#® ROYAL SOCIETY

Journal of
PPN OF CHEMISTRY

Materials Chemistry A

View Article Online

View Journal | View Issue,

New opportunities for tailored nanoparticle
catalysts through exsolution from inherently
disordered defect fluorite-type oxides+

i ") Check for updates ‘

Cite this: J. Mater. Chem. A, 2025, 13,
6451

William S. J. Skinner, © *2 Eleonora Cali,” Angelos K. Bonis,® Gwilherm Kerherve,?
Kalliopi Kousi @€ and David J. Payne*?

Nanoparticle exsolution from oxide supports has emerged as a promising strategy for designing highly
active and stable catalysts, with perovskite oxides being the most explored support structures to date. In
this study, we successfully demonstrate exsolution from the novel Y,Zr, ,Ru,O; (0 = x = 0.2) defect
fluorite system, probe the factors governing the extent of exsolution in this system, and evaluate the
performance of these exsolved materials as catalysts for CO, conversion. X-ray photoelectron
spectroscopy measurements performed both under vacuum and near-ambient pressure conditions give
unique insight into the evolution of the chemical state of ruthenium substituents during exsolution,
providing evidence for the existence of intermediate reduction steps before eventual reduction to
metallic ruthenium. The distribution of chemical states and extent of reduction to metallic ruthenium
exhibit a strong dependence on both the duration and temperature of the reductive treatment applied,
with both potentially limiting the extent of reduction at a given partial pressure of oxygen. STEM-EDX
characterisation reveals the formation of well-dispersed metallic ruthenium nanoparticles over the

unique, nanoporous morphology of the host structure. Preliminary testing for the reverse-water-gas-
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Accepted 2nd January 2025 shift reaction demonstrates promising performance, achieving > conversion close to thermodynamic

equilibrium and 100% CO selectivity above 650 °C. These findings provide new insights into exsolution
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Introduction

Heterogeneous catalysts play a key role in the industrial
production of critical fuels and chemicals, including hydrogen,*
liquid hydrocarbon fuels* and ammonia.? Interest has grown in
recent years towards leveraging heterogeneous catalysts for
carbon capture and conversion,* simultaneously reducing
emissions and utilising captured CO, through conversion to
fuels or value-added chemicals, the production of which might
otherwise rely on crude oil.> As is the case for the majority of
industrial catalysts, CO, conversion catalysts are typically
composed of nanoparticles of an active component dispersed
on a high surface area solid. Such a catalyst structure produces
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from the defect fluorite system and expand the range of host materials available within the exsolution
design space for advanced catalysts in energy-related applications.

a high surface-area-to-volume ratio, maximising the number of
active sites available to participate in catalytic reactions and
ensuring effective utilisation of the active component.® For
catalytic CO, conversion, nanoparticles are typically metals
chosen for their activity and selectivity toward specific target
products, while the solid host is often a refractory metal oxide
(e.g., TiO,, ZrO,, Al,0;) that is cost-effective, exhibits high
specific surface area and demonstrates high thermal and
chemical stability.” Other favourable support properties, all of
which play an important role in determining catalyst activity,
include a high capacity for storage and release of oxygen, acid-
base characteristics, and participation in electron transfer
processes.*® The properties of a heterogeneous catalyst are
therefore not defined solely by the active component, but also
by its support, the nature of the interface between them, and
their metal-support interactions.'® Careful consideration
should thus be given towards the choice of active metal, oxide
support and the nature of the interface between them, which
will depend on the method of preparation.

A number of methods are commonly employed to disperse
active metal nanoparticles over the surface of a host oxide, with
the choice of method playing an important role in determining
the metal-metal oxide interface and governing the morphology,
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size, dispersion and stability of the active component.” As such,
the development of new methods of active catalyst dispersal
that enable fine-tuning of these properties — while remaining
cost-effective and industrially scalable - is an active research
area across the field of heterogeneous catalysis, particularly in
the case of CO, conversion catalysts, which must be designed to
withstand deactivation mechanisms including sintering,
poisoning and carbon deposition.™

One method that has shown great promise is to grow
metallic nanoparticles directly from an oxide support in which
host cations have been substituted to some degree by cations of
the active component.” This process in which substituent
species are driven from the bulk to form metallic nanoparticles,
leaving the host structure intact, is referred to as nanoparticle
exsolution, and can be triggered through a variety of different
treatments,*® but consistently produces fine, well-distributed
metallic nanoparticles that are anchored - or ‘socketed’ - in
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the material, endowing them with excellent stability against
deactivation.**

To date, nanoparticle exsolution studies have predominantly
centred around ABO; perovskite oxide systems, owing to their
structural stability, compositional flexibility and ability to
accommodate a wide range of dopants.’**® The exsolution
mechanism in this system comprises a complex series of
processes, with diffusion and reduction steps preceding the
nucleation and growth of nanoparticles.” Our understanding of
nanoparticle nucleation and growth from the ABO; perovskite
system has been driven forward considerably by in situ TEM*
and HAADF-STEM*' imaging of the early stages of exsolution;
however, the preceding reduction and migration steps are more
challenging to probe experimentally, and as a result have been
based primarily on computational modelling. One model
proposes that migration of substituent B-site cations to the
surface of the perovskite becomes thermodynamically

Fig.1 (a)and (c) Crystal structure of the ideal cubic pyrochlore A,B,O5 (space group Fd3m). In a =V pyrochlore oxide, A>* and B** occupy the
16d and 16c sites, respectively. O?~ occupies two inequivalent positions: the 8b and 48f sites. (b) and (d) A simplified schematic of the defect
fluorite A,B,O crystal structure (space group Fm3m). In a lll-V defect fluorite oxide, A>* and B** both occupy the 4a site in a statistically
disordered manner. O>~ occupies the 8c site, with 1in 8 sites vacant to maintain the A,B,O- stoichiometry. Visualisation was performed with the

CrystalMaker software.
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favourable under reducing conditions, and precedes reduction
to neutral species.”” A contrasting model recently proposed by
Bonkowski et al. suggests that reduction of substituent B-site
cations to neutral species occurs within the perovskite lattice,
followed by migration to form either bulk or surface nano-
particles, driven by neutral species being energetically unfav-
oured in the perovskite lattice.”® These models are invaluable in
providing the foundation from which to design systematic
experimental investigations of exsolution from a range of
systems under different conditions, in order to build upon our
understanding of this complex phenomenon and develop
robust process and material design principles for exsolution.

