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Converting Brownmillerite to Alternate Layers of Oxygen-
Deficient and Conductive Nano-Sheets with Enhanced

Thermoelectric Properties

Songbai Hu, Wengiao Han, Xiaowen Li, Mao Ye, Yao Lu, Cai Jin, Qi Liu, Junling Wang,
Jiaging He, Claudio Cazorla, Yuanmin Zhu,* and Lang Chen*

Introducing large oxygen deficiencies while retaining low resistivity is impor-
tant for enhancing the overall thermoelectric properties in 3d transition-metal
oxides. In this study, a new synthesis route to reconstruct the insulating
brownmillerite SrCoO, 5 is adapted. Through a step-by-step nano-blocks modi-
fication, a series of highly-conductive layered structures is evolved, which are
[Sr;0,H5]55C00,, [Sr;,0,]0.4C00,, and [Sr,C003]y 5;,C00,, while still retaining
considerable Seebeck coefficient (<100 uV K~'). Coexistence of low resistivity
and high oxygen deficiency is realized in the latter two polymorphs by forming
a majority of sintered oxygen vacancies in the rock-salt layer and a minority of
normal oxygen vacancies in the CoO, layer. A room-temperature in-plane power
factor of 3.6 mW K2 m~', power output density of 4.5 W m~2 at a temperature dif-
ference of 28 K, and an out-of-plane thermal conductivity of 0.33 W K m~" are
obtained in the [Sr,0,] 4C00, thin film that exhibits the highest oxygen defi-
ciency (= 2.95), which is on par with Bi,Te;, the benchmark. It is pointed out
that proper distribution of oxygen vacancy is essential in tailoring the physical
and chemical properties of transition-metal oxides. The sintered/normal oxygen
vacancy layer model provides guidance to the exploration of materials with

green-energy technological applications
and devices like electrochemical catalysis,
fuel cells, and thermoelectric electrodes.
Stabilized VS have been considered to
be highly efficient for oxygen evolution
reaction.>®l In oxide fuel cells, the ionic
diffusion in electrodes must be occur-
ring via migration of oxide ions jumping
into an adjacent vacant site.”] Defects
like oxygen vacancies typically act as effi-
cient phonon scattering centers which
reduce the phonon mean-free paths and
thus deplete the corresponding lattice
thermal conductivity.®?) On the other
hand, the introduction of Vy into a crystal
(O + 2he — V5 + 1/20,, where O; and
h. represent oxygen at lattice site and
hole, respectively) would naturally con-
sume the carriers, thereby decrease the
electronic conductivity. Examples like in
ABOs_5(A =Ca, Sr, La; B = Cr, Mn, Fe, Co,

both low electric resistivity and thermal conductivity.

1. Introduction

Oxygen vacancies (V5) and oxygen deficiency (&) play a key
role in tailoring the functional properties of 3d transition-
metal oxides, like defect-induced ferromagnetism(?! insulator-
to-metal transitions,3¥ and affecting their applicability to
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Ni) the switch from high to low oxygen
content structure usually yields highly
suppressed electronic  conduction,["]
which trades off the advantages brought by V5. Therefore,
coexisting low electronic resistivity and large oxygen deficiency
remains a big challenge. A general methods in dealing with
this issue was to substitute A/B-site with acceptor cations that
exhibit lower valence states, thereby creates oxygen deficient
materials,”! or import microstructures that separate conduc-
tive domains from Vg enrichment regions like those in poly-
crystalline ceramics.'8l However, carriers would be inevitably
scattered by oxygen vacancies or domain boundaries and result
in a reduced mobility. While in this work, we introduced a dif-
ferent strategy, that is, to form isolated oxygen deficient nano-
sheet from the conductive layer at the atomic level, to address
this concern. We exemplified this strategy by converting the
insulating brownmillerite SrCoO,;s (BM-SCO) to alternating
layers of oxygen-deficient and conductive nano-sheets. The Vg
structurally locked in rock salt (RS) insulating layer did not
interfere the electronic conduction of the other layer and sig-
nificantly suppressed the thermal conductivity. Meanwhile, the
converted structure retained considerable Seebeck coefficient as
its parent even though the conductivity was highly improved,
thus obtained enhanced thermoelectric properties.
BM-SCO is orthorhombic with lattice constants a = 5.5739 A,
b = 54697 A, and ¢ = 15.7450 A, which can be viewed as
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pseudo-tetragonal (a, = 3.905 and ¢, = 7872 A)."l It is consisted
by alternatively stacked Co—O octahedra and tetrahedra along the
(001) direction, and characterized by columns of ordered Vg along
its pseudo-tetragonal [110] direction. Although BM-SCO exhibits
considerable Seebeck coefficient (=100 pV K™% and thermal
conductivity (=1.5 W K™ m™) 21 it is very insulating at room and
low temperature (>10° m< cm) as a result of high oxygen defi-
ciency,! thereby demonstrates a really poor thermoelectric prop-
erties. BM-SCO thin film could be oxidized to perovskite SrCoO;_s
(0 € 6 < 0.25), reduced to square tube SrCoO,1! or form
H,:SrCo0O, 5 phase by intercalation of hydrogen.[?223l However,
attempts in achieving both low resistivity and high oxygen defi-
ciency structures have yet been successful.

