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oxygen transport mechanisms in
Ag/SrFeO3−d materials for chemical looping
catalysis

Alexander R. P. Harrison, *ab Felix Donat, c James M. A. Steele, de

Joseph C. Gebers, a Simon M. Fairclough, f Elizabeth A. Willneff,gh

Andrew J. Britton,gh Christopher L. Truscott,d Christoph R. Müller, c

Caterina Ducati, f Clare P. Grey d and Ewa J. Marek *a

Strontium ferrite (SrFeO3−d) impregnated with a noble metal (e.g. Ag) has been applied to catalyse selective

oxidation reactions in a chemical looping mode, such as in ethylene epoxidation or ethanol

dehydrogenation. The metal oxide donates oxygen to the reaction at the Ag catalyst, and then is re-

oxidised in air in a separate step, however the mechanisms of oxygen transport are poorly understood.

Here, we investigated the transport of oxygen within Ag/SrFeO3−d materials in situ to determine the

mechanisms by which Ag improves the redox activity of SrFeO3−d. X-ray diffraction under 5 vol% H2

showed that the Ag nanoparticles decreased the temperature required for phase transformation from

perovskite to brownmillerite structure, SrFeO2.5, from c. 500 °C for bare SrFeO3−d to c. 300 °C for Ag/

SrFeO3−d. Near-ambient pressure X-ray photoelectron spectroscopy (NAP-XPS) and Raman

spectroscopy showed that Ag–Ox surface intermediates enhance the release and uptake of oxygen,

confirming that Ag takes an active role in the reduction of Ag/SrFeO3−d.
1 Introduction

Silver-strontium ferrite composites have been investigated for
catalytic selective oxidation processes in a chemical looping
mode, including epoxidation of ethylene1–3 and dehydrogena-
tion of ethanol to acetaldehyde,4 whereby oxygen is supplied
from the lattice of the metal oxide support (termed an ‘oxygen
carrier’) to the active site of Ag, and subsequently re-oxidised in
air. Under strong reducing conditions, such as H2 or CO at
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$500 °C, SrFeO3−d undergoes a reversible phase change to
brownmillerite SrFeO2.5.5 Further reduction to e.g. SrO and Fe
allows for chemical looping processes at very low oxidising
potential, such as conversion of CO2 to CO5 or hydrogen
production via thermo-chemical splitting of H2O.6

In our previous work,7 the addition of Ag nanoparticles to
SrFeO3−d aided the removal of oxygen from the oxide lattice,
and increased the rate of release of O2 gas from the solid,
termed ‘oxygen uncoupling’, under relatively mild conditions
(reduction in N2 and re-oxidation in air, 475–600 °C). The
presence of Ag nanoparticles at the surface of SrFeO3−d has
been found to facilitate transport of oxygen by withdrawing
electron density from the perovskite, aiding the formation of
oxygen vacancies.8,9 Silver also catalyses reactions between
oxygen surface species to facilitate formation and dissociation
of O2.10–12 Additionally, from studies of oxidation of hydrocar-
bons over CeO2−d materials with and without Ag catalysts, the
addition of Ag altered the distribution of oxygen surface species
detected at the surface (e.g. atomic oxygen, peroxide, and
superoxide species),9,13–15 and changed the reaction mechanism
from Mars-Van Krevelen (direct reaction between the hydro-
carbon with CeO2−d lattice oxygen) to Langmuir–Hinshelwood
(reaction between the adsorbed hydrocarbon and Oa adatoms at
the Ag surface).16 However, while previous studies have
demonstrated that the addition of Ag to SrFeO3−d results in
faster oxygen removal and uptake, the relative inuence of Ag
on specic oxygen pathways or the formation of active transient
J. Mater. Chem. A, 2025, 13, 32271–32289 | 32271
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species remains unclear. Indeed, the question remains whether
Ag promotes alternative catalytic pathways via formation of Ag–
O surface oxygen species, or, aids oxygen availability from the
bulk oxide lattice by improving oxygen ion mobility, as specu-
lated in a few preliminary studies.2

Moreover, while previous literature has investigated the role
of Ag in surface reactions, the pathways taken by oxygen from
the bulk of the SrFeO3−d to form the oxygen surface species on
Ag have yet to be determined. In this work, the bulk and surface
properties of SrFeO3−d impregnated with nanoparticles of Ag
were investigated during reduction and oxidation, in order to
elucidate the mechanisms of oxygen release and re-uptake. The
inuence of Ag on the phase stability of SrFeO3−d was investi-
gated using in situ XRD under reducing and oxidising atmo-
spheres, while the spatial variation in oxygen content under
reduction was assessed with TEM. Then, XPS, Raman spec-
troscopy, and temperature programmed reduction in H2 were
applied to probe the species present at the surface of SrFeO3−d

and Ag/SrFeO3−d during reduction and oxidation in H2 and air,
respectively. During reduction at a given temperature and gas
environment, the distribution of oxygen species at the surface of
the materials under investigation was expected to reach
a pseudo-steady state, as surface oxygen species react with
hydrogen, and are replenished by oxygen from the SrFeO3−d

lattice.17 Applying a temperature ramp under reducing condi-
tions, the changes in relative abundance of different surface
species detected by in situ spectroscopy gave an indication of the
mechanisms of oxygen transport between the SrFeO3−d support
and the surface of Ag.

2 Methods
2.1 Synthesis of materials

Strontium ferrite (SrFeO3−d, written as SFO for brevity) oxygen
carriers were prepared via a solid state method.5,7 Stoichio-
metric amounts of Fe2O3 (0.25 mol, Honeywell Fluka, >99%)
and SrCO3 (0.5 mol, Sigma Aldrich, 98%) were thoroughly
mixed, then, 75 mL ethanol (Fisher Scientic, HPLC grade) was
added as a binder. The mixture was milled using a ball mill
(Pulverisette 6, Fritsch) with stainless steel balls and grinding
jar, with 2 min of milling at 600 rpm, followed by 20 min of
cooling between milling steps, repeated 15 times. The resulting
paste was dried in static air for 24 h at 50 °C crushed and sieved
to <355 mm. The resulting particles were calcined in two steps of
4 h and 18 h at 1000 °C under static air in an electric muffle
furnace (Carbolite), with intermediate cooling to room
temperature, then sieved to 180–355 mm. The initial stoichi-
ometry of the prepared material was shown previously7 to be
SrFeO2.82. Particles of Ag were deposited onto SFO by incipient
wetness impregnation, referred to as Ag/SFO. Silver nitrate
solution was prepared by dissolving AgNO3 (Alfa Aesar, >99.8%)
in DI water, then, added dropwise to SFO (180–355 mm) in
a single step, with manual mixing between addition of drops of
solution. The volume of water used was selected to approxi-
mately equal the volume ofmacropores in the SFO, estimated by
adding water dropwise to a sample of SFO until the particles
cohered. The impregnated particles were then dried at 120 °C
32272 | J. Mater. Chem. A, 2025, 13, 32271–32289
for 12 h, and calcined at 650 °C in an electric muffle furnace
under static air for 5 h to decompose the nitrate species, leaving
10 wt% metallic Ag at the surface of the SFO. A sample of Ag/
SFO with a higher loading of 15 wt% Ag was prepared for in
situ transmission electron microscopy (TEM), to facilitate
nding suitable particles of Ag on the sample. For use in XPS
and Raman spectroscopy analysis, samples of SFO and Ag/SFO
were compressed to form at pellets, of diameter 7 or 13 mm.

2.2 In situ X-ray diffraction (XRD)

Powder X-ray diffraction (XRD) measurements were collected
using a Malvern Panalytical Empyrean diffractometer.
Measurements were collected over the angular range 2q = 20–
80°, with step resolution 0.02° and step time 2 s, using Cu Ka
radiation (1.5418 Å). For in situ measurements at elevated
temperature (200–800 °C) and under variable atmospheres,
a heated stage (Anton Paar XRK 900) was used, with gases
(compressed air, N2, and 5 vol% H2 in N2, all BOC or Carbagas)
delivered at a owrate of 200 mL min−1, and two successive
scans collected at each temperature. Rietveld renement was
performed using TOPAS soware,18 using reference patterns for
tted phases from the ICSD database19 (ICSD collection codes
are given in the (SI), Table S1).

