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Introduction

The complex cobalt oxide YBaCo407.5 has a unique ability to reversibly adsorb and

desorb large amounts of oxygen (6=1.4, OSC=1225 umol-O,/g) in an exceptionally low-

temperature range compared with traditional oxygen storage material CeO,-ZrO,
(OSC=750 umol-Oy/g) 1, which makes it a promising candidate for application in large
oxygen storage capacity. According to the previous studies [>¢1, YBaCo40-.5 was prepared
by sol-gel method or solid-state reaction at high-temperature calcination process (over
1050 °C) and exhibited high oxygen storage capacity. However, it is inevitable that the
calcination process at such high-temperature conditions resulted in significant grain
growth, formed large particles, and small specific surface area, which resulted in the poor

kinetics of the oxygen intake/release process and low oxygen storage/release speed. In this
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case, this research focuses on the synthesis of YBaCo,07 at low calcination temperature,
improving the oxygen storage/release speed, and investigating the mechanism of rapid

oxygen storage for the low-temperature sample.

Synthesis process

The detailed synthesis process is shown in scheme S1. For the 800 °C sample (named
as YBCO-800), 0.004mol of Cobalt(II) nitrate, hexahydrate (Co(NO3),*6H,0 99.5%) and
0.001mol of Yttrium(Ill) nitrate, hexahydrate (Y(NO;);*6H,O 99.9%) and 0.001mol
barium(II) nitrate (Ba(NOj3), 99%) were dissolved in the 0.8mol/L glycine solution (30ml)
and stirred at room temperature to obtain the homogeneous solution. Subsequently, 1.0 ml
ethylene glycol (EG) was used as dispersant and stabilizer added into the solution to form
a metal-glycine complex through a chelating process. The homogeneous solution was
stirred at 200 °C for 1 h to form the red gel. This gel product was calcined at 450 °C for 3
h in an air atmosphere to obtain the precursors. The precursor was ground, then calcined at
800 °C in N, atmosphere for 12h. For the high temperature sample (950 °C sample, named
as YBCO-950), the same raw materials were dissolved in the 0.2mol/L glycine solution
(30ml) and obtained the precursors, finally calcined at 950 °C in the air for 12h with the

heating rate of 5 °C/min and then natural cooling to room temperature.

Structural characterization

X-ray powder diffraction (XRD: D2 PHASER/BRUKER) with Cu-Ka radiation (A =
0.15418 nm) was carried out to measure the phase composition and lattice parameter.
Rietveld refinements of the measured XRD results were performed using the RIETAN-FP
software package to confirm the exact crystal structure. For the high-temperature XRD
(HT-XRD), approximately 50 mg sample was put into the heating device, which was
combined with XRD equipment. The test process was carried out in a static air atmosphere
in the temperature range 30—500 °C with a heating rate of 10 °C/min. According to the TG
curves, the sample has almost no weight increase in the low-temperature range, and we set
to collect one XRD information of the test sample every 50 °C in the range of 30-180 °C.
Subsequently, one XRD data was recorded every 10 °C from 200 °C to 500 °C to observe
the detailed structural change during the oxygen storage process. The particle sizes and

morphologies of as-prepared samples were observed by scanning electron microscopy
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(SEM, JEOL JSM-7800F) combined with energy-dispersive X-ray spectroscopy (EDS).
Moreover, transmission electron microscopy (TEM, JEOL JEM-2100 microscopy)
combined with the selected-area electron diffraction (SAED) patterns were performed to
observe the detailed crystal structure. The specific surface area of as-prepared samples was
evaluated by the Brunauer—Emmet—Teller (BET) formula using the adsorption isotherm
obtained by the nitrogen adsorption method. To investigate the chemical states for each
chemical species, the X-ray photoemission spectroscopy (XPS; PHIS600, ULVAC-PHI
Inc.) using a monochromatized X-rays of AlKa (300 W). The Co K-edge X-ray Absorption
fine structure (XAFS) spectra of the prepared and reference samples (LiCoO, for Co(III)
and 2CoCO33Co(OH), for Co(Il)), which were prepared by mixing with the boron nitride
powder. The beamline BL12C was used to collect the data at the Photon Factory (The High
Energy Accelerator Research Organization, Japan (KEK) in transmittance modes).
Thermogravimetric measurement