2. Results and Discussion

Figure 1 shows the preparation of three Sr—Co—O (SCO) thin
films from BM-SCO thin film grown on (001) (La,Sr)(Al,Ta)Os
(LSAT) substrates and the XRD characterization on the newly
synthesized SCO10, SCO9, and SCOS thin films (named by their
lowest diffraction angles which are =10°, 9°, and 8°, respectively).

www.advenergymat.de

The thickness of BM-SCO film was estimated to be 70 nm in
approximate from X-ray reflectivity measurement. As shown in
Figure 1a, BM-SCO evolved to three SCOs by experiencing a step-
by-step phase transformation. Figure 1b demonstrates XRD 6-26
scans of the four SCO thin films. The trend that 20 shifts to the
lower angle indicates a decreasing and tunable periodicity in SCO
thin films by temperature control. Correspondingly, the c-lattice
constant increases from 9.02 to 9.77 A, and then to 11.06 A step-
by-step from SCO10, SCO9 to SCO8. Figure Ic illustrates the
in situ phase transformation with temperature dependent XRD
by heating the sample in wet air (relative humidity = 79%). At
250 °C BM-SCO started to transform to SCO10. At 480 °C, SCO10
began to transform to SCO9. By further annealing the thin film
at 580 °C, the SCO10 disappeared and SCO8 began to form.
Although mixed phases were observed during the fast-heating
process, single phases could be obtained by annealing the sample
for longer time, see Experimental Section.

The in-plane crystallographic geometry of SCO10, SCO9,
and SCO8 were determined by wide area reciprocal space
mapping in Figure 1d-f. It is found that two different crystal-
lographic geometries, that is, triclinic (T) and hexagonal (H)
layers and their 90° rotation counterpart, coexist in each thin
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Figure 1. a) Schematic preparation of SCO10, SCO9, and SCO8 from BM-SCO thin film. b) XRD 6-26 scans of as-prepared BM-SCO, SCO10, SCOS9,
and SCO8 thin films grown on LSAT substrates. c) In situ XRD peak evolution of BM-SCO thin film as heating in wet air. d—f) The in-plane wide area
reciprocal space mapping for SCO10, SCO9, and SCO8 thin films, respectively. The g coordinates have been divided by LSAT gyo0. The white grids cor-
responding to the integers h, k are guides to eyes. The T and H in the crystal plane index represent the triclinic rock salt layer [SrO]/[SrCoO] and the hex-
agonal CoO, layer, respectively. The spots of rotated CoO, layer are mark by yellow hexagons, while the rotated SrCoO layer is marked by white squares.
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Table 1. Structure and composition parameters of layered SCO thin films.
Layer alA] b[A] Al oA Al q Formula V(Co)nominal  V(Co)actual S

SCOo10 Sr,0,H, 2.518 2.804 9.02 90 95.5 0.5 SrCoO;_gH 3+ 2.84+ 0.08
Co0, 2.518 2.802

SCO9 1,0, 2.449 3.470 9.76 90 9% 0.4 Sr,CosOnes 4+ 2.82+ 2.95
Co0, 2.449 2.816

scos Sr,Co0; 2.469 2.469 11.06 90 943 0.57 51,C0400 76-5 3.38+ 2.96+ 0.84
CoO, 2.469 2.808

film, which correspond to the RS layer and the CdI,-type CoO,
layer according to the below scanning transmission electron
microscopy (STEM) analysis, respectively. The fourfold geom-
etry of RS layer and sixfold geometry of CoO, layer are con-
firmed by the in-plane phi-scans in Figure S1, Supporting
Information. These two geometries can be orthogonalized
in in-plane directions by their diagonals, and the diagonal-
ized lattice parameters a (=drs10) = Geoozorio) aNd b (Fdgsiio) =
2d o030 are directly calculated from the in-plane 6-26 scans
in Figure S2, Supporting Information. The epitaxial relation-
ship between the SCO thin films and the LSAT substrate are
RS [110] || CoO, [0110] || LSAT [110] and RS [110] || CoO, [2130]
| LSAT [110], see Figure S3, Supporting Information. The lattice
parameters are summarized in Table 1. Regarding the in-plane
directions, the a and b lattice parameters of the CoO, layers
change only slightly for SCO10, SCO9, and SCO8, implying that
the hexagonal lattice frame of the SCO thin films is quite stable
upon thermal annealing. However, the lattice parameters of the
RS layers greatly vary among the different polymorphs, thus
providing large tunability via modification of the integrated RS
nano-sheets.

