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1 X-ray diffraction

Figure S1: XRD pattern of SrTi0.65Fe0.35O3−δ porous pellet after sintering at 1100◦C. The pattern was
measured on a Bruker D2 Phaser instrument using Cu Kα radiation in Bragg-Brentano geometry. The
pattern was fitted using the Le Bail method (FullProf software), to confirm the Pm3m space group and
a lattice parameter of 3.902Å.
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2 Scanning electron microscopy

Figure S2: Representative SEM image of the STF microstructure.

Composition Sr Ti Fe O
Target 1.00 0.65 0.35 2.825
Measured 1.00 0.67 0.36 3.43

Table S1: Elemental ratios for STF from EDX measurements.

The elemental composition was determined by energy dispersive X-ray spectroscopy (EDX,
Oxford Instruments) and analysed using the AZtec software. The stoichiometry was normalised
to strontium and compare to the target calculated as SrTi1−xFexO3−(x/2)+δ with δ = 0. The
results are given in Table S1. The Sr:Ti:Fe ratios are in good agreement with the target com-
position. There is a significant deviation for the oxygen stoichiometry, however given the semi-
quantitative nature of EDX measurements, especially for light elements, this was not further
regarded.

3 Surface area calculation

The grain size distribution was determined by measuring individual grain sizes in the ImageJ
software. The resultant histogram is shown in Figure S3. The data are fit with a log-normal
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distribution, as is commonly used to describe the grain-size distribution in polycrystals. [1]
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2ω2 , for lgrain ∈ (0,+∞) (1)

The expected value, µ, and the standard deviation, σ, of the grain size are given by Equation 2
and Equation 3 from the fit parameters, respectively, and given in Table S2.

µ = e
ln(lc)

ω2

2 (2)

σ = µ ·
√

eω2 − 1 (3)

The surface area was calculated assuming a cubic grain morphology, which seems most appro-
priate from the SEM imaging. The surface area was calculated according to Equation 4 from the
sum of the volume (ΣV ) and surface area (ΣA) of all grains that were measured for the grain
size distribution analysis, and corrected for the porosity of the sample as measured geometrically
(VV ).

SV =

∑
A∑

V · (1− VV )
(4)

Table S2: Grain size, lgrain, specific surface area, SV , and volume fraction porosity, VV .

lgrain [µm] SV [cm2cm−3] VV [%]
µ ±σ
0.36 0.16 143,477 32.24
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Figure S3: Grain size distribution for porous STF taken from SEM imaging with log-normal distribution.

4 Electrical conductivity relaxation

The surface exchange kinetics were assessed using electrical conductivity relaxation (ECR) on
porous bars. The pO2

was rapidly changed from 0.2 to 0.1 atm and 0.1 to 0.2 atm using a
4-way valve, in a temperature range between 300-500◦C. Figure S4 shows a typical measurement
program of non-infiltrated STF.
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Figure S4: ECR measurement of non-infiltrated STF. Blue regions indicate pO2 = 0.1 atm and red
regions indicate pO2 = 0.2 atm.

The normalised conductivity, σ0, for each relaxation was fitted to an exponential delay func-
tion to determine kchem, as shown in Figure S5. It was found that the transient data could not
be satisfactorily described by an exponential function with a single time constant. This is unsur-
prising due to the large distribution of grain sizes in the bars, which would lead to a distribution
of time constants for a constant surface kchem. To account for this distribution, an expression
with two time constants was used,

σnorm = A1 · (1− e
−

t

τ1 ) + (1−A2) · (1− e
−

t

τ2 ), (5)

where τ1 and τ2 are the two time constants and A1 is a weighting factor. The average time
constant for the relaxation was calculated according to

τ = A1 · τ1 + (1−A2) · τ2. (6)

The surface exchange rate was then calculated according to Equation 7 using τ and the specific
surface area, SV , and the volume fraction porosity, VV , given in Table S3.

kchem =
(1− VV )

SV · τ
(7)
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Figure S5: Representative electrical conductivity relaxation transient of non-infiltrated STF at 375◦C
as the atmosphere is switched from pO2 = 0.1 atm to pO2 = 0.2 atm. The lines indicate fitting with
either one or two time constants. The data is plotted as a) σnorm as a function of time or b) ln(1−σnorm)
as a function of time.

As seen in Figure S5, Equation 5 describes the data well. Although a broad distribution of
relaxation times would be expected from a board distribution of grain sizes, Equation 5 was able
to provide a satisfactory fit, while adding additional exponential functions would be potentially
over-fitting the data.
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Figure S6: kchem against inverse temperature for an oxidizing and reducing jump between pO2 = 0.1
atm and pO2 = 0.2 atm, of non-infiltrated STF; the errors on kchem are smaller than the symbols and
therefore not displayed.