2.3 In situ transmission electron microscopy (TEM)

Samples were prepared for in situ TEM analysis by manually
crushing particles of SFO and Ag/SFO in an agate mortar. The
resulting powder was then suspended in CHCl3 (Sigma Aldrich,
>99%), and a drop of the resulting suspension was deposited
onto a heating chip (DENSSolutions Wildre, shown in the SI,
Fig. S1), and dried for 45 min at 50 °C. The TEM measurements
were performed using a Thermo Fisher Scientic Spectra 300
TEM operating at 300 kV accelerating voltage. The sample
chamber was evacuated to 10−8 mbar total pressure, corre-
sponding to an oxygen partial pressure of approximately pO2 =

2.1 × 10−7 Pa.
Selected area electron diffraction (SAED) patterns were

collected at each point on the sample using a MerlinEM direct
electron detector (Quantum Detectors), alongside energy
dispersive X-ray spectroscopy (EDS) and electron energy loss
spectroscopy (EELS) measurements, collected using SuperX
EDS (Thermo Fisher Scientic) and Continuum EELS (Gatan)
detectors respectively. The resulting EDS and EELS spectra were
processed and analysed using the Hyperspy Python package20 as
described in the SI, Sections S1.1 and S1.2.

Reference EELS measurements of iron compounds with
known oxidation state21 were used to correlate the intensity of
Fe-L3 and Fe-L2 peaks in the EELS spectra to the local oxidation
state of Fe in the sample.22,23 Simulated SAED patterns were
generated using SingleCrystal® (CrystalMaker Soware).

For both samples, the sample was heated in a series of
temperature steps (20, 200, 400, and 600 °C for SFO; 20, 200,
300, 400, 500, 600 and 700 °C for Ag/SFO). A further set of scans
was collected for Ag/SFO aer cooling to room temperature. At
each temperature, the sample was allowed to settle for 5–
10 min, then, EELS and EDS scans were collected in parallel,
This journal is © The Royal Society of Chemistry 2025
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with a total scan time of approximately 10 min, and subse-
quently images and SAED scans were collected, with an
approximate electron dose of 3 × 105 Å−2 per scan. The effect of
electron dose on measured EELS spectra is reported in the SI,
Fig. S8. The sample was held at each temperature for approxi-
mately 45 min, and the time taken to heat or cool the sample
was under 10 s for all temperature steps.
2.4 Near-ambient pressure X-ray photoelectron spectroscopy
(NAP-XPS)

Near-ambient pressure X-ray photoelectron spectroscopy (NAP-
XPS) measurements were performed using a SPECS EnviroESCA
NAP-XPS spectrometer, with full hardware parameters
described elsewhere.24 Gases (5 vol% H2 in N2, N2, or
compressed air, all BOC, 99.99+%) were supplied using mass
ow controllers, with composition in the sample chamber
measured using a mass spectrometer (MS, MKS e-Vision 2).
Pellets of SFO or Ag/SFO (13 mm diameter, c. 1 mm thickness)
were clamped onto a ceramic button heater, with temperature
controlled between 25–430 °C by varying the current supplied
through a resistive heating coil. The X-ray beam spot size on the
sample was c. 0.3 mm in diameter, and the working distance
from the nozzle to the sample was c. 0.3 mm. Prior to NAP-XPS
measurements, samples were cleaned of carbonate species
adsorbed at the surface by heating to 650 °C in ambient air for
5 h. The samples were then stored in an Ar-lled glovebox, and
transferred to the NAP-XPS instrument immediately before
collecting measurements. Any residual carbonate remaining on
the sample desorbed upon heating to temperatures above
177 °C, evidenced by the disappearance of the carbonate peak in
the C 1s spectrum. During heating, the gas environment was set
to 0.25 mbar H2 by feeding 30 mL min−1 5 vol% H2 in N2, and
during cooling, to 1 mbar O2 by feeding 30 mL min−1

compressed air. Total pressure in the sample chamber was kept
constant at 5 mbar by feeding N2 as a balance gas, in order to
avoid changes in signal attenuation or binding energy induced
by changing pressure,25 with the selected pressure offering
a balance of charge compensation at the surface of the sample,
signal to noise ratio, and data acquisition time. The mono-
chromated Al K-a X-ray source was operated at 14 kV voltage and
42 W power. Survey scans were collected in 1 sweep with a step
size of 1 eV, dwell time of 0.1 s and pass energy of 100 eV. High-
resolution narrow scans were collected sequentially for the C 1s,
Sr 3p, O 1s, Fe 3p, Sr 3d, N 1s, and Ag 3d regions in 4 sweeps
with a step size of 0.1 eV, dwell time of 0.2 s and pass energy of
50 eV with a total scan time of c. 45 min. For the sample of Ag/
SFO, scans of the S 2p region were also collected with the same
parameters, as sulphur was detected in the survey scan.
Furthermore, for Ag/SFO, immediately aer the gas switch from
H2 to O2, successive rapid scans of the O 1s region (523–543 eV,
0.1 eV step size, pass energy of 50 eV and 0.1 seconds of dwell
time of total duration 20 s) were collected for 20 min.

Analysis of XPS measurements was performed using
CasaXPS soware,26 with a Shirley type background tted to all
regions27 and all peaks tted with a Lorentzian asymmetric
lineshape. Energy calibration was performed relative to the
This journal is © The Royal Society of Chemistry 2025
adventitious carbon C 1s peak (Cadv) at 284.8 eV,28 with the
caveat that for measurements at high temperatures (>300 °C)
under oxidising conditions, the Cadv peak intensity was low, as
a result of the carbon desorbing. For NAP-XPS measurements
without a clear Cadv peak, measurements were calibrated rela-
tive to the central position of the Sr 3p3/2 peak, at 268.4 eV,
which was found not to shi substantially (<0.25 eV) with
respect to the Cadv peak in spectra where both were visible,
under variable temperatures and gas atmospheres. The
parameters for the binding energies and FWHM of the tted
peaks are given in the SI, Table S3.
2.5 Temperature programmed reduction (H2-TPR)

Temperature programmed reduction in hydrogen (H2-TPR) was
performed using a Micromeritics AutoChem 2920 II instru-
ment. Samples (c. 30 mg, 180–355 mm) of SFO and Ag/SFO were
inserted into a quartz U-tube reactor (i.d. 8 mm), and a ther-
mocouple was positioned in the centre of the bed of active
material, to record the temperature at the sample. The material
was then heated under ow of 5 vol% O2 (balance He, 20
mL min−1, Carbagas) at 650 °C for 2 h prior to measurements,
then cooled to 50 °C, to remove surface impurities. The owing
gas was then switched to 5 vol% H2 (balance Ar, 20 mL min−1,
Carbagas), and the samples were ramped from 50–700 °C at
a rate of 5 °C min−1. Hydrogen consumption was measured
using an on-line thermal conductivity detector, and the frac-
tions of other gaseous species (H2O, O2, CO2), were measured
using an on-line mass spectrometer (MKS Cirrus 2).
2.6 In situ Raman spectroscopy

Raman spectroscopy measurements were performed using
Thermo Scientic DXR 2 and Horiba Jobin-Yvon LabRAM HR
Raman spectrometers, tted with Linkam CCR1000 heated
stages for in situmeasurements. In a typical experiment, Raman
spectra were collected over the wavenumber range 150–
1800 cm−1 or 150–1450 cm−1, at a laser power of 0.5 mW and
15 s acquisition time, using a 532 nm green laser.

Gases (compressed air, N2, or 5 vol% H2 in N2, all BOC or
Carbagas, 99.99+%) were supplied to the stage at a total owrate
of 35 mL min−1, set using mass-ow controllers. The set-point
of the heated stage was set to the target temperature
(200–350 °C) with a nominal ramp rate of 10 °C min−1, and
allowed to settle for 5–10 min prior to measurements.

