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Abstract

Barium zirconate perovskites have been systematically investigated as protonic supports for ruthenium
nanoparticles in the Haber-Bosch ammonia synthesis reaction. A series of supports based on barium
zirconate were synthesised, for which the B-site of the ABO3 perovskite was doped with different aliovalent
acceptor cations and in varying ratios, resulting in varying proton conductivities and trapping behaviours.
Crucially, we provide direct evidence of the importance of a hydrogen-migration mechanism for ammonia
synthesis over these proton-conducting materials from the studies of reaction kinetics, in-situ XPS and
neutron powder diffraction (NPD), which requires the proper balance of oxygen vacancy concentration (B-
site doping), trapping-site concentration, and proton-hopping activation energy. We report evidence of a
large dynamic coverage of OH groups on the support and the first visualization of both weak and strong

proton trap sites within the perovskite lattice through the use of NPD.



Introduction

The Haber-Bosch (HB) process was discovered in 19131, and is still the dominant production method
for ammonia. As of 2020, annual global production exceeds 146 million tons?, 88% of which is used in the
production of agricultural fertiliser?. The subsequent increase in the availability of fertilisers facilitated the
rapid increase in human population in the early 20" century®, making the HB process one of the most

important and well-established industrial chemical processes.

In addition to the current demand, ammonia is expected to hold future importance due to declining
dependence on fossil fuels, through the development of sustainable energy storage. Although the energy
density of ammonia is lower than liquid hydrocarbons (ammonia at 10 bar: 13.6 GJ m2 vs. gasoline, CsHs
at 1 bar: 34.4 GJ m?)* ammonia possesses many advantages over conventional fossil fuels. Ammonia
releases no carbon on combustion and can be sustainably produced by a variety of electrical and thermal
processes from syngas or water splitting®®. Liquidised ammonia also possesses advantages over hydrogen
gas, in its increased energy density (13.6 GJ m? at 10 bar vs. 3.6 GJ m™ at 14 bar, metal hydride storage

system?), as well as its increased safety and ease of transport.

However, the HB remains a kinetically challenging reaction to achieve because it is highly energetically
unfavourable to overcome the high dissociation energy of N=N (945 kJ mol?)’. In addition, from
thermodynamic viewpoint, it is also a highly energy-intensive process considering the huge energy is
consumed for hydrogen synthesis (via syngas) prior to the ammonia production. Mittasch’s catalyst is an
iron catalyst with a potassium promoter®®. Though it is considered a benchmark for ammonia synthesis and
has remained largely unchanged for many decades, the required temperature and pressure are very high,
making the process highly energy intensive for a large scale operation (400-500°C, 150-300 bar)°. A much
milder process in using the intermittent renewables (solar, wind and tidal waves) is required in order to

reduce our negative impact on the environment.

In the traditional HB reaction, the rate-determining step is known to be the dissociative adsorption of

dinitrogen, resulting in surface-bound nitrogen adatoms, which subsequently undergo reaction with other



adsorbed species by a Langmuir-Hinshelwood mechanism**. This barrier can be lowered by use of a catalyst
by back-donation from the catalyst surface into the dinitrogen 2p n* orbitals'?, for example, osmium,
uranium, ruthenium, or cobalt-molybdenum?®®. Recent catalyst research has revealed a volcano-plot
dependence of activity on d-electron count, and shown that ruthenium is the most active pure-metal

catalyst,

The dissociation of dinitrogen over ruthenium metal has been found to be most favourable at step sites
in which five ruthenium atoms are involved; these sites are referred to as B5 sites'®. These sites bind
dinitrogen more strongly and with a lower activation energy than terrace sites, as well as binding hydrogen
relatively weakly®, The concentration of B5 sites is maximised for nanoparticles of approximately 2 nm in
diameter. Below this size it is rare for the clusters to form the required shape, whereas above this size the
bulk (0001) surface dominates'’*°. Additional to the morphology of the nanoparticles, precursors that
contain chlorine are prone to poisoning the catalyst surface due to strongly bound chlorine adatoms, which
reduce the number of available catalytic sites and also reduce the dissociative ability of the metal surface

by receiving electron density from the metal?®.

Inversely, electron transfer to the metal is known to promote the ability of the metal to dissociate
dinitrogen, known as electronic promotion. Additional metal electron density has been shown to be
beneficial by electron transfer from various sources (catalytic-activity dependent property in brackets):
alkali metal ion dopants, known as promoters®"?122 (electropositivity); alumina-silicate zeolite
supports?®2* (basicity of framework oxygen atoms); electride materials® (concentration of extra-framework
electrons). The additional electron density can be sourced from a reduced support, such as lanthanide oxides
as first reported by Niwa and Aika?®. Wang et al.?” further showed that the high concentration of strong
basic sites (30.5 umol m™2) in barium zirconate promotes ammonia synthesis. This report aims to build on

this work by using caesium-promoted yttrium-doped barium zirconate supports.

The activation energy for the dissociation of dinitrogen can be reduced by increasing the strength of

binding for nitrogen adatoms, making the rate-determining step the hydrogenation of nitrogen adatoms.



However, in general it is problematic to increase the strength of adatom binding, since this increases the
binding of reaction intermediates (namely -H, -N, and -NH), which retards ammonia synthesis. This scaling
relation can be avoided by changing the pathway of the reaction, for example by forcing an associative
adsorption of dinitrogen® or facile hydrogenation via a LiNH, intermediate as opposed to nitrogen
adatoms?. This stepwise mechanism for hydrogenation of absorbed N, to ammonia without the initial N
dissociation (associative process) over these catalysts is particularly attractive since it may catalyse the

reaction at milder conditions?.

Specifically, after the homolytic splitting of dihydrogen (2 Ru + H, — 2 Ru-HP), an excessive surface
coverage of hydrogen adatoms leads to significant reduction in activity, commonly accompanied by a
highly negative reaction order for dihydrogen (~-1)822830, Sych hydrogen poisoning at B5 active sites can
be alleviated by the use of supports that can transport hydrogen species away from the catalyst surface by
reversibly accommodating hydrogen species in a loosely bound state, for example hydride in electrides®
or doped perovskite oxides as presented here, or by moving hydrogen across the catalyst surface through

the use of electric fields®..

