BaTiO2.67H0.33 and 97 kJ mol−1 for Ru/BaTiO3. In comparison, the activation 

energy of Ru/Al2O3 is approximately 66 kJ mol−135 and for Ru/TiO2 is approximately 80 kJ 

mol−1.36, 37 

The reaction orders are shown in Figure 3.5b, c. The CO2 reaction order for 

Ru/BaTiO3 is 0.26 and for Ru/BaTiO2.67H0.33 is 0.27, which is quite close to that for 

Ru/Al2O3 (α = 0.34)35 and Ru/TiO2 (α = 0.22).37 This suggests that there is no difference 

between the two supports for CO2 side of the reaction. For the H2 order there is a marked 

change, as Ru/BaTiO3 has a negative reaction order (β = −0.53), whereas the reaction 

order for H2 of Ru/BaTiO2.67H0.33 is positive (β = 0.79). This change itself is curious, but 

we also note that the negative reaction order observed with Ru/BaTiO3 is the most 
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surprising, as other studies all report positive H2 reaction orders (0.46~0.88 for Ru/Al2O3, 

0.43~0.57 for Ru/TiO2)35, 36, 38, 39. Whether the negative order is due to the presence of Ba 

is not clear, as Ba would first be expected to impart basicity,40 but we do not see any 

changes in CO2 reaction order, and hence the reaction is dominated by the hydrogen side 

of the reaction. There is no literature regarding reaction orders of explicitly basic 

supports such as Ba, or Mg-containing supports. In any event, phenomenally, Ru/BaTiO3 

seems to suffer from H2 poisoning (similar to during NH3 synthesis4, 9) and this is 

alleviated with the presence of hydride (perhaps hydrogen spillover). We note that all 

kinetic experiments have been conducted at low conversions (~5%−8%), far away from 

equilibrium. 

Compared to other reactions such as NH3 synthesis, the proposed reaction 

mechanisms of CO2 methanation are numerous and more complex, possibly involving CO 

route or formate route.33, 34, 41 In a CO-mediated mechanism, the CO dissociation into C 

and O atoms was found to be the RDS.42 Alternatively, CH4 formation occurs via the C−O 

bond cleavage was proposed in a formate route,43, 44 in which, the reaction of *HCO 

dissociation to *CH + *O was predicted to be the RDS.45 Turning to hydrogen side of the 

reaction, in general, CO2 hydrogenation on the metal surface can occur through 

Eley−Rideal (ER) or Langmuir−Hinshelwood (LH) mechanisms, depending on how 

hydrogen reacts with the adsorbed CO2.46, 47 Duyar et al.35 have recently reported that 

when the H2 order is close to 1 (β = 0.88), the reaction is consistent with an Eley−Rideal 

(ER) mechanism, but with more lower activation energy (66 kJ mol−1). 

Despite these contradictory scenarios, however, CO2 dissociation into CO is 

sometimes considered as a poisoning effect on hydrogen adsorption, both for Ru and Ni.31, 

48 In our own experiments, no CO was detected during catalytic measurements and 

kinetic measurements. Moreover, the methanation activity increased with the 

enhancement of the hydrogen adsorption on catalyst surface. It thus can simply to 

consider that the oxyhydride support increase the H2 adsorption ability during CO2 

hydrogenation, and enhances activity. 

3.4. Conclusions 

In summary, the perovskite-type oxyhydride BaTiO2.4H0.6 was discovered to be an 

effective water-stable support material for CO2 methanation. Kinetic analysis of the 

Ru-based catalysts shows how both oxyhydride and oxide supports have similar 

activation energies and CO2 reaction orders but quite different H2 reaction orders. 

Explaining the origins of these reaction orders requires more study. From a more general 

point of view, our study is the first demonstration of a hydride-based catalyst in a hostile 

environment and shows that we can still explore new catalysts in a variety of chemical 
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conversions. The hydride here seems to be adequately stabilized in the perovskite oxide 

lattice; perovskites are a large material family with many minor structural and 

compositional modifications possible. The number of perovskite-based transition metal 

oxyhydrides similar to our BaTiO3–xHx system has increased substantially over the past 

few years,49, 50 so further systematically investigating the oxyhydride support effect 

within this system should be fruitful in the future. 
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Table 3.1. Details of hydride contents and lattice parameters of oxyhydride supports. 

 

Samples 

 

TG results 

(in O2 flow) 

Lattice parameter 

(lab Cu-Kα XRD, 

determined by 

TOPAS software) 

 

Rietveld analysis 

of Synchrotron 

XRD 

BaTiO3–xHx (4 days) 0.35 4.02578(4) BaTiO2.61(1)H0.39(1) 

4.02866(3) 

5 wt% Ni/ BaTiO3–xHx (4,b) – 4.02584(5) BaTiO2.61(1)H0.39(1) 

4.02808(3) 

BaTiO3–xHx (6 days) 0.44 4.03045(4) BaTiO2.55(1)H0.45(1) 

4.030265(8) 

5 wt% Ni/ BaTiO3–xHx (6,b) – 4.03064(5) BaTiO2.55(1)H0.45(1) 

4.03068(2) 

BaTiO3–xHx (7 days) 0.62 4.03300(3) BaTiO2.44(1)H0.56(1) 

4.03208(1) 

5 wt% Ni/ BaTiO3–xHx (7,b) – 4.03271(4) BaTiO2.48(1)H0.52(1) 

4.03196(3) 

5 wt% Ni/ BaTiO3–xHx (7,a) 

after 350 ˚C, 10 hrs 

– 4.02755(7) BaTiO2.72(1)H0.28(1) 

4.02681(4) 

a denotes after reaction; b denotes before reaction. 
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Table 3.2. Catalytic performances of Ni and Ru-based catalysts. 