A pelletised sample of Ag/SFO was cleaned at 650 °C in air to
remove any surface carbonate impurities from adsorbed CO2

(with Ag2CO3 decomposing at around 230 °C29), and to induce
reduction of any residual silver(I) oxide and silver (I, III) oxide
(each starting to decompose at around 200 °C, with full reduc-
tion to metallic Ag at around 450 °C30). The cleaned pellet was
then mounted into the heated stage. Reference spectra were
collected at room temperature in air, then, the gas owing
through the sample stage was set to 5 vol% H2. The stage
temperature was increased from 200–350 °C in 50 °C incre-
ments, with three scans collected at each temperature at a scan
time of 2.5 min.
J. Mater. Chem. A, 2025, 13, 32271–32289 | 32273
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Reference spectra at room temperature were also collected
for a pellet of unmodied SFO, as-received Ag2CO3 (Sigma
Aldrich, 99%), a sample of Ag supported on Al2O3 (Boud
Minerals, 355–425 mm) prepared by incipient wetness impreg-
nation, and a sample of Ag2O supported on Al2O3 (with details
of synthesis given in ref. 31).
3 Results
3.1 Characterisation of structural changes

3.1.1 In situ X-ray diffraction. X-ray diffraction patterns for
SFO and Ag/SFO heated under 5 vol%H2 in N2 from 200–800 °C,
then cooled in air back to 200 °C, are presented in Fig. 1a, with
estimated phase compositions given in Fig. 1b.

Representative tted Rietveld renement patterns and t
prole residuals are given in the SI, Fig. S9 and Table S2,
Fig. 1 (a) Sections of in situ XRD patterns showing reduction in 5 vol% H
per temperature shown. Tick markers indicate peak positions in identifie
mated conversion from perovskite to brownmillerite phase over success
fully re-oxidised to perovskite form within one scan after switching to a

32274 | J. Mater. Chem. A, 2025, 13, 32271–32289
respectively. For SFO, upon heating in 5 vol% H2, a phase
change from perovskite SrFeO3−d to brownmillerite SrFeO2.5

was observed at 500 °C, in agreement with previous studies.32,33

No further phase changes, or decomposition of the SrFeO2.5

phase, were observed upon heating to 800 °C, in line with ref. 5.
Upon switching the gas atmosphere from 5 vol% H2 in N2 to air,
the SFO rapidly (#20 min) re-oxidised to cubic perovskite
structure.

For the sample of Ag/SFO, reduction of the perovskite
SrFeO3−d phase to brownmillerite SrFeO2.5 occurred at
substantially lower temperature, with partial reduction to
22 wt% and 47 wt% over two successive scans at 200 °C (indi-
cated by formation of a peak shoulder at 2q = 32°, circled in
Fig. 1a), and reaching full reduction to SrFeO2.5 at 300 °C. Such
a decrease in temperature was in broad agreement with the
ndings from thermogravimetric analysis (TGA) measurements
2 and oxidation in air of (i) SrFeO3−d and (ii) Ag/SrFeO3−d, with one scan
d phases, circle indicates initial formation of SrFeO2.5 phase. (b) Esti-

ive scans for each material during reduction in 5 vol% H2; both samples
ir.

This journal is © The Royal Society of Chemistry 2025
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reported previously,7 where, under reduction with 5 vol% H2 in
N2, SrFeO2.5 formed at 585 °C for SFO, and at 512 °C for Ag/SFO.
The lower temperatures of brownmillerite formation during
XRD scans as compared to under TGA are explained by the
sample being exposed to 5 vol% H2 gas directly in the in situ
XRD stage, whereas, inside the TGA instrument, mixing
between the reactive gas and inert purge and protective streams
resulted in a lower hydrogen concentration in contact with the
sample material (estimated at around 1.67–3.33 vol% H2).5,34

The impregnated Ag in Ag/SFO remained as metallic silver
throughout the experiment, with no bulk crystalline silver oxide
phases detected (Ag2O or AgO). When the gas was switched to
air, as with SFO, the sample rapidly (<20 min) oxidised to re-
form the perovskite phase, and aer cooling to 200 °C, the
XRD measurements overlapped with the results collected for
fresh samples.

In situ XRD measurements of SFO and Ag/SFO heated in air
from 200–800 °C in 100 °C increments, then, cooled back to
200 °C are shown in the SI, Fig. S10. For both samples, peaks
corresponding to the perovskite SrFeO3 phase shied to lower
2q values, corresponding to expansion of the crystal lattice.5,35

3.1.2 In situ transmission electron microscopy. Selected
area electron diffraction (SAED) images of Ag/SFO collected at
a point near the edge of the sample were compared with
simulated patterns for perovskite SrFeO3 (Pm�3m symmetry36)
and brownmillerite SrFeO2.5 (Ibm2 symmetry37), shown in Fig. 2.
At room temperature, the TEM sample stage was tilted to align
the electron beam with the [110] zone axis of a SrFeO3−d crystal,
allowing the perovskite SrFeO3 and brownmillerite SrFeO2.5

phases to be readily distinguishable from their electron
diffraction patterns,38 with the unit cell highlighted in the
simulated and measured patterns.

No major changes in the diffraction pattern were observed
upon heating up to 500 °C, indicating formation of oxygen
vacancies in the perovskite structure without an overall phase
change. However, at 600 °C, additional reections emerged, and
became more intense with successive scans (shown in
Fig. 2 (a) Simulated electron diffraction patterns along the [110] zone axi
axis for brownmillerite SrFeO2.5 with Ibm2 symmetry, (b) dark field TEM
images, (c(i–viii)) SAED patterns of Ag/SFO collected at each temperature
the perovskite phase, green corresponding to the brownmillerite pha
ordering).

This journal is © The Royal Society of Chemistry 2025
Fig. 2c(vi–viii)), corresponding to formation of a brownmillerite
phase aligned along the [221] zone axis, as expected for top-
otactic phase transition of perovskite to brownmillerite struc-
ture.38 Additional reections also emerged in the vicinity of the
central spot (circled in Fig. 2c(viii)), corresponding to interlayer
ordering of (FeO4)N chains in the brownmillerite structure.38,39

Aer cooling to room temperature under vacuum, reections
were visible corresponding to both brownmillerite and perov-
skite structures, suggesting incomplete conversion of SrFeO3−d

to SrFeO2.5, and substantial heterogeneity through the depth of
the sample.

The oxidation state of Fe in SFO and Ag/SFO was estimated
from EELS measurements of the Fe-L3 and Fe-L2 energy-loss
peaks performed using a TEM instrument, as described in the
SI, Section S1.2, corresponding to the local Fe3+/Fe4+ ratio.
Hence, the calculated local oxygen non-stoichiometry of
SrFeO3−d is shown in Fig. 3. Given that EELS measurements
correspond to the loss of energy of electrons passing through
the sample into the plane of the image, the estimated stoichi-
ometry at each point corresponds to the average oxygen content
through the sample along the direction of the electron beam.

From EELS measurements of unmodied SFO at room
temperature, the average stoichiometry over the sample shown
in Fig. 3c was estimated to be approximately SrFeO2.83, in line
with the initial stoichiometry of SrFeO2.82 estimated from TGA
measurements.7 Given that each point in Fig. 3 corresponds to
the average estimated stoichiometry through the thickness of
the sample into the plane of the sample, the average of all
points corresponds to the overall average for the whole three-
dimensional sample; albeit with some points suggesting an
unphysically high oxygen stoichiometry.

The rate of oxygen release from SFO under vacuum at room
temperature was assumed to be minimal, and hence the scans
at room temperature were assumed to correspond to oxygen
distribution in as-prepared SFO. The distribution of oxygen
within the sample was found to show some spatial variation,
with a lower oxygen stoichiometry around the edge of the
s for perovskite SrFeO3 with Pm�3m symmetry, and along the [211] zone
image of Ag/SFO with red square corresponding to location of SAED
, with construction lines drawn to guide the eye (pink corresponding to
se, and blue circles indicating reflections induced by (FeO4)N chain
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Fig. 3 In situ TEM images with (a) bright-field image of SrFeO3−d, (b) EELS maps showing changes in local oxidation state with increasing
temperature, with regions of thickness >250 nm excluded, and (c) average oxygen stoichiometry of SrFeO3−d for samples of SFO and Ag/SFO,
estimated from EELS measurements under vacuum (pO2 = c. 10−7 barO2

). Arrows in (c) indicate sequence of temperatures.
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sample, and higher oxygen stoichiometry in the centre. Upon
heating under vacuum, the reduced region expanded inward
uniformly through the sample, with a consequent decrease in
average oxygen stoichiometry, with the reduced front nearing
the centre of the particle at 600 °C. The average oxygen non-
stoichiometry at 600 °C was estimated to be c. SrFeO2.77,
higher than in isothermal TGA measurements reported previ-
ously7 (3 − d = 2.65), where SFO was reduced in an inert
atmosphere (N2, nominal pO2 = 10−5 barO2

, as compared to c.
10−7 barO2

in the TEM chamber).
For Ag/SFO, a similar spatial distribution of oxygen at room

temperature was observed (shown in Fig. 4), with the material
showing high oxygen content near the centre of the particle,
with partial reduction near the edges. The initial non-
stoichiometry was estimated to be (3 − d) = 2.82, in close
agreement with the TGA measurements reported in 7. From
bright-eld imaging and EDS measurements, two larger Ag
particles (c. 40 nm diameter) were detected at the edge of the
sample (shown in Fig. 4a and b), and a smaller Ag particle (c.
32276 | J. Mater. Chem. A, 2025, 13, 32271–32289
20 nm diameter) was found near the centre of the sample. Near
the edge of the sample, small Ag nanoparticles were also visible
(<10 nm, approximately equal to the spatial resolution of the
EDS detector under the instrument settings used).