An important next step in developing our understanding of
nanoparticle exsolution and expanding the application of
exsolved materials is the exploration of exsolution from other,
non-perovskite oxides.** A,B,0, pyrochlore- and defect fluorite-
type oxides (Fig. 1) are particularly interesting as alternative
host structures for exsolution, as they exhibit high thermal
stability and oxygen ion mobility,* the capacity for mixed ionic-
electronic conduction,” and compositional flexibility.>” A,B,0-,
oxides can also accommodate larger A-site cations than perov-
skites owing to their more open structure, alongside a variety of
B-site cations that are less stable or uncommon in perovskites,
providing the opportunity to explore new stoichiometries that
are not available in the ABO; perovskites.*® Defective fluorite-
type structures present a particularly interesting alternative
host structure for exsolution, as they exhibit very high intrinsic
concentration of oxygen vacancies,? which are well established
to play a key role in nanoparticle exsolution.'® To date, the
application of A,B,0; pyrochlore- and defect fluorite-type oxides
as hosts for nanoparticle exsolution has been very limited, but
promising, warranting further investigation.*

In this study, we aim to expand the understanding of exso-
lution in non-perovskite systems by systematically probing the
exsolution of ruthenium from the Y,Zr, ,Ru,O, system, which
exhibits a defective fluorite-type structure, under a range of
different reducing environments. We then evaluate the perfor-
mance of exsolved Y,Zr; gRu,,0, towards CO, conversion via
the reverse-water-gas-shift reaction, a key method of converting
captured CO, into value-added products. By gaining insights
into the complex manner in which the chemical state of
ruthenium evolves throughout the exsolution process, and
better understanding the factors that govern the extent of
exsolution in this system, this study seeks to develop our
understanding of the exsolution mechanism in A,B,0- systems,
guiding the design of future A,B,0,-based catalyst materials
and facilitating comparative analysis between exsolution from
these systems and the widely studied ABO; perovskites. It is our
hope that this work will highlight the potential of these systems
as a new family of hosts for exsolved materials, stimulating
further work in this area.

Experimental
Synthesis and catalyst preparation

Y,Zr, ,Ru,O; (x = 0, 0.1, 0.2) was synthesized by a citrate sol-
gel method. The raw materials used throughout this method

This journal is © The Royal Society of Chemistry 2025
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include yttrium(m) oxide (99.999% trace metals basis, Sigma-
Aldrich), ruthenium nitrosyl nitrate solution (1.5% w/v (Ru),
Thermo Scientific Acros), zirconyl nitrate solution (=99% trace
metals basis, Sigma-Aldrich), citric acid monohydrate (Fisher
Chemical), ethylene glycol (EMSURE Supelco, Sigma-Aldrich)
nitric acid (68% w/w, Primar Plus, Fisher Chemical) and
ammonia (25% w/v, EMSURE Supelco, Sigma-Aldrich).

Firstly, an yttrium(m) nitrate precursor solution was
prepared by weighing the appropriate mass of yttrium(ur) oxide
(following drying at 400 °C for 4 hours) and dissolving in an
excess of 3.0 M nitric acid (molar ratio HNO;: Y,03 = 10: 1),
stirring under reflux at 80 °C until full dissolution had
occurred. After cooling to room temperature, stoichiometric
amounts of the zirconyl nitrate and ruthenium nitrosyl nitrate
precursors were added, and the solution was stirred for one
hour. Ethylene glycol and 1.0 M citric acid were then added
such that the ratio of total metal cations to ethylene glycol to
citric acid was 1:4: 4, after which the pH was adjusted to 7 by
dropwise addition of 2.0 M NH,OH under continuous moni-
toring with a pH meter. In the absence of a detailed under-
standing of ion speciation in this system, a pH of 7 was chosen
to maximise the formation of citrate complexes, enhancing the
homogeneity of the resulting gel, while remaining at suffi-
ciently low pH values so as to avoid precursor hydrolysis.***
After stirring and heating under reflux at 80 °C for 3 hours to
ensure a homogeneous distribution of precursors, the solution
was slowly evaporated by heating at 80 °C for 24 hours, until
a viscous gel was formed. Combustion of this gel was per-
formed by heating at 400 °C for 6 hours. Due to the highly
exothermic nature of this combustion reaction, a ramp rate of
0.5 °C min~ " was used. The resulting powder was then calcined
at 1000C for 1 hour, with a ramp rate of 5 °C min*, to obtain
a pure phase of Y,Zr, ,Ru,O;.

The prepared Y,Zr, ,Ru,O, (x = 0.0, 0.1, 0.2) samples were
each reduced with a 6-hour isothermal hold at 1000 °C under
flowing 5% H,/N,. A ramp rate of 5 °C min~" under flowing 5%
H,/N, was used. For simplicity, as a range of reduction
temperatures were employed in this study, reduced samples are
referred to as Y,Zr, ,Ru,O,-RXX, where XX refers to the
hundreds of degrees at which reduction took place (e.g., R04 for
a sample reduced at 400 °C, R10 for a sample reduced at 1000 °©
C). All other reduction conditions (an atmosphere of flowing 5%
H,/N,, a ramp rate of 5 °C min~' and an isothermal hold
duration of 6 hours) are held constant.

X-ray diffraction

Powder X-ray diffraction (PXRD) patterns were collected using
a Malvern PANalytical X'Pert Pro MPD diffractometer, operating
at 40 kv and 40 mA with Cu Ko radiation (1 = 1.5418 A). Phase
identification was performed using the Malvern Panalytical
HighScore Plus software** and the ICDD PDF-4+ database.’*
Peak indexing was performed in GSAS-I1,** with corresponding
lattice parameters calculated in UnitCell. Sample preparation
consisted of carefully spreading a uniform layer of finely ground
powder into a zero-background silicon sample holder. Details of
all data processing performed on PXRD data between
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acquisition and plotting are provided in the Methods section of
the ESLY

X-ray photoelectron spectroscopy

X-ray Photoelectron Spectroscopy (XPS) spectra were recorded
using a Thermo Scientific K-Alpha spectrometer. The system
operates at a base pressure of 8 x 10° mbar. The K-Alpha is
equipped with a monochromated, micro-focused Al Ka X-ray
source (hv = 1486.6 eV) and a 180° double focusing hemi-
spherical analyser, with a 128-channel detector. The X-ray
source was operated at an anode bias of 12 kV and an emis-
sion current of 6 mA. The maximum spot size was 400 pm>.
The energy scale of the analyser was calibrated using the Ag
3ds, peak (368.2 eV) of a sputter-cleaned silver internal
reference. Sample charging during measurement was mini-
mised with an in-built dual-beam source, consisting of an
ultra-low energy co-axial electron and Ar' ion beam. Samples
were mounted onto a tantalum sample plate by pressing
a uniform layer of finely ground powder onto a square of
conductive copper tape. Core level and survey spectra were
recorded with pass energies of 20 eV and 200 eV, respectively.
Peak fitting and relative atomic percentage calculations (using
the TPP-2M-corrected areas of the relevant peaks and their
respective sensitivity factors) were performed using the
Thermo Avantage software. Details on the peak models
employed in this study and all data processing performed on
XPS data between acquisition and plotting are provided in the
Methods section of the ESI.{