 

Catalysts 

Ni or Ru (wt%) Conversion 

(%)b 

Metal size (nm)c 

Nominal Actuala 

 

Ni/BaTiO3 

1 0.89 3 26 

5 3.3 8 53 

10 6.6 11.7 96 

 

Ni/BaTiO2.4H0.6 

1 0.92 7.8 15 

5 3.9 43 44 

10 6.9 46.6 98 

Ni/BaTiO2.65H0.35 5 – 15.8 51 

Ni/BaTiO2.56H0.44 5 – 18 47 

Ru/BaTiO3 1 0.77 33 – 

Ru/BaTiO2.67H0.33 1 0.78 82 – 

a Ni/Ru contents were determined by ICP-AES; b at 350 ˚C, CH4 conversion was calculated by the 

method which details in the Supporting Information; c after H2 reduction (conditions: 400 ˚C for 30 

mins), based on CO-pulse results. 
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Figure 3.1. Rietveld refinement of synchrotron data. (a) BaTiO3–xHx (four days); (b) 5 wt% 

Ni/BaTiO3–xHx (four days); (c) BaTiO3–xHx (six days); (d) 5 wt% Ni/BaTiO3–xHx (six days); 

(e) BaTiO3–xHx (seven days); (f) 1 wt% Ru/BaTiO3–xHx. 

 



 

74 
 

 

Figure 3.2. CH4 conversion rates of (a) Ni and (b) Ru catalysts supported on oxide and 

oxyhydride (100 mg catalysts, CO2:H2 = 1:4, flow rate = 90 mL min−1, 1 atm). 
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Figure 3.3. CH4 conversion of Ni catalysts as a function of hydride contents in various 

oxyhydride supports (100 mg catalysts, CO2:H2 = 1:4, flow rate = 90 mL min
−1

, 1 atm). 
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Figure 3.4. (a) 10 hours stability test of 5 wt% Ni/BaTiO2.4H0.6 and 5 wt% Ni/BaTiO3 

(100 mg catalysts, CO2:H2 = 1:4, flow rate = 90 mL min–1, 1 atm, 350 ˚C). Rietveld 

refinements of synchrotron data for 5 wt% Ni/BaTiO2.4H0.6 (b) before (Rwp = 6.90%, Rp = 

4.67%, χ2 = 1.45) and (c) after (Rwp = 5.30%, Rp = 4.07%, χ2 = 1.65) 350 ˚C, 10 hours of 

reaction. 
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Figure 3.5. Kinetic analyses of Ru-based catalysts. (a) Arrhenius plots of activity for 

Ru/BaTiO3 and Ru/BaTiO2.67H0.33 for CO2 methanation over 250−300 ˚C. (b) and (c) are 

CO2 and H2 reaction order plots of Ru/BaTiO3 (black line) and Ru/BaTiO2.67H0.33 (red line), 

respectively. 
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Chapter 4. On hydride diffusion in transition metal perovskite oxyhydrides 
investigated via deuterium exchange 

4.1. Introduction 

Perovskite oxyhydrides with a sizable amount of hydride anions (H–) in the 

lattice possess potential for a wide range of applications.1-4 One of these potentials 

is where the hydride lability is exploited for various synthetic uses.5-7 For example, 

BaTiO3–xHx (x ≤ 0.60) has been shown to be a useful precursor for topotactic 

conversion to oxynitrides via H/N exchange under moderate conditions.7 Other 

mixed anion phases impossible to access otherwise, such as BaTi(O,H,F)3 and 

BaTi(O,H,OH)3 have also been reported using the anion exchange reactions starting 

from titanium oxyhydrides.5-7 

A growing number of oxyhydrides have been reported in recent years include 

SrCrO2H,3 Srn+1VnO2n+1Hn (n = 1, 2, ∞),4, 8 LaSrMnO3.3H0.70,9 and BaScO2H.10 Given 

the lighter mass, smaller charge, larger polarizability, and larger redox potential of 

H– compared to that of oxide anion, hydride conductivity in oxyhydrides is an 

interesting subject to pursue, but experimental studies on this topic are still quite 

limited. Bridges et al. examined H– diffusion in the anion-ordered oxyhydride 

LaSrCoO3H0.70 with the Ruddlesden-Popper type perovskite structure by means of 

quasi-elastic neutron scattering (QENS). It was shown that H– hopping along the 

one-dimensional (1D) H– array via 30% vacancies along the a axis is extremely fast, 

with an activation energy of ca. 20 kJ mol–1.11 Very recently, Kanno and co-workers 

demonstrated pure H– conduction in La2–x–ySrx+yLiH1–x+yO3–y using impedance 

measurements, revealing that two-dimensional (2D) H– conduction in the layered 

lithium perovskite is facilitated by introducing H– vacancies (y),12 though the 

activation energy of 68.4 kJ mol–1 for La0.6Sr1.4LiH1.6O2 (x = 0.40 and y = 1.0) is 

somewhat larger than that in LaSrCoO3H0.70. 

Unlike LaSrCoO3H0.70 and La2–x–ySrx+yLiH1–x+yO3–y, we did not detect any anion 

vacancies in BaTiO3–xHx at ambient temperature by means of structural refinement 

of X-ray/neutron diffraction data.1 However, a small amount of H– may leave as 

hydrogen gas at elevated temperatures (300–450 ˚C), providing the necessary 

anion vacancy for three-dimensional (3D) bulk oxide/hydride diffusion. A 

non-trivial hopping mechanism involving electron transfer from H to Ti followed 

by diffusion and recombination has been theoretically proposed by Iwazaki et al.13 

Recent calculations by Liu et al. have also examined the activation energy of 

hydride diffusion in the BaTiO3 lattice.14 Unfortunately, the high electronic 

conductivity of ATiO3–xHx (A = Ca, Sr, Ba, and Eu)1, 15-17 does not permit the direct 
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measurement of H– conductivity by an impedance measurement. The H– diffusion 

in ATiO3–xHx has been indirectly observed via the bulk nature of hydride exchange 

reactions with D,1 N,5, 7 or F.5 Although there are some arguments linked to the H– 

diffusion (or lability) in ATiO3–xHx,1, 2, 6, 16 none of them provided any quantitative 

estimates of activation energy and its relation with the lattice hydride 

concentration. To understand the H– diffusion (or H– exchange) mechanism in 

ATiO3–xHx and other oxyhydrides in general, a universal method that enables 

quantitative arguments on hydride diffusion, even in the presence of electronic 

conductivity, would be helpful as such oxyhydrides may find various ionic-based 

applications. 