High resolution STEM (HR-STEM) was carried out to deter-
mine the atomic structure of these SCO thin films. Figure 2
displays the high-angle annular dark field (HADDF)-STEM,
energy disperse X-ray spectroscopy (EDS) mapping and annular
bright field (ABF) images for SCO10, SCO9, and SCOS8.
Figure 2a,b shows the (110) and (100) atomic planes of SCO10,
respectively. Similar to that treated in O, + H,0,? the SCO10
is identified as alternatively stacked rock-salt type Sr,0,H, and
CdI,-type CoO, layers. Figure 2c,d shows the (110) and (110)
atomic planes of SCOY, respectively. We imaged the (110) rather
than the (100) plane by considering that the (100) plane rotates
too much (=10°, see Figure 1d) from the LSAT (100). Compared
to SCO10, a dark strip within the Sr,0, layer is observed in the
HADDF image after H,O dissolution. The ABF image shows
that oxygen atoms in Sr,0, layer of SCO9 take much more
spacing along [001] direction than that in SCO10 between the
neighboring Sr layers, which is responsible for the increase in
c-lattice constant. Meanwhile, the Sr—Sr distance along the b-
axis increases dramatically from 2.804 A in SCO10 to 3.47 A
in SCO9. Such a lattice expansion indicates that there may be
a considerable number of V5 in SCO9. Figure 2e,f shows the
(110) and (100) atomic planes of SCO8, respectively. In compar-
ison to SCO10 and SCOY, an additional Co—O layer is captured
within the Sr,0, layer. The corresponding EDS mapping shows
that the Co atom occupies the body center of Sr cube. The ABF
images show that the oxygen arrangement in SCOS8 follows the
rock-salt stacking manner as well. Thus, this layer is identified

Adv. Energy Mater. 2022, 2201469

2201469 (3 of 10)

to be Sr,CoO3, while the CoO, layer remains unchanged. The
B angle between a and ¢ in these layered-SCOs is determined
by the fast Fourier transformation of the (110) atomic plane in
Figure S4, Supporting Information. The atomic structure of the
three layered-SCOs are built up based on the XRD and HR-
STEM, and are shown in Figure 5b—d.

The structure and composition parameters of these layered
SCOs are summarized in Table 1. Their formulas can be written
as [S1,0,H;].5C00, (StCoO3H), [Sr;,0,]54C00, (Sr4Co504), and
[S1,C003]y.57C00,; (Sr3C04047), assuming the absence of Vg in
each sub-layer. The nominal valence state of Co ions [V(Co)]
for each of the layered-SCO thin film is determined to be 3+,
4+, and 3.38+, respectively. However, from the preparation
point of view, the oxidization from Co*' to Co*" ions by only
air-annealing was an arduous work.>%] Thus, the formation
of Co* in SCOY is less likely. We exclude the formation of Sr
vacancies based on the facts that Sr is non-volatile and that the
successive preparation of from SrCoO, 5 to StCoO3H, Sr,Cos0y4
and then Sr;Co,0q 74 guarantees adequate supply of precursor
to the subsequent phase transformation. We would also like to
highlight the uniqueness of the [Sr,0,],4C00, structure as its
RS layer is electrically zero charged. To date, nearly all reported
misfit-layered compounds integrate positively charged RS plate.
The SCO9 may produce high concentration of Vg as the nom-
inal 4+ of Co ions is far from the normal 3+ valence state. As
seen above, BM-SCO transforms to a serial of layered-SCOs
by experiencing a cations reconstruction, which establishes a
new route to synthesis layered oxides with variable integrated
nano-blocks.

X-ray absorption spectra (XAS) were collected at the Co
L-edge and O K-edge to probe the oxygen deficiency as well as
the electronic structures of these SCO thin films. The results
are shown in Figure 3a,b, respectively. The XAS of BM-SCO
is given for comparison. The schematic electronic structures
for [Co(I11) 3d-O 2p]o, [Co(11) 3d-O 2p}y, and [Co(I1I) 3d-O 2p}r
hybridization are shown in Figure 3c—e, respectively. The sub-
script O or T denotes the octahedra or triangular crystal ligand
field. In the octahedra crystal ligand filed (BM-SCO), the
[Co(IlT) 3d-O 2p]o, splits into a high energy e, band and a low
energy t,, band.*®l The transition of the electrons from O 1s to
the unoccupied t,, and e, bands are represented by A and B,
respectively. While in the triangular crystal ligand field (layered
SCOs), the t,, band splits into a;, and e,” bands in further.l””
The transition of electrons from O 1s to the unoccupied a;; and
e,/ band are represented by e, f3, respectively. In Figure 3a, the
line shapes of Co L-edge in SCO10, SCOY, and SCO8 are quite
similar to the C0;0,,1?® indicating that there coexist Co(I1I) and
Co(II) in layered SCOs. The less pronounced pre-shoulder in

© 2022 Wiley-VCH GmbH
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Figure 2. HADDF-STEM, EDS mapping, and ABF images for layered-SCO thin films: a) (110) and b) (100) plane of SCO10; c) (110) and d) (110) plane
of SCOY; e) (110) and f) (100) plane of SCO8. The Sr, Co, and O atoms are painted by red, green, and blue, respectively.