A TG analyzer (TG8120/Rigaku) was utilized to evaluate the oxygen storage capacity.
The ca. 20 mg powder sample was put into a Pt pan, and heated sample from 30 to 500 °C
in the O, or air atmosphere with a flow rate of 100 mL/min gas. The heating/cooling rate
was 1 °C/min. In order to evaluate the oxygen storage/release speed of these two samples,
isothermal TG curves were recorded at different operating temperatures 350/360/370 °C
associated with the nitrogen atmosphere and oxygen atmosphere switched each other. All

the TG measurements are at ambient pressure.

Oxygen content analysis

The exact oxygen content was confirmed by iodometric titration from three parallel
analyses. The sample (~20mg) and 1g KI were dissolved in 1M HCI solution to form iodine
by reducing trivalent transition-metal cations. Then the 0.025 M Na,S,0; solution was used
to evaluate the amount of iodine formed by the titration process. Starch as an indicator of
the endpoint was added to the solution during the titration process. The endpoint was
confirmed from the disappearance of blue color in the solution. The calculation of the Co3*
fraction was performed according to the equations:

C03++I':C02++0.512 Iz"‘z 82032':21'+S4O62'
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l.CO(NO3)2‘6H20 Stirred 450 OC 3h
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Scheme S1 Flow diagram for powder synthesis of YBaCo,0; by the glycine-complex decomposition
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Fig. S1. XRD Rietveld results for YBaC0407.5. (2) 800 °C sample (N, atmosphere) (b) 950 °C sample (Air

atmosphere)

Table S1. Lattice parameters of the as-prepared samples (S: goodness of fit).

Sample a[A] c[ A] V[ A3]  Rwp[%] Rp[%] S
800°C  6287(1) 10261(2) 3512(1) 26 16 21
950°C  6.296(3) 10.254(3) 352.12) 1.7 12 17
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Table S2. Crystallographic parameters for YBaCo4O7.5 from the Rietveld refinement based on XRD data.
(The atomic coordination z of O, site with 2a (Wyckoff symbol) was fixed to the same with CIF (ICSD
#188853) as 0.74820 to set the origin)

Atmo Site X y z Beq
800

Y1 2b 0.3333 0.6667 0.192(5) 0.6(3)
Bal 2b 0.3333 0.6667 0.578(5) 2.0(3)
Col 2a 0 0 0.606(5) 1.1(3)
Co2 6¢ 0.8265(7) 0.17349 0.368(6) 1.3(3)
Ol 6¢ 0.483(2) 0.51707 0.350(6) 2.0(7)
02 2a 0 0 0.7482 0.3(2)
03 6¢ 0.855(3) 0.14457 0.600(7) 5(1)
950

Y1 2b 0.3333 0.6667 0.133(2) 1.5(1)
Bal 2b 0.3333 0.6667 0.501(2) 0.82(8)
Col 2a 0 0 0.555(3) 0.6(1)
Co2 6¢ 0.8301(3) 0.16993 0.312(2) 0.84(8)
0Ol 6¢ 0.482(1) 0.51849 0.268(2) 1.5(4)
02 2a 0 0 0.7482 2.2(5)
03 6¢ 0.843(1) 0.15685 0.515(3) 4.1(3)
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Table S3 The ratio of Co**/Co?" before and after TG measurement for YBaCo,40O; and iodometric

titration results

sample YBCO-800 YBCO-950
Before TG test Co**/Co?* 1.45 1.36
After TG test Co’*/Co?* 2.05 2.11
Chemical formula (before TG) YBaCo0407 5, YBaCo0407 ¢4