In this work, the kinetics of H/D exchange and H2 release in BaTiO3–xHx (x = 

0.35–0.60) and LaSrCoO3H0.70 are probed using thermally evolved gas analysis (by 

quadrupole mass spectrometry, QMS), where the activation energies for these two 

processes were obtained by the Kissinger method. The Kissinger method, as 

originally proposed,18 relies on some characteristic temperature determined from 

the experiments (e.g., thermogravimetry (TG) and QMS) carried at different linear 

heating rate β. The Kissinger method has been used quite often to determine the 

activation energy of H2 release from metal hydrides (e.g., TiH2 and MgH2)19 and 

other hydrogen storage materials (e.g., Mg(NH2)2 and LiNH2).20-22 In terms of H/D 

exchange, a study on NaH has only been reported.23 In this study, it was found that 

bulk diffusion, rather than any surface reactions, was to be rate-limiting; hence this 

technique using gas-phase analysis can be used to probe bulk hydride diffusion. A 

systematic study of BaTiO3–xHx and comparison with LaSrCoO3H0.70 by using 

Kissinger analysis enables one to argue probable hydride hopping process of the 

whole system, providing a general guide to design and improve H– conductivity in 

oxyhydrides. 

4.2. Experimental Section 

4.2.1. Preparation of oxyhydrides Four powder samples of BaTiO3–xHx with 

x = 0.35, 0.39, 0.44, and 0.60 were synthesized by low temperature topochemical 

reactions with CaH2.1 BaTiO3 (0.23 g, 100 nm particle size, provided by Sakai 

Chemical Industry Co., Ltd.), preheated at 200 ˚C overnight to completely remove 

any adsorbed water, was ground with 3 molar equivalents of CaH2 (0.12 g, 99.9%, 

Aldrich), pelletized in a glove box and then sealed in an evacuated Pyrex tube at 

pressures below 3 × 10–2 Pa. Heating the tubes at 560 ˚C for 4, 5, 6 and 7 days 

resulted in the formation of phase-pure BaTiO3–xHx with x = 0.35, 0.39, 0.44, and 

0.60. The XRD patterns of these compounds are shown in Figure 4.1. BaTiO3–xDx (x 
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= 0.47) was prepared in the same manner using a 3 molar excess of CaD2, where 

CaD2 was synthesized by reacting calcium metal (99.9%, Wako) under D2 gas 

(99.8%, Taiyo Nippon Sanso) at 600 ˚C. After the reaction completion, the CaO 

reaction product and the excess CaH2/CaD2 were washed out of the reaction 

product using a 0.1 M NH4Cl solution in methanol. 

We followed the synthetic procedure of LaSrCoO3H0.70 as described in the 

original report.24, 25 The starting material LaSrCoO4 (3.0 g) was prepared by the 

citric acid method, where powder specimens of La2O3 (1.40 g, 99.9%, Wako), SrCO3 

(1.27 g, 99.9%, Wako), and elemental cobalt (0.51 g, 99.9%, Wako) were weighed 

out in stoichiometric quantities and dissolved in dilute nitric acid with citric acid. 

To synthesize LaSrCoO3H0.70 (0.28 g), LaSrCoO4 (0.30 g) mixed with CaH2 (0.07 g) 

(1:2 molar ratio) was reacted at 450 ˚C for 2 days in a sealed evacuated Pyrex tube, 

followed by washing with 0.1 M NH4Cl solution in methanol for purification. The 

cell parameters are in agreement with those of reported (Table 4.1).24, 25 

4.2.2. Characterizing the hydride content As previously reported,1 the 

hydride content in BaTiO3–xHx can be determined by combined methods including 

TG (under air or O2 flow), Rietveld refinement of X-ray and neutron diffraction 

patterns, and thermal desorption spectroscopy (TDS). Here, we mainly used TG 

and synchrotron Rietveld refinement. The TG experiments were performed using a 

Rigaku Thermo Plus (TG 8120) under flowing pure O2 at 300 mL min–1. A Pt pan 

was used as a sample holder. TG data showed a weight increase as the oxyhydride 

sample reverts to BaTiO3 (Figure 4.2). Assuming that all the anionic sites are fully 

occupied by either O2– or H–, as demonstrated previously,1 we estimated the 

hydride content from the weight change. This gave BaTiO2.65H0.35, BaTiO2.61H0.39, 

BaTiO2.56H0.44, and BaTiO2.40H0.60 for the samples prepared with CaH2 for a period 

of 4, 5, 6 and 7 days, respectively. All these compounds adopt cubic perovskite 

structure, with the cell parameter increasing in proportion with x (from 4.02578(4) 

Å for x = 0.35 to 4.03208(1) Å for x = 0.60, see Table 4.2), in accordance with the 

previous study. Rietveld refinement of synchrotron X-ray diffraction data for the 

specimen hydride-reduced for 5 days yielded the oxygen content of 2.61(1), in 

excellent agreement with the aforementioned TG result. Synchrotron Rietveld 

refinement for other two compositions also yielded consistent results, as 

summarized in Table 4.2. 

4.2.3. H/D exchange and H2 release experiments Thermal analysis 

measurements were conducted using a Rigaku Thermo Plus thermal balance 

linked to QMS (Pfeiffer Omni Star). H/D exchange and H2 release experiments were 

performed at different linear heating rates of 1, 5, 10, 20 and 30 ˚C min–1 (2, 15, 20, 

30, 40 ˚C min–1 for LaSrCoO3H0.70) over the temperature range of 30 ˚C to 700 ˚C 



 

81 
 

under flowing 5% D2/Ar or pure Ar. The oxyhydride samples (typically ~17 mg) of 

BaTiO3–xHx and LaSrCoO3H0.70 were placed in a Pt crucible for the experiment. A 

linear heating rate was then applied in QMS measurements, resulting in a HD or H2 

release peak, which is depending on the gas choice. This is recorded as a function 

of time, and then analyzed using a Kissinger formula. Prior to the thermal 

measurement, the samples were treated with flowing pure Ar (200 mL min–1) at 

120 ˚C for 2 hours to remove adsorbed water on the surface of the particles. 

Subsequently, the H/D exchange measurements were performed with 5% D2 in Ar 

(100 mL min–1). The same Ar pretreatment was also conducted before the H2 

release measurements. 