Hence, it is an important area of research to (1) increase the electron density at the ruthenium surface
for dinitrogen dissociation while maintaining relatively weak intermediate binding, and (2) increase the
transport of hydrogen adatoms away from the metal catalyst surface by a protonic support. These criteria

are fulfilled by using aliovalent-doped rare-earth oxide supports with alkali metal promoters.

We propose that hydrogen adatoms that poison the ruthenium surface can react with the oxide support
to form surface lattice hydroxyl species. As well as alleviating hydrogen poisoning, which allows the
continued adsorption of nitrogen and hydrogen, the surface lattice protons can be transferred and can also
react with nitrogen adatoms to proceed the reaction at different locations (Equation 1). Accompanying this
proton abstraction is the liberation of an electron into the ruthenium conduction band. The higher energy
state facilitates stronger back-bonding during the dissociation of nitrogen, accelerating the rate-determining

step of the Haber-Bosch reaction. Hence, the hydrogen spill-over mechanism from the ruthenium metal



catalyst to the oxide support with oxygen vacancies not only provides a reversible and labile hydrogen store
(hydrogen poisoning alleviation), but also enhances the dissociating ability of the metal (electronic
promotion) under dynamic conditions. It is therefore important to provide further understanding how the

nature of the oxide support accepts hydrogen from the ruthenium metal catalyst.
(a) Ru(H*)+ 05 — Ru(e’) + OHg
(b) Ru(N°) + OH + Ru(e’) » Ru(NH®) + OF + Ru(e’)

Equation 1. Kroger-Vink notation of hydrogen spill-over mechanism. (a) Hydrogen abstraction by lattice
oxides; (b) hydrogenation of nitrogen adatoms by hydrogen stored as lattice hydroxyl.

@) Zry+ Y3t +205 > Yy, +2V," +Zr0,

(b) H,0¢g + Vg + 0% - 2 0Hp (©) HyOg +2 0% +VE - 20Hg + O

Equation 2. Kroger-Vink notation of formation reactions of proton-transport dependent lattice hydroxyl
species: (a) Oxygen vacancy formation by reaction of aliovalent doped yttrium; (b-c) lattice hydroxyl
formation by reaction of water with (b) oxygen vacancies®, and (c) structural defects®.
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Scheme 1. (a) Proposed mechanism for reversible hydrogen spill-over from poisoned ruthenium catalysts
to BZY perovskite supports. (b) Proton dynamics in BZY lattice, modified from Yamazaki et al.>*: motion
of proton between YOg and ZrOs octahedra showing a spatial rearrangement of proton with the proton trap
escape mechanism; octahedral hole shown in red.

Proton conduction in ceramics at elevated temperatures was first confirmed by Iwahara et al. in 1981
for a ytterbium-doped SrCeOs; perovskite during water splitting®. Barium cerates, BaCeOs; (BC), and
zirconates, BaZrO; (BZ) are the most researched protonic ceramics due to their high proton conductivities.
BZ in particular exhibits excellent stability against H.O, CO,, and H,S, and significant bulk proton
conductivities at high temperatures (300-600°C)*-%, (Only moderate proton conduction is observed at
temperatures below 100°C.) However, the total proton conductivities of BZ are notably not as high as BC
due to grain boundary resistance, which is attributed to reactant impurities and the required high sintering
temperatures®>%°, As a support for ruthenium nanoparticles, it has been shown to exhibit the highest rate of

ammonia synthesis amongst a range of supports?®:2’,

For these protonic perovskites it is well-known that surface lattice hydroxyl species (OHg) can be

formed initially through reversible water activation by lattice oxygen vacancies (Equation 2). The proton



transport properties have been shown to be a function of oxygen vacancies or resulting concentration of
OHg, surface coverage to offer proton hopping to take place. Water can also fill neutral oxygen vacancies,

which are known as structural defects as opposed to electronic defects.

While BZ does have intrinsic oxygen vacancies, the concentration can be significantly increased by
partial occupation of the tetravalent B-site (Zr**) with aliovalent trivalent rare-earth cations (Ce**, Y**, Yb**,
Er®, etc.) by adapting stoichiometry during synthesis, BaZr;-«MxOs. The acceptor dopant, My,., establishes
a charge imbalance that induces extrinsic oxygen vacancy defects, thereby increasing proton conductivity*!
with the dynamic coverage of surface OH (Scheme 1). This report will focus on yttrium-doped BZ (BZYX,
X = %mol B-site occupancy by yttrium), in which it has previously been shown that both total and grain-
boundary proton conductivity peak at 10-20%mol before a significant decrease at lower or higher doping
levels®®. However, they offered no rationalization for the optimum yttrium-doping level. We propose that
the highly doped oxides suffer from strong proton traps at the aliovalent B-site (OHg-Mgz,.), which hinder

proton conduction.

The mechanism for protonic conduction has been much investigated. Firstly, the Grotthuss
mechanism?*2#¢ in which protons are classically transported to neighbouring oxygen sites (both intra- and
inter-polyhedral*’“®8); this is in contrast with the vehicle mechanism in which the hydroxyl species moves
as a whole. Additionally, a phonon-assisted mechanism has been shown in which the proton-phonon
interaction is manifest as a Holstein polaron*® (or small polaron, defined as such when a polaron’s range of
interaction is shorter than the unit cell); this induces movement of the neighbouring hydroxyl groups, which
are otherwise considered static. Recently, Yamazaki et al.®’ reported the proton dynamics in BZY structure
from their DFT calculation (Scheme 1). They showed that a spatial rearrangement of proton from a deep
trap site (shared Y3'/Zr*" octahedra) to move along the ZrOg octahedra (shallow trap sites) probably via
interstitial sites before forming a new hydrogen bond attached to a ZrOs octahedra. However, further

experimental identification of these proton sites is yet to be confirmed.



Here, we report on the correlation of ammonia synthesis performance of ruthenium nanoparticles with
proton conductivity and structural aspects of a series of rare-earth doped barium zirconate materials in
systematic manner. In particular, we aim to experimentally elucidate the importance of hydrogen migration
in this catalysis reaction using in-situ XPS and neutron diffraction with the identification of the weak and

strong proton trap sites.