Upon heating Ag/SFO in the TEM, the reduced region
expanded inwards from the edge of the particle, in a similar
manner to SFO. Average oxygen stoichiometry declined with
heating as expected as shown in Fig. 3c, with Ag/SFO showing
average oxygen content equal to or lower than SFO at temper-
atures $400 °C. The apparent increase in oxygen stoichiometry
between 200 °C and 300 °C was attributed to the lower quality of
the scan at 300 °C (as compared to the other measurements)
resulting in high uncertainty in the estimated oxygen content,
rather than a genuine increase.

The reduced fronts expanded approximately uniformly
through the sample, with only the thickest region at the centre
of the particle remaining at higher oxygen content at 700 °C.
Reduced regions of Ag/SFO were not localised around particles
of Ag, suggesting that if oxygen was removed at Ag sites (as
This journal is © The Royal Society of Chemistry 2025
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Fig. 4 In situ TEM images with (a) bright-field image of Ag/SrFeO3−d,
(b) EDS map indicating particles of Ag, (c) EELS maps showing changes
in local oxidation state with increasing temperature under vacuum
(pO2 = c. 10−7 barO2

), with regions of thickness >250 nm excluded.
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discussed further in Section 3.2), the transport of O2− ions
within the SrFeO3 lattice was relatively rapid (with respect to the
c. 10 min timescale of measurements), as any local depletion of
oxygen near particles of Ag was replenished from the bulk
SrFeO3−d.

The nal average oxygen stoichiometry at 600 °C (with little
change observed upon further heating to 700 °C) was estimated
at (3 − d) = 2.75, less reduced than expected from TGA
measurements reported in 7, where Ag/SFO stabilised at c. (3 −
d) = 2.6 aer 45 min reduction in N2 at 600 °C. Hence, either
reduction of the samples was inhibited by the experimental
arrangement in the TEM, or, the method of using EELS to
estimate changes in oxygen non-stoichiometry tended to
underestimate the extent of reduction. Upon cooling from
700 °C back to room temperature, little change in oxygen
distribution was observed and average non-stoichiometry
remained constant, conrming that any residual oxygen gas
present in the TEM sample chamber was not sufficient to re-
oxidise the Ag/SFO.

3.2 Characterisation of oxygen species

3.2.1 Near-ambient pressure X-ray photoelectron spec-
troscopy. To characterise the chemical environments at the
surface of the samples, near-ambient pressure X-ray photo-
electron spectroscopy (NAP-XPS) measurements were per-
formed on pelletised samples of SFO and Ag/SFO. Alongside
NAP-XPS measurements, photographs of the sample under
investigation were taken periodically, shown in the SI, Fig. S11,
This journal is © The Royal Society of Chemistry 2025
with a thin orange layer of brownmillerite SrFeO2.5 forming at
the surface of each pellet under H2, then disappearing upon
exposure to O2.

From NAP-XPS scans of the O 1s region for SFO at room
temperature (shown in Fig. 5a), four distinct oxygen species
were detected: SrFeO3-lattice oxygen, SrO-lattice termination
oxygen (i.e. strontium termination of the perovskite lattice in
SFO40,41), chemisorbed oxygen species,42–44 and residual
carbonate impurities.45,46 Residual carbonate species were
detected on SFO and Ag/SFO up to 177 °C, shown in the SI,
Fig. S12. For the sample of Ag/SFO at room temperature
(Fig. 5d), an additional peak was detected at c. 532.5 eV,
assigned to adsorbed Ag–Ox species.47,48 A full description of
peak tting parameters and assignments is given in the SI,
Table S3.

Upon heating SFO in 0.25 mbar H2 (balance N2, total pres-
sure 5 mbar), the proportion of chemisorbed surface O species
declined, with a rapid decrease above 357 °C (shown in Fig. 5b
and 6a; deconvoluted XPS peaks in the SI, Fig. S14), and a cor-
responding increase in the relative fraction of bulk SrFeO3

lattice oxygen was detected. An overall shi in binding energy
for SrFeO3 lattice oxygen of c. +1.5 eV was observed relative to
the measurements at room temperature, corresponding to
a shi in the chemical potential of oxygen in the reduced oxide,
and hence the Fermi level.49 The shi in Fermi level was
conrmed from measurements of the Sr 3d region (shown in
the SI, Fig. S13), where a similar shi (c. +1.5 eV) was observed,
in agreement with.49 The differences in binding energy between
peaks in the O 1s spectrum remained approximately constant
(±0.25 eV).

When the gas environment was switched to 1 mbar O2, the
proportion of surface oxygen species on SFO recovered rapidly,
from 26.6 at% to 56.0 at% aer 20 min exposure (Fig. 5c). Upon
cooling back down to room temperature under 1 mbar O2, the
proportion of surface oxygen species continued to increase,
reaching c. 65 at% at 20 °C (Fig. 6b). Additionally, two further
peaks at c. 538–540 eV were observed, corresponding to phys-
isorbed O2 molecules at the surface of the sample,50 and
molecules of oxygen gas in the sample chamber.51

For Ag/SFO, upon heating under 0.25 mbar H2, the propor-
tion of surface O started to decrease at a lower temperature of
117 °C, falling to around 6 at% by 357 °C, whereupon the
fraction of Ag–Ox species also began to rapidly decline (shown
in Fig. 5e and 6c; deconvoluted XPS peaks in the SI, Fig. S15).
The total fraction of non-lattice oxygen surface species (i.e. Ag–
Ox plus surface O) declined steadily throughout heating under
H2, reaching 12.5 at% at 433 °C. The nal fraction of surface O
plus Ag–Ox on Ag/SFO was substantially lower than the fraction
of surface O detected on SFO at 439 °C, showing that the pres-
ence of Ag aided the removal of surface oxygen.

When the gas environment over Ag/SFO was switched to 1
mbar O2, the fraction of Ag–Ox species rapidly increased,
reaching 37 at% within 20 min (Fig. 5f) and remaining
approximately constant throughout re-oxidation (Fig. 6d). By
contrast, the fraction of surface oxygen increased gradually,
recovering to the initial value of 16 at% when the sample was
cooled to room temperature. To better understand the
J. Mater. Chem. A, 2025, 13, 32271–32289 | 32277
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Fig. 5 NAP-XPS O 1s spectra of SrFeO3−d (a–c) and Ag/SrFeO3−d (d–f) under 0.25 mbar H2 and 1 mbar O2. Circles indicate experimental
measurements, solid black lines indicate overall fitted curve, shaded areas correspond to individual fitted peaks, dashed lines correspond to fitted
baseline, and solid grey lines correspond to difference between fitted curve and measurements. Percentage areas estimated for each peak are
given, corresponding to the approximate proportion (at%) of each species at the surface.
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behaviour of the surface oxygen species immediately aer the
gas switch from a reducing to oxidising atmosphere, rapid (20 s)
scans of the O 1s region for the sample of Ag/SFO were collected,
shown in Fig. 7a. Given the relatively lower resolution of the
rapid scans, surface O and Ag–Ox could not be distinguished
reliably, and so were tted to a single broad peak; contributions
from any other oxygen species were assumed to be negligible.