4.2.4. DFT calculations First-principles calculations for BaTiO3–xHx and 

LaSrCoO3H were performed using the projector augmented wave (PAW) method 

as implemented in the VASP code.26-29 Configurations of valence electrons of PAW 

potentials are 5s2 5p6 6s2 for Ba, 3p6 3d2 4s2 for Ti, 2s2 2p4 for O, 1s1 for H, 5s2 5p6 

6s2 5d1 4f0 for La, 4s2 4p6 5s2 for Sr, and 3p6 3d7 4s2 for Co. The 

exchange-correlation term was treated with the local density approximation 

(LDA).30 The plane-wave cutoff energies were set to be 550 eV. Strong correlation 

effects of 3d orbitals are taken into account within a frame work of GGA+U 

method.31 The parameters of effective U potential are 4.49eV14, 32 and 4.0 eV33 for 

Ti 3d and Co 3d, respectively. The size of k-point sampling meshes are 6 × 6 × 6 

and 6 × 6 × 2 for the unit cell of BaTiO3 and LaSrCoO3H. The calculated lattice 

parameters of a tetragonal BaTiO3 unit cell were a = b = 3.983 Å, c = 3.996 Å, and 

c/a = 1.003. These values are in agreement with experimental values.34, 35 A 

tetragonal BaTiO3 supercell containing 40 atoms was constructed by 2 × 2 × 2 

expansion of an optimized unit cell. Integration in reciprocal space was performed 

with 3 × 3 × 3 meshes. LaSrCoO3H0.70 is reported to have a defective K2NiF4-type 

structure with a space group of Immm.24 La3+ and Sr2+ ions randomly occupy the 

same 4i site and H– ions are situated at the 2d sites with 70% occupancy. We 

constructed ordered LaSrCoO3H structure with a space group of Imm2 similar to 

that in Ref. [25]. Optimized lattice parameters of LaSrCoO3H are a = 3.824 Å, b = 

3.513 Å, and c = 12.647 Å. Although the amounts of hydrogen are different, the 

optimized lattice constants of LaSrCoO3H are comparable values with those of 

LaSrCoO3H0.70. A LaSrCoO3H supercell containing 56 atoms was constructed by 2 × 

2 × 1 expansion of an optimized unit cell. Integration in reciprocal space was 

performed with 4 × 4 × 2 meshes. 

The nudged elastic band (NEB) method36, 37 was applied to calculate the 

energy barrier of the hydride hopping in BaTiO3 lattice. We have selected the 

hydride jump pathway along nearest-neighbour (NN) and second 
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nearest-neighbour (2NN) sites. For NEB calculations, an H atom and a vacancy 

with the NN or 2NN configuration were placed at O sites in the BaTiO3 supercell. In 

the case of LaSrCoO3H, an hydride ion vacancy are created in the LaSrCoO3H 

supercell. Charge states of the defective supercells were set to be neutral. Effective 

charges of vacancies were compensated by reduction of Ti valence states. 

Spinpolarization was taken into account for all calculations. 

4.3. Results 

4.3.1. H/D exchange on BaTiO3–xHx Figure 4.3a presents how HD evolves 

from BaTiO3–xHx (x = 0.35) when it is heated under flowing 5% D2/Ar at different 

heating rates (β = 1, 5, 10, 20, 30 ˚C min–1). Increasing β led to a systematic 

increase of the peak temperature Tm, while the curve shape remains roughly the 

same. Tm increases from 390 ˚C at β = 1 ˚C min–1 to 422 ˚C at β = 30 ˚C min–1. A 

similar trend has been observed for other compositions (x = 0.39, 0.44, and 0.60), 

as shown in Figure 4.3b, c, and d. In Figure 4.4a, we plotted Tm values in these 

samples as a function of β. 

When heated under pure Ar flow at β = 30 ˚C min–1, BaTiO2.4H0.6 releases H2 

gas at around 400 ˚C (Figure 4.5). Interestingly, heating under D2 flow at the same 

heating rate of β = 30 ˚C min–1 results in the hydride exchange taking place at a 

very similar temperature of 400 ˚C.1, 7 In order to further understand the effect of 

H2 release behavior as a function of x and β, we heated the samples of x = 0.35, 0.39, 

0.44, and 0.60 under pure Ar at various β, the result of which is shown in the rest 

of Figure 4.5. At a constant β, Tm values for H/D exchange and H2 release are quite 

similar. For x = 0.60, for example, Tm at β = 30 ˚C min–1 is 429.5 ˚C and 433 ˚C for 

H/D exchange and H2 release, respectively (Figure 4.6a). The same behaviour is 

also observed in the other compositions. This suggests that D2 cleavage on the 

surface is not the rate-determining step (RDS) for H/D exchange, and as we later 

discuss, we assume the kinetics of H2 release and H/D exchange processes to 

reflect kinetics of hydride diffusion within the bulk. A similar assumption has been 

found to be solid by Borgschulte et al,23 that is, the bulk deuterium exchange (or 

bulk hydride diffusion) in NaH is RDS. We also note that the sample mass used 

does not influence the H2 release temperature (Figure 4.7). 

For the curves in Figure 4.3, some minor shoulders near the peaks can be seen. 

In Figure 4.3, as a trend, the higher temperature subpeak seems to increase in size 

as the hydride concentration is increased. The presence of multiple peaks or 

shoulders may result from slight inhomogeneities in anionic composition2 and/or 

multiple diffusion steps.38-40 However, exploration of these complex factors was 
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beyond the scope of this study as the peaks are not separated enough to be 

deconvoluted. We note that time total amount of H2 or HD recorded as obtained by 

integrating vs. time is approximately equivalent for all runs (Table 4.3). 

4.3.2. Kissinger analysis The Kissinger equation18 is given by 
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m m
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ln = + ln
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E
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T T
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where R is the universal gas constant, Ea is the apparent activation energy for the 

process during H/D exchange or H2 release. This equation has a linear relationship 

between ln(β/Tm2) and 1/Tm. Using the obtained values of β and Tm, a ln(β/Tm2) vs. 

1/Tm plot was fitted to the linear equation to obtain the Ea values for H/D exchange 

(Figure 4.4b) and H2 release. The activation energies are plotted in Figure 4.6b; it is 

clearly seen that for both processes, Ea depends considerably on the H– content. We 

also conducted D/H exchange on BaTiO2.53D0.47 (under flowing 5% H2/Ar), and 

found an Ea value of approximately 200 kJ mol–1 (Figure 4.8b), which is similar 

with that of H/D exchange on BaTiO2.56H0.44 (237 ± 7 kJ mol–1). All the Ea values 

were summarized in Table 4.4. 

Figure 4.6b compares the Ea values of H/D exchange and H2 release on 

BaTiO3–xHx with different H– contents, from which three conclusions can be drawn. 

