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Substituted SrFeOs as Robust Oxygen Sorbents for Thermochemical Air Separation: Correlating
Redox Performance with Compositional and Structural Properties
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20xx, Thermochemical air separation via cyclic redox reactions of oxide-based oxygen sorbents has the

ég)c(ipted 00th January potential to achieve high energy efficiency. Although a number of promising sorbents have been
investigated, further im-provements in sorbent performance through fundamental understanding

DOI: of the structure-performance rela-tionships are highly desirable. In this study, we systematically

10.1039/x0xx00000x investigated the effects of A and B site dopants on the oxygen uptake/release properties (i.e.,
vacancy formation energy, reduction enthalpy, oxygen release temperature, and oxygen capacity)
of SrFeO3 family of perovskites as oxygen sorbents. A monotonic correlation between DFT
calculated oxygen vacancy formation energy and oxygen release temperature demonstrates the
effectiveness of DFT for guiding sorbents selection. Combining vacancy formation energy with
stability analy-sis, dopants such as Ba and Mn have been identified for tuning redox property of
SrFeOs sorbent, and increas-ing the oxygen capacity for temperature and pressure swings when
compared to undoped SrFeOs. The Mn doped sample was proved to be highly stable, with less than
a 3% decrease in capacity over 1000 cycles. Alt-hough the dynamic nature of the redox process
makes it difficult to use a single vacancy formation energy as the descriptor, a systematic approach
was developed to correlate the oxygen storage capacities with the sorbents’ compositional
properties and vacancy formation energies. The combination of DFT calculations with experimental
studies from this study provides a potentially effective strategy for developing improved sorbents
for thermochemical air separation.

(CLAS), which separates oxygen from the air via cyclic redox
Introduction reactions of an oxide based oxygen sorbent, represents a
promising method for oxygen production® '3, A recent simulation
study estimated that the CLAS system consumes 0.05 and 0.07
kWh/ton O2 in electricity'*'®. In comparison, state-of-the-art
cryogenic ASU requires 0.21 kWh/ ton O,. This corresponds to a
71.4% increase in efficiency!”. The CLAS system can be operated
in a variety of ways, with the two most common being (i) multiple
series of packed bed reactors with varying partial pressures to
separate the oxygen from air (Figure 1), or (ii) two reactors, one
for oxidation in air and one for oxygen release (reduction) using
steam or CO; as the fluidizing medium, with an oxygen carrier
moving between the two reactors'®2!. The key to further improve
the efficiency and economic attractiveness of CLAS resides in the
performance of oxygen sorbents and hence the need to rationally
tune a sorbent to increase stability and oxygen carrying capacity,
adjust to a more desirable operating pressure range, and decrease
operating temperatures is paramount.

Market revenue of oxygen and nitrogen from air separation
currently exceeds $38.8 billion and is expected to reach $48.8
billion by 2023'2. Besides the increasing O, demand in the
conventional manufacturing sector, emerging technologies such as
oxyfuel combustion for CO; capture are likely to further spur
industrial O, consumption within the near future. According to the
Carbon Dioxide Information Analysis Center, from 2000 to 2013,
fossil fuel combustion consumed 30.55 Gt of O, with the market
continuing to grow'*. Among the various approaches for oxygen
production, cryogenic air separation is the most prevalent, with
commercial plants producing more than 5,000 tonnes per day’.
Although the technology is well-demonstrated and extensively
optimized, its thermodynamic second law efficiency is still limited
to ~25% due to the intrinsic limitations for cryogenic distillation®.
As such, the high cost and energy intensity for O, production from
conventional, cryogenic ASU can make the cost for CO, capture
via oxyfuel combustion prohibitive. Because of the desire to
reduce emissions, there is an increasing need improve energy
efficiency for air separation. Chemical looping air separation
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Figure 1. (a) Packed bed configuration of the chemical looping
air separation (CLAS) system. Each reactor is filled with oxygen
sorbent and oxygen is separated via pressure swing. (b) Two bed
reactor configuration for CLAS. The reactors are held at different
pressures and/or temperatures with oxygen sorbent circulating
between the reactor beds.