Methods

Synthesis of Barium Zirconate

Yttrium-doped BZ supports were synthesised by a citrate-EDTA (ethylenediaminetetraacetic acid)
complexation method. Yttrium nitrate hexahydrate (Y(NOgs)s « 6H,0), barium nitrate (Ba(NOs),), and
zirconium oxynitrate hydrate (ZrO(NOs). * xH20) (Sigma Aldrich) were used as reagents. Hydration of

zirconium oxynitrate was determined by TGA analysis, with x between 2 and 2.5.

In a typical procedure, BaZrixYxOs.s Was synthesised by dissolving the metal nitrate salts in water in
stoichiometric ratios under high stirring. Relative to the metal ion stoichiometry, 1.5 eq. of both EDTA and
citric acid were added. After each addition, the pH was adjusted to ~10 using aqueous ammonium
hydroxide. The solution was heated in an oven until combustion. The resulting ash was crushed into a fine
powder and calcined in a furnace under high airflow at 1300°C for 4 hours, yielding an off-white powder.
Complete calcination was confirmed by powder XRD. This procedure was repeated with adapted
stoichiometry to synthesise rare-earth-doped materials, BaZrosMo 2035, M = Er, Ho, Y, Yb, as well as
yttrium-doped perovskites with increasing degrees of doping, BaZriYxOs.s, where x =0, 0.1, 0.2, and 0.5.
The powders were then wet-milled using iso-propanol (Fritsch P7, zirconia, 1 mm balls) milled at 500 rpm

in six cycles of 5 minutes with a 3-minute rest to dissipate excess heat (total milling time of 30 minutes).

Supporting Ruthenium Nanoparticles on Barium Zirconate

Both ruthenium(lll) acetylacetonate (Ru(acac)s) and tri-ruthenium dodeca-carbonyl (Rus(CO)i2)

precursors were investigated. Ruthenium nanoparticles were synthesised by wet impregnation, followed by



temperature controlled chemical vapour deposition reduction. Typically, 100 mg Ru(acac)s was dissolved
in 1 mL acetone, and sonicated with the support material for 2 hours, then stirred overnight and dried in an
oven for 2 hours to yield a red powder. The powder was reduced in a furnace under 30 mL min™ 5% Ha:Ar
flow, heated to 150°C, held for 24 hours, then to 350°C, held for 24 hours, and cooled to room temperature.
A ramp rate of 5°C min was used. The catalyst was passivated for 2 hours under 30 mL min 2.5% O-:

He to yield a grey powder.

Catalyst formation from Ruz(CO):2 was carried out according to Aika et al.?°. Rus(CO)1, was dissolved
in tetrahydrofuran (20 mL per 30 mg Rus(CO)12), to give an orange solution. The support material was
added to result in a 15%wt ruthenium loading. The high Ru content was mainly chosen due to facilitated
characterization (i.e. TEM, XPS) but optimization in Ru size and dispersion for optimized catalysis are not

yet performed.

The resulting suspension was sonicated for 6 hours, then separated by rotary evaporation, yielding an
orange powder. De-carboxylation of Ruz(CO)., was carried out to yield supported ruthenium nanoparticles.
The orange powder was heated in a furnace under 50 mL min argon to 70°C, held for 4 hours, then to
350°C, held for 5 hours, and cooled to room temperature. A ramp rate of 2°C min-! was used. A grey powder

was obtained, typically with yields greater than 90%. No passivation was employed for this preparation.

Addition of a Caesium Promoter

Caesium promoters were added to the catalysts using wet impregnation. Caesium nitrate (CsNO3) was
dissolved in the minimum volume of water (2-3 mL for 200 mg) under stirring. The catalyst was added to
yield 5%wt loading. The thick slurry was stirred for 5 hours, before drying in a vacuum oven at 70°C
overnight. The CsNO; was reduced in-situ prior to testing; reports suggest it is reduced to sub-symmetric

oxide, CsOy, xly = 2.7-3.7.

Catalytic Testing
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Catalysts were tested in a tubular fixed-bed reactor. Typically, 100 mg of catalyst was loaded into a
quartz tube and secured using quartz wool. Before testing, surface oxide on the ruthenium nanoparticles

was reduced under 50 mL min* H, flow at 450°C.

For the range of rare-earth doped catalysts derived from Ru(acac)., the reactor was heated to 450°C and
pressurised to 50 bar using 50 mL min? flow of 3:1 H2:N,. For the kinetic study of Cs-RuBZY derived
from Rus(CO)12, temperatures between 350°C and 450°C were used for hydrogen partial pressures between
1.25 bar and 7.5 bar. A constant partial pressure of nitrogen of 2.5 bar was used and made up to a total
pressure of 10 bar by adding argon. A high flow rate of 200 mL min was used to ensure the reaction took

place far from the equilibrium.

For both investigations, the reaction was allowed to stabilise under pressure and flow for 1 hour before
measurements were taken. The rate was determined by bubbling exhaust gases through an acid trap of
known volume (10 mM H2SQO4). The concentration of the trap was measured by an ammonium ion-selective

electrode.

Synchrotron Powder XRD

Diffraction data was collected from samples BZY, BZY10, BZY20, and BZY50 at BL02B2, SPring-8,
Japan®. Samples were loaded into borosilicate capillaries of diameter 0.5 mm, and analysed by Debye-
Sherrer geometry using a position-sensitive MYTHEN detector over an angular range of 4-78° in 26 over
a 10-min exposure period (sum of 2 x 5 min) under atmospheric conditions. The beam energy was shown
to be 0.6885110(3) A (18.007591 keV) by refinement of a ceria standard. The angular zero-error of the

sample environment and diffractometer was refined to be —0.00134(1)°.

Neutron Powder Diffraction

Time-of-flight neutron powder diffraction data was collected at the Swiss Spallation Neutron Source
(SINQ) at the Paul Scherrer Institute, Switzerland. The diffraction parameters are as follows: flight length:

42.2992 m, detector angle in two-theta: 121.660°. Catalysts were prepared using the typical synthesis
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procedure. For each measurement, 3 g of sample were reduced at 450°C, under 50 mL min* 5% H,/Ar
flow. The gas was then switched to an argon line passed through a bubbler filled with D,O without exposing
the catalysts to ambient atmosphere. After reduction, each sample was heated to 600°C under Ar, either dry
or D,O saturated. Samples were then sealed in Schlenk tubes in a glove box and measured immediately in

order to limit exchange with atmospheric water. Data was collected at ambient temperature.

