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ABSTRACT: The search for new functional materials that combine high stability and efficiency with reasonable cost and ease of 
synthesis is critical for their use in renewable energy applications. Specifically in catalysis, nanoparticles, with their high surface-
to-volume ratio, can overcome the cost implications associated with otherwise having to use large amounts of noble metals. How-
ever, commercialized materials, i.e. catalytic nanoparticles deposited on oxide supports, often suffer from loss of activity due to 
coarsening and carbon deposition during operation. Exsolution has proven to be an interesting strategy to overcome such issues. 
Here the controlled emergence, or exsolution, of faceted iridium nanoparticles from a doped SrTiO3 perovskite is reported and their 
growth preliminary probed by in situ electron microscopy. Upon reduction of SrIr0.005Ti0.995O3 the generated nanoparticles show 
embedding into the oxide support, therefore preventing agglomeration and subsequent catalyst degradation. The advantages of this 
approach are the extremely low noble metal amount employed (~0.5% weight) and the catalytic activity reported during CO oxida-
tion tests, where the performance of the exsolved SrIr0.005Ti0.995O3 is compared to the activity of a commercial catalyst with 1% 
loading (1% Ir/Al2O3). The high activity obtained with such low-doping shows the possibility for scaling up this new catalyst, re-
ducing the high cost associated with iridium-based materials.  

INTRODUCTION  
A major challenge in materials chemistry is the discovery of 

new functional materials that display greater resistivity to deg-
radation and loss of efficiency. Traditionally, metal nanoparti-
cles (NPs) dispersed on surfaces of porous crystals are of fun-
damental interest in fields such as catalysis, energy conversion 
and energy storage. 1, 2 Conventionally used “top-down” depo-
sition techniques, however, result in nanoparticles with limited 
control of their size, distribution and anchorage to the surface. 
As a consequence, the tendency of the nanoparticles to coarsen 
and aggregate over time under standard operating conditions is 
often observed, resulting in significant performance degrada-
tion. 3 This is why the recent discovery of so-called “exsolved” 
nanoparticles, that is metal atoms that segregate to the surface 
in a controlled fashion from sites within a host perovskite lat-
tice, have been the subject of significant scientific interest. 4–6 
The perovskite oxide family, with its ABO3 stoichiometry, is 
being explored extensively for possible tailored functional 
materials due to the structural and compositional versatility 
which allows A- and B-site substitution, as well as a high tol-
erance for defects in the crystal structure. In the last few years 
this “in situ” nanoparticle growth method has been developed 
so that NPs are grown from a doped perovskite oxide under 
controlled reducing conditions. The metal dopant, on either the 
A or the B site of the perovskite, segregates from the host 
structure, diffusing through the bulk before forming socketed 

nanoparticles on the oxide surface. 7 Among the advantages of 
this method, is that exsolved NPs are homogeneously distrib-
uted in size and surface density, and the socketing into the 
surface of the perovskite support results in enhanced thermal 
and hydrocarbon/coking stability, as well as strain thereby 
potentially enhancing activity. 5,6 Following this approach, 
numerous transition metals, such as Ni, 7, 8 Pd, 9 Ru, 10, 11 Pt, 12 
Co, 8 Mn, 8 Fe, 8 have been doped on the B-site of stoichio-
metric or A-site deficient mixed perovskite oxides and subse-
quently exsolved under a range of reducing atmospheres or 
through fast electrochemical reduction. Among the transition 
metals, iridium is a scarce but key element being used in a 
variety of applications 13 including water splitting reactions, 14–

17 fuel cells, 18, 19 hydrogenation reactions, 20 methane refor-
mation 21, 22 and auto-motive exhaust catalysis. 23–26 Specifical-
ly, CO oxidation applied in air purification and pollution con-
trol in automotive exhaust uses more than 60% of the annual 
production of noble metals. The commonly used catalysts are 
Pt, Rh, and Pd deposited on oxide supports, 27, 28 which, even 
though highly active, suffer from sintering and poisoning. 29 
Although belonging to the same group of metals, iridium has 
not been extensively studied in this context, however some 
reports have demonstrated its high activity for automotive 
exhaust 30 and in particular for CO oxidation. 24, 31–34 Addition-
ally, Ir is characterized by low toxicity and environmental 
impact. 35 However, scarcity and high cost of the material limit 
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the use of Ir-based catalysts, requiring smart design to obtain 
high performance and increased stability, while limiting the 
amount of noble metal required. 36 A possible approach would 
be, therefore, to improve catalyst morphologies to expose 
large surface areas. 37 Nanoparticles, due to their intrinsic high 
surface area to volume ratio, could help overcoming the issue. 
Unsupported iridium nanoparticles, however, have been re-
ported to grow and coarsen under operating conditions (for 
example in OER), causing loss in activity during catalysis. 38 
In this work the well-studied perovskite SrTiO3 (STO) has 
been doped with iridium (~0.5 wt.% nominally) at the B-site 
and subjected to reducing conditions required for exsolution. 
By characterization of the system with a range of techniques 
including X-ray Diffraction (XRD), X-ray Photoelectron 
Spectroscopy (XPS), Transmission Electron Microscopy 
(TEM), and Scanning Transmission Electron Microscopy-
Energy-Dispersive X-ray Spectroscopy (STEM-EDX), we 
have shown that iridium nanoparticles can be grown success-
fully on the surface of STO, which retains its crystal structure 
after exsolution. Moreover, the nanoparticles socketed to the 
bulk of the SrTiO3 and are resistant to coalescence up to a 
temperature of 1300 °C in a H2 atmosphere. Preliminary in 
situ TEM studies have also been carried out to gain a thorough 
understanding of the mechanistic steps during nanoparticle 
exsolution. Furthermore, as a preliminary proof of concept, the 
exsolved materials were tested for emission control (CO oxi-
dation) catalysis and their activity was benchmarked against a 
commercially available material (1% Ir/Al2O3), with promis-
ing activity shown despite having only half the noble metal 
loading (0.5% Ir-SrTiO3).  