Co L-edge of SCOS is due to that a part of Co ions occupy the
octahedral sites in RS Sr,CoOjs layer, thus decreases the number
of Co ions in trigonal coordination; while in SCO10 and SCO9
Co ions coordinate only in trigonal coordination. The L; peak
position reads 780.2, 779.5, 779.5, and 779.6 eV for BM-SCO,
SCO010, SCOY, and SCOS, respectively. That implies the valence
state of Co ions in the four SCOs orders as BM-SCO > SCO8
> SCO9 = SCO10, which is consistent with the below analysis
from O K-edge XAS.

Figure 3b shows the evolution of O K-edge of these SCO
thin films. In BM-SCO, the electronic configuration in [Co(III)
3d-O 2p]o hybridized orbital is depicted by a high spin e,t,,*
(S=5/2) in Figure 3c.?% In case of the SCO10, the small bump
at low energy side represents the electron transition from the
O 1s to the unoccupied a;, of [Co(I) 3d-O 2p]; hybridized
orbital in triangular crystal ligand field.?? Its week intensity
implies that the proportion of Co(II) in SCO10 is fairly small.
The strong peak S mixes the contribution from the transition
to the e, of [Co(I) 3d-O 2p]r and [Co(IlI) 3d-O 2p}r. There-
fore, the electronic configuration of SCO10 is primarily a null
spin state e,’a;,e,”* mixed with a small portion of low spin

g d1g g
state e,”a;,'e, ™. It is worthy to mention that intermediate spin
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of Co* (eg'ajg'e,) alone can also generate similar feature
o and . However, in experiment (see Figure S5, Supporting
Information) it was found that the bump was well preserved
when annealing SCO10 in vacuum, but almost undetectable
after annealing in 10 bar oxygen since the Co?" was oxidized
to Co’*. Thus, the bump at the low energy side of O K-edge
in SCO10 arises from Co?" rather than the intermediate spin
Co*. In that sense, the amount of Co?" can be roughly esti-
mated to 16% using the intensity ratio of(a + ). The
averaged valence state of Co ions in CoO, layer [V(Co)] is deter-
mined as 2.84+. The chemical composition of SCO10 is thereby
SrC00, ¢,H. Similarly, in SCO9 the content of Co?" is estimated
to be =18%, and V(Co) = 2.82+. The formula of SCO9 is written
as Sr,Cos0y; 05 accordingly. In SCOS, additional features A and
B which have the same peak positions as the BM-SCO were
observed as the RS Sr,CoOj; layer was sandwiched in between
CoO, triangular layers except for features o and S. In CoO,
layer the concentration of Co?" is estimated to be 11%, and the
V(Co) = 2.96+, assuming that the Co ions in Sr,CoOj; layer are
3+ in approximate as that in BM-SCO. The SCOS8 is actually
Sr3C040g.9;. The V(Co) and oxygen deficiency () for the three
SCO thin films are summarized in Table 1. According to XAS,

© 2022 Wiley-VCH GmbH
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Figure 3. X-ray absorption spectroscopy (XAS) of a) Co L-edge, b) O K-edge for BM-SCO, SCO10, SCO9, and SCO8 thin films; c—e) the schematic
electronic structures for [Co(lll) 3d-O 2p]o, [Co(ll) 3d-O 2p]y, and [Co(lll) 3d-O 2p]; hybridization, respectively; f) TEM image of SCO9 (110) plane;
g) Z contrast profile of white line in (f); h) EELS spectra corresponding to the grey- and blue-marked regions in (g).