The surface exchange coefficients for oxidizing and reducing jumps for non-infiltrated STF
are presented in an Arrhenius plot in Figure S6. The surface exchange rate for the oxidizing
jump is consistently higher than for the reducing jump. This is expected, as the equilibria with
the gas phase, and therefore the concentration of point defects, is different for each type of jump.
The relaxation transient is mainly determined by the initial reaction rate, which will depend on
the initial pO2 . It is not unsurprising that kchem is higher for pO2 = 0.1 atm than at pO2 =
0.2 atm, as both the electron and oxygen vacancies concentrations should be higher. [2] These
results align with the findings of Merkle et al., who conducted an extensive study on the pO2

dependence of oxygen surface exchange in weakly doped SrTiO3. [3]
One of the checks we performed to ensure that the measured values of kchem are representative

of the STF surface exchange was to compare to the published literature. Figure S7 compares the
ECR measurements of non-infiltrated SrTi0.65Fe0.35O3−δ (STF35) in this work with literature
values of kchem measured using films of STF35 grown via pulsed laser deposition (PLD). [4–6]
There is substantial scatter across the literature measurements, which can be ascribed to the
different growth conditions of the films: some grown below the crystallisation temperature and
crystallising in post-treatment, others grown at or above the crystallisation temperature. The
measured kchem values in this work lie within the scatter of the previous literature. The activation
energy obtained in this work, EA = 1.33 ± 0.02 is in good agreement with the that found by
Chen et al., [4] EA = 1.28 and Skiba et al., [6] EA = 1.30 ± 0.09, on crystalline films grown at
high temperature and on amorphous films crystallised in post treatment, respectively.
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Figure S7: kchem values from this study in comparison to literature values from Perry et al., [5] Chen
et al., [4], and Skiba et al. [6] on STF35 thin films from electrical conductivity relaxation (ECR) and
optical transmission relaxation (OTR) measurements.

The solutions used for infiltration is applied to the centre of the bar-shaped samples after
gold electrodes had already been attached and the native surface measured by ECR. This had
the advantage that the bars could be supported using the wire contacts rather than lying on a
surface where there may have been a potential for the solution to pool due to capillary action.
Furthermore, the ethanol-based solution readily wets the STF material and upon applying the
60 µL of solution, is immediately absorbed into the porous structure, forming a visibly uniform
coating

Figure S8 shows representative conductivity relaxation transients of non-infiltrated STF and
STF infiltrated with either CaO or SiO2 at 375◦C plotted on a semi-log scale. As previously
discussed, the relaxation transient displays a distribution of relaxation times due to the grain
size distribution. There is no obvious difference in the shape of the distribution transients with
infiltration, which indicates that the effect of the infiltrated species on kchem is uniform over the
surface of the STF. This is in agreement with previous reports on PCO. [7]

As the change in the relaxation behaviour is uniform for all the relaxation times, this suggests
that the surface is altered uniformly, and that the infiltrated species is highly dispersed on the
surface. Here, the loading used was 0.5 at.% based off the mass of the porous bars. From the
surface area calculations (Table S2), this corresponds to approximately half a monolayer for a
uniform coating. This was not verified experimentally, however, as previous studies reported
that highly dispersed oxides infiltrated in this way which are responsible for the change in kchem
could not be observed by SEM or TEM imaging. [7]
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Figure S8: Conductivity relaxation curves from between pO2 = 0.1 atm to pO2 = 0.2 atm of both
non-infiltrated STF and surface infiltrated STF with binary oxides at 375◦C.

5 Steady-state conductivity

Figure S9a shows the steady-state conductivity after the STF bar had reached equilibrium at
pO2

= 0.1 atm and pO2
= 0.2 atm. Due to the porous nature of the samples, the conductivity,

σ, was corrected for the porosity using the Bruggeman effective-medium approximation. [8]

(1− VV )
σt − σmeas

σt + 2σmeas
+ VV

σair − σmeas

σair + 2σmeas
= 0 (8)

Equation 8 was solved for σ, where σmeas is the measured conductivity and σair is set to zero as
the fractional the conductivity of the pores.
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Figure S9: Conductivity for a) non-infiltrated STF at pO2 = 0.1 atm and pO2 = 0.2 atm and b) for
both infiltrated species at pO2 = 0.2 atm.

All samples, included those with a modified surface, displayed a constant activation of (0.269
± 0.003) eV. The conductivity increases by (10 ± 1)% from pO2

= 0.1 atm to pO2
= 0.2 atm

which corresponds to a pO2 power law dependence of +1/6. This is consistent with the hole
concentration from the defect model [2] confirming that STF exhibits predominantly p-type
conductivity and that the non-stoichiometry change in the samples is being tracked during the
ECR measurements.