In-situ near-ambient pressure XPS

Prior to testing, all samples were in situ reduced under 1 bar hydrogen at 450°C for 2 hours. High
resolution data was collected at 720 eV and 900 eV to observe changes in the Ru 3d and O 1s band,

respectively.

Spectra were collected under ~40 mbar Hz, then ~10 mbar Ar, and finally again under ~40 mbar H;
under the same reaction temperature. The pressure is inversely proportionate with X-ray transparency®;
hence spectra collected under 10 mbar argon are much more intense than under 40 mbar H; due to much
higher photo-electron flux at the detector (electron total-scattering cross-section at 50 eV°2%%; H,: 2.625 ag?,
Ar: 30.464 a?). Therefore, hydrogen can be used at higher pressures. It was decided to use the highest

possible pressures for each gas in order to enhance the effect of changing atmosphere.

For ruthenium signals, the Ru 3d peak is split into two spin-orbit coupled peaks from the Ru 3ds;, and
Ru 3ds2 bands, with bandgap 4.17 eV, and area ratio of 3:261. The presence of satellite peaks was observed,
likely from trace ruthenium oxide or carbonate on the surface. The Ru 3d photoemission region strongly
overlaps with the C 1s region, meaning the Ru 3ds; peak is not directly observable; hence changes in
binding energy were quantified using only the Ru 3ds, peak. The carbon peaks were modelled using three
separate sources of carbon photoemission: adventitious or graphitic carbon (C-C and C-H bonds), alcohol
species, and carbonate species. Ruthenium and carbon peaks were modelled with asymmetric Lorentzian
functions. Spectra were modelled using Casa XPS software. Shirley backgrounds were used for all regions,

and two 5-point moving-average smoothing operations were applied.
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Results and discussion

Varying rare-earth dopant

Rare-earth-doped BZ materials were synthesised which have been shown by Han et al.> to exhibit the
most favourable properties (total electronic conductivity, proton concentration, and proton-induced lattice
distortion), BaZrosMo.203.5, M = Er, Ho, Y, Yb. The XRD patterns for all materials confirmed the formation
of the cubic Pm-3m barium zirconate structure by comparison to a theoretical pattern (Figure 1). The doped
materials have slightly broader peaks than non-doped BZ, which is attributed to smaller crystallite size.
TEM micrographs show that the particles are several hundred nanometers in diameter and exhibit a degree
of porosity (Figure S1). This can be explained through increased micro-strain due to mixed B-site
occupancy and decreased crystallinity leading to hindered nucleation. Lattice parameters yielded by Pawley
refinement show that the doped perovskites have enlarged unit cells (Figure S2 and S3). The deviation in
lattice parameter from BZ (4.196 A) is not proportionate with the known ionic radii of the eight-fold
coordinated trivalent rare-earth-element ions, which indicates additional electronic interactions and

structural distortions that are unaccounted for.
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Figure 1. XRD patterns of rare-earth-doped supports before (solid) and after (dotted) ruthenium loading
and reduction. Simulated powder diffraction patterns for BZ (solid) and Ru (dotted) shown.
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After ruthenium dispersion and reduction, the structures of the pristine supports are shown to be retained
with similar crystallinities (Figures S2 and S3). There are also no additional peaks corresponding to
hexagonal P6s/mmc indicative of bulk ruthenium metal, indicating that the metal is well-dispersed with
small crystallite size. Additionally, the lattice parameters of the supports do not vary significantly following

ruthenium-loading.

Ruthenium nanoparticles can be seen on TEM micrographs which confirms successful catalyst
formation by wet-impregnation and reduction of Ru(acac)s (Figure 2). Nanoparticle size for each catalyst
was averaged over 50 measurements from several images. All distributions show a mean particle size of
less than 7 nm. The non-, Ho- and Y-doped supports exhibited lower particle size, <5 nm; meanwhile Er-

and Yb-doped supports exhibited larger particles, 5.9 nm and 6.9 nm, respectively.
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Figure 2. TEM micrographs of several ruthenium catalysts supported on rare-earth-doped BZ, and mean
ruthenium particle size from 50 measurements across multiple micrographs for each sample. Histograms
shown in Figure S4.

The range of rare-earth-doped BZ catalysts derived from Ru(acac)s; were synthesised and tested on a
fixed-bed reactor for ammonia synthesis: BaZrosMo.2035, M =Y, Ho, Er, Yb. It was observed that a change
of support had a dramatic effect on the initial rate of ammonia synthesis (Figure 3). However, the catalysts
suffer from progressive deactivation. The highest initial rate was yielded by the yttrium-doped support
RuBZY?20, and the lowest rate by the non-doped RuBZ catalyst. The other rare-earth-doped catalysts all
showed modest rates: Y > Ho > Yb > Er > non-doped BZ according to our catalytic testing. This indicates
the nature of aliovalent element can play an important role on the ammonia synthesis rate. However, at first
glance, these rare-earth-doped BZ samples do not show any direct correlation with bulk proton conductivity
or proton transport activation energy (Ho > Y > Er > Yb)® proton-induced lattice strain
(Yb> Y >Ho > Er)*, or ruthenium nanoparticle size (Figure S5). But, the series seems to correlate better
with the previously measured proton concentration (Y > Ho > Er > Yb) by Han et al.>*. It is postulated that
the size of the proton reservoir offered by the perovskite support significantly affects the rate of ammonia
synthesis. Nevertheless, correlating this behaviour to this single property does not give a perfect match, and

instead the Kinetics of the reaction may relate to a convolution of these and other factors.
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Varying vttrium-doping
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Catalyst support
Figure 3. Initial rates of ammonia synthesis for BZ supports doped with various rare-earth metals.

Having found that yttrium is the most effective dopant for ammonia production, the degree of doping
was investigated. A series of yttrium doped barium zirconate supports was synthesised: BaZri«YxOs.s,

wherex=0,0.1,0.2,and 0.5, i.e. undoped BZ, BZY 10, BZY20, BZY30 and BZY50, which were confirmed

by synchrotron X-ray powder diffraction (SXPD) (

Figure 4). Increasing the degree of doping of yttrium, which is a larger ion than zirconium, is shown to
linearly increase the lattice parameter. It has been reported for the BCY system that the level of B-site
doping can induce ordered octahedral distortion, hence reducing the symmetry, and altering the space group
of the crystal®®. This can usually be observed by the resolution of shoulder peaks as the equivalence of
symmetry-related reflections is broken, i.e. reducing the multiplicity of peaks, resulting in more peaks.
However, on interrogation of our SXPD data, we see no evidence of any change in symmetry. Some

disordered octahedral tilting is known for the BZY system through IR characterization®®. They have
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ascribed the decreasing proton conductivity above 20%Y, despite increasing proton concentration, to local
distortions which form less favourable proton traps. The observations reported in this work agree with this

hypothesis.