the oxygen deficiency in layered SCO could be greatly pro-
moted to 0.84 in SCO8 and 2.95 in SCO9 from 0.08 in SCO10,
which is mainly attributed to the evolution of RS nano-blocks
rather than Co ions as seeing it is quite stable. Figure 3f-h
gives the electron energy loss spectroscopy (EELS) for SCO9
which exhibits the highest oxygen deficiency. The grey-marked
region in Figure 3g includes the O—O atomic layer within the
SrO—OSr RS plate, while the blue-marked area covers the
Co—O layer. The EELS for the grey- and blue-marked region in
Figure 3g are shown in Figure 3h. The pre-peak near 530 eV
arises from the hybridization of O 2p and Co 3d orbitals. It is
found that the CoO, layer has a higher oxygen content in com-
parison to that of RS layer as seeing the sharp and strong pre-
peak.}Z Such a finding indicates that a majority of Vg prefer to
stay in RS insulating layer other than CoO, conductive layer.
Figure 4 presents the electronic, optical and thermoelectric
properties of the BM-SCO, SCO10, SCO9, and SCO8 thin film.
In Figure 4a the resistivity (p) of SCO10 decreases at least 3
orders of magnitude compared to that of BM-SCO within the
temperature range. Interestingly, in higher oxygen deficient
SCO8 and SCOY, it decreases another order of magnitude.
The SCO9 and SCO8 become even metallic above 50 K. That
means high oxygen deficiency does not necessarily suppress
electric conduction via proper reconstruction of RS nano-
blocks. Figure 4b reveals that the carrier mobility (¢) of SCO9
and SCOS8 is significantly enhanced in comparison to that of
SCO10. The u of BM-SCO is not given as it is too insulating.
Figure S6, Supporting Information shows that the carrier
concentration in these three SCOs is at the level of 10?! cm™.
Therefore, the increase in conductivity is mainly attributed to
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the increase in carrier mobility. Figure 4c shows that in infrared
and visible light range SCO10 exhibits the highest transmit-
tance, followed by the SCO8 and then SCO9. In ultraviolet light
range the absorption edge of all layered SCOs shift to violet
side compared to the BM-SCO. The band gap is estimated to
be 2.28, 2.61, 2.75, and 2.79 eV for BM-SCO, SCO10, SCO9, and
SCOS8, respectively.

According to Figure 4a,b, the response of electric resistivity
upon oxygen deficiency in BM-SCO is contrary to the layered-
SCOs. In former one high concentration of Vg usually results
in high electronic resistivity;[#2¢! while in latter one it does
not harm the electric conduction. The carrier mobility even
increases with 8. This fact indicates that a large proportion of
Vs tends to sink in RS insulating layer rather than in CoO,
conducting layer, or else carriers will be scattered and result in
highly suppressed mobility. This finding is consistent with the
results shown in Figure 3h. Table 1 shows that the valence of
Co ion varies small upon heating in air. Therefore, the content
of V5 in RS layer depends on change of composition or lattice
parameters. As these V5 composed in RS layer are structurally-
locked and electrically-isolated, we define them as sintered V5.
The manipulation of sintered V5 may lead to the discovery of a
layered family. Except for sintered Vg in RS layer, the decreased
carrier mobility and conductivity in SCO10 and SCO8 com-
pared to SCO9 imply a minority of V§ exists in CoO, layer. The
formation of SCO9 and SCO8 in air at high temperature actu-
ally reduces the number of Vg in CoO, layer. From Figure 4a,b,
we estimate that the concentration of minority V5 in CoO,
layer orders as SCO9 < SCO8 < SCO10 < 0.08. According to
Table 1, the total oxygen deficiency is 0.08, 0.84, and 2.95, or

© 2022 Wiley-VCH GmbH
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Figure 4. Temperature dependent a) resistivity (p), b) carrier mobility (1), c) optical transmittance, d) Seebeck coefficient (S), e) power factor (PF),
and f) thermal conductivity (x) of BM-SCO and layered-SCO thin films. g—i) The current density versus voltage and power density for SCO10, SCO9,
and SCOB8 thin films at different AT near room temperature, respectively. The inset in (g) illustrates the schematic experiment setup for power output

measurement.

0.08/Co, 0.21/Co, and 0.59/Co for SCO10, SCOS8, and SCO9,
respectively. We refer to Co rather than Sr by considering that
the lattice of CoO, layer changes slightly among these layered
structures. Therefore, the concentration of majority V5 in RS
layer spans 0-0.08, 0.13-0.21, and 0.51-0.59 per Co for each of
them. In other words, the content of V5 in RS layer evolves as
SCO10 < SCO8 < SCO9.