In the previous study on PCO by Nicollet et al., small, yet systematic, changes in the con-
ductivity were observed after infiltration, with basic oxides resulting in an increase of up to 25%
and acidic oxides resulting in a slight decrease in the conductivity. [7] It was argued that this
behaviour was consistent with electron accumulation or depletion in the subsurface due to band
bending caused by the basic and acidic species respectively. More recent studies by Riedl et
al. performed on PCO thin films with acidic and basic coatings, however, showed no increase or
decrease in the Pr3+/ Pr4+ ratio, used as a proxy for the electron concentration, from X-ray pho-
toelectron spectroscopy (XPS) measurments. [9] Moreover, the authors did not observe changes
in the conductivity of the PCO films with different coatings.

Figure S9b shows the change in the conductivity of STF in this study after infiltration with
CaO or SiO2. A small increase in the conductivity of 3.6% was observed for CaO infiltration
and a decrease of 0.2% for the SiO2 infiltration, although this may be within the experimental
uncertainty. While it is not exactly clear what the cause of the change in the conductivity is,
the results in this study on porous STF bars display the same behaviour as the previous study
on PCO.

6 Electron transfer model

A band bending model has been proposed by Nicollet et al. to explain the effect of acidity
of infiltrated oxides on the surface exchange of MIECs. [7] This model assumes that the rate
determining step (RDS) for oxygen exchange is electron transfer from the conduction band.
Figure S10 demonstrates the concept schematically, now applied to the STF system, where
previous studies have also indicated the RDS is electron transfer. [3, 10,11]
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Figure S10: Effect of acidic and basic binary oxides on the band structure of STF, a) for a more basic
oxide, b) for an non-infiltrated surface and c) for a more acidic oxide.

In Figure S10, the position of the Fermi level of the STF is pinned to that of the infiltrated
binary oxide, the position of which is correlated to the Smith acidity and the work function. [12]
For basic oxides, downwards band-bending occurs in the STF leading to the accumulation of
electrons at the surface and in the sub-surface, while for acidic oxides, upwards band-bending
occurs leading to the depletion of electrons.

For semiconducting oxides, where electron transfer is the RDS, the surface exchange may be
described by

k∗s = dtv0
√

aO2
[e′s] [sad]

[Ob]
e−(∆G‡

t+∆Gad)/kBT (9)

where dt is the distance over which the electron transfer takes place, v0 is the attempt frequency,
and aO2 is the oxygen activity. [e′s], [sad], and [Ob] are the concentrations of electrons at the

surface, surface adsorption sites, and oxide ions in the bulk, respectively. ∆G‡
t is the Gibbs

energy for electron transfer, which could either be the difference in the energy barrier between
the conduction band and the adsorbed oxygen Fermi level, or an activation barrier that must be
overcome. ∆Gad is the Gibbs energy for oxygen adsorption from gas species onto an adsorption
site. The modified electron concentration at the surface, [e′s], would then be described by the
following relation where the space-charge potential ϕ0, is equal to the offset between the Fermi
levels of the MIEC oxide and of the infiltrated species.

[e′s] = [e′b] exp

(
eϕ0

kBT

)
(10)

Figure S11 shows an attempt to fit the previously published PCO data and the STF data
from this study using Equations 9 and 10 and the bulk defects models. [2,13,14] kchem data from
ECR measurements are converted to the equilibrium or tracer surface exchange coefficient k∗

according to [15]

kchem = te
1

2

d ln(pO2
)

d ln([O×
O])

k∗s (11)

where te is the electron transference number, and [O×
O] is the bulk oxygen concentration. The

fitted differences in the work-function of the base MIEC and the infiltrated oxides are shown
in Table S3. Although the change in magnitude of k∗s with different infiltrated species can be
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reproduced, with physically reasonable differences in the work-function, the fits are relatively
poor, even for the non-infiltrated data, and Equation 10 results in a change in the activation
energy that is not observed in the data.

Figure S11: k∗
s of (a) STF (this work) and (b) PCO (Nicollet et al. [7]) converted from kchem values

from ECR measurements using thermodynamic factors and fitted using Equations 9 and 10. The values
for the space charge potential, ϕ0 are given in Table S3.

Table S3: Values used for ϕ0 in Equation 10 to fit the data in Figure S11.

Binary oxide ϕbin. ox. − ϕSTF (eV)
SiO2 -0.14
STF 0
CaO 0.1

Binary oxide ϕbin. ox. − ϕPCO (eV)
SiO2 -0.48
Al2O3 -0.23
PCO 0
Gd2O3 0.1
CaO 0.3
Li2O 0.4
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