 
EXPERIMENTAL SECTION  

Synthesis of SrTiO3: The undoped SrTiO3 perovskite was 
synthesized by solid-state reaction, mixing and grinding stoi-
chiometric amounts of strontium carbonate (SrCO3, Sigma-
Aldrich, ≥99.9%) and rutile titanium (IV) oxide (TiO2, Sigma-
Aldrich, ≥99.98 %) for 30 minutes. The powders were subse-
quently pressed into a pellet which was calcined in air at 900 
°C for 12 hours, and subsequently sintered at 1000 °C for 48 
hours, with intermediate grinding and pelletizing between the 
two heating steps. 
Synthesis and Reduction of SrTi0.995Ir0.005O3: 0.5 % Iridium-
doped strontium titanate (Ir0.5-STO) perovskite was synthe-
sized following a modified solid-state method. Strontium car-
bonate (SrCO3, Sigma-Aldrich, ≥99.9 %), rutile titanium (IV) 
oxide (TiO2, Sigma-Aldrich, ≥99.98 %) and iridium (IV) oxide 
(IrO2, Sigma-Aldrich, ≥99.9 %) were mixed in stoichiometric 
amounts and fully ground for 30 minutes with agate pestle and 
mortar. The mixed powders were pressed into pellets (∼0.7 g 
starting material) and subsequently calcined in air at 1000 °C 
for 12 h. The calcined pellets were ground for 30 minutes with 
agate pestle and mortar and further sintered at 1340 °C for 12 
h in air, prior to pelletization. Reduction was carried out on the 
material in the powder form in a tube furnace using a 5% 
H2/N2 atmosphere at three temperatures, 900, 1100, and 1300 
°C, for 10 h using a 5 °C/min heating and cooling rate. 
Materials Characterization: Room temperature XRD pat-
terns were acquired over a 2θ range from 20° to 80° (PAN-
alytical X-Ray diffractometer, Cu Ka source) to confirm 
phase purity. The surface chemistry of the as-prepared and 
reduced material was analyzed by X-ray Photoelectron Spec-
troscopy (XPS). XPS spectra were recorded on a Thermo Sci-