Elemental analysis showed that the target yttrium occupancy of the B-site was achieved to high accuracy
(Ru-BZY20:19.39% Y) (Table S2). It is interesting to reveal from the Figure 4 that there is a clear volcano-
dependence of initial activity with respect to Y-doping. The optimal initial activity value corresponds to
20%Y. It is accepted that the introduction of Y in B site can enhance the oxygen vacancy concentration.
The yttrium incorporation takes place continuously up to 50% as observed in the linearly increasing lattice
parameter. However, the increasing oxygen vacancy concentration does not seem to monotonically
facilitate the promotion of ammonia synthesis by proton hopping over dynamic surface hydroxyl beyond

X = 20 (Scheme 1), with higher yttrium doping being detrimental to the reaction rate.
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Figure 4. Initial rates of ammonia synthesis over the supported ruthenium catalysts per total mass of
catalyst; lattice parameters (SXPD) of non-ruthenium supported BZ perovskites with increasing yttrium-
doping; prz:pn2 = 3:1, 50 bar total pressure, 50 mL min flow, 450°C.

Notice that Shimoda et al.” also found a volcano-type correlation, which they reported to peak at
BZY10; however they did not elaborate on the trend. We attempted to link this catalytic behaviour with the
protonic conductivity values reported by Han et al.*’ and others®® over these doped perovskites. Indeed,
they showed the greatest bulk, grain-boundary and total conductivity at 10mol% to 20mol% doping,
followed by a similar decrease for 25%mol and above. It is also known that increasing yttrium-doping leads
to decrease proton transport activation energies®®. As stated, it is clear that the rate of ammonia synthesis is
highly dependent on proton transport in avoiding hydrogen poisoning for nitrogen activation. Here, we
present evidence for a hydrogen spill-over mechanism facilitated by the BZY support, which results in the
alleviation of hydrogen poisoning on the ruthenium surface and the electronic promotion of dinitrogen
dissociation. Further increase in Y-doping appears to offer stronger proton trap sites to account for the

decrease in proton conductivity.

Kinetic investigations

In order to ascertain the alleviation of hydrogen poisoning and having found that BZY20 is the most
effective support at 450°C, an in-depth kinetic investigation was carried out on the yttrium doping of
caesium-promoted 15%wt ruthenium catalysts. Catalysts were doped with caesium, which is a well-known
electronic and structural promoter. Electronic promotion operates by increasing the back-bonding from the
ruthenium metal into the dinitrogen anti-bonding orbital, which facilitates bond breaking and reduces the
kinetic barrier. Structural promotion is the prevention of ruthenium sintering and catalyst deactivation.
Hence, caesium was used in order to achieve maximal rates with good catalyst stability for reliable kinetic
studies and comparison to literature-best values. The catalysts Cs-RuBZ, Cs-RuBZY 10, Cs-RuBZY 20, and
Cs-RuBZY30 were synthesised and tested over a range of pw2, from 1.25 bar to 7.5 bar, and at 425°C and
450°C. The effect of the caesium can clearly be seen in the increased rates, which are an order of magnitude

greater than those without caesium, and enhanced stability over 24 hours on-stream (Figure S6).
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As was the case above, low levels of yttrium-doping improved the catalytic performance significantly
and then followed a volcano-type dependence (Figure 5). As discussed, this is in agreement with the
reported values for intra-grain conductivity. Interestingly, the rates of reaction for BZ, BZY10, and BZY 20
were lower at 450°C than 425°C (Figure 5). The peak rate at 450°C (BZY20, 47 mmol h** g*) was lower
than the peak rate at 425°C (BZY10, 65 mmol h'* g1), which is the highest rate for any catalyst reported in
this work. This volcano-type dependence on temperature is due to the increasing significance of the
backward reaction to hydrogen and nitrogen at higher temperatures, which considerably reduces the
observed rate of ammonia synthesis. The conversion at 425°C is recorded as 2.37%, and decreases at 450°C
to 2.21% (Figure S7). This decrease is observed for BZ, BZY10, and BZY?20. This decreasing activity at
450°C nearing the equilibrium is also shown for this system by Shimoda et al.%’. However, the conversion
and rate of reaction for BZY 30 increases at 450°C. It is postulated that such high yttrium doping at 425°C
offers an additional effect of stronger kinetic hydrogen trapping which restricts the kinetics relative to

450°C. Indeed, BZY20 does not exhibit as large a decrease in conversion and rate than BZY10.

100

80 +

" L ‘ 3

e ' L Jos8
5% H06
H04

E:"q'

20 - o
- J02
0 ; . ' 0.0

0 5 10 15

Y B-site occupancy / %mol

»
o
1
X2

Rate / mmol g h'!
8

Figure 5. Rates (columns) and H.-orders (scatter, derived from Figure S8) of Cs-RuBZY catalysts against yttrium-
doping at 425°C (filled) and 450°C (crossed); pnz = 7.5 bar, pnz = 2.5 bar, GHSV = 12400 h*,
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This rate performance is exemplary compared to many supported ruthenium catalysts (only measured
rates with equivalent conversions below 20% of the equilibrium value were used for comparison) (Table
S1). At 400°C, the Cs-Ru/BZY20 catalyst performs better than most catalysts reported in literature, with
the exception of the reports by Kitano et al.*® and Ogura et al.% Critically, it outperforms the barium
zirconate-based catalysts of Wang et al.?” and Shimoda et al.®* Though other supports such as LaosCeo501.75

and MgO(111) give more active catalysts when considered on a per mole ruthenium basis.*62