For the rst 5 min aer changing the set-points of the mass-
ow controllers used to supply gas to the NAP-XPS sample
chamber, no change was observed in the surface composition of
Ag/SFO (shown in Fig. 7b), as a result of the delay between
changing the gas supply, and the atmosphere around the
sample changing. Aer approximately 5 min, the fraction of H2

in the sample chamber began to decrease and the fraction of O2

began to increase (monitored by online mass spectrometry,
shown in Fig. 7c), and a peak at binding energy c. 532 eV, cor-
responding to the Ag–Ox and surface O species, began to emerge
almost immediately, with a corresponding increase in
32278 | J. Mater. Chem. A, 2025, 13, 32271–32289
estimated fraction of surface O and Ag–Ox species, reaching
a steady state approximately 10 min aer the gas switch. The
position of the lattice oxygen peak also shied back from 530 eV
to c. 529.5 eV when the O2 entered the sample chamber, as the
surface of the sample began to re-oxidise, resulting in a partial
reverse of the shi in oxygen binding energy observed
previously.

3.2.2 Temperature programmed reduction (H2-TPR). To
conrm the differences in surface behaviour during reduction,
H2-TPR measurements up to 700 °C were performed for SFO
and Ag/SFO, as shown in Fig. 8. During H2-TPR, water formed as
the only reaction product, with all surface carbon removed
during the cleaning step in 5 vol% O2 prior to measurements
(shown in the SI, Fig. S19). During TPR measurements, the
hydrogen consumption peaks corresponded to the removal of
oxygen from the surface of the material, with further oxygen
supplied from the bulk oxide lattice. Therefore, the presence of
multiple TPR peaks represents the reaction of hydrogen with
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/d5ta04944j


Fig. 6 Changes in surface composition with temperature for SrFeO3−d (a and b) and Ag/SrFeO3−d (c and d) under reducing (0.25 mbar H2) and
oxidising (1 mbar O2) conditions, determined by NAP-XPS.
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oxygen by differing mechanisms and with distinct surface
species.13,52

The sample of SFO showed a single peak in hydrogen
consumption, centred at around 412 °C. Contrastingly, the
sample of Ag/SFO showed two distinct features: a large, broad
Fig. 7 (a) Rapid (20 s) scans of O 1s region immediately after gas switch fr
gas switch to differentiate successive scans, where purple = immediate
indicate fitted peak centre positions for lattice O in SrFeO3−d, and surfac
switch. (c) Composition of gas in sample chamber, measured by online

This journal is © The Royal Society of Chemistry 2025
peak centred at around 216 °C, and a shallower peak centred at
around 428 °C. The differences between the two samples under
H2-TPR suggest that the peak at 216 °C for Ag/SFO corresponded
to reaction of H2 with adsorbed Ag–Ox surface species, as
detected by NAP-XPS, discussed in further detail in Section
om 0.25mbar H2 to 1 mbar O2 at 433 °C (line colour indicates time after
ly after gas switch, yellow = after 20 min of exposure to O2). Markers
e O and Ag–Ox. (b) Estimated composition of surface species after gas
mass spectrometry.
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Fig. 8 Temperature-programmed reduction of SFO and Ag/SFO in
5 vol% H2, with temperatures corresponding to centre of each fitted
component, and total H2 consumption for each feature. Samples were
cleaned in situ of carbonate and other impurities at 650 °C in 5 vol% O2

for 2 h prior collecting the TPR measurements shown in the figure.

Fig. 9 (a) In situ Raman spectroscopy of Ag/SrFeO3−d showing removal o
from literature, (b) reference scans at room temperature. Reference scan
scan.

32280 | J. Mater. Chem. A, 2025, 13, 32271–32289
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4.2.1, and that the peaks at 412–428 °C corresponded to the
reduction of bulk SFO. Total cumulative hydrogen consumption
at 700 °C was lower for SFO than Ag/SFO, at around 1.9 and 2.4
mmolH2

g−1, respectively, corresponding to an estimated nal
non-stoichiometry of approximately (3 − d) = 2.5 for SFO, as
expected for reduction in H2 up to 700 °C from XRD measure-
ments, to form brownmillerite SrFeO2.5. The estimated nal
stoichiometry of Ag/SFO was somewhat lower, at (3 − d) = 2.4,
suggesting possible further deep reduction of the SrFeO2.5 to
form e.g. Ruddlesden-Popper phases,5 or, slightly lower initial
oxygen stoichiometry for the sample of Ag/SFO,7 resulting in an
underestimate of the nal oxygen content.

3.2.3 In situ Raman spectroscopy. Raman spectroscopy
with simultaneous heating under 5 vol%H2 was used to identify
the Ag–Ox species detected at the surface of Ag/SFO from NAP-
XPS and H2-TPR, with the measured spectra shown in Fig. 9a.
All samples were calcined overnight in air prior to collecting
Raman spectra, to remove surface impurities. The shaded
bands span reported wavenumber ranges of peaks corre-
sponding to different Ag–Ox species: atomic Ag–O (i.e. chem-
isorbed oxygen atoms) at 680–800 cm−1, peroxide Ag–O2

2− at
880–1020 cm−1, and superoxide Ag–O2

− at 1020–1080 cm−1 (ref.
53–56) (with values from literature summarised in the SI, Table
f Ox surface species under 5 vol% H2, with shaded wavenumber ranges
s are normalised with respect to maximum intensity detected in each

This journal is © The Royal Society of Chemistry 2025
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S4), with some overlap between Ag–O and silver oxide (bulk
Ag2O), and between Ag–O2

2− and Ag2CO3, shown in Fig. 9b.
For Ag/SFO at room temperature in air, clear peaks were

observed in the wavenumber ranges corresponding to atomic
Ag–O (at c. 670 cm−1), peroxide Ag–O2

− (at c. 989 cm−1), and
superoxide Ag–O2− (at c. 1072 cm−1). No peaks in the regions of
interest were observed on bare SFO without Ag, indicating
minimal contribution from carbonate impurities or other
species in the SFO support, as SrCO3 has a characteristic Raman
band at around 1071 cm−1.57 For Ag on Al2O3, strong Raman
bands were detected at 686 and 1052 cm−1, assigned to atomic
oxygen and superoxide, respectively. A very weak band was
detected at 990 cm−1, suggesting that some peroxide Ag–O2

2−

was present on the Ag/Al2O3.56 The sample of Ag2O/Al2O3

showed a Raman peak at around 668 cm−1, at slightly lower
wavenumber than the peak detected in the Ag–O region for Ag/
Al2O3 and Ag/SFO. The sample of Ag2CO3 showed a peak at
1065 cm−1, overlapping with the superoxide region, which
halved in intensity upon collecting a second scan at the same
point, as a result of damage to the photosensitive sample from
the laser beam.58

Upon heating the sample of Ag/SFO to 200 °C in air (purple
curve), all three main peaks at 670, 989, and 1072 cm−1

remained, although the relative intensity of the atomic oxygen
and superoxide peaks somewhat declined, possibly indicating
removal of trace silver oxide and carbonate contaminants. With
gas ow through the sample stage switched to 5 vol% H2 in N2

(blue curves), little change was observed at 200 °C, then, upon
heating to 250 °C (green curves), the intensity of the peak cor-
responding to atomic oxygen declined, and almost entirely di-
sappeared aer three scans (c. 15 min dwell time at 250 °C).
With further heating to 300 °C (yellow curves), the atomic
oxygen feature at 670 cm−1 fully disappeared, and over the
course of three successive scans, the intensity of the peak at
1072 cm−1 (assigned to superoxide) began to decline. At the
highest temperature point of 350 °C (red curves), the superoxide
peak disappeared entirely, and aer two scans, the peroxide
peak at 989 cm−1 also disappeared. In addition, a prominent
feature at c. 1350 cm−1 emerged, attributable to two-magnon
scattering in brownmillerite SrFeO2.5.59,60 Deep reduction of
SrFeO3−d (3− d# 2.5) and possible formation of brownmillerite
SrFeO2.5 at the surface of the sample pellet was in line with
Fig. S11, where an orange brownmillerite surface layer formed
at the surface of the SrFeO3−d pellet under reducing conditions
at c. 350 °C.

4 Discussion
4.1 Bulk reduction of SrFeO3−d

The XRD results in Fig. 1 show that for reduction in 5 vol% H2,
the presence of Ag on SrFeO3−d aided phase transition from
perovskite to brownmillerite, decreasing the temperature
required by 200 °C as compared to unmodied SFO.

Wang et al.8 showed from high-temperature XRD measure-
ments that noble metals deposited on strontium perovskites
reduced the temperature required for transformation from
perovskite to brownmillerite by about 150 °C, investigated using
This journal is © The Royal Society of Chemistry 2025
thin-lm samples. From density functional theory calculations
and TEM imaging of the Ag–SrFeO3−d, the authors postulated
that the presence of the noble metal lm aided oxygen release
by donating electrons to the perovskite support, weakening Fe–
O bonds by forming an amorphous interfacial layer of Ag–O–Fe.
However, given the authors focused on thin lms, they did not
consider the effects from interfacial reactions of Ag, which will
be more relevant in the polycrystalline samples considered
here, as discussed in Section 4.2.1.