Figure 4d shows the experimental Seebeck coefficient (S)
of BM-SCO and layered-SCOs over the temperature interval
400-10 K. The positive sign of S implies that both BM-SCO
and layered-SCOs are p-type conductors. Although the conduc-
tivity of SCO10 improves 3 orders of magnitude as compared
to that of BM-SCO, its S is still larger than that of BM-SCO. As
a result, the negligible power factor (PF, = S?/p) in BM-SCO is
enhanced to 0.9 mW K2 m™ in SCO10 at 300 K (Figure 4e))
in in-plane direction. By reconstructing the RS nano-blocks,
the PF of SCO9 and SCO8 further amount to 3.6 and
2.2 mW K2 m™ at 300 K, which are =4 x 10* and 2.4 x 10* times
of that in BM-SCO, respectively. Such performances are
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superior to that of sputtered/ceramic Sr;C0400,3**4 or typ-
ical transition-metal thermoelectric oxides such as (CayoMg;)
MnO3,*% SrTi03,3% Ca3C0404 7! and ZnO,*¥ and comparable
to Na,Co,04 which demonstrates the highest room temper-
ature PF (5 mW K2 m™) and Bi,Te; (4 mW K2 m™),5 see
Table S1, Supporting Information. Figure 4g—i measures the
output power density for the three layered-SCO thin films. It
can be seen that at similar temperature differences (AT) SCO9
thin film exhibits the highest output power density, followed
by SCO8 and SCO10. This trend is consistent with the power
factor shown in Figure 4e. At AT = 14, 21, and 28 K, the power
density for SCO9 reads 1.1, 2.6, and 4.5 W m™2, respectively.
The normalized power density is thereby calculated between
0.56 and 0.59 uW K2 cm~2, which ranks the top level among
those reported Bi,Te; and Bi,Tes-based film devices, 0 see
Figure S7, Supporting Information.

Figure 4f shows that the out-of-plane thermal conductivity (&)
of the four SCOs order in SCO9 < SCO10 < SCO8 < BM-SCO
above 150 K. The k was obtained by using a time-domain
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Figure 5. Atomic structures of a) BM-SCO, b) SCO10, c¢) SCO9, and d) SCO8 (110) plane. e~h) The corresponding pDOS as calculated with first-principles

DFT methods.

thermoreflectance (TDTR) method. TDTR method has been
subjected to characterize thermal properties of both bulk and
thin film materials.?'*#] The error bars in Figure 4f arise
mainly from the physical parameter uncertainties, raw data
spreads, and statistic standard deviations (see Experiment
Section). It seems that higher oxygen deficiency leads to lower
thermal conductivity in layered-SCOs. At room temperature,
the x of the four SCO9 lowers down to 0.33 W K! m, which is
only 44% of that in BM-SCO and much lower than Na,Co,0,.1!
The model majority Vi in RS layer and minority V5 in CoO,
layer again endorses the lowest thermal conductivity in SCO9
as it hosts the most sintered V5 in RS layer. The exceptional
suppression of x in SCO10 probably arises from the extra pro-
tons in the material.?!!l We did not give the figure of merit ZT
because in thin film the thermal conductivity was probed along
out-of-plane direction, while the PF was measured in in-plane
direction. It is worth mentioning that although a direct meas-
urement of in-plane « is quite challenge for thin film, it could
be estimated by notifying the thermal conductivity anisotropy.
In highly crystalline samples of Ca3Co,Oo, the in-plane thermal
conductivity is twice of that along out-of-plane.”l Since the
crystal structure of SCO8 is very similar to Ca3;Co,0o, its in-
plane « could be roughly estimated as 1.26 W K'm~.. However,
such estimation may not appropriate for SCO10 and SCO9 as
they have different RS structures.

In the last decades, dozens of thermoelectric oxides like n-type
perovskite CaMnO;_s -0 StTiO; 554 Cd;TeOg_g°! p-type
Na,Co0,_5B9%071 Ca3C0400 ¢7_5178) and Bi,Sr,Co,04, J6061
have been synthesized. However, the oxygen deficiency was
limited to a very small range (6 < 0.5) even under extreme
synthesis environments, especially as regards p-type layered
compounds.[*62%4 The formation of the large oxygen defi-
ciency in layered compounds remains a big challenge and the
resulting effects on the accompanying performances have yet to
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be explored. Here, we show that large oxygen deficiency could
greatly improve the thermoelectric performance of layered
oxides by forming sintered V.

The above experiments reveal that V5 properly distributed
in different layers significantly enhances the electric and ther-
moelectric performances of layered SCOs. It is also interesting
to know how these SCOs behave without V¢, thus we carried
out density functional theory (DFT) based first-principles cal-
culations for stoichiometric SCOs. Figure 5 shows the (110)
atomic plane of BM-SCO, SCO10, SCO9, and SCO8 as well as
their projected density of states (pDOS). The corresponding
(110) and (100) atomic planes are given in Figure S8, Sup-
porting Information. The pDOS in Figure 5e-h clearly shows
that in stoichiometric SCO9 and SCO8 the Fermi energy level
shifts toward the valence band as compared to BM-SCO and
SCO010, indicating a very high filling level of carriers. The SCO8
polymorph even switches to metallic as a result of the introduc-
tion of Co ions into the corresponding RS layers. The doping
of oxygen vacancies into the material would trap the holes and
result in the decrease of the carrier concentration. High carrier
concentration is generally unwanted in thermoelectric mate-
rials as it typically leads to a suppression in the Seebeck coeffi-
cient. In SCO9 and SCOS8 thin films, the incorporated V{ limits
the theoretical high carrier concentration to the level of SCO10
(Figure S6, Supporting Information), thereby prevents a sharp
decline in Seebeck coefficient. This calculation reveals that V3
, including sintered V5 in RS layer, plays an essential role in
maintaining the Seebeck coefficient in layered oxides.