First, the activation energies of both processes for the same sample are similar to 

each other, though a certain deviation is seen at x = 0.39. Second, the Ea drastically 

reduces with increasing hydride content until it reaches around xth ~0.4 (a 

threshold hydride concentration). Third, at higher hydride concentrations beyond 

xth ~0.4, the Ea values hardly change (200–220 kJ mol–1). Here, as we previously 

mentioned, the H2 release process presumably involves various reaction steps 

including bulk diffusion in the perovskite anion lattice, surface H–H recombination, 

and desorption, whereas initial D–D bond cleavage is additionally necessary for the 

H/D exchange reaction. However, the RDS for both H2 release and H/D exchange 

processes in BaTiO3–xHx most likely corresponds to a bulk H– diffusion in the anion 

lattice since other steps typically have much smaller energy barriers. For example, 

Ea for surface H/D exchange on BaCe0.90Y0.10O2.95 surface has been reported to be 

30 kJ mol–1.41 

4.3.3. H/D exchange on LaSrCoO3H0.70 Prior to this study, Bridges et al. 

analysed H– transport in LaSrCoO3H0.70 using QENS.11 On the basis of a 1D hydride 

hopping model through 2NN sites, they obtained an activation energy of 19.5–22.1 

kJ mol–1. This value is, however, remarkably lower than those of BaTiO3–xHx (Ea >  

200 kJ mol–1) and even prototypical proton conductors such as BaZrO3, CaZrO3 

(70–90 kJ mol–1),42, 43 Sr2(Sc1+xNb1–x)O6–x/2 (52–60 kJ mol–1),44 and Y-doped BaZrO3 

(43 kJ mol–1).45 Here, we investigated H/D exchange and H2 release behaviours for 
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LaSrCoO3H0.70 under a continuous flow of D2/Ar and pure Ar, respectively. As 

shown in Figure 4.9a, we found two peaks of HD appearing during heating under 

D2/Ar flow. The first peak appears at around 300–400 ˚C, which is hereafter 

denoted as peak 1, and the other at around 600–650 ˚C (denoted as peak 2). 

Analysis of an XRD pattern of the sample quenched from 410 ˚C during the D2 

treatment showed that the original orthorhombic structure (Immm) was preserved 

with negligible changes to the lattice parameters (Figure 4.10a, b and Table 4.1). 

Thus, peak 1 can be ascribed to a reversible H/D exchange, as found in BaTiO3–xHx. 

At temperatures beyond peak 1, the HD release increases continuously with 

increasing temperature until it forms a second peak at 600–650 ˚C. The crystal 

structure of the sample after the 700 ˚C treatment (both for D2/Ar and Ar) turned 

out to be of tetragonal symmetry (I4/mmm) with lattice parameters being close to 

reported LaSrCoO3.57(1).25 Thus, above peak 1 (~430˚C), the hydride anion in 

LaSrCoO3H0.70 is slowly and topochemically removed, and almost completely 

converts back to the pristine oxide at ~700 ˚C. Moreover, the asymmetric peak 

shape for peak 2 is also reminiscent of a decomposition reaction.18, 46, 47 

The H2 release experiment on LaSrCoO3H0.70 displays a similar tendency to the 

H/D exchange, with Tm increasing with β (see the inset of Figure 4.9a). Applying 

the Kissinger method to LaSrCoO3H0.70, one finds roughly the same Ea values for 

both processes (Figure 4.9b): 193 ± 8 kJ mol–1 for H/D exchange and 170 ± 16 kJ 

mol–1 for H2 release. Obviously, these values are much larger than what has been 

obtained by QENS,11 but are quite interestingly close to those obtained for 

BaTiO3–xHx with xth > 0.4. 

4.4. Discussion 

We have already demonstrated in Figure 4.6b that the apparent activation 

energy Ea for H/D exchange and H2 release in BaTiO3–xHx shows a characteristic x 

dependence, where Ea decreases substantially with x in the low concentration 

region up to xth ~0.4, and beyond 0.4 it becomes nearly constant. This observation 

is of great interest as it can give a hint on the hydride migration pathway in the 

perovskite lattice. We previously speculated on two possible diffusion mechanisms 

at low and high H– concentrations without any experimental verification.1 The 

initial vacancy necessary for oxide/hydride diffusion may be supplied by a small 

amount of hydride desorbing at elevated temperatures; then, at low H– 

concentrations, the migration of oxide anion (O2–) would be necessary together 

with hydride diffusion. The inclusion of O2– diffusion should result in a high 

activation energy. At high hydride concentrations, as H– (and in-situ formed 
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vacancy) paths connect, diffusion is not dependent on O2–, and a lower activation 

energy results. The present study (Figure 4.6b) not only provides a qualitative 

support for this view, but also allows for more detailed discussions on the diffusion 

mechanism with some quantitative insight. 

At low H– concentration (below xth ~0.4), O2– hopping is necessary, as shown 

in Figure 4.11a. Consistent with this assumption, a relatively high activation energy 

of ~370 kJ mol–1 at x = 0.35 was observed in this study. In an oxygen isotope tracer 

(16O2/18O2) experiment on CaO,48 Ea for bulk oxide diffusion has been estimated to 

be in the range of 183–326 kJ mol–1, reasonably agreeing with our study. Oxygen 

diffusion in BaTiO3 has been widely studied by various methods, and the Ea values 

for bulk oxygen diffusion in BaTiO3 range from 190 to 270 kJ mol–1.49-54 Impedance 

measurements on oxide ion conductors, such as LaGaO3, Ba2In2O5, and MgSiO3, 

have also yielded similarly high Ea values of 120–300 kJ mol–1,55, 56 and even 370 kJ 

mol–1.57 Based on the high Ea values (~360 kJ mol–1) observed in BaTiO3–xHx with x 

= 0.35, we presume that our results also reflect bulk oxygen diffusion in the anion 

lattice. When the hydride concentration is higher than the threshold value (0.4 < x), 

the activation energy is smaller (200–220 kJ mol–1) and is nearly independent of x, 

suggesting that only hydride anions participate in the diffusion process. 