entific K-Alpha+ X-ray photoelectron spectrometer operating 
at 2×10-9 mbar base pressure. This system incorporates a mon-
ochromated, micro-focused Al Ka X-ray source (hν = 1486.6 
eV) and a 180° double focusing hemispherical analyzer with a 
2D detector.  The X-ray source was operated at 6 mA emission 
current and 12 kV anode bias providing an X-ray spot size of 
up to 400 µm2. Core level spectra were recorded at 20 eV pass 
energy. A flood gun was used to minimize the sample charg-
ing that occurs when exposing an insulated sample to an X-ray 
beam. The quantitative XPS analysis was performed using the 
Thermo Avantage software. The binding energy (B.E.) was 
corrected by aligning the C 1s peak of the adventitious carbon 
(C-C) at 284.8 eV. The intensities of the spectra were normal-
ized to the Ti 2p3/2 components. The microstructure of the 
sample was studied by high resolution SEM carried out with a 
JEOL JSM-6700 field emission SEM, equipped with SE and 
BSE detectors. The morphology and the size of the exsolved 
nanoparticles were determined by transmission electron mi-
croscopy (TEM) with a JEOL JEM-2100F TEM operating at a 
200 kV voltage. The size distribution of the Ir nanoparticles 
was obtained for each of the exsolved samples (Ir0.5-SrTiO3 
reduced at 900 °C, 1100 °C and 1300 °C) from TEM imaging 
of several perovskite grains (Ir-STO grain size ³ 100 nm). NP 
diameters were extracted through ImageJ Software 
(https://imagej.nih.gov) and statistics were built averaging 
results obtained on manual selection of fully exsolved nano-
particles (n ³ 110) imaged on grains in different areas of the 
TEM grid. For the purpose of the study, where faceted parti-
cles were considered the diameter was still calculated assum-
ing a spherical shape, and for the low number of truncated 
octahedra structures the diameter was calculated averaging the 
major and minor axes accounting for an ellipsoid shape. High-
resolution TEM was carried out in a FEI Titan operating at 
300 kV and equipped with a Cs image aberration corrector. 
Elemental analysis through energy dispersive X-ray spectros-
copy (EDX) in scanning-transmission electron microscopy 
(STEM) mode was performed to investigate the NP and the 
support oxide chemical composition (EDS 80 mm X-Max 
detector, Oxford Instruments). The samples for TEM analysis 
were prepared by drop-casting of powder specimens previous-
ly sonicated in high purity isopropanol onto holey carbon film 
copper grids (3.05 mm diam. 300 mesh, TAAB). In situ elec-
tron microscopy experiments were performed at the Center for 
Nanophase Materials (CNMS) in Oak Ridge National Labora-
tory (ORNL) using a Nion UltraSTEM 100 equipped with a 
C3/C5 aberration corrector operating at 100 kV voltage. The 
sample was prepared by dispersion of the powder in IPA, and 
dropcast onto a Protochips heating chip subsequently mounted 
on an electrical cartridge. 
CO Oxidation Tests: The catalytic activity of the undoped 
STO, Ir-doped STO, and Ir-doped STO reduced at 900, 1100 
and 1300 °C was tested using CO oxidation reaction in a 
fixed-bed quartz reactor (straight tube with 9 mm inner diame-
ter) in which 10 mg of powder sample was loaded (supported 
by quartz wool at both sides). For comparison, a commercial 
Ir/Al2O3 catalyst (1% iridium on 5 mm alumina spheres, re-
duced, anhydrous, Alfa-Aesar) was also tested. All experi-
ments were conducted at atmospheric pressure. A thermocou-
ple (K-type) was placed in proximity to the catalyst bed to 
measure the sample temperature during the reaction. Another 
fixed-bed reactor filled with Al2O3 was placed upstream to this 
catalyst reactor, which was used to capture possible decom-
posed carbonyl species formed in the CO-containing gas cyl-
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inders. The catalytic experiments were conducted at flow rates 
of 3 x 10-4 mol s-1 (volumetric flow rates at normal tempera-
ture and pressure (NTP) correspond to 450 cm3min-1). The 
flow rates were controlled by mass flow controllers and also 
measured at the outlet using a Varian digital flow meter (1000 
series). To study the effect of temperature on activity, the ma-
terials were heated in an environment with an inlet gas mixture 
of 1% of O2 and 0.6% of CO from 100 °C up to 450 °C. The 
temperature was held at each temperature step during heating, 
until the reaction rate became steady: i.e., the rate of CO2 pro-
duction did not vary by more than ±5% over 60 min. An 
XTREAM-CO2 analyzer provided by Rosemount was used to 
analyze the carbon dioxide (CO2) mole fraction in the product 
stream. The minimum detectable CO2 mole fraction for the 
XTREAM-CO2 analyzer was 1 ppm which corresponds to a 
minimum measurable rate of CO2 production of 3×10-10 mol s-

1 with typical flow rate at 3 x 10-4 mol s-1 (450 cm3min-1). The 
steady CO mole fraction was used to calculate conversion of 
CO at the temperature of measurement. Reaction rates (𝑟CO2) 
in terms of CO2 production are calculated as shown in Equa-
tion 1: 
𝑟CO2(mol(CO2)	s!") = 𝑦CO2 ∙ �̇�   (1) 
where 𝑦CO2  is the measured CO2 mole fraction at the gas 

outlet, �̇� is the molar flow. Conversion was calculated as 
shown in Equation 2:  
𝑋CO	 = 100 · (𝑦CO2)/(𝑦CO	)     (2) 
where 𝑦CO is the CO mole fraction at the reactor inlet. The 

rates extracted are average rates since the composition of the 
reaction mixture varies along the bed. The nominal tempera-
ture of the bed and the composition of the inlet feed gas was 
known from direct measurements. The inlet feed gas composi-
tion did not change during the experiment. Kinetic data were 
extracted from the measurements collected when the reactor 
was operated under differential conditions (below 15%). 