3. Conclusion

In summary, three layered Sr—Co—O thin films (SC0O10, SCO9,
and SCOS8) consisting of alternate stacking of RS nano-blocks

© 2022 Wiley-VCH GmbH
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and CoO, frame layers, that is, [Sr,0,H,]y5C00,, [S1,0,]5.4C00,,
and [Sr,Co003]y5,Co0, were synthesized from parent brown-
millerite SrCoO, 5 thin films step-by-step. It is found that the
oxygen deficiency in layered SCOs could be greatly promoted to
0.84 in SCO8 and 2.95 in SCOY from 0.08 in SCO10 by recon-
structing the RS nano-blocks, while still demonstrating elevated
electronic conductivity. The compound SCO9 with the highest
8 (2.95) exhibited the best PF (3.6 mW K2 m™), output power
density (4.5 W m™2 at AT = 28 K), and lowest x (0.33 W K' m™)
at room temperature, which is on par with Bi,Te; benchmark.
Experiment results combining with theoretical calculations
reveal that the enhanced electric and thermoelectric properties
benefit from the Vg properly distributed in different layers, that
is, a majority of sintered Vg in insulating rock-salt layer and a
minority of normal Vg in conductive CoO, layer.

We offered a new route to synthesis layered oxides with vari-
able nano-blocks from brownmillerites, and pointed out the
importance of oxygen deficiency and its distribution in tailoring
the physical and chemical properties of transition-metal oxides.
The sintered/normal Vg superlattice model provides guidance
to the exploration of materials with both low electric resistivity
and thermoelectric conductivity. Further study on obtaining
higher oxygen deficiency and whether the two types Vg are
transferable across the RS and CoO, layer is highly desired.

4. Experimental Section

Sample Preparation: The BM-SCO thin films were deposited on (001)
LSAT substrates by pulsed laser deposition. The growth conditions
were a temperature of 750 °C, oxygen pressure of 13 Pa, laser energy
density of 1.5 ] cm™2, and laser frequency of 6 Hz. The film thickness was
=70 nm for 4000 pulses deposition. The SCOT0 thin film was obtained
by annealing BM-SCO in 10 bar CO, + H,0 at 450 °C for 1 h, and then
in air at 400 °C for another 1 h. The SCO10 transformed to SCO9 by
annealing sample in air at 550 °C for 3 h. The SCO8 was obtained by
further annealing the SCO9 thin film in air at 700 °C for 1 h.

Structure and Properties: The sample structure was characterized
by a high-resolution X-ray diffractometer (Rigaku SmartLab, 45 kV,
200 mA, 1 = 1.5406 A). The temperature dependent XRD was carried
out with a domed hostage (Anton Paar, DHS 1100). The heating rate was
30 °C min~". Each scan took =2 min. HAADF-STEM, EDS, and ABF were
conducted using a double aberration-corrected transmission electron
microscopy (Thermo Fisher Themis Z G2 60-300) operated at 300 kV.
The EELS spectra were collected at a beam current of about 100 pA by a
Gatan Quantum 965 spectrometer. The XAS was taken at beamline 4B9B
of Beijing Synchrotron Radiation Facility in the total fluorescence yield
mode. The electric resistivity was measured using a four-probe method
by a Quantum Designed PPMS. Prior to the measurement, 4 Pt square
pads (500 pm x 500 um, 100 nm thick) with T mm space were deposited
onto the SCO thin film by magneto-sputtering. These pads were aligned
in a line geometry and parallel to one edge of the substrate. Then they
were connected to the electric puck with Al wire by ultrasonic wire-
bonding. The resistance was measured by collecting the current flowing
through the four pads and the corresponding voltage across on the
middle two pads. The resistivity of BM-SCO was measured by a Keithley
6517B picometer with a two-probe connection. The Hall conduction
of the thin films was measured using a van der Pauw method, and an
error margin within 2% was generated during the curve fitting (Hall
resistance vs magnetic field) in obtaining the Hall coefficient. Thus,
there were error margins of 2% for mobility and carrier concentration.
The optical transmittance of these thin films was measured by a
PerkinElmer LAMBDA 950 spectrometer using a two-side polished
substrate. Prior to the measurement, the absorption was calibrated by