Usually, oxide hopping in perovskite oxide conductors is dominated by NN 

jumps.58 Through extensive studies on the O2– transport in layered 

perovskite-based oxides such as Sr3Fe2O7–x,58 NN hopping is energetically more 

favourable compared with 2NN hopping. In BaTiO3–xHx, hydride diffusion via NN 

sites appears to be the relevant process in high H– concentration, as shown in 

Figure 4.11c. However, recalling that each anion in BaTiO3–xHx has eight NN anion 

sites (i.e., four NN anion sites per octahedron), anion sites must be at least 25% 

occupied (randomly) by hydride to achieve a 3D percolation pathway of hydride. 

This requirement gives rise to a hydride content of x ≥ 0.75, which is well beyond 

the hydride content of currently available x ≤ 0.60.1 Therefore, the hydride 

transport for xth < x < 0.75 probably includes both NN and 2NN hopping processes, 

as illustrated in Figure 4.11b. One can then naturally expect that the RDS for xth < x 

< 0.75 is the 2NN hopping of hydride, rather than the NN hopping. 

The activation energy of hydride migration along NN and 2NN jumps in 

BaTiO3–xHx and LaSrCoO3H0.70 were calculated theoretically by the NEB method. 

Figure 4.11e illustrates the calculated energy profiles of the hydride migration 

pathways. For 2NN jumps, the calculated values for BaTiO3–xHx and LaSrCoO3H0.70 

are quite close, being 313 kJ mol–1 and 325 kJ mol–1, respectively. The calculated Ea 

of hydride migration along the NN sites in BaTiO3–xHx is obviously lower, at 96 kJ 

mol–1. Experimentally, the observed Ea for BaTiO3–xHx at 0.40 < x < 0.60 is 200~220 
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kJ mol–1, making the distinction between NN vs. 2NN jumps based on absolute Ea 

values ambiguous. However, we note that experimentally, the Ea for H/D exchange 

for BaTiO3–xHx and LaSrCoO3H0.70 are equal, as they were theoretically. Structurally, 

only 2NN jumps are permitted for LaSrCoO3H0.70 (Figure 4.11d). Hence, while there 

is systematic error between theory and calculation, the calculations serve as strong 

evidence for 2NN hopping in series with NN hopping in BaTiO3–xHx at 0.40 < x < 

0.60. Hypothetically, at x > 0.75, the last remnants of 2NN hopping would 

disappear, with NN hopping taking over completely. 

In a computational study, Iwazaki et al.13 looked at the energetics of various 

scenarios during hydride diffusion through a BaTiO3 lattice. Although their 

calculations assume a very low concentration of hydride and no polarons, one of 

their findings was that energetically, it is favourable for hydride to dissociate into a 

proton and two electrons, followed by separate diffusion and recombination at an 

oxygen vacancy. This mechanism is intriguing as it does not require oxide ions to 

diffuse during the apparent hydride diffusion. We have looked at differential 

charge density maps and Bader charge analysis to look for any protonic character 

of hydrogen during H– diffusion (Figure 4.12). For both NN and 2NN jumps, we see 

that hydride keeps essentially all of its anionic character during diffusion, so we do 

not see any evidence of this mechanism within our calculations. Recently, Liu et 

al.,14 reported a calculated Ea value of hydride hopping between the NN sites at 27 

kJ mol–1. We are not sure about the reasons for the large discrepancy with our 

results (96 kJ mol–1), but the charge state of the supercell during the transition 

state of the diffusion process in their study is not clear. 

It is rather surprising that the activation energy for hydride diffusion in 

LaSrCoO3H0.70 obtained in this study is nearly ten times as large as that obtained by 

QENS, where hydride dynamics were seen above 412 ˚C.11 It is worth noting again 

that, unlike BaTiO3–xHx, for the cobalt case, beyond peak 1 the HD (and H2) gas 

evolution continuously increases as temperature is increased until it reaches peak 

2, and that the XRD pattern of the sample quenched at 410 ˚C under pure Ar flow 

shows an impurity phase (Figure 4.10). These facts indicate a gradual net loss of 

hydride from LaSrCoO3H0.70 above the peak 1. In fact, the authors of Ref. 11 

addressed an anomalous lattice expansion at 412 ˚C and time-dependent changes 

in lattice parameters (contraction of the a and b axes, and expansion of the c axis). 

The similar behaviour in lattice parameters was also observed in our experiments. 

This temperature- and time-dependence indicates that the observed hydrogen 

dynamics may be due to irreversible H2 release (i.e. decomposition) rather than a 

stable solid/gas equilibrium necessary for observing bulk diffusion. We also note 

that the data were collected for 9–16 hours at each temperature,11 further 
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increasing the potential effects of hydride loss and decomposition. The 

measurement time of our H/D exchange experiments is in the range of 0.5–3 hours, 

depending on the heating rate β, much shorter than the QENS measurement. 

Another crucial factor to be addressed is the observation time scale inherent 

in QENS measurements. If the hopping time scale is much larger than the QENS 

time window (typically, 10−12 to 10−9 sec),59, 60 hydride jumps within this long time 

are invisible.61 When the temperature is higher than 412 ˚C, the hydride dynamics, 

regardless of whether or not it is intrinsic (i.e, dynamics in bulk LaSrCoO3H0.70), 

may be of an observable time scale, but below 400 ˚C, the slower bulk hydride 

diffusion may not be of the right time scale. Unlike spectroscopic techniques, 

however, the bulk H/D exchange experiments as we conducted here can probe 

hydrogen dynamics of any time scale. Therefore, it is quite possible that the 

previous QENS study focus on hydride mobility during decomposition, while our 

study is probing diffusion during reversible H/D exchange (i.e., bulk hydride 

diffusion in LaSrCoO3H0.70). 

4.5. Conclusions 

In conclusion, among the oxyhydrides examined in this work, H/D exchange 

and H2 release reactions can be analysed sufficiently with the Kissinger method to 

compare activation energies for hydride transport. The dependence of activation 

energy on hydride content in BaTiO3–xHx is most interesting, as it points to a 

cooperative nature of neighbouring H– in the exchange (or moreover, diffusion) 

process. We propose here, on the basis of activation energy values derived from 

Kissinger analysis and DFT calculations, that the hydride transport in BaTiO3–xHx 

(0.4 < x) and LaSrCoO3H0.70 rely considerably on 2NN jumps. 