The extent of hydrogen poisoning was investigated by probing the order of reaction with respect to
hydrogen (xn2). This type of kinetic measurement will only be valid if the reaction takes place far from the
equilibrium, ensured by using high flowrates. Up to and including temperatures of 425°C, for which the
conversions are far from equilibrium, the increases in rate with yttrium-doping is attributed to the increased
ability of the support to alleviate hydrogen poisoning. This results in increased hydrogen partial pressure to
accelerating the reaction as a reactant rather than hindering it through preferential adsorption at active
ruthenium sites. In the HB process, hydrogen poisoning is observed by negative values of X, (~-1)8212830,
Here, however, it is noted that all x., values are still appreciatively positive, often exceeding 1, which shows
that dihydrogen is significantly contributing to the rate of reaction as a reactant rather than as a poison over
this type of catalyst under this reaction temperature (Figure 5 and Figure 6b). In fact, we show that much
higher rates were observed for the catalysts that exhibited highly positive xw2 (moderately-doped supports
BZY10 and BZY20) due to more mobile surface hydrogen and site availability, whilst low rates were
observed for catalysts that exhibited lower xu2 order (non-doped BZ and highly-doped BZY30) due to lower

surface hydrogen dynamics (Figure 6b).
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Figure 6. Kinetic study of Cs-RuBZY?20. (a) Rates of reaction at various hydrogen partial pressures; (b) peak rate of
ammonia synthesis (p2 = 7.5 bar) and hydrogen order at each temperature.

It is further shown that preventing hydrogen poisoning is more crucial for efficient ammonia synthesis
rate by conducting the catalysis at lower temperatures. The catalyst BZY20 was then tested at the 400°C,
375°C, and 350°C (Figure 6), for which the rate and x+2 values indeed gradually decreased. Reducing the
temperature from 375°C to 350°C reduced the rate of reaction by an order of magnitude, which can be
explained by an appreciably negative xu2. This is consistent with the principle that hydrogen poisoning is
more significant at lower temperature due to hydrogen preferential adsorption than nitrogen at B5 sites®,
Under the same low temperature conditions, almost no activity was recorded over the non-doped BZ and

highly-doped BZY 30.

As a result, it is shown that 425°C is the optimal temperature for these catalysts and conditions. The
moderately-doped supports BZY10 and BZY20 exhibited the highest rates of ammonia synthesis through
effective hydrogen-poisoning alleviation to keep surface hydrogen mobility, which is shown to be a very
important aspect of the reaction kinetics. This alleviation is shown to be highly dependent on yttrium-
doping, which affects several physical properties such as oxygen vacancy concentration, and both protonic
and electronic conductivity. Comparatively, at 425°C, BZY 20, which exhibits the highest x+. order and the

highest rate reported in this work, is also known to be the optimum yttrium-doping with for electronic and
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protonic conductivity. In addition, a significant deviation of the apparent activation energy from typical
~100 kJ mol? 6384 to 27-42 kJ mol™ at lower temperature regime over the moderate doped samples was
recorded (Figure S9). A hydrogen spill-over mechanism that is facilitated by aliovalent doping and good
conduction properties is proposed in order to explain the effective alleviation of poisoning of these

materials.>®

In-situ X-ray Photoelectron Spectroscopy

In order to further observe the spill-over of hydrogen from ruthenium to support, near-ambient pressure
in-situ XPS (NAP-XPS) was used to characterise ruthenium and oxygen environments when exposed to
hydrogen and argon atmosphere alternatively at 450°C (B07 beamline, DLS). By analysing in-situ changes
in the O 1s and Ru 3d binding energies, we have observed, respectively, the effect of hydrogenation on the
chemical environment of perovskite lattice oxygen, and the degree of electron transfer to ruthenium, i.e.
electronic promotion which increases catalytic activity. In order to remove the electronic promoting effect
of the caesium dopant, non-doped perovskite-supported ruthenium catalysts were characterised: RuBZ,

RuBZY10, RuBZY20, and RuBZY30. Full spectra and tabulation shown in Figure S10.

The catalysts under initial hydrogen atmosphere show significant differences as a result of yttrium-
doping. To first interrogate the oxygen environment (oxide: 531 eV, hydroxyl: 532 eV), interestingly, the
moderately-doped supports (BZY10 and BZY20) contain predominantly hydroxyl species (-OH: 75-90%)
showing the highest percentage of hydroxyl over all conditions, and also the strongest atmosphere-
dependent change in their surface oxygen to hydroxyl composition. Meanwhile the non-doped and highly-
doped supports (BZ and BZY30) are predominantly composed of oxide species (-OH: 47-49%) (Figure 7).
Hence it is shown that there is not a linear correlation between yttrium-doping and spill-over of hydrogen
adatoms. This is in agreement with the catalytic data reported herein, in which the activity BZY30 was
much lower than BZY10 or BZY20. The additional hydroxyl composition of ~25% is attributed to the
presence of aliovalent yttrium for both BZY10 and BZY?20 that can accept higher proton incorporation

through charge-balancing arguments. However, it is noted that the hydroxyl composition is much higher
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than might be predicted by the degree of aliovalent yttrium-doping and the associated charge balancing
arguments. Assuming the formation of two oxygen vacancies for each yttrium atom, and their electronic
quenching by water to form two lattice hydroxyl species (Equation 2), an upper limit of 3.3% of oxygen
atoms are expected to be observed as hydroxyls (this estimate can be doubled to 6.7% by assuming
hydrogen bonding®’). But such a value is still far below the OH/O values we observed by NAP-XPS. Thus,
it cannot be accounted by the stoichiometry due to Y** substitution to Zr** to form Y-O(H)-Zr but attributed
to the proton migration from the pre-reduction of Ru?* (Ru?* + H, = Ru + 2H") and spill-over hydrogen
from ruthenium catalyst nanoparticles to other surface sites of the oxide support especially over the
moderately-doped supports (BZY10 and BZY20). Notice that the NAP-XPS is mainly measuring the

surface composition (different from the bulk values).

When the catalysts are exposed to argon, the composition of oxide increases particularly in the
moderately doped supports, which shows some degree of hydroxyl conversion to oxide is reversible.
However, the moderately-doped supports still exhibit high hydroxyl composition due to kinetic stable OH
over the surface trapped sites. This indicates that even when reversible hydrogen spill-over is not operative,
many more protons can be accommodated in these structures than BZY or BZY30. Changing the gas back
to hydrogen causes the hydroxyl levels to recover in the moderately-doped supports and highly-doped

BZY30. The non-doped BZY exhibits little change, in fact exhibiting slightly more oxide species.