The TEM images, with parallel EDS and EELS mapping,
shown in Fig. 3 and 4 demonstrate the changes in Fe oxidation
state, and hence oxygen stoichiometry in SrFeO3−d, during
heating in vacuo for SFO and Ag/SFO.

The sample of Ag/SFO did not show signicant localisation
of reduced areas at or near particles of Ag – instead, both
samples showed growth of reduced fronts moving inwards to
the centre of the particle in an approximately uniform manner.
The lack of spatial variation near particles of Ag in Ag/SFO was
in contrast with in situ TEM studies of other noble metal–metal
oxide systems under redox reactions. For particles of Pd on
CeO2−d,61 a reduced region of Ce3+ at the Pd–CeO2−d interface
spread through the bulk Ce4+ during reduction. In contrast, in
situ EELS and NAP-XPS studies of NiFe2O4 nanoparticles
without any metal catalysts under strong reducing conditions
(H2 or CO at $850 °C) showed little variation in Fe valence for
the rst 120 min,62,63 requiring deep overall reduction of the
oxide for concentration gradients to develop.

Hence, for the experimental conditions applied here in the
TEM, with Ag/SFO uncoupling oxygen into vacuum, given the
Ag/SFO system did not show localisation of reduced regions
around Ag, relatively rapid transport of O2− ions within the
SrFeO3−d lattice might have been sufficient to dissipate any
spatial gradients in oxygen content near Ag resulting from
oxygen removal at Ag–SrFeO3−d interfaces. Instead, the particle
became reduced gradually from the edge to the centre, with
transport of oxygen from the core to the surface, resulting in
a front of lower-valence Fe3+ moving inwards from the edge of
the particle to the centre.

Additionally, electron diffraction images shown in Fig. 2
suggested partial formation of a brownmillerite phase in Ag/
SFO at elevated temperature ($600 °C). However, the diffrac-
tion patterns also showed the clear presence of reections
corresponding to a cubic perovskite phase alongside the
brownmillerite, indicating heterogeneity through the sample
depth, possibly with thin layers of brownmillerite forming at
external surfaces around a perovskite core. The relatively slow
phase transition in TEM experiments is in contrast with the
rapid phase transition observed in studies of SrFeO3−d thin
lms,64 where brownmillerite regions expanded through the
sample, surrounding ‘islands’ of unconverted perovskite.

At 700 °C, the average oxygen stoichiometry at the point on
the sample where a brownmillerite phase was visible (shown in
Fig. 2b) was estimated to be c. SrFeO2.67, exceeding (3 − d) = 2.5
as would be expected for pure brownmillerite, and hence
further suggesting a mixture of perovskite and brownmillerite
through the sample depth. Alternatively, the higher than ex-
pected stoichiometry might indicate formation of hyper-
J. Mater. Chem. A, 2025, 13, 32271–32289 | 32281
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stoichiometric material with brownmillerite structure
(SrFeO2.5+d).64
4.2 Surface reactions and mechanisms of oxygen transport

4.2.1 Changes in surface species during reduction. From
NAP-XPS measurements, shown in Fig. 5 and 6, multiple
different oxygen species were detected at the surface of SFO and
Ag/SFO, with the relative fraction of each species varying
substantially with temperature. For both SFO and Ag/SFO, upon
heating from room temperature to $430 °C in hydrogen, the
proportion of oxygen surface species decreased, with a rapid
decline in chemisorbed oxygen on SFO above 357 °C.

The decrease in surface oxygen for SFO under heating is in
good agreement with the ndings of Crumlin et al.,42 where thin
lm and pelletised samples of La0.8Sr0.2CoO3−d perovskite were
heated under 1 mbar O2 up to 520 °C. At 220 °C, peaks in the O
1s spectrum were detected corresponding to chemisorbed
surface oxygen species, lattice oxygen in the bulk perovskite,
and oxygen in a surface termination layer of SrO,40,41 as in Fig. 5.
For the pelletised sample, the proportion of surface oxygen
decreased by around 11% upon heating to 520 °C, whereas, for
the thin lm sample, surface oxygen decreased by around 7%
upon heating to 370 °C, and disappeared entirely at 520 °C (with
only lattice oxygen in the bulk La0.8Sr0.2CoO3−d and the surface
termination layer of SrO remaining).

Here, using 0.25 mbar H2 to reduce SrFeO3−d based mate-
rials, surface oxygen content decreased by around 46 at% upon
heating from room temperature to 439 °C. However, the
persistence of surface oxygen even at high temperatures under
a relatively strong reducing gas indicated the difficulty of
removing surface oxygen from SFO in the absence of Ag, espe-
cially for bulk samples rather than thin lms where surface
oxygen can be replenished by diffusion within particles of SFO.

The samples of Ag/SFO investigated here showed markedly
different behaviour during reduction as compared to unmodi-
ed SFO, with the emergence of an additional O 1s peak at high
binding energy corresponding to Ag–Ox surface species. In
studies of oxygen adsorbed on foil and powder samples of pure
Ag, Rocha et al.65 assigned peaks in the O 1s region to a series of
surface and sub-surface Ag–O species – here, however, the
overlap between peaks corresponding to oxygen in Ag–Ox,
lattice SrFeO3, and the SrO surface termination layer meant that
Ag–Ox were grouped into a single, relatively broad peak (with
FWHM constrained to # 2 eV). Additionally, under the condi-
tions investigated here, the fraction of low binding energy
(#528 eV) Ag–O species on Ag/SFO was negligible, as expected
for measurements taken at or above room temperature.66

During reduction in H2, the decrease in the relative area
fraction of the Ag–Ox peak with successive measurements sug-
gested removal of oxygen by reaction with hydrogen at the
surface of Ag. At each temperature investigated, the fraction of
Ag–Ox greatly exceeded the fraction of chemisorbed oxygen at
the surface of SrFeO3−d, and the chemisorbed oxygen on
SrFeO3−d was removed at lower temperatures for the sample of
Ag/SFO than for bare SFO. During heating, the fraction of
oxygen at the surface of SrFeO3−d decreased at lower
32282 | J. Mater. Chem. A, 2025, 13, 32271–32289
temperatures than Ag–Ox, reaching <10 at% at 177 °C, whereas
Ag–Ox species gradually decreased up to 357 °C, then decreased
sharply to c. 10 at% at 433 °C.

Hence, the greater fraction of Ag–Ox species than adsorbed
oxygen on SFO might indicate that at elevated temperatures,
lattice oxygen from the SrFeO3−d support was transported from
the bulk to the surface, then rapidly migrated to Ag sites, with
little chemisorbed oxygen remaining at the surface of the SFO.
Given the nal fraction of total surface oxygen was approxi-
mately 50% lower for Ag/SFO than SFO at >430 °C, the mecha-
nism of reduction probably proceeded via Ag facilitating
removal of oxygen by forming reactive Ag–Ox intermediate
species, which were then able to react with hydrogen more
easily than oxygen on bare SFO, possibly by altering the mech-
anism of reaction between the H2 and oxygen.16

For SFO, the relative fraction of bulk SrFeO3−d lattice oxygen
sharply decreased upon exposure to oxygen gas, and the area
fraction of the peak corresponding to oxygen in SrO increased,
with the relative fractions of all species remaining approxi-
mately constant through further cooling. The increase in the
area of the peak corresponding to SrO could indicate a consoli-
dation of the SrO lattice termination layer during re-oxidation
aer the sample had been deeply reduced. Consolidation of
the SrO surface layer would be consistent with the increase in
the ratio of peak areas between the Sr 3d and Fe 2p binding
energy regions (shown in the SI, Fig. S16) during re-oxidation.