Explaining the differences between the gas exchange experiments and other QENS 

or impedance studies requires further work. Fabricating concentration gradients 

and observing them with SIMS (SIMS-IEDP techniques) would shed further light on 

these differences. However, in terms of relevance for potential hydrogenation 

catalysis or anion exchange for topochemical solid state chemistry, Kissinger 

analysis of H/D exchange reaction (or H2 release reaction which is facile and 

cost-effective) is the most relevant as it directly probes the overall exchange 

process. Moreover, the Kissinger method may be applied to materials not 

compatible for NMR or impedance measurements, such as magnetic or 

electronically conducting samples, or samples which cannot be readily sintered 

into pellets. This makes it a robust method to characterize various oxyhydrides for 

such applications. 
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Table 4.1. Lattice parameters of LaSrCoO3H0.70 after D2/Ar or Ar treatment. 

Samples a b c Space group 
LaSrCoO4 3.80689(8) _ 12.5042(3) Tetragonal, 

I4/mmm 
LaSrCoO3H0.70 3.88151(8) 3.60506(7) 12.9863(3) Orthorhombic, 

Immm 
LaSrCoO3H0.70 
after 410 oC D2 

3.87212(2) 3.6105(2) 13.0120(6) Orthorhombic, 
Immm 

LaSrCoO3H0.70 
after 410 oCAr 

3.8718(2) 3.6103(2) 13.0226(7) Orthorhombic, 
Immm 

LaSrCoO3H0.70 
after 450 oC D2 

3.8762(2) 3.6143(1) 13.0216(5) Orthorhombic, 
Immm 

LaSrCoO3H0.70 
after 500 oC D2 

3.8629(4) 3.6100(4) 13.046(1) Orthorhombic, 
Immm 

LaSrCoO3H0.70 
after 550 oC D2 

3.8204(7) 3.5897(6) 13.176(3) Orthorhombic, 
Immm 

LaSrCoO3H0.70 
after 700 oC D2 

3.7440(2) _ 13.3248(8) Tetragonal, 
I4/mmm 

LaSrCoO3H0.70 
after 700 oCAr 

3.7497(2) _ 13.2820(7) Tetragonal, 
I4/mmm 
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Table 4.2. Details of the oxyhydride compositions. 

Samples 
BaTiO3–xHx 

Synchrotron XRD data Lab X-Ray data  
x, 

TG 
data 

 
Particle 

size 
nm 

Lattice  
parameters 

x, Rietveld 
refinement 

Lattice 
parameters 

x, Rietveld 
refinement 

BaTiO3–xHx-4 
days 

_ _ 4.02578(4) 0.36(1) 0.35 100 

BaTiO3–xHx-5 
days 

4.02866(3) 0.39(1) 4.02832(6) 0.39(1) 0.39 100 

BaTiO3–xHx-6 
days 

4.030265(8) 0.45(1) 4.03045(4) 0.45(2) 0.44 100 

BaTiO3–xHx-7 
days 

4.03208(1) 0.56(1) 4.03300(3) 0.56(1) 0.60 100 

BaTiO3–xDx 4.0297(1) 0.47 4.0291(1) 0.49(2) _ 100 
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Table 4.3. The hydride exchange amounts from various oxyhydrides (BaTiO3–xHx) at 

different heating rates. The amounts were obtained by integrating the MS curves. The 

sample weights are approx. 17 mg. 

Hydride 
content, x 

Scaling 
factor 
(a.u.) 

 
1 ˚C/min 

 
5 ˚C/min 

 
10 ˚C/min 

 
20 ˚C/min 

 
30 ˚C/min 

0.35 10–10 1.61 0.80 0.70 0.60 0.70 
0.39 10–8  0.66 0.71 0.69 0.40 
0.44 10–7  1.03 0.80 0.82 0.62 
0.60 10–7 0.50 0.69 0.82 0.73 1.27 
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Table 4.4. Activation energies Ea of H/D exchange and H2 release from BaTiO3–xHx 

(x = 0.35, 0.39, 0.44, and 0.60), BaTiO2.53D0.47, and LaSrCoO3H0.70. 

Samples 

Activation energy (kJ mol–1) 

(kJ mol–1) 
H/D exchange H2 release 

BaTiO2.65H0.35 370 371 

BaTiO2.61H0.39 253 311 

BaTiO2.56H0.44 238 234 

BaTiO2.40H0.60 226 221 

BaTiO2.53D0.47 200 – 

LaSrCoO3H0.70 193 170 
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Figure 4.1. XRD patterns of BaTiO3–xHx with different reaction time of 4, 5, 6, and 7 days 

at 560 ˚C. The lattice parameters were summarized in Table 4.2. 

 

 

 

 

 

 

 

 

 

 

 

 



 

96 
 

 

Figure 4.2. Thermalgravimetric analysis of powder BaTiO3–xHx samples under flowing 

oxygen. Prior to each TG experiment, the powder oxyhydride samples were heated at 120 

˚C for 2 hours to remove adsorbed water, which is the same with H/D exchange and H2 

release experiments. The weight increase is 1.12 mg for 46.8 mg 4 days sample, 1.24 mg 

for 46.6 mg 5 days sample, 1.49 mg for 50.0 mg 6 days sample, and 2.01 mg for 49.8 mg 7 

days sample. Such weight increase is consistent with formula of BaTiO2.65H0.35, 

BaTiO2.61H0.39, BaTiO2.56H0.44, and BaTiO2.40H0.60 for 4, 5, 6, and 7 days powder samples, 

respectively. 
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Figure 4.3. HD evolution as a function of heating rate β for BaTiO3–xHx with (a) x = 0.35, (b) 

x = 0.39, (c) x = 0.44, and (d) x = 0.60. 
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Figure 4.4. (a) HD evolution temperatures Tm for BaTiO3–xHx as a function of β. (b) 

Kissinger plots (ln(β/Tm2) vs. 1/Tm) to evaluate Ea of H/D exchange process. 
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Figure 4.5. H2 release from BaTiO3–xHx with (a) x = 0.35, (b) x = 0.39, (c) x = 0.44, and (d) 

x = 0.6 under different heating rates of β = 1, 5, 10, 20 and 30 ˚C min–1. 
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Figure 4.6. (a) The peak temperature Tm for H/D exchange (blue) and H2 release (red) as 

a function of β in BaTiO2.40H0.60. (b) The activation energy Ea for H/D exchange (blue) and 

H2 release (red) in BaTiO3–xHx as a function of hydride content x. 
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Figure 4.7. Peak temperature Tm as function of sample weights, (a) at β = 10 ˚C min–1; (b) 

at β = 30 ˚C min–1. 
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Figure 4.8. (a) HD evolution as a function of β for BaTiO2.53D0.47. (b) Kissinger plot 