A similar change is also seen in the ruthenium binding energy (Figure S10), which is directly affected
by the spill-over by electronic promotion. However, only BZ and BZY20 with resolved ruthenium signals
were able to be analysed due to poor intensity. Upon exposure to hydrogen, argon and hydrogen
alternatively, the non-doped BZ gave similar Ru 3ds» binding energy (280.43 = 0.05 eV) which
corresponded to ruthenium metal nanoparticle value. However, the RuBZY20 catalyst exhibited the
behaviour predicted by the proposed hydrogen spill-over mechanism. The low Ru 3ds;, binding energy
under hydrogen (280.18 + 0.05 eV) is indicative of the slight increased occupancy of the Ru 3d band due

to donation from the support, which can aid dinitrogen reduction. Under argon, the binding energy increases
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(280.73 = 0.05 V). On the re-introduction of hydrogen, the binding energy returns to the same value,

indicating the reversibility of the electron transfer, and reinforcing the observation in the O 1s region.
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Figure 7. In-situ NAP-XPS of RuBZ, RuBZY10, RuBZY?20, and RuBZY30 (left to right) under initial
hydrogen (H.;), argon (Ar), then hydrogen (Hz). (a) Oxygen composition of oxide (531 eV) (blue) and
hydroxyl (532 eV) (orange). (b) Binding energy of Ru 3ds..

Neutron Powder Diffraction

Having identified the lattice hydroxyl species through electronic effects of the support and ruthenium,
direct observation was sought by crystallography. X-ray diffraction methods are not capable of resolving
hydrogen due to its low electron density which furthermore has strong anisotropic association with nearby
atoms. Meanwhile, deuterium is easily resolved in neutron diffraction experiments due to its high neutron

scattering length, even amongst electron-rich elements such as barium and ruthenium.>"58

As for NAP-XPS, non-caesium-doped catalysts were characterised: pristine BZY20 and 15%wt

RuBZY?20. The ability of BZY20 to accommodate hydrogen was tested by exposing both the pristine
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support and 15%wt ruthenium catalyst to D,O under saturated argon flow at 600°C; non-deuterium doped
samples were also heated to 600°C but under dry argon flow. Diffraction data was collected at room
temperature (Figure 8). A Pawley refinement was carried out on the BZY20 using a single phase of the
known perovskite space group Pm3m, yielding a lattice parameter of (asp = 4.2259 A) and acceptable
residuals (Rwp = 3.74%; GoF = 6.17). The pattern for RuBZY20 yielded a slightly smaller lattice parameter
for the support (asyp = 4.222 A), and also a metallic ruthenium phase (P6s/mmc, ags = 2.70 A, cry = 4.28 A)

(Rup = 2.88%; GoF = 3.73) (Table 1).

Table 1. Pawley refinement of neutron diffraction data of BZY20 and RuBZY20.

Material BZY20 RuBZY?20

Residuals Rwp/ % 3.74 2.88
GoF 6.17 3.73
BZY20  awp/A  4.22500(8) 4.2218(8)
Ru ary/ A N/A 2.6971(9)
Crul A N/A 4.283(1)

Rietveld refinement was used to elucidate the ABO; perovskite structure (full refinement details shown
in Table S3). The refinement was prepared with the following values, then freely allowed to refine: lattice
parameters from Pawley refinement, perovskite site occupancy as predicted by the reaction stoichiometry
(BaZrosY0.203.5), thermal parameters at unity. All atomic positions were fixed at their known values, and
occupancy and thermal parameter for the ruthenium site fixed at unity. A reasonable structure was found
for both pristine and ruthenium-dispersed samples, for which the fitting parameters were sufficiently low,

Rup < 4%.
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Figure 8. (a) Observed neutron diffraction patterns and Rietveld fit for RuBZY?20 and D-RuBZY20. (b)

Unit cell of structure solution for D-RuBZY20.
Octahedral
interstital
site
Figure 9. Fourier synthesis of observed neutron-scattering-length density using observed structure-factor
amplitudes and phase information from Rietveld structure solution of BZY20 support at 1xd [A] along the
(011) plane; only positive density of neutron scattering length shown; maximum saturation at maximum
scattering length density, minimum saturation at zero scattering length density: (a) non-deuterated, (b)

deuterated. (c) Fourier difference map (Fobs — Feac) Of the deuterated support D-BZY20 (saturation / [10*2
cm A®]: min = 0; max = 0.045). (d) Local environment of the interstitial deuterium site.
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Figure 10. Fourier synthesis of neutron-scattering-length density difference (Fops — Fcac) from Rietveld
structure solution of D-RuBZY20 support at 0.5xd [A] along the (001) plane, showing diffuse neutron-
scattering-length density within the B-site octahedron (between O? and B-site), and along the B-site
octahedral edge (between O? sites).

The diffraction patterns for deuterated samples exhibited greater intensity peaks, which is attributed to
additional neutron-scattering-length density due to the presence of interstitial deuterons in the perovskite
lattice. Expectedly, the phases retrieved from the Rietveld structure solution were the same for the
deuterated and non-deuterated patterns. When these phases were applied to the observed structure factors,
a reverse Fourier transform yields neutron-scattering-length density maps (Figure 9). The Fourier synthesis
of the deuterated sample clearly shows scattering-length density mainly at an interstitial site formed by
between two trans A-sites and four mutually-cis B-sites Zr/Y tetrahedra. These surrounding atoms form an
octahedron of sorts; hence the site is referred to as the interstitial octahedral site. This interstitial site has
also been shown to be able to accommodate nickel atoms by Han et al.®® This site can be seen more clearly
in the Fourier difference map of D-BZY20 (Figure 9). Here, the missing atom at the octahedral site is very
prominent. The A- and B-sites are modelled reasonably well, though there is also additional neutron-

scattering-length density at the oxygen site which is unaccounted for. This interstitial deuterium site is also
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seen in the deuterated sample with supported ruthenium, D-RuBZY?20. The presence of deuterons within
the support lattice is consistent with the known proton conductivity of these perovskite materials. The
intercalation is further observed through an expansion of the unit cell by ~0.008 A following deuteration
for both the pristine and ruthenium patterns. The refined phase compositions of ruthenium for both
RuBZY20 and D-RuBZY20 are ~1.4%wt. This is deviated from the ICP-MS result, which is deemed to be
more accurate. The discrepancy is attributed to an appreciable population of ruthenium nanoparticles below
5 nm, which do not contribute to observable Bragg scattering; this is similar to the absence of a ruthenium

phase in patterns collected using laboratory-source X-rays discussed above.