During rapid scans of the O 1s region during re-oxidation of
Ag/SFO at 439 °C, shown in Fig. 7, the peak corresponding to
surface oxygen species emerged almost instantaneously as
concentration of O2 in the sample chamber rose. The centre of
the lattice oxygen peak began to shi to lower binding energy by
0.5 eV over 20 min, partially reversing the positive shi during
heating associated with a change in the chemical potential of
lattice oxygen for reduced samples.49 Upon further cooling of
Ag/SFO, the fraction of Ag–Ox species remained approximately
constant, and the fraction of surface O species increased; Ag–Ox

remained the dominant surface oxygen species at all tempera-
tures during re-oxidation. Moreover, the ratio of chemisorbed
oxygen on SFO to the sum of total oxygen excluding Ag–Ox

species (i.e. the oxygen on the surface of SrFeO3−d, or in the
SrFeO3−d lattice only, shown in the SI, Fig. S17), the total
concentration of adsorbed O on Ag/SFO was lower than for SFO
at all temperatures, but rose more rapidly with sequential
cooling during re-oxidation.

Hence, the NAP-XPS measurements during re-oxidation
suggest that the mechanism of oxidation for Ag/SFO might
proceed by oxygen initially being adsorbed from the gas phase
to form surface Ag–Ox species, followed by relatively rapid
incorporation of oxygen into the SrFeO3−d lattice as the bulk
SFO support re-oxidised. A similar mechanism has been sug-
gested for ionic membranes for oxygen separation promoted
with Ag,10,67 where Ag particles catalyse oxygen dissociation on
the feed side, to allow monoatomic Olattice species to pass
through the membrane to the permeate. Here, the Ag might act
as a ‘gateway’ for oxygen dissociation and incorporation into Ag/
SFO during re-oxidation, in a manner analogous to the
This journal is © The Royal Society of Chemistry 2025
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behaviour observed for CeO2 in graed CeO2–Fe2O3 compos-
ites,68 and in mixed Ag–CeO2–SrFeO3−d materials.2

Furthermore, during reduction and oxidation under NAP-
XPS, sulphur impurities on the surface of Ag, reported to act
as promotors for olen epoxidation over Ag,66,69,70 were found to
undergo redox activity, discussed in the SI, Section S4. During
reduction in H2, sulphate (Ag2SOx) impurities were reduced to
sulphide (Ag2S), with the sulphate species restored during
exposure to O2 (shown in the SI, Fig. S18)

The ndings from H2-TPR of Ag/SFO aligned with studies of
Ag supported on CeO2−d,16 where the presence of Ag aided
removal of oxygen from CeO2, resulting in a shi in the peak
corresponding to reduction of bulk CeO2−d from 529 °C to
494 °C, and introduced a new peak at 100–300 °C corresponding
to removal of surface oxygen from silver.

Assuming that the only consumption of hydrogen during H2-
TPR was reaction with oxygen to form water (as shown from the
MS traces during H2-TPR in the SI, Fig. S19), the number of
moles of H2 consumed should equal the number of moles of O
atoms removed from the samples. Hence, the total H2

consumption in the lower temperature feature for Ag/SFO
exceeded the theoretical amount of oxygen available from
adsorbed oxygen on Ag by three orders of magnitude, estimated
at 6.4 mmolO,ads g

−1 for 10 wt% Ag on SrFeO3−d assuming full
surface coverage of adsorbed oxygen,31 and was three times
larger than the maximum oxygen available if all Ag was present
as Ag2O, estimated at 0.46 mmol g−1.31 Therefore, for the
sample of Ag/SFO, the additional oxygen removal at lower
temperature came at the expense of oxygen removal in the peaks
at c. 500 °C.

Moreover, the consumption of hydrogen at low temperatures
(<300 °C, well below the ignition temperature of H2 in O2)71 over
Ag/SFO was in agreement with previous studies of catalytic
combustion of H2 over Ag. Dokuchits et al. demonstrated that
during combustion of H2 in O2 in the presence of particles of
metallic Ag, O2 molecules adsorbed on the surface of Ag and
dissociated to form reactive surface Ag–O species,72,73 which
then reacted with H2 to formH2O in the temperature range 150–
200 °C.74

Hence, the H2-TPR results support the hypothesis estab-
lished here that for Ag/SFO, oxygen is removed from the bulk of
Fig. 10 Simplified mechanisms proposed for oxygen transport from bulk
Ag, proposed by Chan et al.,1 (b) spillover of oxygen at the Ag–SrFeO3−d-g
CeO2−d proposed by Lee et al.9

This journal is © The Royal Society of Chemistry 2025
SrFeO3−d during reduction via the formation of Ag–Ox inter-
mediates, allowing reaction at lower temperatures than for bare
SrFeO3−d. The relatively broad peak in H2 consumption over the
range 150–300 °C observed for Ag/SFO was assigned to the
removal of Ag–O, Ag–O2

−, and Ag–O2
2− surface species as

identied from Raman spectroscopy in Fig. 9.
4.2.2 Proposed mechanisms of oxygen transport. Initial

studies of the Ag/SrFeO3−d system1,2,75 hypothesised that oxygen
migrated from the SrFeO3−d lattice to the surface of Ag by
diffusion of monoatomic oxygen species through bulk Ag, to
form atomic Ag–O surface species which were then removed
during reaction with a reducing gas (shown in Fig. 10a).
However, other mechanisms of oxygen transport are possible
for oxygen release in metal–metal oxide systems, including
spillover of oxygen from the surface of the oxide to the adsorb at
the surface of the metal9,76 (shown in Fig. 10b), and vice-versa
during absorption of oxygen from the gas phase into the oxide
support.10

When oxygen is removed from the lattice of SrFeO3−d during
reduction, the initial state is as monoatomic Olattice

2− ions, and
hence the presence of diatomic peroxide and superoxide species
at the surface of Ag/SFO detected by Raman spectroscopy
(shown in Fig. 9) was somewhat surprising. To explain the
presence of Ag–O2

− and Ag–O2
2− at the surface of Ag/SFO, the

diatomic oxygen species might act as an intermediate during
the formation of atomic Ag–O species.

Deng et al.77 found that during methanol oxidation in air
with in situ Raman spectrocopy, Ag–O2

2− (peroxide) species
were formed by absorption of O2 from the gas phase, and then
dissociated to form reactive Ag–O species. Additionally,
previous studies of chemical looping over iron-based oxygen
carriers63,78,79 suggested that oxygen species at the surface of the
oxide reach a dynamic equilibrium of the form 2Olattice

2− #

2Oads
2− # 2Oads

− # O2,ads
2− # O2,ads

− # O2,gas, with inter-
conversion between lattice oxygen ions and diatomic species.
Huang et al.79 proposed that during reduction of NiFe2O4 in H2,
the mechanism of reduction proceeded by Olattice

2− ions
combining at the surface of the oxide to form peroxide O2

2−,
which then reacted with H2 by forming hydroxyl OH− ions, and
ultimately water. Gao et al.80 also determined that during
chemical looping dehydrogenation of ethane over Li2CO3/
SrFeO3−d to the surface of Ag nanoparticles: (a) diffusion through bulk
as interface, analogous to the mechanism of oxygen removal from Ag/

J. Mater. Chem. A, 2025, 13, 32271–32289 | 32283
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LaxSr1−xFeO3−d composites, peroxide species formed at the
Li2CO3-LaxSr1−xFeO3−d interface by reduction of Fe4+ to Fe3+,
then acted as the active species in the oxidation reaction.

Hence, if similar reactions of Olattice
2− ions to form peroxide

ions occurred in SrFeO3−d, the mechanism of reduction could
proceed by spillover of the peroxide ion at the Ag–SrFeO3−d

interface to form Ag–O2
2− on Ag, followed by dissociation to

form Ag–O species, which react with the reducing gas (as shown
in Fig. 10b). A summary of the proposed mechanism is given in
Fig. 11, showing the catalytic reduction pathway via reaction
between H2 and Ag–Ox species at relatively low temperatures,
and direct reaction between H2 and SrFeO3−d at higher
temperatures.

Furthermore, when a sample of Ag/SrFeO3−d pre-reduced
under 5 vol% H2 in the Raman stage for 20 min at 250 °C was
exposed to air (shown in the SI, Fig. S21), the intensity of the
Raman peak corresponding to peroxide species rapidly
increased, suggesting that reoxidation of the material pro-
ceeded via initial formation of diatomic surface Ag–O2

2−

species, followed by incorporation of atomic oxygen into the
SrFeO3−d lattice.