 
RESULTS AND DISCUSSION 
 

Bulk and Surface Characterization before Exsolution 
In this work, SrTiO3 was doped with 0.5% of iridium, as the 
transition metal to be exsolved, replacing the equivalent 
amount of Ti4+ cations on the B-site (SrIr0.005Ti0.995O3). The 
synthesis of 0.5% Ir-doped STO successfully resulted in the 
single-phase material, with characteristic diffraction signals of 
the SrTiO3 perovskite (JCPDS 01-086-0178). After calcination 
at 1000 °C for 12 h, followed by sintering at 1340 °C for 12 h, 
the material was characterized by XRD, TEM, and XPS analy-
sis. The X-ray diffraction pattern reported in Figure 1 (a) 
shows Bragg reflections consistent with the ones characteristic 
of reference strontium titanium oxide (JCPDS no. 01-086-
0178) presented in the red pattern. The presence of only one 
phase indicates the successful incorporation of iridium into the 
perovskite lattice. A Scanning Electron Microscopy (SEM) 
image is reported in Figure 1 (b) to show the as-synthesized 
sample microstructure, whereas TEM micrographs are pre-
sented in Figure 1 (c, d). The absence of Z-contrast within the 
analyzed grains suggests homogeneity in sample composition, 
whereas the lattice fringes confirm the sample’s crystallinity.  
STEM-EDX mapping also confirmed a homogeneous ele-
mental distribution in the analyzed perovskite grains after syn-
thesis (Supplementary Information Figure S2). XPS measure-

ments of Sr 3d, Ti 2p3/2 and Ir 4f core levels of the as-
synthesized 0.5% Ir-doped STO are shown in Figure 1 (e-g), 
where they are compared to the relative core levels of the un-
doped SrTiO3. The Sr 3d core level (Figure 1 (e)) consists of 
two doublets with a spin orbit splitting (SOS) of 1.75 eV. The 
doublet with the main component found at 132.65 eV for the 
undoped STO and 132.5 eV for the 0.5% Ir-doped STO can be 
attributed to Sr2+ from the lattice of SrTiO3. 39, 40 The doublet 
with the main component found at 133.4 eV for the undoped 
STO and at 133.5 eV for 0.5% Ir-doped STO is most likely 
SrCO3, consistent with what has been identified in the litera-
ture. 40 The ratio [Sr 3d5/2 SrCO3: C 1s C=O] relating to the 
carbonate species was found to be 0.99:1.01 for the undoped 
STO and 0.9:1.1 for the 0.5% Ir-doped STO. Both values are 
close to the expected 1:1 ratio further confirming the presence 
of SrCO3. The Ti 2p core level (Figure 1 (f)) of the undoped 
STO and Ir-doped STO were both fitted with one doublet with 
a spin orbit splitting of 5.7 eV. The position of the Ti 2p3/2 was 
found at B.E. of 458.15 eV and 458.05 eV for the undoped 
STO and Ir-doped STO, respectively. This value matches the 
previously reported B.E. of Ti4+ in SrTiO3. 39, 40 The [Sr 3d5/2 
(Sr lattice + SrCO3) : (Ti 2p3/2 + Ir 4f7/2)] ratio was measured 
and found to be 0.99:1.01, which is close to the expected 1:1 
ratio of SrTi0.995Ir0.005O3. A shift to lower B.E of 0.15 eV can 
be noticed for both the Sr 3d and the Ti 2p between the un-
doped and 0.5% Ir-doped STO, which has previously been 
reported to be caused by oxygen vacancy formation. 41 There-
fore the stoichiometry could more accurately be described by 
the chemical formula SrIr0.005Ti0.995O3-δ. The Ir 4f region (Fig-
ure 1 (g)) of the undoped STO shows a high contribution of 
the Ti 3p1/2 at B.E. of 50 eV, Ti 3s at B.E. of 61.5 eV and Ti 3s 
satellite at 66.7 eV. After doping the B-site of the STO with 
0.5% Ir, two small components appeared at B.E. 61.8 eV and 
64.7 eV, respectively, which were attributed to Ir 4f7/2 and Ir 
4f5/2 in the Ir3+ form. 42 Interestingly, the Ir4+ oxidation state 
was not observed in the Ir 4f core level for the doped sample. 
The valence band was also investigated and is shown in Figure 
S1 (a). This shows a small peak at 1.2 eV corresponding to Ir 
5d which is attributed to iridium in the +3 oxidation state 
([Xe]4f145d6) and/or in the +4 oxidation state ([Xe]4f145d5). 
The fact that iridium is found in the +3 oxidation state at low 
doping levels is puzzling, particularly when comparing it with 
the Ir 4f core level of a highly-doped sample (5% Ir-doped 
STO). In this material (Figure S1 (b)) the presence of two 
doublets can be clearly observed, attributed to both Ir4+and Ir3+ 

oxidation states. A more detailed investigation coupled with 
theoretical calculations is currently being undertaken, which 
will provide more insights to this phenomenon and will be the 
subject of discussion in future work. 
 