The presence of ruthenium increases the deuterium occupancy from 3.74% to 4.79%. Expressed as a
relative change, this equates to a 28% increase in the incorporation of deuterium. The deuterons present in
the non-ruthenium support are attributed to water splitting by the support itself (Equation 2). The presence
of ruthenium evidently increased the supply of deuterium and shifted the equilibrium towards lattice
hydroxyls. Notice that the mulitplicity of the interstitial site (Wyckoff: 3d) produces three-times the site

occupancy value across the unit cell, resulting in a D/Y ratio of 0.7 for the support with ruthenium .

The location of the deuterium site is unexpected. In other aliovalent-doped perovskite systems, protons
have been observed closely associated with a single oxygen site (~1.0-1.2 A)%"%667 |ocated on the face of
the unit cell. Here, the deuterium is at a high symmetry site, which is equidistant from four oxygen atoms
in a plane and two barium atoms that lie above and below the plane, forming an octahedral coordination,
though any formal bonding seems speculative. As a consequence, the deuterium is not singularly associated
with one oxygen and is much further away from any oxygen (2.1 A). This distance is more similar to the
length of hydrogen bonding found in other perovskite systems.®” There, they admit that the asymmetric
location that results from hydrogen bonding has unknown effects on proton mobility; this is namely in that
the proton is indeed more proximal to the next oxygen, but is trapped in moderately formal bonding. We
postulate that the far greater than expected hydroxide composition as shown by NAP-XPS, could be due to

this extended association of deuterium with four oxygen atoms.



28

It has previously been shown that protons may transitionally pass near to the interstitial octahedral site
as part of the bulk migration mechanism (Scheme 1). For Zr-O(H)-Zr moieties, the energy barrier to intra-
octahedral (re-orientational/local) and inter-octahedral (jump/bulk conduction) migration are equivalent.*’
However, it is also reported that a low energy, strong proton trap is centred around Y Og octahedra for which
the proton is involved in local charge-balancing; while the barrier to intra-octahedral mobility is unchanged,
an additional energy barrier must be overcome in order to continue to contribute to bulk proton
conduction.®” We ascribe the significant symmetric nuclear density at the octahedral site to be the direct
visualization by NPD of a weakly trapped deuterium structure. The observation of a deuterium site that is
weakly associated to oxygen is reasonable since these sites are larger in quantity than the strong proton trap
sites Y-O(H)-Zr at the interface given that the yttrium-doping is not high. It is also noted that this
crystallographic analysis yields an average structure over both time and the sample ensemble. However, it
is deemed unlikely that such strong atomistic (that is to say, spherical) nuclear density is a result of either

spatially averaged traps or significantly increased proton dynamics.

Nuclear density is observed at a more conventional site that is strongly associated with one oxygen atom
at a distance of 0.93 A. This agrees with the existence of a weak proton trap sites alongside stronger deep
trap sites, which has been previously shown by both molecular quantum dynamics simulations and quasi-
elastic neutron scattering studies®2. However, this strong site is difficult to model due to the weak
signal/occupancy and surrounding volumes of diffuse and similar nuclear density. This is non-negligible
scattering-length density along the edges of the B-site octahedra between oxygen sites (Figure 10), which
is similar to a previous siting of a proton trap in aliovalent-doped octahedra by Ito et al.®®, particularly at
low temperatures. Hence, the diffuse scattering density here is attributed to some of these trapped deuterium
ions with increased thermal mobility. It is concluded that the lack of observed atomicity prevents the
reasonable modelling of a discrete crystallographic site for either the slightly atomistic strong trap or diffuse
octahedral edge. Hence, we have observed deuterium for the first time at a weak mobile trap at the

octahedral hole at higher quantity, and along with the stronger trap near oxygen sites of octahedra and
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perhaps associated with interfacial oxygen with aliovalent yttrium at lower quantity. Notice that by using
NMR on Grey et al. have also observed proton spots in proton conductive related doped perovskites at low

temperature, which may also correspond to the proton trapped sites over these structures®®.

Conclusions

Ruthenium nanoparticles have been supported on a range of rare-earth-doped barium zirconate
perovskite supports. We show that yttrium-doped supports are by far the most active promoter of ammonia
synthesis. Initial catalytic testing under high pressure and moderate flow rates showed BZY10 to be most
effective level of doping at 425°C, and BZY?20 at 450°C, increasing from the non-doped support by an
order of magnitude, which was linked to the support’s high proton conductivity. Structural and electronic
promotion was achieved by doping the ruthenium catalyst surface with caesium, improving the rate of

reaction by an order of magnitude and eliminating catalyst deactivation by reducing sintering.

The kinetics of the more stable caesium-promoted catalysts were investigated under high flow rates
and moderate pressure. Optimal conditions and doping-level was again found to be 10%mol to 20%mol Y
dependent on reaction temperature. The study of hydrogen-order dependence on dihydrogen showed the
effective alleviation of hydrogen poisoning by the hydrogen spill-over effect over these BZY samples. The
atmosphere-dependent change of oxygen environment in the support from oxide to hydroxyl was observed
by in-situ NAP-XPS. It is thus concluded that for high rates of ammonia synthesis, the BZY support
facilitates N, activation on Ru metal surface without the competition of strong hydrogen adsorption. As a
result, the proton conductivity of the support is crucially important, which is characterized by a proper
balance of oxygen vacancy concentration (B-site doping), trapping-site concentration and their proton
hopping activation energy (lattice parameter dependent). The presence of hydrogen species in both weakly

and strongly bound states within the lattice was first identified by neutron powder diffraction in this work.

Supporting Information
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Additional experimental results including TEM micrographs, ICP-MS, XRD patterns and parameters, long-
duration catalytic tests and plots of kinetic investigations, discussion on conversion and equilibrium,
comparisons of catalytic activities to other works, detailed tabulation and plots of NAP-XPS, and detailed

parameterization of NPD refinement.
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