However, the potential role of the superoxide Ag–O2
− species

in such a mechanism remains unclear.
In the absence of spillover of diatomic species at the Ag–

SrFeO3−d interface (i.e. if oxygen transport proceeded primarily
via diffusion of monoatomic species through Ag, as shown in
Fig. 10a), a different explanation for the presence of diatomic
oxygen species would be required. Given the material was
exposed to air prior to reduction, diatomic species might have
formed at the surface of Ag from adsorption of molecular
oxygen.81 Therefore, if atomic Ag–O species were preferentially
removed by H2 (as indicated by the rapid decline in atomic
oxygen Raman peak intensity with heating), the residual
diatomic species might act as relatively inert spectator mole-
cules. Then, upon heating to higher temperature, the diatomic
species could react with hydrogen and become removed, but
otherwise have little role in the transport of oxygen from
SrFeO3−d. However, from the H2-TPR measurements of Ag/SFO
Fig. 11 Proposed reaction mechanisms during reduction of Ag/SrFeO3

techniques used in this work to identify each element of the reaction ar

32284 | J. Mater. Chem. A, 2025, 13, 32271–32289
reported in Fig. 8, the peak assigned to surface oxygen species
comprised 1.73 mmol g−1 of oxygen removed, greatly exceeding
the maximum estimated amount of adsorbed O2 on Ag (6.4
mmol g−1).31 Hence, adsorbed oxygen gas from air could account
for at most 0.4 at% of total surface oxygen detected (with the
remaining 99.6 at% assigned to atomic oxygen species).
However, the peaks in the Raman spectra shown in Fig. 9 for Ag/
SFO corresponding to atomic and diatomic oxygen species were
similar in intensity, rendering such a large difference in the
relative proportions of each species unlikely.

Additionally, from cyclic measurements of Ag2O/Al2O3 under
a reducing atmosphere (5 vol% H2) at 200 °C (shown in the SI,
Fig. S20), the feature at 668 cm−1 assigned to Ag2O oxide
declined, indicating reduction to metallic silver. Upon switch-
ing to an oxidising atmosphere (compressed air), the intensity
of the Ag2O feature continued to decline, and fully disappeared
aer switching back to a reducing atmosphere. Little change in
the Raman spectrum was observed in subsequent gas switching
cycles at higher temperatures, suggesting that bulk Ag2O was
not present in substantial quantities at the surface of Ag/
SrFeO3−d during redox cycling.

Therefore, the diatomic oxygen species detected on Ag
probably formed as an intermediate in the overall mechanism
of reduction, rather than being merely residual chemisorbed
oxygen from air, suggesting that diffusion of monoatomic
oxygen through Ag is not the only process involved in the
removal of oxygen from Ag/SFO materials.

The reaction mechanisms proposed here assume that
adsorption of hydrogen species on Ag was negligible relative to
oxygen, as determined from mechanistic studies of hydrogen
combustion with gaseous oxygen over Ag.73,82 Here, H2(g) was
used as a model reducing agent to react with the chemisorbed
oxygen species and leave as H2O(g), as described in previous
studies of hydrogen combustion over Ag.73

However, in more complicated chemical looping processes
where hydrocarbons react selectively with adsorbed oxygen
species on catalysts containing Ag to form oxygenated products,
−d, with formation of diatomic and monoatomic Ag–Ox species. The
e indicated in parentheses.

This journal is © The Royal Society of Chemistry 2025
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hydrogen has been postulated to participate in surface reac-
tions,83 although the full mechanisms remain uncertain.

The relative distribution of Ag–Ox species on nanoparticles of
Ag was found by Li et al.56 to be affected by interactions between
the Ag and the support (in their study, a-Al2O3 or SiO2). When the
materials were used as catalysts for the epoxidation of olens (e.g.
ethylene) by O2, Ag–O2

− species favoured the epoxide product, and
Ag–O and Ag–O2

2− species favoured the complete combustion
pathway. Lee et al.13 also found that when using Ag/CeO2−d as
a catalyst for the oxidation of soot, the proportion of different
oxygen species was inuenced by the concentration of oxygen
vacancies in the vicinity of the Ag, with higher concentrations of
vacancies favouring Ag–O and Ag–O2

− over Ag–O2
2−. During

chemical looping processes, the number of oxygen vacancies in the
oxygen carrier support changes continuously during each reduc-
tion cycle as the material donates oxygen to the reaction, meaning
the distribution of selective and non-selective surface species
might vary over the course of each reduction step. Furthermore, in
a microkinetic study of ethylene epoxidation over Ag catalysts,
Setiawan et al.84 determined that the most likely pathway for
reaction proceeded by adsorption of O2,(g) to form subsurface
diatomic Ag–O2 species, with interconversion to monoatomic Ag–
O. From density functional theory calculations (DFT), the authors
predicted that for reactions over Ag(111) surfaces, both Ag–O2 and
Ag–O could react with C2H4 to form oxygenated products via
multiple surface reaction pathways; hence, an analogous network
of reaction mechanisms might proceed for epoxidation in
a chemical looping mode, with formation of monoatomic Ag–O
and diatomic Ag–O2 species from lattice oxygen.

Furthermore, previous studies investigating chemical looping
selective oxidation determined that surface modication of Lax-
Sr1−xFeO3−d with Li2CO3 promoters favoured the formation and
transport of peroxide species.80 Hence, to further understand the
mechanisms of reactions of oxygen in Ag/SrFeO3−d materials
during chemical looping, future work should consider whether
the trends in desorption of surface species under H2 apply in
other environments (e.g. olens), and, whether modication of
the SrFeO3−d support (e.g. doping with other elements) inuences
the mechanism of reduction and distribution of oxygen surface
species. This study also conrmed that the addition of an Ag
catalyst increased the chemical potential of oxygen in the SFO
oxygen carrier, allowing the material to be adjusted to promote
reactions requiring a specic oxygen carrier potential, such as
oxidative dehydrogenation of hydrocarbons85,86 and alcohols.4,87

Additionally, by applying isotopic exchange, with a sample of
Ag/SrFeO3−d exposed successively to 18O2 and either H2 or e.g.
an olen, the selective and non-selective oxygen species on Ag/
SrFeO3−d (i.e. atomic, peroxide, and superoxide oxygen) could
be distinguished using parallel Raman spectroscopy and mass
spectrometry.88,89 New materials could then be developed with
surface modication to favour selective oxygen species, and to
inhibit non-selective reaction pathways.

5 Conclusions

In this work, the presence of Ag nanoparticles at the surface of
particles of SrFeO3−d was found to strongly inuence the
This journal is © The Royal Society of Chemistry 2025
reactive properties during reduction in H2. From in situ XRD
experiments, the sample of Ag/SrFeO3−d underwent phase
transition to brownmillerite SrFeO2.5 under 5 vol% H2 at 300 °C,
as compared to unmodied SrFeO3−d which remained in the
perovskite phase up to 500 °C. Both materials rapidly returned
to perovskite form aer switching to air at 800 °C. From TEM
experiments, heating SrFeO3−d and Ag/SrFeO3−d from room
temperature to 700 °C, both samples showed a decrease in
average oxygen stoichiometry, with reduced regions moving
inwards from the edge of the particles. However, for Ag/
SrFeO3−d, localised reduction in the vicinity of nanoparticles of
Ag was not observed, suggesting that transport of oxygen within
the solid material was relatively rapid as compared to the rate of
removal at the surface.

From NAP-XPS measurements during reduction and oxida-
tion, chemisorbed oxygen on SrFeO3−d was observed to deplete
during a temperature ramp in hydrogen, with the sample of Ag/
SrFeO3−d showing a more rapid rate of depletion, and, the pres-
ence of Ag–Ox surface species. At the highest temperatures
investigated (433–439 °C), the total content of adsorbed oxygen
species on Ag/SrFeO3−d was around 47% lower than for SrFeO3−d,
suggesting that reactive Ag–Ox species aided the removal of
oxygen by the H2 reducing agent. The Ag–Ox surface species were
assigned from Raman spectroscopy to atomic Ag–O, peroxide Ag–
O2

2−, and superoxide Ag–O2
−. A potential mechanism for

reduction was proposed by which Ag could act as an oxygen
‘gateway’, where lattice oxygen from SrFeO3−d was transported to
the surface of Ag by spillover at the Ag–SrFeO3−d interface to form
Ag–O2

2− species, which then dissociated to form atomic Ag–O.
Our results provide new mechanistic insights into the bulk and
surface behaviour of oxygen carriers during redox cycling, allow-
ing for development of novel materials with accelerated oxygen
transport for low temperature applications of chemical looping.
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