Reduced SrTi0.995Ir0.005O3 Characterization  
The as-synthesized perovskite material described in the pre-
sent work was investigated for B-site metal exsolution when 
exposed to controlled reducing conditions. Through reduction 
of this material under forming gas (5% H2/N2) at temperatures 
equal to and above 900 °C the emergence of metallic iridium 
nanoparticles could be achieved, due to depletion of the nomi-
nally B-site metal dopant from the bulk. While removing oxy-
gen atoms from the surface (and subsequently from the bulk) 
through reduction, oxygen vacancies are generated allowing 
for the B-site cation diffusion towards the surface, where then 
its reduction occurs. 43 When compared to the TEM micro-
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graphs reported in Figure 1 (c, d) for the as-synthesized ma-
terial, the reduced samples (Figure 2 (a-f)) showed presence 
of nanoparticles characterized by sizes ranging between 2-10 
nm. The NPs were found to be uniformly distributed on the 
surface of the several host perovskite grains analyzed by 
TEM. The images show the growth of the nanoparticles oc-
curred at the surface of the oxide structure, with a fraction of 
their volume often visibly submerged (or ‘socketed’) into the 
perovskite (Figure 2 (b, d, f)). These results are consistent 
with previous reports on similar materials, 44-46 and were 
explained as due to minimization of the strain energy of the 
support oxide. 46, 47 The effect of the three reduction tempera-
tures is visible in the different nanoparticle size and popula-
tion obtained (Figure 2 (g)), where the highest temperature 
(1300 °C) resulted in bigger NPs with a larger size distribu-
tion as well as higher density of nanoparticles on the perov-

skite surface compared to reduction at 1100 °C and 900 °C. 
Specifically, the sample reduced at 900 °C showed a size 
distribution of 2.36±0.84 nm, whilst a size distribution of 
2.93±1.05 nm and of 4.51±2.23 nm was observed for the 
samples reduced at 1100 °C and 1300°C, respectively. This 
was expected, due to the diffusion extent being temperature 
dependent. 44 The increase in NP population density with T, 
from ∼2900 µm-2 to ∼3700 µm-2 and ∼7400 µm-2 (Figure 2 
(g)), suggests that at higher temperatures not only growth of 
NPs already on the surface is observed, but also more nuclei 
are formed due to further Ir diffusion, and subsequent reduc-
tion, from the bulk to the surface. This was further confirmed 
by the wider size distribution observed in the sample reduced 
at 1300 °C (Figure 2 (g)). XPS analysis was performed to 
further investigate the surface of the reduced materials. Fig-
ure 3 shows the (a) Sr 3d (b) Ti 2p3/2 and (c) Ir 4f core levels 

Figure 1. (a) XRD pattern acquired on the as-synthesized Ir-doped strontium titanate (black line) and reference strontium titanate pattern 
(red line); (b) SEM image showing the microstructure and (c), (d) TEM micrographs showing the homogeneity of the as-synthesized sam-
ple and its crystalline nature; (e), (f) and (g) XPS core levels spectra for Ir 4f, Sr 3d and Ti 2p, respectively. 
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for the 0.5% Ir-doped STO before and after H2 treatment. Each 
core level was normalized to the Ti 2p3/2 component in order 
to observe any changes in the [Sr 3d: Ti 2p3/2] and [Ir 4f:  Ti 
2p3/2] ratios. After H2 treatment at 900 °C, the Sr 3d5/2, Ti 2p3/2 
and Ti 3s components showed a shift to higher B.E., closer to 
their corresponding values in the undoped STO, as seen in 
Figure 1. The [Sr 3d5/2 : Ti 2p3/2] ratio increased from 
43.0:57.0 (before reduction) to 52.2:47.8 after reduction at 
1300 °C, as shown in Table 1 and Figure 4. This has been 
previously reported 45, 48 and can be explained by Sr2+ species 
diffusing from the bulk to fill A-site surface vacancies during 
reduction at high temperatures. Upon reduction at 900 °C, a 
broadening of the Sr 3d and Ti 2p peaks was also observed. 
Interestingly, this is due to sample charging, as the adventi-

tious carbon was found at 1.2 eV higher binding energy com-
pared to its standard position (284.8 eV). Multiple measure-
ments on the reduced materials showed that the sample H2-
treated at 900 °C was more prone to charging, as opposed to 
the ones reduced at 1100 °C and 1300 °C. Specifically, the 
adventitious carbon peak position was found at standard value 
and peak broadening was not observed for the samples re-
duced at higher temperatures (1100 °C and 1300°C). It is also 
unusual to observe charging effects in materials since the de-
velopment of effective dual electron/ion charge compensation 
systems in XPS instruments. 
In the case of Ir 4f (Figure 3 (c)), after H2 treatment at 900 °C 
two new components appeared at 60.1 eV and 63.3 eV respec-
tively, corresponding to metallic iridium. 49 The 3+ oxidation  

Figure 2. TEM micrographs of SrTi0.995Ir0.005O3 reduced at (a-b) 900 °C, (c-d) 1100 °C and (e-f) 1300 °C under 5% H2/N2 atmosphere for 
10 hours. (g) NP size distribution graph of the samples reduced at 900 °C, 1100 °C and 1300 °C. 