Near-ambient pressure X-ray photoelectron spectroscopy

Lab-based near-ambient pressure X-ray photoelectron spec-
troscopy (NAP-XPS)***° measurements were conducted on
a HiPP-Lab system at Imperial College London. The system
incorporates a monochromated Al Ko X-ray source (hv = 1486.6
eV), a concentric hemispherical analyser with differential
pumping stages (HiPP-3, Scienta Omicron) and a 2D detector,
consisting of a CCD camera coupled with a multi-channel plate.
The energy scale of the analyser was calibrated using the Ag 3d5,
, peak (368.2 eV) of a sputter-cleaned silver reference foil
(99.999% purity, Sigma-Aldrich), mounted alongside the pelle-
tised sample on a stainless steel Omicron sample plate. During
measurements, the sample was housed in a reaction chamber
that comprises an X-ray transparent window, gas dosing lines,
and a cone (0.8 mm diameter) which fits onto the entrance lens
of the analyser. The partial pressures of O,, Ar and H, in the
analysis chamber were maintained at 0.5 mbar by varying the
gas flow rates using mass flow controllers. All gases were puri-
fied with gas purifiers (MicroTorr, Saes) before flowing into the
analysis chamber.*® Sample heating was performed with
a resistive heater, which automatically varies the power based
on the sample temperature measured with a thermocouple in
direct contact with the sample plate. Peak fitting was performed
using the CasaXPS software package. Details on the NAP-XPS
measurement protocol, the peak models employed in this
study and all data processing performed on NAP-XPS data
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between acquisition and plotting are provided in the Methods
section of the ESI.{

Electron microscopy

SEM analysis was performed using a Thermo Fisher Apreo 2
SEM operated in secondary electron imaging mode at an
accelerating voltage of 1 kV. Samples were imaged before and
after reduction and after catalytic testing, and prepared by
mounting the powders to SEM stubs with carbon tape. Imaging
was conducted under high vacuum at working distances of 3-
5 mm and a magnification range of 10 000-100 000.

TEM and STEM-EDX analysis were performed using a JEOL
JEM-2100F TEM (operated at 200 kV, equipped with a CMOS 11
Mpx camera and Gatan EDX detector) and a Thermo Scientific
Talos F200X TEM (operated at 200 kV, equipped with a CMOS 16
Mpx camera and Gatan EDX detector). Samples were imaged
and analysed before and after reduction at various tempera-
tures, and after catalytic testing, and were prepared by drop-
casting powder previously dispersed and sonicated in analyt-
ical grade propan-2-ol (10 uL) on holey-C coated Cu grids (TAAB,
3.05 mm, 300 mesh). Particle size analysis was performed using
Fiji.* Details on the methodology for particle size analysis are
provided in the Methods section of the ESI.{

Catalytic testing

The reverse water gas shift (rWGS) reaction was carried out in
a tubular fixed bed quartz reactor (30 cm length, 1 cm internal
diameter). 0.2 g of catalyst was placed on quartz wool and the
reactants were fed from the top of the reactor. The composition
of these gases was recorded through a gas analyser and their
total volumetric flow was measured with a bubble meter, which
also measured the volumetric difference with the outlet gases.
To analyse the product gases, an ABB AO2020 advanced optima
process gas analyser was connected to the system that detected
the volumetric flowrates of CO,, CO, CH, and H,. A K-type
thermocouple was positioned directly above the catalyst bed
to monitor the temperature throughout the experiment.

To remove any possible passivation layer, the exsolved
sample (R10) was treated at 400 °C for 30 min under a 50
mL min~' flow of 10% H,/N,. The temperature was then
increased to 500 °C for the catalytic test and measurements
were recorded after stabilisation (approximately 30 min) at
increments of 50 °C up to 800 °C and using a flow rate of 40
mL min " of a 1:1:2 gas mixture of CO, : H, : N,. The reverse-
water-gas-shift reaction, alongside the equations utilised to
measure the catalytic performance, are shown below:

CO, + 2H, = CO + 2H,0 (1)
CO, conversion (%) = [Coz]i[“c_o 5(:02]0“‘ x 100  (2)
2lin
CO selectivity (%) = % x 100 (3)
2lin — 2lout
CH,4 selectivity (%) = % x 100 (4)
2lin — 2lout

This journal is © The Royal Society of Chemistry 2025
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[CO,]in is the initial CO, concentration in the gas mixture, and
[COs]outs [COJout and [CH4]ou: are the outlet concentrations of
CO,, CO and CH,, respectively.

Thermodynamic simulations

ChemcCad 7 software was employed to obtain thermodynamic
equilibrium conversions for the reactants of the reverse-water-
gas-shift reaction over a range of temperatures. The Soave
Redlich Kwong (SRK) equation of state was used, and the
reactor was simulated as a Gibbs reactor to calculate its ther-
modynamic equilibrium limits. The conditions of the experi-
ment were replicated in the simulation, including the total inlet
flowrate, reactant percentages and temperature of the reactor.

Surface area and porosity analysis

Surface area and porosity were characterised using a Micro-
meritics TriStar II 3020 surface area and porosity analyser.
Nitrogen adsorption-desorption isotherms were measured at 77
K (=196 °C) in the relative pressure (P/P,) range 0.08-0.31.
Specific surface area was calculated using the Brunauer—
Emmett-Teller (BET) method and pore size distribution was
determined using the Barrett-Joyner-Halenda (BJH) method.

Results and discussion
Preparation and characterisation of Y,Zr, ,Ru,O,

The materials explored in this study, Y,Zr, ,Ru,O, (x = 0.0, 0.1,
0.2), were prepared by a modified sol-gel method (detailed in
the Synthesis and catalyst preparation sub-section of the
Experimental section). PXRD patterns of these materials
(Fig. 2a) demonstrate a close match to cubic Y,Zr,O;, (space
group Fm3m) in PDF 01-081-8080,* with no residual unassigned
peaks. Y,Zr, ,Ru,O; (x = 0.0, 0.1, 0.2) thus share the same
space group as the archetypal fluorite CeO,, but with some
notable differences. In the ideal fluorite CeO, structure, Ce**
occupies the 4a site, eightfold coordinated by 8 0>~ ions, which
occupy the 8c site. In the defective fluorite Y,Zr,0; structure, Y>*
and Zr*" both occupy the 4a site, sevenfold coordinated by O*~
ions occupying the 8c site (1 in 8 sites are left vacant to maintain
the A,B,0- stoichiometry). The defective nature of these struc-
tures is well demonstrated by the broad peaks in their diffrac-
tion patterns, indicative of a propensity towards short-range,
local ordering, rather than long-range ordering. Substitution
of Zr*" with Ru* resulted in a slight lattice contraction, which
increased with the extent of substitution. The lattice parameter
decreased from 5.201 A for x = 0.0 to 5.196 A for x = 0.2 (Fig. 2b
and Table S107). This observation is consistent with the smaller
ionic radius of Ru** compared to Zr** when occupying the same
coordination sites within the lattice. Interestingly, additional
low intensity peaks characteristic of the C-type phase observed
by Naeem et al. in the powder diffraction patterns of Sm,-
Ce,_,Ru,0,,* were not observed here, suggesting the absence
of such a phase.