Adv. Energy Mater. 2022, 2201469

2201469 (8 of 10)

www.advenergymat.de

referring to a bare substrate. The Seebeck coefficient of the thin films
was measured using a Quantum Design PPMS. The room temperature
Seebeck coefficient was verified using a portable thermoelectric monitor
(PTM-3, JouleYacht). The output power of layered-SCO thin films was
measured by collecting the voltage and current of an external loading
resistor while varying its resistance at a given temperature difference
(AT). The inset in Figure 4g illustrates the schematic experiment setup
for this measurement. The size of the sample was 10 mm x 10 mm. The
space between the two electrodes was 9 mm. The high temperature end
(Thigh) was heated by a hot-plate, while the low temperature end (Tio.)
was cooled by a copper plate at room temperature. The sample was
stabilized for 15 min prior to the measurement. The AT between Tig,
and T, was estimated by using V,. (open circuit voltage) = SAT, which
was quite close to the value monitored by thermal couples, see Table S2,
Supporting Information. It was noticed that the measured temperature
difference was 2-3 K lower than that estimated from V,/S. To avoid any
exaggeration, the latter was used to calculate the normalized output
power density. The voltage and current of the loading resistor were
measured by a Keithley 2400 nanovoltmeter and 2182 ampere meter,
respectively.

TDTR: The out-of-plane thermal conductivity of these SCO thin
films was measured by a TDTR method. Prior to the measurement, a
~80 nm Al layer was coated onto the samples by magnetron sputtering
as an optical transducer. The samples were mounted on an optical
cryostat (Montana Instruments) and cooled using liquid helium for
low-temperature measurements. TDTR is a transient method utilizing
femtosecond laser pulses both as a heat source and sensor based on
the pump—probe principle. Femtosecond laser pulses (1 =770 nm) were
generated by a Ti:sapphire laser (Chameleon, Coherent), and was then
split using a polarization beam splitter into the pump beam that heated
the sample and the probe beam that sensed the temperature decay. The
pump beam was modulated using an electro-optic modulator (Conoptics
350) at 9.8 MHz. To increase the signal-to-noise ratio, the probe beam
was modulated using a mechanical chopper at =175 Hz. The size of
two beam spots was chosen to be =26 um in diameter to guarantee
1D heat dissipation. As the reflectivity of Al layer changed linearly with
temperature, the intensity of the reflected probe beam was very sensitive
to the temperature variation. A delay time of 0-4000 ps between pump
and probe pulses was obtained with a 600 mm delay stage. Prior to the
signal detection, most of the pump laser was filtered using a two-tint
method. The in-phase (V,;) and out-of-phase (V,,) signals varying with
the delay time were collected using a Si photodetector and extracted
with a lock-in amplifier (Zurich Instruments, HF2LI). The ratio —V;,/Vou
was finally fitted to a multi-layer thermal transport model to obtain
the thermal conductivity. The error bars in Figure 4f arise mainly from
the physical parameter uncertainties, raw data spreads, and statistic
standard deviations. The first one was propagated from the uncertainties
in film thickness (=3%), laser spot size (=10%), and specific heat of
each layer (=5%). Figure S9, Supporting Information demonstrates
a set of TDTR raw data, their fitted curves at optimum, and with 10%
uncertainties at different temperature for these SCO thin films. It could
be seen that nearly all data points fall into the 10% uncertainties range.
Therefore, the error margin amounts to =10% in total from these two
aspects. The latter originated from the standard deviation of three
individual measurements at different locations on sample surface. In
most cases it was less than 10%, while at 350 K a large deviation (19%
for BM-SCO, 39% for SCO10, and 21% for SCO8) was observed due to
the temperature variation when heating the sample.

First-Principles Calculations: Spin-polarized DFTI®?l calculations were
performed to theoretically characterize the structural, mechanical, and
electronic properties of SCO polymorphs. The PBEsol functionall® was
used as implemented in the VASP software.l’”! A “Hubbard-U" schemel®®
with U =4 eV was employed for a better treatment of the localized Co 3d
electronic orbitals.1”l The “projector augmented wave” method was used
to represent the ionic cores?” by considering the following electrons
as valence: Sr 4s, 4p, and 5s; Co 3d and 4s; O 2s and 2p; H 1s. Wave
functions were represented in a plane-wave basis truncated at 650 eV. For
integrations within the first Brillouin zone, thick Monkhorst-Pack k-point
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grids were employed with a density equivalent to that of 16 x 16 x 16 for
a conventional 5-atoms perovskite unit cell. Periodic boundary conditions
were applied along the three lattice vectors of the simulation supercell.
Geometry relaxations were performed with a conjugate-gradient
algorithm that optimized the ionic positions and the volume and shape
of the simulation cell. The relaxations were halted when the forces in the
atoms were all below 0.005 eV A", By using these technical parameters,
the obtained energies were converged to within 0.5 meV per formula
unit. Different possible spin magnetic arrangements involving the
electronic Co d orbitals (i.e., ferromagnetic and antiferromagnetic type A,
C, and GP) were explored in the DFT calculations. For the calculation of
electronic densities of states, the more accurate range-separated hybrid
functional HSEO6 was employed./2

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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