Oxygen sorbents investigated to date include mono or
bimetallic oxides containing Cu-, Co-Fe-, Mn-, as well as
perovskite-structured mixed oxides???*. Studies have shown that
Cu containing oxides require high operating temperatures (> 800
°C), leading to a high energy penalty and reactor cost 2%, Mn
oxides, on the other hand, could operate at lower temperatures (<
650 °C) from a thermodynamic standpoint, however, the reaction
rates are very slow under such conditions ®2%%?7, The need to
balance the redox thermodynamics and kinetics at lower operating
temperatures has led to studies of perovskites for CLAS'30:31,

Perovskites can be tailored to exhibit excellent flexibility in
reversibly creating oxygen vacancies under Po, and temperature
swings, at relatively low temperatures®. The ability of perovskite
oxides to conduct and donate lattice oxygen (O?) at relatively low
temperatures (e.g. <650 °C) and their flexibility/tunability to
accommodate various dopants are central to CLAS3?7%, Although
a number of recent studies have provided very useful insights on
the effect of dopants>**732%_ further understanding of rationally
and quantitatively tuning perovskites’ properties are highly
desirable. While iron oxides themselves are not suitable for
CLAS, recent studies indicated that Fe containing perovskites,
especially those with a SrFeO3 parent structure, possess attractive
redox properties for CLAS. 3738 It is noted that SrtFeO; materials
still face challenges such as limited oxygen carrying capacity.
Moreover, the oxygen partial pressures required for oxygen
generation are relatively low. As such, significant steam purge or
vacuum are needed for O, generation. For instance, undoped
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SrFeO; showed 0.2 w.t.% oxygen capacity under an oxygen partial
pressure swing of 0.05 to 0.2 atm at 700 °C. Partial substitution of
Sr with Ca can improve redox properties of the SrFeO; based
oxygen sorbent by improving oxygen capacity up to 1.1 w.t.% at
the same conditions above, although the long term stability and
steam resistance of the sorbent were not established®*. Moreover,
most previous studies used extremely low PO, (<0.001%) to
enhance O, release. Such an oxygen partial pressure is not
practical from an application standpoint due to the needs for
significant purge steam. Though many studies have been reported
on doped SrFeO; materials?>>%%, there is still a lack of systematic
study on the effects of A site and B site dopants on the oxygen
vacancy formation, oxygen transport kinetics, and long-term
stability for air separation applications.

In this study, several promising A and B site dopants were
selected based on thermodynamic and empirical criteria such as
reduction temperature and structure tolerance factor. Specifically,
Ba, Y, La, and K were selected as A-site dopants whereas Mn, Co,
Cu, and Ni were selected as B site dopant. In general, adding
dopants increased the oxygen donation properties at all
temperatures and partial pressures, and long-term studies were
conducted on the best performing samples. From results
determined by DFT and in conjunction with experiments, a
correlation between oxygen vacancy formation energies and initial
oxygen release temperatures were obtained. Furthermore, DFT
calculated oxygen vacancy dependent formation energy was
successfully used to predict and compare oxygen capacity of
sorbents under a pressure swing air separation mode. The long
term stability of doped SrFeO; sorbent was also established over
1000 redox cycles.

Experimental Section

Synthesis Method A or B site doped perovskites (i.e., SrixAFe.
yByOs, A = K, Y, Ca, and Ba, B = Mn, Co, Ni, Cu) were
synthesized using a sol-gel method. In a typical synthesis of
S1p9Ko.1FeOs3, 9 mmol of Sr(NOs), was dissolved in 15 ml of
deionized water, followed by adding 1 mmol of KNO; and 10
mmol of Fe(NO;3);.9H,0. After that, 50 mmol (2.5:1 citric acid to
total mol of cations) of citric acid was added to the solution and
stirred at room temperature for 30 min. Then, 4.2 ml of ethylene
glycol was added, and the solution was heated at 80 °C for 3 h
under well stirring. After that, the formed gel was heated in oven
at 120 °C for 16 h. The dried sample was further heated in air at
1000 °C for 8 h to remove the organic template and form the
perovskite phase. Finally, the remaining sample was sieved to a
desired particle size range, between 150 pm and 250 pm.

TGA Experiments Program was devised to ramp the
temperature to 700 °C at 20 °C /min and hold the temperature for
5 minutes at a constant oxygen partial pressure on a TA SDT Q650
and Q550. The temperature is then decreased in a step like manner
by 450 °C in 50 °C increments. Then, the oxygen partial pressure
is changed, and the temperature is ramped back to 700 °C (Figure
S1). The initial start temperature was chosen to be high in order to
increase the kinetics at each temperature. Oxygen partial pressures
were chosen to be 20%, 5%, and 1% balance argon as chemical
potential is proportional to the log of the partial pressure. These
pressures were recorded on a Setnag oxygen analyzer and
controlled using MFCs.