SEM (Fig. 3a and b) and TEM (Fig. 3c and d) micrographs
give some insight into the micro- and nanoscale structure of
synthesised  Y,Zr; gRuy,0,. Large agglomerates, with

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 (a) X-ray powder diffraction patterns (A = 1.5418 A) of syn-
thesised Y,Zr, ,Ru,O7 (x = 0, 0.1, 0.2), with peaks indexed to ICDD
PDF 01-081-8080 (Y»Zr,O,, space group Fm3m)3* (b) Calculated
lattice parameter as a function of substitution level, with error bars
representing +1o.

dimensions on the order of 1-10 pm, appear to consist of very
fine particles, with diameters on the order of 10s of nm. HAADF-
STEM (Fig. 3e) and STEM-EDX (Fig. 3f-i) performed on a portion
of one of these agglomerates revealed that a high degree of
nano-scale porosity is achieved with the citrate sol-gel method
that was used, highlighted by the absence of Y, Zr, Ru and O
signals in a number of regions. Outside of these pore regions, Y,
Zr, Ru and O each appear to be homogeneously distributed
throughout the structure, confirming that a phase-pure solid
solution of our synthesised material has been obtained. This
structure thus appears to allow enhanced compositional
tunability compared to simple fluorite matrices, for which the
solubility of transition metals is often limited.*

Probing the effects of composition, temperature and time

In order to probe how the different processing parameters in
a standard reduction treatment (time, temperature, dopant
concentration) govern exsolution in this system, ex situ XPS
measurements were performed on Y,Zr, ,Ru,O, samples with
different Ru substitution levels (x = 0.1, 0.2) reduced at a series
of reduction temperatures (400-1000 °C, in intervals of 100 °C)
for a fixed duration (6 h). The acquired XPS Ru 3d core level
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Fig. 3 SEM (a) and (b), TEM (c) and (d) and STEM-EDX (e)-(i) images of synthesised Y,Zr; gRug ,O.

spectra for both compositions are plotted in Fig. 4, while the
relative atomic percentages calculated for spectra acquired at
each reduction temperature are plotted in Fig. 5.

Before discussing our interpretation of the measured
spectra, it is worth briefly outlining some of the challenges that
can complicate interpretation of the Ru 3d core level spectrum.
The first is direct overlap with the C 1s core level. Unless
adventitious carbon is completely removed from the sample, it
is likely that it will contribute somewhat to the overall signal.
The second is the complex satellite structures observed in
a number of ruthenium compounds (e.g., RuO,, Bi,Ru,0,
SrRu0;).*** These satellite structures can manifest in a similar
manner to multiple different Ru oxidation states, when in
reality their origin lies in final state effects during the photo-
emission process.* Thus, when making peak attributions in the

6456 | J Mater. Chem. A, 2025, 13, 6451-6468

Ru 3d core level, it is important to carefully consider whether
a peak results from an initial state effect (e.g., a different
oxidation state) or a final state effect.

In our peak fitting model, the Ru 3d core level XPS spectra of
Y,Zr, gRu, ,0- are fitted with a series of four doublets. In order
from low to high binding energy, these doublets are attributed to
Ru’ (metallic ruthenium), Ru**, Ru** and Ru*" (x > 4). The binding
energy scale has been calibrated by setting the Zr 3ds/, peak to
181.4 eV (the binding energy measured for both Y,Zr; ¢Ru, 0,
and Y,Zr; gRu, ,0; before reduction) to correct for shifts to higher
binding energies following reduction. We expect these shifts to
result from an upwards shift of the Fermi level towards the
vacuum level (correlating to the Fermi level moving closer to the
conduction band) observed when electron doping takes place as
a result of oxygen vacancy formation under reducing conditions.*

This journal is © The Royal Society of Chemistry 2025
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It is fairly straightforward to assign the lowest binding
energy doublet to Ru’, owing to the close proximity of its 3ds,
component to that of a Ru powder reference (Fig. Slat) at
~284.0 eV. This doublet appears following reduction at
temperatures as low as 400 °C (the lowest temperature investi-
gated ex situ) and exhibits a clear increase in intensity as the
reduction temperature is increased. This matches well to
previous XPS measurements of exsolved materials as a function
of reduction temperature, which show a clear increase in the
extent of reduction to a metallic state as the reduction
temperature increases.*

Proceeding towards higher binding energies, the next
doublet has a 3ds, component centred at 281 eV and is

This journal is © The Royal Society of Chemistry 2025

tentatively assigned to Ru**. This doublet is present in the as-
synthesised sample before any reductive treatment, increases
in intensity following reduction at 400 °C, then gradually
decreases in intensity as the reduction temperature is
increased, albeit more slowly than the doublets at higher
binding energies. The chemical state giving rise to this doublet
should therefore be stable under ambient conditions (before
any reductive treatment) and is expected to be some interme-
diate in the reduction of Ru*" to Ru’. One possibility is
a secondary phase of RuO,, the 3ds,, component of which also
lies close to 281 eV (Fig. S1bf). However, several observations
suggest that this doublet cannot be solely attributed to
a secondary phase of RuO,. Firstly, its intensity increases
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following reduction at 400 °C. This is contrary to what is ex-
pected for RuO,, the formation of which is unfavourable under
reducing conditions. Secondly, the doublet exhibits
a symmetric peak shape rather than the asymmetric shape ex-
pected for RuO,, and lacks its characteristic satellite. Finally, no
secondary phase peaks were observed in the PXRD pattern of
the as-synthesised samples (Fig. 2). While a small amount of
RuO, below the detection limit of XRD might exist, and there-
fore may contribute to some degree towards the Ru 3d core level
spectrum, it is unlikely to be the primary contributor towards
the doublet observed in this region of the Ru 3d core level
spectrum. Lower oxidation states than Ru®" also seem unlikely;
although Ru®" has been observed at binding energies close to
281 eV in certain complexes and transition metal dichalcoge-
nides,*** it has not been commonly observed in oxides. On the
other hand, it is plausible that Ru** could be present under
ambient conditions in regions that show some degree of oxygen
deficiency, or possibly as a result of substitution for Y*>* rather
than Zr*". Under mildly reducing conditions, the concentration
of Ru*" would be expected to increase as the lattice becomes
more oxygen deficient and reduction from Ru®" to Ru®*
compensates for positively charged oxygen vacancy defects.
Under more extreme reducing conditions, the concentration of
Ru** would eventually decrease, as reduction from Ru** to Ru’
becomes progressively more favourable.

The next doublet (with its 3ds, component centred at 282.5
eV) is assigned to Ru®". The intensity of this doublet is at its
highest before reduction, then progressively decreases as the
reduction temperature is increased, effectively disappearing
following reduction at 1000 °C. With this doublet representing
the chemical state with the highest concentration before
reduction, and demonstrating a progressive decrease in
concentration following reduction at higher temperatures, it
appears reasonable to attribute this doublet to the expected
oxidation state of Ru** substituting for Zr**. The assignhment of

6458 | J Mater. Chem. A, 2025, 13, 6451-6468

this doublet to Ru*" is supported by similar binding energy
positions observed for the Ru 3ds, component of Ru**
compounds in a number of previous works.***°

The highest binding energy doublet, with its 3ds, compo-
nent centred at 283.7 eV, is more challenging to confidently
assign. From our NAP-XPS measurements (Fig. 6) we observe
that this doublet increases significantly in intensity under oxi-
dising conditions, where a lower oxygen vacancy concentration
is expected. Such behaviour can be explained by attributing this
doublet to a higher oxidation state of ruthenium, the concen-
tration of which would be expected to increase under oxidising
conditions. As this doublet is present in the as-synthesised
sample, this state of ruthenium must be stable under ambient
conditions, possibly in regions that show some degree of oxygen
excess. However, assigning this doublet to a specific oxidation
state is complicated by the fact that Ruthenium has been
observed in a number of higher oxidation states. Ru®" is stable
in some compounds with the closely related pyrochlore struc-
ture (e.g., Cd,Ru,0,, Hg,Ru,0,),>*** while XPS studies of oxi-
dised ruthenium metal surfaces have provided evidence for the
existence of Ru®* and Ru®" in RuO; and RuQ,, respectively.>
Owing to the difficulty in isolating these oxidation states, their
binding energies are poorly defined and not completely
consistent. As such, to avoid being too speculative around the
exact nature of this peak, we assign this doublet to Ru**, where
x+ refers to some oxidation state higher than 4+.