Figure 3. Evolution of the (a) Sr 3d, (b) Ti 2p3/2, and (c) Ir 4f core levels as a function of temperature under hydrogen environment meas-
ured by XPS. 
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Table 1. XPS quantification of Sr 3d5/2 : Ti 2p3/2 before Ir 
doping, after Ir doping and after exsolution expressed in 
%. 

state in the Ir 4f components is still visible, although less in-
tense, with a ratio of [Ir 4f7/2 Ir(III) : Ti 2p3/2] decreasing from 
0.8:99.2 to 0.2:99.8 after H2 treatment. As seen in Figure 4, 
after further reduction, the Ir3+ components disappear whilst, 
as expected, the metallic components gradually increased in 
intensity with increasing reduction temperature, to finally 
reach a ratio [Ir 4f7/2: Ti 2p3/2] of 1.6:98.4 (see Table S1). To 
explain the higher concentration probed by XPS on the re-
duced samples compared to the nominal doping concentration, 
calculations were performed as reported in S1 (Supporting 
Information). By analysis of the TEM micrographs it was pos-
sible to integrate the particles size and density (surface distri-
bution) to estimate the number of exsolved Ir atoms per sur-
face area, therefore allowing to correlate the XPS results re-
ported in this section with the TEM results. Specifically, by 
calculating the number of exsolved Ir atoms per area of perov-
skite (µm-2), it is also possible to calculate the number of at-
oms analyzed in the volume of the XPS spot (400 µm2 x 10 
nm depth), which was found to correspond to an Ir concentra-
tion of ~2%. This agrees with the experimental result reported 
in Table S1 and Figure 4 (Ir concentration measured by XPS 
on the exsolved samples = 1.6%), therefore explaining the 
higher concentration on the reduced samples compared to the 
nominal doping. It is also interesting to notice that similar Ir 
metal concentrations are found for the samples reduced at 
1100 °C and 1300 °C from the XPS analysis (Figure 4), 

whereas NP density calculations resulted in significantly dif-
ferent populations (Figure 2). This can be explained by the 
probing depth of the XPS being 10 nm, therefore allowing for 
the detection of Ir metal found both on the surface and on the 
subsurface of the perovskite. At 1100 °C a lower number of 
NPs is expected (as proven by TEM analysis), although exten-
sive Ir reduction has already occurred close to and on the sur-
face. This results then in new NP formation at 1300 °C and/or 
growth of already exsolved NPs due to further Ir metal incor-
poration. The high-resolution TEM images (Figure 5 (a-c)) 
show the exsolved nanoparticles being sometimes faceted, and 
with a different interplanar spacing compared to the one 
measured for the support perovskite. Figure 5 (a, b) show the 
nanoparticle has grown out from the bulk lattice, with one 
facet partly submerged into the host, and a structure resem-
bling a truncated octahedron (Figure 5 (b)), which has previ-
ously been reported as energetically favorable for iridium-
based nanostructures. 50. The insets in Figure 5 (c) show the 
separate Fast Fourier Transforms (FFT) of the support (STO) 
and the nanoparticle (NP), then combined in the white-
outlined inset when the interface is analyzed, confirming their 
different structure. The interplanar spacing measured for the 
SrTiO3 lattice is 0.40 nm, which agrees well with what report-
ed for the cubic SrTiO3 (010) lattice parameter of 0.39 nm. 
The nature of the nanoparticles was investigated by EDX op-
erated in STEM mode. Figure 6 (a) reports the difference in 
composition between an exsolved nanoparticle and the host 
material. The spectra display intense iridium peaks when the 
analysis is performed on the nanoparticle, whereas strontium, 
titanium, and oxygen peaks were found as the main compo-
nents of the bulk perovskite. This is also confirmed by the 
elemental maps obtained for the same sample region and pre-
sented in Figure 6 (b), with iridium as the only component of 
the nanoparticle. 
 
In situ Electron Microscopy Study of SrTi0.995Ir0.005O3  
A preliminary in situ electron microscopy study was carried 
out on the as-synthesized sample, which was heated from 
room temperature to 1100 °C under ultra-high vacuum condi-
tions (10-9 Torr) to reproduce a reducing environment. The 
data showed consistency with the results obtained ex situ, as 
seen in Figure 7. When heating the as-synthesized sample 
under ultra-high vacuum, metal clustering was initially ob-
served occurring within the bulk, followed by their emergence 
on the surface at ∼800 °C (Figure 7 (a)). At ∼900 °C small 
nanoparticles were formed, with grain morphology changes 
observed for the support STO, as a consequence of the Ir dif-
fusion from the bulk to the surface with subsequent restructur-
ing of the perovskite under reducing conditions. Changes in 
the perovskite grain shape and size during in situ reduction 
have been observed for a similar structure, and have been ex-
plained as due to the perovskite tendency to sinter upon re-
structuring caused by exsolution. 51 At 1100 °C (Figure 7 (b)) 
fully exsolved nanoparticles were again found in a truncated 
octahedron structure, which is consistent with our ex situ re-
sults. During the in situ tests, the NP growth rate was observed 
to be temperature-dependent, as shown in Figure 7(c). Inter-
estingly, when monitoring the NP size at 900 °C over a dwell 
time of 1.5 h, this was found to be relatively constant (inset in 
Figure 7 (c)), with exsolved NPs reaching a size-limit at the 
given temperature within the first few minutes. This is con-
sistent with what has been observed in recent similar studies. 