This journal is © The Royal Society of Chemistry 20xx
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Temperature programed desorption (TPD) was done by heating
the sample to 1000 °C at a rate of 5 °C / min in Ar in the TA SDT
Q650 and Q550. Initial temperature of reduction was determined
by finding the first peak in the temperature vs derivative weight
loss curve. The results for each dopant is presented in Figure S2.

Optimal sample was chosen to be heated to 600 °C and
programed to undergo 1000 redox cycles in the presence of steam.
This was done on the same TGA as mentioned above with the
addition of approximately 2% steam. During the oxidation step,
20% O, balance Ar was flown to the sample for a period of 3
minutes, as oxidation is commonly being known to be the faster
of the two steps. During the reduction step, 100% argon is flown
for 7 minutes.

d values for the perovskites were determined based on § =
AmM,,

T 6(0) where Am is the change in mass during the redox
o

reaction, My, is the molar mass of the sample at the initial redox
state, m is the initial mass, and M, is the molecular weight of
oxygen. 06(0) is the initial non-stoichiometry at ambient
temperatures and oxygen partial pressures. It was determined by
heating the sample to 1000 °C under a high PO,. The gas was then
switched to 20% H; balance Ar to fully reduce the sample and kept
at 1000 C until weight stabilized. 6(0)was then determined based

on the decomposition reactions. For example, SrFeOs; was
2Mp—3xMo—x(Msr+Mpe)
(1-x)Mo

determined using the equation §(0) =

Characterization Crystal structures of the samples were
determined using a Rigaku SmartLab X-ray diffractometer with
Cu Ka (k = 0.1542 nm) radiation operating at 40 kV and 44 mA.
A scanning range of 20—-80° (2h) with a step size of 0.05 holding
for 3 s at each step was used. XRD patterns were identified using
HighScore Plus.

Density Functional Theory First-principles simulations were
performed at the DFT level implemented by the Vienna ab initio
simulation package (VASP)* with the all-electron projector
augmented wave (PAW) model*! and Perdew-Burke-Ernzerhof
(PBE) functions*?. A kinetic energy cutoff of 450 eV was used for
the plane-wave expansion of the electronic wave function. The
convergence criterions of force and energy were set as 0.01 eVA-
Uand 107 eV, respectively. A Gaussian smearing of 0.1 eV was
applied for optimization. A 2 x 1 x 2 Gamma-centered k-point grid
was chosen for the Brownmillerite (SrsFesO2) and the lattice-
redefined Perovskite (SrgFesO,4) unit cell which contains 36
atoms. In our simulations the 2 x 1 x 1 Brownmillerite
(Sri6Fei6040) and Perovskite (SrigFeisOass) supercell were used
with two out of 16 Sr or Fe atoms replaced by A or B site dopant
to mimic the doped materials, where A represents Ba or Y and B
represents Cu or Mn. The strong on-site coulomb interaction on
the d-orbital electrons of the transition metals were treated with
the GGA+U approach®. The U of Fe, Mn and Cu were set as 4,
3.9 and 4 eV, which were shown to give reasonable predictions of
both geometric and electronic structures in previous studies*. To
make the calculations directly comparable, we assumed a
ferromagnetic (FM) state for all the cases. Previous studies
indicated that magnetic ordering had relatively small effect on the
oxygen vacancy formation and migration*’. The Gibbs free energy
was calculated as:G = H — TS = Epgr + Ezpg — T(Svip + Scont)-
Here Epgr, Ezpg, Svip and Scons represent the DFT total energy,
zero-point energy, vibrational and configurational entropy
respectively. The vibrational and configurational entropy were
calculated based on*:

This journal is © The Royal Society of Chemistry 2020

_ th/kT
Svib = RZ (W - 111[1 — exp (— th/kT)]>

i
Sconf = aR - [In(0.5 — &) — In §]

where R is the ideal gas constant, h is the Plank constant, v; is the
frequency of the i™ vibrational mode, a is a factor referring to the
interaction of oxygen vacancies with a=2 describing an ideal solid
solution with no defect interaction. We also considered the cases
when a=1 and 3, which corresponds to different extent of vacancy-
vacancy interactions, but found that their impacts on the Gibbs
free energies are too small (< 0.05 eV) to affect our conclusions.
Therefore a=2 was chosen in this study.