In our analysis so far, we have fitted the complex Ru 3d core
level spectra with four doublets, and attributed these solely to
initial state effects - different oxidation states, the relative
intensity of which depends on the treatment conditions.
However, final state screening effects have been observed in
various ruthenates, and these can also lead to complex line
shapes.** Final state screening results in a given chemical state
of ruthenium exhibiting two doublets rather than one: a well-
screened doublet at lower binding energies and a poorly-

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ta06854h

Open Access Article. Published on 31 Januar 2025. Downloaded on 12.04.26 05:39:39.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper
I Y I ] I : I . I ! I ' I
NAP-XPS Y2Zr;.gRup.207
Ru3d+Cls Ru® Ru3*
hv = 1486.6 eV Ru4+ Ru**+
— 3dsp Adv. C
3d3/2
1s
H,, 500 °C
R
3
2
=
‘»
c
2
£ |H,, 300°C
1 L 1 " 1 L 1 L 1 L 1 L 1
290 288 286 284 282 280 278
Binding Energy (eV)
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of the photoelectron spectrum of Y,Zr;gRup,0;. Spectra were
acquired sequentially under the following series of conditions and
averaged over their respective acquisition times (t,): (1) 0.5 mbar O,,
400 °C, t, =100 h (2) 0.5 mbar Ar, 100 °C, t, =80 h (3-5) 0.5 mbar H,,
300-500 °C, t, =60 h.

screened doublet at higher binding energies, separated by
approximately 2 eV.** These doublets typically exhibit different
line shapes as a result of the distinct physical processes
involved in the two final states.”® Their relative intensity and
separation will depend, among other factors, on the carrier
concentration, which itself will depend on the composition and
processing history of the material. An increase in the carrier
concentration leads to a decrease in the intensity of the poorly-
screened doublet relative to the well-screened doublet, and an
increase in the separation between the doublets.>** Although it
is difficult to entirely discount the possibility of contributions
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from final state screening effects in our analysis of the Ru 3d
core level, the uniform line shapes of the fitted components and
their fixed separation over the range of conditions tested lead us
to believe that the Ru 3d core level spectra are best interpreted
as comprising doublets arising from initial state effects,
specifically different oxidation states of ruthenium, rather than
final state effects. Nonetheless, we remain hesitant to
completely discount the possibility of any contributions from
final state effects. We will seek to identify any such contribu-
tions in future work by employing advanced spectroscopic
techniques capable of distinguishing them from initial state
effects.

With the observed doublets attributed to ruthenium in
a series of different oxidation states, the XPS measurements of
the ex situ reduction series plotted in Fig. 4 and 5 present a few
noteworthy results. Firstly, it is clear that complete reduction of
all substituted ruthenium to metallic ruthenium does not take
place following any of the treatments that have been performed,
suggesting that more extreme conditions (higher temperature,
lower pO, or an extended reduction time) are required to fully
exsolve all substituted ruthenium, and that reduction, or
a process prior to reduction, may be the limiting step governing
the extent of exsolution in this system.

While there is a clear positive correlation between Ru°
concentration and reduction temperature when pO, and
reduction time are held constant, further investigation of the
relationship between the extent of reduction and reduction
temperature is complicated by the fact that the equilibrium
extent of exsolution at a given temperature has not necessarily
been reached within the time frame of our reductive treatment.
Comparison of Y,Zr; gRu, ;0 after reduction at 800 °C for 6
hours and 12 hours (Fig. S2t) reveals a clear increase in the
extent of reduction with a longer reduction time, indicative of
a kinetic limit on reduction over the timescale of hours under
these conditions. Therefore, the measured spectra do not
necessarily represent equilibrium at a given temperature, but
rather the extent of reduction that took place within the time
frame of reduction at that temperature.

Contrasting the positive correlation between Ru® concen-
tration and reduction temperature, the concentrations of both
Ru*"™" and Ru®" exhibit a negative correlation. The concentra-
tion of Ru”"*" appears to decrease at a faster rate than Ru**, and
is almost fully depleted following reduction at 1000 °C, while
a considerable amount of Ru*" remains. One explanation for
such behaviour could be a stepwise reduction mechanism, with
an intermediate reduction step to Ru®*" preceding complete
reduction to Ru’.

Comparison of the relative proportions of Ru®, Ru*" and
Ru*"*" as a function of temperature between Y,Zr,_,Ru,O, with
x = 0.1 and 0.2 (Fig. 5), reveals that they are fairly similar at
most temperatures. Although the absolute amount of exsolved
metallic ruthenium is greater in the sample with x = 0.2, the
relative proportion of exsolved metallic ruthenium at a given
temperature does not vary significantly with substitution level.
Therefore, a lower doping concentration may not necessarily
improve utilisation of the active component by guaranteeing
complete exsolution at a lower temperature or with a shorter
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reduction time. It is also interesting to note that the total
amount of ruthenium relative to zirconium remains effectively
constant over the range of reduction temperatures. This
suggests that no additional ruthenium is being drawn from
outside of the probing depth (~10 nm for the Al Ko X-ray
source). One explanation for this could be that the host grains
are sufficiently small (on the order of 10s of nm) that the surface
region probed in our measurements encompasses a significant
proportion of the overall volume, limiting the bulk from which
additional ruthenium can be drawn. An alternative explanation
could be that in this system, under the range of conditions
investigated, there is no driving force for additional ruthenium
to migrate to the surface region defined by the probing depth of
our XPS measurements. The former matches our experimental
results well; however, further experiments are required to fully
discount the possibility of the latter, and will be the subject of
future work.

The XPS O 1s, Zr 3d and Y 3d core level spectra for Y,Zr, ,-
Ru,O; (x = 0.1, 0.2) accompanying the Ru 3d core level spectra
plotted in Fig. 4 are plotted in Fig. S3-S5,1 respectively. These
spectra appear unchanged following the series of reductive
treatments applied, with no clear trends observed with
increasing reduction temperature. This provides further sup-
porting evidence that the host structure remains intact and
largely unaffected following exsolution of ruthenium.

The observed stability of the host ions also suggests that the
proposed stepwise reduction mechanism from Ru™* to Ru® is
localised to the Ru ions, without significant participation from
other host ions. Reduction is thus primarily expected to take
place via transfer of electrons introduced when oxygen vacan-
cies are created within the lattice, with the extent of reduction,
and the stability of intermediate oxidation states of Ru,
depending closely on the level of oxygen deficiency, which in
turn depends on the reducing conditions applied. While this
mechanism provides a potential framework for understanding
the reduction process taking place in this system during exso-
lution, further testing will be required to establish its validity.