Sample Sr Lat. : Ti Sr SrCO3 : Ti 

Undoped STO 43.5 : 56.4 7.2 : 92.8 
Ir-STO 43.0 : 57.0 19.5 : 80.5 
Ir-STO, 900 °C 47.7 : 52.3 15.9 : 84.1 
Ir-STO, 1100 °C  48.0 : 52.0 26.1 : 73.9 
Ir-STO, 1300 °C  52.2 : 47.8  16.5 : 83.5 

Figure 4. Evolution of concentration (%) of Ir3+ (black plot), Ir(0) 
(red plot), and Sr (blue plot) against Ti as a function of reduction 
temperature measured by XPS. 
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Figure 5. HR-TEM images showing the socketed nature of the exsolved nanoparticles (a) and the structure of the formed nanoparti-
cles (b). The insets in (c) show the FFTs of the perovskite (STO, top left), the nanoparticle (NP, bottom right) and of the interface 
between the two (white boxed, top right corner). 

Figure 6. (a) EDX spectral analysis comparing the different composition of the emerged nanoparticle (spectrum 1) and the host per-
ovskite (spectrum 2) from the STEM image in the inset (top right corner); (b) Elemental map analysis of the region boxed in the 
electron image with single element maps for Sr, Ir, Ti, and O. 
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43, 52 After reaching 1100 °C a wider NP size distribution was 
also confirmed, as shown in Figure 7 (c), again consistently 
with the ex situ findings shown in Figure 2. The in situ re-
sults suggest that after cluster nucleation, at lower tempera-
tures growth occurs by diffusion and subsequent reduction of 
Ir atoms from the bulk to the surface to be incorporated in 
already formed clusters; at higher temperatures growth is, 
instead, observed to occur both by atom diffusion and incor-
poration, as well as by coalescence of NPs interacting on the 
perovskite surface. 

 
Catalytic Activity Testing  
 
The prepared materials were tested for the CO oxidation 
reaction, to investigate the correlation of the above-
mentioned characteristics with catalytic reactivity. The sam-
ples were tested for CO oxidation under oxidizing feed con-
ditions (0.6% CO, 1% O2) (characteristic of catalytic con-
verters), 53, 54 as a function of temperature. A control sample 
that was not doped with Ir and one that was Ir-doped but not 
exsolved (i.e. not reduced) as well as one commercial sample 
(1% Ir/Al2O3) were also tested under the same conditions for 
reference. As seen in Figure 8 the undoped sample (SrTiO3) 
showed no measurable activity while the unexsolved sample 
(Ir0.5-SrTiO3) demonstrated only 2% conversion at maximum 
temperature, around 450 °C. On the other hand, the commer-
cial sample was very active, reaching 100% conversion at a 

temperature of 300 °C. The exsolved samples (Ir0.5-SrTiO3 
900 °C, Ir0.5-SrTiO3 1100 °C and Ir0.5-SrTiO3 1300 °C) show 
a more gradual increase in activity with temperature as com-
pared to the commercial reference sample and also as com-
pared to similar noble metal systems in the literature. 44, 54, 55 
The Ir0.5-SrTiO3 900 °C sample never seems to reach full 
conversion, whilst Ir0.5-SrTiO3 1100 °C and Ir0.5-SrTiO3 1300 
°C samples seem to approach full conversion at a similar 
temperature, around 450 °C.  The evidence presented in Fig-
ure 8, reporting no measurable activity observed for the un-
reduced Ir-doped STO sample, clearly shows that the 
exsolved nanoparticles, which have emerged from the host 
lattice after reduction at temperatures between 900-1300 °C, 
are responsible for the catalytic activity observed for CO 
oxidation. In agreement with previously reported literature, 
46, 54 these results suggest that the host perovskite mainly acts 
as a support, and that the catalytically active sites, on the 
basis of the evidence presented here, are located on the 
exsolved Ir metal NPs. A more detailed investigation on the 
active sites is of interest and will be the subject of future 
work. Detectable activity is first observed at 360 °C for the 
sample reduced at 900 °C, whilst Ir0.5-SrTiO3 1100 °C and 
Ir0.5-SrTiO3 1300 °C samples start displaying detectable ac-
tivity at temperatures around 330 °C. Over the testing tem-
perature range of 330-425 °C, the samples reduced at 1100 
and 1300 °C show a similar activity evolution with tempera-
ture, with an offset of about 15% conversion in favor of the 
latter. This could be attributed to the higher amount of Ir 

Figure 7. High-resolution STEM images acquired during in situ heating experiments in ultra-high vacuum. (a) Ir clusters formed on the 
surface of 0.5% Ir-doped STO when reached 800 °C; (b) faceted and socketed Ir NPs formed when reaching 1100 °C; (c) Size distribution 
graph showing the growth of the Ir NPs during the in situ electron microscopy experiment. The larger error bars at high temperatures sug-
gest a wider size distribution developed as reduction temperature increased. 