Results and Discussion

Dopant Selection To perform a systematic study on dopant
effect, we used the thermodynamic data from the Materials Project
as a tool, in conjunction with the tolerance number, to guide the
initial dopant selection*®. Figure 2 maps oxygen sorbents based on
reduction enthalpy and tolerance factor. B site elements are
comprised of transition metals (i.e., Mn, Co, Ni, Cu), which tailor
the reduction potentials. For example, with Sr as A site element,
the oxidation enthalpy of perovskites with different B site element
has the following trend of SrCuO3 =~ SrCoO; < SrFeO3; < StMnOs,
consistent with the oxygen affinity of respective transition metals.
A site dopants (i.e., Ba, La, Y, K) are selected based on desired
charge and ionic radius, which, when combined with the transition
metal, empirically determine the stability of the compound based
on the Goldschmidt Tolerance Factor. For air separation
application, the oxygen bonding with perovskite has to be low
enough to be released at relatively low temperature (i.e., at <700
°C), while high enough for the oxide to be reoxidized in air.

Enthalpy of Reoxidation (kJ/mol)
0 200 400 600 800 1000

1.1 - L
- Ease of Oxidation -

1.05

LaNiO,
L]

Desirable Zone Standard Tolerance Factor for

Cubic Perovskite

0.95

Tolerance Factor

SrFe0; SrMnO; ¥Cg0,

0.9

Figure 2. Selection of dopants based on reduction temperature
and tolerance factor. Enthalpy calculated using the Materials
Project and the reduction from the perovskite phase (ABO3) to the
brownmillerite phase (ABO,.s)

Experimental Screening Based on Figure 2, Ni and La were
chosen due to their potential to increase the oxidation enthalpy
(which has a negative correlation to reduction enthalpy) while
increasing the tolerance factor when compared to LaFeO; and
SrFeOs. As pure SrCuOs and SrCoOs are extremely unstable and
will reduce to alternative phases and lose the ability for oxygen
uptake into the lattice (i.e., reduction temperature < 0 °C), Co, and
Cu were added to decrease the oxidation enthalpy of doped SrFeO;
sorbents. Ba, Mn and Y were chosen to either increase or decrease

J. Name., 2013, 00, 1-3 | 3



sical:Chemistry/Chemical Phy

ARTICLE

tolerance factor of the doped perovskite oxygen sorbents.
Summary of anticipated dopant effects on enthalpy and tolerance
factor are found in Table 1. Each sample was characterized using
XRD to confirm the primary phase being consistent with the
SrFeO3 parent structure (Figure S3-S6). Although small amount
of phase impurities (<3%) were observed in a few doped samples,
these phase impurities are not anticipated to contribute to the
CLAS reactions (see Figure S3-S6 and discussions). Dopant
incorporation into the unit cell was verified by XRD. Slightly
smaller 26 angles for the primary perovskite phase after Ba, La,
and Mn addition indicate an increase in unit cell size, while
slightly higher 20 angles after Co, Cu, K, Ni, and Y indicate cell
contraction (Table S1).

Table 1. Net anticipated effect of dopant species on SrFeOs.

Cation Anticipated Anticipated Effect on
Species Effect on Ease of Tolerance Factor
Oxygen Release
Ba Neutral +
La + +
Y + -
K Unknown +
Mn +
Ni + +
Co - +
Cu - +
=1%0, +5%0, -+-20% O,
0.55
Ba K
0.50-| —
048 // —
P
0.40 — T N
./ /.////‘ /
038 T o .
_ i e
o 030 S
= o e
E 0.25 /'
E 020
2 0.66 G v
@
g 050
S s ey
0.40 - -;/H)_ s
0.35 /./ g b
030 ,/’/,/:*/
- -://://‘
0251 ok
020

460 500 650 600 650 700 450 500 550 GOD 650 700
Temperature (‘C)

Figure 3. Effect of A site dopant on oxygen vacancy (3) of
Sro9A0.1FeOs.5 in 1-20% O, and at 450-700 °C. See SrFeO;
screening in Figure S7.
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Figure 4. Isothermal oxygen capacity for SryoKo FeOs,
SrooBag. 1 FeOs, Srgolag FeOs;, and SrFeOs for oxygen partial
pressures between 20% and 1% O, balance Ar.