Evolution of the chemical state of ruthenium during
exsolution

In order to build upon the insights gained through our ex situ
XPS measurements discussed in the previous section, as well as
to verify the peak fitting model developed based on these
measurements, NAP-XPS measurements were performed on
a pellet of Y,Zr; gRu, ,0, under a range of conditions (0.5 mbar
0,, 400 °C; 0.5 mbar Ar, 100 °C; and 0.5 mbar H,, 300-500 °C).
With acquisition times ranging from 50-100 hours in order to
achieve suitable signal-to-noise ratios, we expect the averaged
spectra to represent the equilibrium chemical state under each
environment. These spectra were fitted with the peak model
developed based on our ex situ XPS measurements (Fig. 4) which
was found to capture the observed peaks and their relative
separations very well.

The acquired NAP-XPS Ru 3d core level spectra are plotted in
Fig. 6. As for the ex situ XPS measurements, the binding energy
scale has been calibrated by setting the Zr 3ds,, peak to 181.4 eV
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to correct for significant shifts to higher binding energies
observed under reducing conditions (approximately 0.4 eV
under Ar at 100 °C and 1.1 eV under H, at 300-500 °C). While
this calibration method ensures that lattice ruthenium peaks
are aligned, it has the unfortunate effect of shifting the metallic
ruthenium peak (which exhibits a differential binding energy
shift compared to lattice ruthenium, possibly as a result of some
degree of Fermi level pinning) to a binding energy approxi-
mately 0.4 eV below its expected position at ~284 eV.** Similarly,
we expect misalignment between the Fermi level of the sample
and adventitious carbon under these conditions to result in
deviation of the C-C peak of adventitious carbon from its ex-
pected position at 284.8 eV. The binding energy positions of the
other three doublets (attributed to Ru**, Ru** and Ru*" in the
host oxide) are expected to be reliable, which is verified by the
similarity of their peak positions to those measured ex situ
(Fig. 4).

Under highly oxidising conditions (400 °C, 0.5 mbar O,), we
see only two doublets - the higher binding energy doublet is
attributed to Ru*" (with its 3ds,, component centred at 283.7 eV)
and the lower binding energy doublet is attributed to Ru** (with
its 3ds;, component centred at 282.5 €V). Notably, the Ru*"
doublet is more intense than the Ru** doublet under oxidising
conditions, supporting our attribution of this doublet to some
higher oxidation state of ruthenium, the concentration of which
would be expected to increase in the case of oxygen excess under
highly oxidising conditions. Under these conditions, it appears
to be favourable for substituted Ru to exist solely in the Ru™" and
Ru"* oxidation states.

Under mildly reducing conditions (100 °C, 0.5 mbar Ar), the
concentration of Ru*" drops considerably, accompanied by
a corresponding increase in the concentration of Ru*", possibly
to compensate for some degree of oxygen deficiency introduced
under the mild reducing conditions imposed. This provides
further supporting evidence that Ru substituted in a defective,
fluorite-type Y,Zr,0O, host may exist in a mixture of oxidation
states. Further NAP-XPS measurements of such ruthenium-
substituted oxides under the range of conditions between our
extremely oxidising environment (400 °C, 0.5 mbar O,) and
mildly reducing environment (100 °C, 0.5 mbar Ar) are war-
ranted to provide further insight into the nature of the higher
oxidation state that we presently attribute to Ru™".

Upon exposure to more extreme reducing conditions (300 °C,
0.5 mbar H,), the Ru*" doublet disappears, accompanied to
a great extent by the Ru*" doublet, which is still present but with
a significantly diminished intensity. The two doublets that
emerge are those attributed to Ru®** (with its 3ds;, component
centred at 281 eV) and Ru® (the lowest binding energy doublet,
with its 3d5/, component slightly below 280 eV). At temperatures
as low as 300 °C under 0.5 mbar H,, we see almost complete
reduction of Ru** to Ru**, and a small degree of reduction to
Ru’. Under progressively more extreme reducing conditions
(400-500 °C, 0.5 mbar H,), the Ru® doublet progressively
increases in intensity, accompanied by a corresponding
decrease in the intensity of the Ru*" doublet.

The acquired NAP-XPS O 1s, Zr 3d and Y 3d core level spectra
for Y,Zr; gRu,,0; accompanying the Ru 3d core level spectra

This journal is © The Royal Society of Chemistry 2025
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plotted in Fig. 6 are plotted in Fig. S6-S8,T respectively. While
the peaks attributed to lattice Y**, Zr*" and O*>~ remain stable
under increasingly reducing conditions, peaks attributed to
surface carbonates exhibit a progressive decrease in intensity.
This corroborates the trend observed in the Ru 3d core level
region, where the C 1s peak attributed to surface carbonates
gradually decreases in intensity as the reduction temperature
increases, indicating a reduced presence of surface carbonate
species.

There are two important take-aways from the NAP-XPS
results in Fig. 6. Firstly, it appears that almost complete
reduction from Ru*" to Ru®*" precedes reduction from Ru** to
Ru’. Secondly, it appears that the extent of reduction reaches
a stable equilibrium at each temperature over the time scale of
our measurements (60 hours at each reduction temperature).
The former is of interest, as it provides further evidence for
a stepwise reduction process in this system, in line with a recent
study of ruthenium exsolution from the LaFe,¢Ru, 03 perov-
skite system, where a similar evolution of the chemical state of
ruthenium was observed.>® The latter provides valuable insight
into the factors limiting the extent of reduction (and thus, the
extent of exsolution) in this system. When reduction from Ru**
to Ru® is given ample time to reach equilibrium (no further
increase in reduction observed with increasing reduction time)
at each reduction temperature, it is clear that an equilibrium
extent of reduction from Ru®* to Ru’ is reached, which increases
with temperature. This suggests that the extent of reduction in
this system may not solely be limited by sluggish kinetics at low
temperatures, resulting in a rate that prevents complete exso-
lution over a reasonable timescale. Rather, there may be a limit
on the extent of reduction that can take place at a given
temperature and partial pressure of oxygen, independent of the
timescale of reduction. This could have important implications
for the design of exsolution treatments, suggesting that
considerations of the kinetics of exsolution (reducing for
a sufficient time period to reach the equilibrium extent of
reduction) should be accompanied by considerations of
possible limitations on the extent of exsolution (reducing at
sufficiently high temperatures or low partial pressures of oxygen
to maximise the equilibrium extent of reduction). Based on our
results, this may provide a unique and valuable opportunity to
carefully tailor of the extent of exsolution in this system over
accessible temperature ranges and timescales. While a limit on
the extent of reduction in this system remains speculative, we
believe the evidence towards such a limitation outlined in this
work warrants further investigation in order to fully understand
the factors governing the extent of exsolution, thereby better
informing the design of reductive treatments.