Figure 8. Catalytic activity of Ir0.5-STO applied for CO oxidation. (a) CO2 production rates and CO conversion values as a function 
of temperature; note that above 10-20% conversion, rate values are not reliable due to potential mass and heat transfer limitations.  
(b) Arrhenius plots and activation energies calculated for data in (a) for conversions lower than 10-20%. 



 9 

exsolved on the surface of the 1300 °C reduced sample since 
increasing the reduction temperature resulted in an increased 
total amount of metal exsolved, 46 as also confirmed by XPS 
and TEM results. This is consistent with results reported for 
similar exsolved perovskites, 46 where higher exposed metal 
coverage resulted in higher catalytic activity. Similar reports 
in the literature also suggest that the high activity observed 
from exsolved NPs on perovskite oxides is also related to the 
strain imposed by the socketing feature of these structures. 4, 

46, 56 Arrhenius plots of the sample activities from data corre-
sponding to lower than 10-20% conversion is shown in Fig-
ure 8 (b). The activation energy corresponds to Ea ranging 
from ~130 kJ mol-1 for the unexsolved sample to ~340 kJ 
mol-1 for the sample reduced at 900 °C, ~270 kJ mol-1 for the 
one reduced at 1100 °C, and ~190 kJ mol-1 for the 1300 °C 
reduced sample. Literature reports demonstrate activation 
energies for the CO oxidation reaction of the order of 100 kJ 
mol-1, 57 while Ea values close to 150 kJ mol-1 are character-
istic of CO desorption energy from oxide surfaces. 58 The 
relatively high Ea values observed here could also be charac-
teristic of supports with low reducibility, as has been ob-
served before for exsolved systems. 44 When compared to the 
commercial sample, this has a lower temperature activation 
energy of Ea=130 kJ mol-1. Comparison with the exsolved 
samples verifies the fact that our materials do not exhibit 
characteristic noble metal behaviour 54 and could indicate 
that the support and probably the interaction between the 
support and the exsolved particles governs the profile of 
those curves and, as a consequence, their activity. This has 
been demonstrated before in exsolved materials for analo-
gous applications. 44 Moreover, the fact that the exsolved 
materials reported a lower activity compared to the commer-
cial catalyst can be explained by considering that only a frac-
tion of the nominal Ir doping amount is exsolved, and there-
fore exposed on the surface, during reduction. Specifically, 
only ∼0.2% of the nominal 0.5% Ir doping has been calculat-
ed to exsolve at the highest temperature investigated in this 
work, based on estimate of exsolved Ir metal per Ir-STO 
surface area (calculations in S1). This is five times less com-
pared to the 1% Ir deposited on the surface of the commer-
cial catalyst, and so the high activity displayed by our cata-
lyst might be explained by the strained nature of the 
exsolved NPs when compared to top-down deposited NPs, 
also previously observed in similar materials. 44, 59 Addition-
ally, this was verified by the fact that the activity of the sam-
ples increased with the increase in the reduction temperature, 
due to an increase in the amount of metal exsolved per sur-
face area. Overall, this work provides a novel structure 
where the design of Ir-based perovskites with an extremely 
low noble metal amount (~0.5% weight) is made possible by 
Ir incorporation in the lattice, subsequently exsolved as high-
specific-surface-area metallic nanoparticles. These were then 
demonstrated to have catalytic activity for the CO oxidation 
reaction. The preliminary results reported in this section are 
a promising starting point for the optimization of Ir-doped 
perovskites with such dilute active noble metal doping and 
their possible future applications in catalysis. 
 
CONCLUSIONS 
In this work we have demonstrated the successful exsolution 
of Ir nanoparticles from SrTiO3. The synthesis of this mate-
rial resulted in a single-phase homogeneous perovskite, con-

firming successful incorporation of the dopant in the ABO3 
structure. Following reduction, the formation of socketed 
and faceted metallic iridium nanoparticles was obtained, and 
this was studied both ex situ and in situ, with emergence of 
densely distributed surface nanoparticles from 900 °C up-
wards. The reduced material was extensively characterized 
by TEM, STEM-EDX, and XPS, and insights of the NP 
emergence mechanism were obtained by preliminary in situ 
heating STEM experiments. The exsolved material presented 
in this work exhibited promising catalytic activity (conver-
sion for CO oxidation), despite having five time less nominal 
surface loading than a 1% Ir/Al2O3 commercial catalyst, as 
only 0.2% of iridium is actually exposed on the surface of 
the exsolved Ir0.5-STO. Overall, the distinctive socketing 
between the metal catalyst and the STO support, and the 
performance of the 0.5% Ir-doped STO reported here show 
the promise for this material to be tested for other catalytic 
applications, such as water splitting, electrocatalysis for 
OER, and reforming reactions for syngas and/or hydrogen 
production.  
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