The effect of A site dopants on oxygen vacancy of doped
SrFeOs.5 oxygen sorbents are summarized in Figure 3, showing
how & changes with respect to temperature and pressure for
SrFeOs doped with Y, K, Ba, and La. The Ba doped sample
showed the highest oxygen capacity, with a § change of 0.17
between 20% O2 at 450 °C and 1% O, at 700 °C. Isothermal
weight loss was 0.54 w.t.% at 700 °C, isobaric weight loss was
0.96 w.t.% from 450 to 700 °C in 1% O,. As a comparison, the
SrFeO; sample showed a change in & of 0.138 and an isobaric
weight loss of 0.8% for the same conditions, which is notably
lower than the Ba doped sample. Figure 4 also supports this trend,
as at each temperature (i.e., 500, 600, and 700 °C), the Ba doped
sample showed the highest isothermal oxygen capacity from a
pressure swing.

However, a trend noticed in the two figures above indicates
that the incremental oxygen capacity for the Ba-doped sample
decreases as temperature increases, which is evident in the
distance between dashed lines on Figure 4, correlating to an
increase in oxygen capacity of 11.06% from 450-500 °C and of
0.92% from 650-700 °C. Meanwhile, the La and K samples
consistently gain capacity at higher temperatures, correlating to an
increase in § relative to the Ba- doped sample. This indicates that
Ba doping would be more beneficial to increase capacity for lower
temperature applications, and La and K doping would be more
suitable for applications at or above 700 °C. BaFeOs has the
desired reduction enthalpy and temperature based on calculations
using The Materials Project, indicating that doping Ba at the A site
enables similar properties to their respective pure metal
perovskites. This demonstrates the importance of selection a
proper A site dopant to fine tune the redox behavior of SrFeO;
sorbent, which can be tailored for air separation applications under
different temperature ranges.

This journal is © The Royal Society of Chemistry 20xx
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Figure 5. Effect of B site dopant on oxygen vacancy (8) of
SrFeOs in 1, 5%, and 20% O, at temperatures between 450-700
°C. See SrFeOs screening in Figure S2.
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Figure 6. Temperature vs oxygen capacity for StFeooMny. 103, ,
SrFe(9C00.103, SrFepoCugOsand SrFeO; when oxygen partial
pressure is varied between 20% and 1%.

Figure 6 shows B site dopants of Mn, Co, Ni, and Cu on SrFeO3
tested to determine how & changes with respect to temperature and
pressure. Based on the oxygen vacancy study, it is evident that
SrFeooMny 03 and SrFegoCuo 03 have the highest oxygen
capacity across the temperature ranges (i.e., 450-700 °C) tested.
For example, the maximum 6 change of 0.17 for Cu doped samples
was measured from 1% O, at 700 °C to 20% O, at 450 °C,
corresponding to an oxygen storage capacity of 1.47 w.t.%. The
Cu sample showed an isothermal weight loss of 0.58 w.t.% at 700
°C and an isobaric weight loss (at 1% O2 between 450-700 °C) to
be 1.09 w.t.%. Comparatively, the Mn sample showed a maximum
4§ shift of 0.16 and an isothermal weight loss of 0.5 w.t.% and
isobaric weight loss of 1% at the same conditions listed above. Cu,
though unlike the Ba sample, consistently increases its capacity as
the temperature increases, and has higher capacity than Ba at 700
°C. However, at all other temperatures investigated, the Ba sample
has the highest capacity at all temperature and pressure swings.

Table 2. Maximum & changes from temperature (450 °C - 700
°C) and pressure swing (20%-1%) for each dopant

This journal is © The Royal Society of Chemistry 2020
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Dopant Maximum Ad Capacity
(W.t.%)
none 0.14 1.03
Ba 0.17 1.35
K 0.16 1.37
La 0.16 1.30
Y 0.12 0.99
Co 0.14 1.19
Cu 0.17 1.47
Mn 0.15 1.33
Ni 0.14 1.22

Dopants of Ba, Cu, and Mn have shown to significantly increase
oxygen capacity when compared to SrFeOs. This result is further
evaluated using DFT calculations, as discussed below.