Exsolved Y,Zr, ,Ru,O; for the reverse-water-gas-shift reaction

Based on the preceding XPS measurements, in which reduction
at 1000 °C resulted in the highest proportion of metallic
ruthenium, Y,Zr; gRu,,0,-R10 (reduced at 1000 °C for 6 h) was
chosen for preliminary catalytic testing, in order to evaluate the
applicability of our newly designed systems. The reverse-water-
gas-shift reaction was chosen as a proof of concept for this

This journal is © The Royal Society of Chemistry 2025
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catalyst based on its significance as one of the most important
applications in the process industry and a present side reaction
in many applications. The x = 0.2 composition was selected
over the x = 0.1 composition to more closely match typical levels
of active metal loading in ruthenium-based catalysts.””>°

PXRD patterns of Y,Zr, ,Ru,O,-R10 (x = 0.0, 0.1, 0.2)
(Fig. 7a) continue to demonstrate a close match to cubic Y,Zr,0,
(space group Fm3m) in PDF 01-081-8080;** however, additional
peaks emerge for Y,Zr; gRu,,0,-R10 that are not visible for
Y,Zr,0,-R10. A closer view of the 37-47° 26 region (Fig. 7b)
reveals three broad peaks at 38.4, 42.2 and 44.1° 26 that match
closely to reflections from the (100), (002) and (101) planes,
respectively, of hcp Ru metal (space group P6;/mmc) in PDF 00-
006-0663.** This provides corroborative evidence that the
reductive treatment applied was successful in exsolving Ru,
while leaving the host structure intact. The absence of these
peaks in the case of Y,Zr; gRuy;0,-R10 may be due to the
amount of exsolved Ru being below the detection limit of the
diffractometer. A closer view of the 97-104° 26 region (Fig. 7c)
reveals the difference in position of the highest angle Y,Zr,_,-
Ru,O,-R10 peak between compositions. As the substitution
level of ruthenium increases, there is a greater extent of lattice
expansion relative to before reduction (Fig. 7g). This is attrib-
uted to an increase in the number of vacant sites introduced
when a larger proportion of ruthenium is substituted and
subsequently exsolved.

PXRD patterns of Y,Zr, gRu,,0; as a function of reduction
temperature (Fig. 7d) accompanied by closer views of the 37-47°
20 region (Fig. 7e) and 97-104° 26 region (Fig. 7f) suggest that
exsolved Ru only reaches a detectable amount following
reduction at 1000 °C; however, the extent of lattice expansion
relative to before reduction can be seen to progressively increase
with increasing reduction temperature (Fig. 7h). This provides
corroborating evidence that the extent of exsolution increases
with increasing reduction temperature as more ruthenium is
exsolved and consequently a greater number of vacancies are
introduced, resulting in a slightly higher degree of expansion of
the host lattice.

SEM micrographs (Fig. 8a and b) of Y,Zr; gRu, ,0,-R10 show
a similar microstructure to Y,Zr; sRu,,0, before reduction.
TEM (Fig. 8c and d) and HAADF-STEM (Fig. 8e) images show
a high density of exsolved nanoparticles distributed across the
host grains. Further insight into the composition of these
particles is gained from the acquired STEM-EDX maps (Fig. 8f-
i), which show that Ru is concentrated within the exsolved
nanoparticles. Interestingly, Fig. 8f-i show that the largest of
the imaged exsolved particles has a diameter of ~20 nm;
however, surrounding particles appear to be much smaller, with
diameters on the order of a few nm. This suggests the presence
of a bimodal size distribution following reduction at 1000 °C. As
has been observed in several other systems, one possible
explanation for this bimodal size distribution could be
secondary nucleation of new particles alongside the growth of
early-formed particles during the extended dwell time at a high
reduction temperature of 1000 °C. Specifically, wider size
distributions indicative of different particle size regimes have
been observed after high temperature reduction during both ex
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Fig.7 (a) X-ray powder diffraction patterns (A = 1.5418 A) of Y,Zr,_,Ru,O,-R10 (x = 0, 0.1, 0.2), with a closer view of (b) main peaks of Ru metal
and (c) highest angle peak of Y,Zr,_,Ru,O-. (d) X-ray powder diffraction patterns of Y,Zr; gRug 2O and Y,Zr; gRug 2O7-Rxx (xx = 04, 06, 08, 10),
with a closer view of (e) main peaks of Ru metal and (f) highest angle peak of Y,Zr, 4Ru,O,. Peaks are indexed to ICDD PDF 01-081-8080
(Y,Zr,O7, space group Fm3m) and ICDD PDF 00-006-0663 (Ru, space group P6s/mmc). (g) and (h) Difference in lattice parameter before (ao)
and after (a) reduction, plotted against substitution level (g) and reduction temperature (h), with error bars representing +1g.
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Fig. 8 SEM (a) and (b), TEM (c) and (d) and STEM-EDX (e)—(i) images of Y,Zr; gRug ,0-R10 (reduced for 6 h at 1000 °C under flowing 5% H,/N,,

with a 5 °C min~* ramp rate).

situ and in situ microscopy experiments, with the size distri-
bution generally growing broader at higher reduction temper-
atures.”*® Such bimodal size distributions have also been
observed in systems that demonstrate exsolution of both
surface (exogenous) and bulk (endogenous) nanoparticles;****
investigating whether Y,Zr, ,Ru,O, exhibits the formation of
endogenous as well as exogenous nanoparticles is of great
interest and will be the scope of future investigation.

To further investigate the trend in exsolved particle size with
reduction temperature, size analysis of particles exsolved from
Y,Zr; gRu, ,0; at a series of reduction temperatures (T = 400,
600, 800 and 1000 °C) (Table S19 and Fig. S10t) was performed
by identifying and measuring exsolved particles in a series of
TEM images. In order to minimise erroneous particle

This journal is © The Royal Society of Chemistry 2025

identification, only particles with diameters exceeding 1 nm
contributed towards size analysis, of which an appreciable
number were only observed following reduction at 800 °C and
1000 °C. The mean particle diameter after reduction at 800 °C
was 1.3 £ 0.7 nm, while that after reduction at 1000 °C was 1.9 +
0.7 nm. The limited number of particles identified with diam-
eters as large as that observed with STEM-EDX in Fig. 8f-i
suggests that such particles are relatively scarce, with the
majority exhibiting diameters in the nanometre range.
Although precise mean diameters could not be obtained
following reduction at 400 °C and 600 °C due to the limited
number of particles larger than 1 nm, the absence of these
larger particles suggests a sub-nanometre mean diameter after
reduction at these lower temperatures. This would present
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a subtle trend of increasing exsolved particle size with increased
reduction temperature, in line with our XRD, XPS and NAP-XPS
results that demonstrate an increase in the proportion of
exsolved ruthenium with reduction temperature, which we
expect contributes towards growth of early-formed particles,
possibly accompanied by secondary nucleation of new particles.
Such a trend of increasing exsolved particle size following
reduction at higher temperatures is in good agreement with
trends observed in previous work;*>** however, we note that the
trend observed in this work lies within the expected range of
natural variation, so we are cautious that further measurements
with a larger sample size and more temperature intervals are
required to establish this trend with greater confidence.