(ln(β/Tm2) vs. 1/Tm) to evaluate Ea of H/D exchange process in BaTiO2.53D0.47. 
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Figure 4.9. (a) HD evolution as a function of β for LaSrCoO3H0.70 showing two peaks. The 

lower temperature peak corresponds to the H/D exchange (Tm). The H2 release result is 

shown in the inset. (b) Kissinger plots (ln(β/Tm2) vs. 1/Tm) to evaluate Ea for H/D 

exchange (blue) and H2 release (red) processes in LaSrCoO3H0.70. 
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Figure 4.10. (a) XRD patterns of LaSrCoO3H0.70 at various states. The lattice parameters 

were summarized in Table 4.1. (b) is the enlarged figure of (a) from 2θ = 30–35o. 
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Figure 4.11. The possible hydride diffusion pathway in BaTiO3–xHx with hydride contents 

are x < 0.4 (a), 0.4 < x < 0.75 (b), 0.75 < x (c). (d) 2NN hydride hopping in LaSrCoO3H0.70. 

(e) The calculated energy profiles for hydride migration along NN (blue, dot line), 2NN 

(blue, solid line) jumps in BaTiO3–xHx, and 2NN (green) jumps in LaSrCoO3H0.70. 
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Figure 4.12. Differential charge density maps of a BaTiO3–xHx system during NN and 2NN 

hopping. Red indicates anionic character, while blue indicates cationic character (scale 

bar units in Å–3). Bader charge states of H are also indicated. 
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General Conclusion 

This thesis reported the catalytic reactions on the metal-free BaTiO2.5H0.5 (and TiH2), 

and BaTiO2.5H0.5-supported Ru, Fe, Co, Ni metal catalysts, especially focused on NH3 

synthesis and CO2 methanation. In addition, by using H/D exchange, we investigated the 

hydride diffusion in the perovskite oxyhydrides. Combined isotopic exchange and 

Kissinger analysis, this enables us to argue probable hydride hopping process of the 

whole system, providing a general guide to design and improve H– conductivity in 

oxyhydrides. Morover, on the basis of catalytic results, two main features of oxyhydride 

in the applications of catalysis were observed: (i) the catalytic activity have a hydride 

content-dependent effect; i.e. more hydride amounts, more high activity. (ii) hydride 

anion in the oxyhydride lattice is quite mobile, which provides a hydrogen spillover 

pathway during the reaction. Hence, the works in this thesis point the way to the future 

use of oxyhydride for catalysis applications; that is, the oxyhydride with high 

concentration of hydride have a large potential in catalysis applications. This potential 

could be further verified by H/D exchange experiments, where the activation energy of 

hydride diffusion can be calculated by Kissinger model. 

In Chapter 1, the author demonstrated that the solid-state hydride-containing Ti 

compounds (TiH2 and BaTiO2.5H0.5) exhibit continuously NH3 synthesis activity under a 

Haber-Bosch condition (400 ˚C, 5 MPa), with activity almost comparable to conventional 

supported Ru catalysts such as Cs-Ru/MgO or Ru/BaTiO3. Titanium, being an early 

transition metal, was traditionally viewed as an inactive metal for catalytic NH3 synthesis, 

but a continuous NH3 formation on BaTiO2.5H0.5 and TiH2 were observed even in the 

absence of the typically necessary Ru, Fe, or Co particles. From the perspective of NH3 

synthesis, finding new catalysts to break the scale limitation have garnered much 

attention recently. While the activity is modest, when compared to industrial catalysts 

(KM1 or Ba-Ru/C), the Ti-H solid system is one example of a new composition that may 

be a starting point for breaking scaling rules, and ultimately lead to cheaper catalysts 

working at lower temperatures and pressures. 

In Chapter 2, the author demonstrated that the introduction of hydride into the oxide 

ATiO3 (A = Ca, Sr, Ba) support results in enhanced activities and altered kinetic 

parameters, with the details depending on the choice of supported metals (Ru, Fe, Co). 

Overall, the high activity is due to a hydrogen-based Mars–van Krevelen mechanism 

decreasing the hydrogen poisoning, and also as hydride functioning either as a strong 

electron donor. Which of these effects visibly dominates depends on the metal supported. 

Comparison with other hydride-based catalysts reveals that hydride can have a variety of 

roles, depending on the support matrix. In terms of optimization, the titanium 
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oxyhydrides are based on well-known oxide perovskites, and have a potential to have 

their composition tuned in A-site or B-site substitution to search a further active 

ammonia synthesis catalyst. As the number of oxyhydrides increases, this study shows 

that the interesting effects of hydrogen can be investigated in a wider range of materials 

than previously thought. 

In Chapter 3, the perovskite oxyhydride BaTiO2.4H0.6 was discovered to be an 

effective water-stable support material for CO2 methanation. Kinetic analysis of the 

Ru-based catalysts shows how both oxyhydride and oxide supports have similar 

activation energies and CO2 reaction orders but quite different H2 reaction orders. 

Explaining the origins of these reaction orders requires more study. From a more general 

point of view, this study is the first demonstration of a hydride-based catalyst in a hostile 

environment. The hydride here seems to be adequately stabilized in the perovskite oxide 

lattice; perovskites are a large material family with many minor structural and 

compositional modifications possible. With these potential applications in catalysis, it is 

evident that the transition metal oxyhydrides will continue to gain prominence in the 

future catalysis research. 

In Chapter 4, the author demonstrated that the H/D exchange and H2 release 

reactions can be analysed sufficiently with the Kissinger method to compare activation 

energies for hydride transport in perovskite oxyhydrides. The dependence of activation 

energy on hydride content in BaTiO3–xHx is most interesting, as it points to a cooperative 

nature of neighbouring H– in the exchange (or diffusion) process. On the basis of 

activation energy values derived from Kissinger analysis and DFT calculations, the 

hydride transport in BaTiO3–xHx (0.4 < x) and LaSrCoO3H0.70 rely considerably on 2NN 

jumps. In terms of relevance for potential hydrogenation catalysis or anion exchange for 

topochemical solid state chemistry, Kissinger analysis of H/D exchange reaction is the 

most relevant as it directly probes the overall exchange process. 
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