DFT Analysis of the Dopant Effect DFT calculations were
performed to obtain the relationships between the oxides’
compositional and structural properties with redox performance.
From a thermodynamic standpoint, there are two aspects closely
related to oxygen sorbent performance (i) the ease of initial
oxygen release; (ii) oxygen capacity under a certain oxygen partial
pressure and/or temperature swing. The ease of initial oxygen
release is related to the energy for oxygen vacancy creation at low
vacancy concentrations, whereas we anticipate the oxygen
capacity to be determined by the dynamic relationships between
vacancy concentration and vacancy formation energy. Although
many recent publications have correlated the vacancy formation
energy from a perfect supercell with its oxygen capacity, more
accurate estimation of an oxide’s oxygen capacity requires
systematic investigation of vacancy formation energy as a
function of the vacancy concentration. Our study indicates that
ease of initial oxygen release correlates well to initial oxygen
release temperature, as indicated by TPR (Figure 7). However, it
has poor correlation with the working oxygen capacity. Generally,
reduction temperature decreases with lowering initial vacancy
formation energy. For example, La doped SrFeOj; has a vacancy
formation energy of 0.43 eV, corresponding to a first reduction
peak at a temperature of 856 °C. By changing the dopant to Mn or
Ba, the vacancy formation energy decreases to 0.22 and 0.11 eV,
respectively. As a result, the reduction temperature shifts to 387
°C and 295 °C, suggesting easier oxygen release at low
temperatures. The negative vacancy formation energy of K, Co,
and Cu doped SrFeO; suggests that these sorbents are prone to
release oxygen at even lower temperatures.

J. Name., 2013, 00,1-3 | 5
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Figure 7. Correlation between DFT calculated initial vacancy
formation energy (AEv) and reduction temperature obtained from
first reduction peak in a temperature programmed reduction (TPR)
study for doped SrFeO; sorbents (see Figure S3 for TPR data).

We note that the initial vacancy formation energy, while being
an excellent predictor for the onset of oxygen release, does not
directly link with the experimentally obtained oxygen capacity.
This is understandable since the measurement of oxygen capacity
of the experimental samples do not start from defect-free status,
and both vacancy concentration and vacancy formation energy
would change under oxygen partial pressure swings in CLAS. As
such, an optimal oxygen carrier should demonstrate a suitable
level of vacancy formation energy (corresponding to Po, swing)
within a reasonably large span of vacancy concentration
(corresponding to oxygen capacity). To further understand this,
phase transitions of SrFeOs; from perovskites (cubic) to
Brownmillerite (orthorhombic) were investigated first, in order to
ensure an accurate base structure is used for the calculation of the
oxides’ thermodynamic parameters. To determine the relative
phase stability at different oxygen vacancy concentration levels
(8), we calculated the Gibbs free energies of the oxides using DFT
by both (i) removing oxygen from the perovskite structure; and (ii)
adding oxygen to the Brownmillerite structure (Figure S8-S11,
Table S2). The relative energy of the two cases at an identical
oxygen vacancy concentration level would then determine the
more stable form of the structure. As seen in Figure 8, the energy
associated with these two phases intersected at 6 ~ 0.26, indicating
the phase transition of the perovskite to Brownmillerite structure
would occur at & > 0.26, this is in general agreement with a
previous literature report*’. We note that the § values for all the
perovskites we investigated were larger than 0.3 under working
conditions at 700 °C. Therefore, to more accurately reproduce the
experimental observed & changes for all the A- and B-doped
species, we used Brownmillerite instead of perovskite as our
starting point.

6 | J. Name., 2012, 00, 1-3
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Figure 8: Computed relative Gibbs free energies of SrFeO;
perovskite (blue) and brownmillerite (red) at different ds under
700 °C. The intersection indicates a possible critical point of phase
transition.

For the reaction ABO;_s5 — ABO;_5, + 622;6102, the

thermodynamic favorability can be described by Gibbs free
energy change AGsi—s. The AG for the 6 change in 0.25~0.3125,
0.3125~0.375, 0.375~0.4375 and 0.4375~0.5 were computed at
700 °C (Figure S12 and S13). However, since the experimentally
observed § values for each species are between 0.32 and 0.49 at
all temperatures tested, we pick AGo 37504375 as an indicator for
the experimental oxygen capacity as shown in Figure 9. A higher
AG indicates less favourable oxygen release within this & range.
Therefore, the trend of predicted oxygen capacity should follow
the trend of Y < SF < Ba < Mn < Cu, which agrees well with the
experimental findings (Y < SF < Mn< Ba < Cu) except for the
relative values of Ba and Mn, which are likely to be within the
computational errors. Compared to computing vacancy formation
energy at a fixed o (e.g. perfect supercell), the DFT analysis above
provides a potentially more accurate approach to computationally
predict working oxygen capacity for perovskite-structured
sorbents.