Specific surface area and porosity measurements performed
on Y,Zr; gRu, ,0; and Y,Zr; gRu, ,0,-R10 (Table S207) indicate
that both the specific surface area and the average pore width
decrease slightly following reduction. The average BET surface
area measured before reduction was 7.80 + 0.05 m”> g, while
that measured after reduction at 1000 °C was 7.44 + 0.04 m>
g '. Average pore widths were measured to be 19.8 + 0.3 nm
(BJH desorption) and 12.2 + 0.2 nm (desorption) for
Y,Zr; gRu, 05, and 17.8 + 0.8 nm (BJH desorption) and 11.5 &
0.3 nm (desorption) for Y,Zr; gRu,,0,-R10, matching well the
width of pores observed in STEM-EDX measurements of
Y,Zr; gRU,,0; (Fig. 3). The slight decrease in average BET
surface area and pore width following reduction may be a result
of coarsening of both host particles and exsolved ruthenium
nanoparticles following high temperature reduction. We antic-
ipate that optimisation of synthesis and reduction conditions to
maximise the extent of exsolution while minimising particle
growth and coarsening could further enhance the surface area
of these materials and ensure that this surface area is main-
tained following reduction, thereby improving their overall
catalytic performance.

Activity and stability during the reverse-water-gas-shift
reaction

The Y,Zr; gRu,,0,-R10 catalyst was tested for its activity
towards the reverse-water-gas-shift reaction, measuring CO,
conversion (Fig. 9a) and its selectivity towards CO and CH,
(Fig. 9b) over a temperature range of 500-800 °C. To facilitate
separate consideration of the catalytic properties of the exsolved
catalyst and the support, reference measurements were also
performed on Y,Zr,0,-R10. The lack of any CO, conversion
detected for Y,Zr,0,-R10 over the measured range of tempera-
tures suggests that metallic ruthenium particles must be
present for any CO, conversion to take place. However, this is
not to say that the support plays no role in the reaction; for
many catalysts with reducible oxide supports it has previously
been demonstrated that the reverse-water-gas-shift reaction
follows a Mars van Krevelen-type redox mechanism, where
vacancies in the catalyst support are necessary for the activation
of CO,.**** The CO, conversion of Y,Zr; gRu,,0,-R10 can be
seen to increase proportionally with temperature, with
a maximum of 45% reached at 800 °C, and lies close to the
equilibrium curve predicting maximum feasible conversion for
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Fig. 9 Catalytic activity measurements of Y,Zr;gRug,0,-R10
(reduced for 6 h at 1000 °C under flowing 5% H»/N,, with a 5 °C min~!
ramp rate) for the reverse water gas shift reaction. (a) The percentage
of CO, converted compared against equilibrium, and (b) the selectivity
of conversion to CO and CHy, as a function of temperature.

all the tested temperatures. This suggests that our catalyst
shows promise in achieving CO, conversion efficiencies close to
equilibrium.

It is challenging to directly compare CO, conversion cata-
lysts, as measurements performed under different conditions
will give very different results. For example, the use of higher
H, : CO, ratios will favour higher conversions by default,** but
also impacts the economics of the whole process by requiring
excessive amounts of H,.** However, when comparing CO,
conversion at a given temperature with catalysts measured
under similar conditions (a 1:1 ratio of H,:CO,), the
Y,Zr; gRu, ,0,-R10 catalyst performs well. Its CO, conversion of
26% at 500 °C exceeds that of 2 wt% Pt/mullite (16%) and
matches closely that of 2 wt% Pt/2 wt% K/mullite (27%).°® With
the cost of Pt typically exceeding that of Ru more than twofold,
the similar performance exhibited by Y,Zr; sRu,,0,-R10 to Pt-
based catalysts highlights its cost-effectiveness. At 600 °C, CO,
conversion of 34% outperforms those of a number of other Cu-
Fe, Cu-Ni and Pd-based catalysts, which demonstrated CO,
conversions in the range 5-29%.%7%

This journal is © The Royal Society of Chemistry 2025
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Fig. 10 TEM (a) and (b) and STEM-EDX (c)-(i) images of Y,Zr; gRug ,O,-R10 following the reverse water gas shift reaction.

The selectivity of Y,Zr, sRu, ,0,-R10 appears to be divided in
two different temperature regimes. From 650 to 800 °C, the
catalyst achieves 100% selectivity towards CO, which is prom-
ising for its application as a high-temperature reverse-water-gas-
shift catalyst. At temperatures below 650 °C, the methanation
reaction begins to take place; this is not surprising, as
ruthenium-based catalysts have long been employed as state-of-
the-art methanation catalysts.” However, this does highlight
the potential applicability of Y,Zr; gRu,,0,-R10 for different
hydrogenation reactions at lower temperatures. As the size of
Ru nanoparticles greatly influences their selectivity, the ability
to control nanoparticle size through a tailored exsolution
process could provide a route to fine tuning of catalyst selec-
tivity through size engineering.””> Comparing the selectivity of
our catalyst to CO at 600 °C against iron-, copper-, nickel- and

This journal is © The Royal Society of Chemistry 2025

molybdenum-based catalysts tested under similar conditions,
the CO selectivity of 93% observed for Y,Zr; gRu,,0,-R10
exceeds that of all comparison catalysts, which demonstrated
selectivities in the range 35-85%.%%7>7*

Finally, post-testing characterisation of the Y,Zr, gRu,,05-
R10 catalyst with XPS (Fig. S61), TEM (Fig. 10a and b) HAADF-
STEM (Fig. 10c-e) and STEM-EDX (Fig. 10f-i) was performed
to verify the stability of this catalyst. Our results show that the
material does not present any sign of deactivation through NP
agglomeration and/or poisoning, with no observable difference
in the size and dispersion of exsolved ruthenium nanoparticles
or the porous structure compared to before testing (Fig. 8e). No
clear changes in the Ru 3d core level that could be associated
with a change in chemical state of ruthenium were observed in
the post catalytic testing XPS measurements (Fig. S67),
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providing further supporting evidence that the metallic ruthe-
nium nanoparticles remained stable during testing. Although
further tests with longer time on-stream are required, these
results provide promising evidence that these catalysts are
stable and resistant to degradation under reaction conditions.

Conclusions

In this work, we have demonstrated the successful exsolution of
metallic ruthenium nanoparticles from a defective, fluorite-type
yttrium zirconate host structure and further demonstrated the
potential of defect fluorite structures as substrates for exsolved
catalysts. X-ray photoelectron spectroscopy measurements per-
formed under vacuum and near-ambient pressure conditions
provide insight into the evolution of the chemical state of
ruthenium substituents as exsolution progresses, and point
towards stepwise reduction from higher oxidation states before
eventual reduction to metallic ruthenium. These measurements
also suggest the presence of a limit on the extent to which
reduction to metallic ruthenium can take place at a given
temperature and partial pressure of oxygen. This may have
important implications for the design of exsolution treatments,
possibly favouring shorter durations under more extreme
reducing conditions. These findings highlight the value in
systematically employing both in situ and ex situ XPS techniques
to characterise exsolution from a given system, as these tech-
niques are unique in giving us information on the distribution
of chemical states as a function of reducing conditions,
providing insight into the proportion of the active component
that has been reduced, but also, critically, the proportion that
has not been reduced. Further characterisation with STEM-EDX
indicates that the unique, nanoporous morphology of the host
structure is maintained following reduction, after which an
extensive distribution of metallic ruthenium nanoparticles is
observed. Preliminary evaluation of this exsolved system as
a catalyst toward the reverse-water-gas-shift is promising, with
our catalyst achieving CO, conversion efficiencies close to
equilibrium, and 100% selectivity towards CO at temperatures
above 650 °C.
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