0.7

0.6

0.5
.09 eV Cu

0.4
0.61 eV Mn

0.3

1.08 eV SrFeO;

1.58eV Y

-0.4 0.1 0.6 11 1.6

Figure 9. DFT calculated AG at § changes from 0.375 to 0.4375
for Cu, Mn, Ba, SrFeOs and Y doped materials at 700 °C; Oxygen
capacity as a function of temperature for SrooYo 1FeO;, SrFeOs,

SrFeqoMng 103, and SrooFeo FeOs from pressure swing between
20 and 1% O».
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Long Term Studies While Cu doped materials had higher
capacities based on experimental results, concerns associated with
agglomeration and need for higher temperatures led us to not
consider this sample for long term studies*”*. As the Ba-doped
sample showed high capacity and proved to be the more
thermodynamically viable material, it was further investigated.
The sample underwent 1000 redox cycles, with each cycle
comprised of a 2-minute oxidation in simulated air and a 4-minute
reduction in Ar. The gas delivery was sent through a bubbler at
room temperature to deliver approximately 2% steam to determine
stability over many cycles for practical applications. The sample
capacity decreased 10.4% between the first cycle and the last
cycle. As this indicates that the sample is not robust enough to be
practically applicable, another sample was chosen to undergo long
term testing.
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Figure 10. A. Oxygen capacity during the 1000 cycle run for
SrFeooMny 103 compared to oxygen capacity every 100 cycles of
Sro9Bag 1 FeOs. Blue line indicates average capacity across 1000
cycles for Mn-doped sample. Grey line initial oxygen capacity for
Ba-doped sample. Oxygen capacity was tested every 100 cycles
during the run and calculated based on an average of 3 runs (see
Figure S14, S15 and S16). B. Average redox rate of first four
cycles vs last four cycles of the Mn-doped sample.

The Mn doped sample was chosen due to its high oxygen
capacity and for environmental, agglomeration, and expense
concerns of using Cu as dopant. In this experiment, the Mn-doped
sample underwent 1000 redox cycles, with each cycle comprised
of a 4-minute oxidation in simulated air and a 6-minute reduction
in Ar based on preliminary TA results (Figure S11). Reduction and
oxidation rates were studied based on time to reach 0.5% weight

This journal is © The Royal Society of Chemistry 2020

change for the sample. When comparing the rates and capacity for
the Mn- doped sample between the first four cycles (cycle 1,2,3,
and 4) with the last four cycles (cycle 997, 998, 999, 1000), the
rates are similar (i.e., 0.061%/min vs 0.06%/min), showing little
signs of deactivation. This indicates that the sample is incredibly
robust, as it is able to withstand 1000 cycles with only a 2.5%
capacity loss and little loss in redox reaction rates. Additionally,
with the introduction of steam, little to no deactivation was noticed
and no side phases were formed as noticed in the XRD
characterization comparing the fresh and cycled samples (Figure
S17). SEM imaging of the pre and post cycled material showed no
agglomeration of elements (Figure S18 and S19) and decreases in
particle size (Figure S20), though as indicated above led to no
change in capacity or kinetics (Figure 16). This robustness, even
when subjected to steam over multiple cycles, proves that
SrFeg9Mny 103 would be a suitable oxygen carrier for CLAS.

Conclusions

In this work, A site dopants including Ba, K, Y and La and B
site dopants of Mn, Co, Cu, and Ni were investigated to determine
if the dopants were able to contribute qualities of the pure metal
oxides to tailor SrFeOs to be more suited for chemical looping air
separation. Dopants of Ba on the A site increased capacity by
0.16% in a redox scheme and Cu on the B site increased capacity
by 0.29% when compared to the base material- SrFeOs. This
increase in capacity was understood through thermodynamic
evaluation in conjunction with DFT calculations on the energy
required to remove oxygen at varying oxygen vacancies,
indicating that in the desired AH, only the Ba sample was able to
release oxygen. The Mn sample, another high-performance
dopant, underwent 1000 redox cycles between 20% O2 and Ar,
and showed 2% degradation in capacity and little change in
kinetics, proving that the material is robust.
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Quantification of the dopant effect on SrFeQO; provides a potentially effective strategy for
developing improved sorbents for thermochemical air separation.