Table S4. bonding energies and atomic percentages of 800 and 950 sample before and after TG

measurement obtained from XPS analyses

Binding energies (eV)
Before TG Co2psp O 1s
C03+ Co 2+ OL OA OW
YBCO-800 779.59 780.52 528.71(20.5%) 530.67(73.0%)  532.95
YBCO-950 779.53 780.38 529.14(30.5%) 531.00(51.4%)  533.14
After TG Co 2psp O Is
Co** Co %" OL OA OW
YBCO-800 779.25 780.20 528.73(43.2%) 530.64(46.5%)  532.95
YBCO-950 779.45 780.20 529.05(40.5%) 530.97(49.0%)  533.11
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Fig. S3. XAFS results of YBaCo0,07.5. (a) Co K-edge XANES spectrum for two samples before TG test and
after TG test at O, atmosphere (b) amplitude of Fourier transformed obtained from EXAFS oscillation before
TG after TG. The weighted spectra were Fourier transformed in a k space of 3-10 A-!. (c) Co K-edge EXAFS

oscillation of YBaCo040-.;before TG measurement.
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Fig. S4. SEM images of YBaCo4O,.s synthesized by different temperature. (a-b) 800 °C sample (N,
atmosphere), (c-d) 950 °C sample (Air atmosphere). EDS mapping of 800 °C sample (e) and 950 °C sample

(®.

S-8



(a) (b)

—
(S8
I
|39

| —m=—adsorption | —=—adsorption
10k — e — desorption 10k — ®— desorption -
&2 [ specific surface area: 3.1 mzlg o0 [ specific surface area: 7.7 mzlg /
~ ~—
o SF o 8r o
Q Q A
2 | 2 of
= S| B _44;(/"
© 41 A7 o 4f -
> gt > e
2 2 e 2 ,\/,::=/'/
[ e Caa
0 [ e—a=""" 0
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
P/P P/P

Fig. S5 Nitrogen sorption isotherms for BET surface area analysis for YBaCo,O; obtained at different
calcination temperature. (a) 950 °C sample (b) 800 °C sample
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Fig. S6. TG curves of YBaCo0407,s in the oxygen atmosphere from 30 to 500 °C with heating/cooling rates
of 1 °C/min. (a) 800 °C (N, atmosphere), (b) 950 °C (Air atmosphere). Heating curve: solid lines; cooling
curve: dotted lines
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Fig. S7. Isothermal TG curves recorded in the nitrogen and oxygen atmosphere for YBaCo0407.5
synthesized at different temperature. (a) 800 °C sample and (b) 950 °C sample.
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Fig. S8. Enlarged Isothermal TG curves recorded in the nitrogen and oxygen atmosphere YBaCo0407:5
synthesized at different temperature. (a) 800 °C (N, atmosphere)-oxygen intake process (b) 800 °C (N,
atmosphere)-oxygen release process (¢) 950 °C (Air atmosphere)-oxygen intake process (d) 950 °C (Air
atmosphere)-oxygen release process. Oxygen intake/release time of the YBaCo407.;5 for 800 sample (e) and

950 sample (f).
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Table S5 Oxygen storage capacity and oxygen intake/release time of YBaCo0407.,5 materials

reported in previous research.

Samples OSC(wt.%) Intake/release time 350 °C
YBaCo407;;(This work) 2.33 Smin/6min
YBaCo407;5 [ 2.45 9min/ > 20min
YBaCo,07,;5 [ 2.66 16min/ > 20min
YBaCo;Al0,.4% 1.00 > 1h
YBaCo0407:5 ! 3.32 > 1h

YBaCo; ¢Aly 40745 1.20 >20min
YBaCo,0,; 10 2.90 >20min

To the best of our knowledge, the oxygen storage/release speed of the YBCO-800 sample
synthesized by the glycine-complex decomposition method showed the highest intake/release
speed among all the YBaCo40,.smaterials according to the previous reports, as shown in Table S5.
The intake and release of O, might be finished with 5/6 min at 350 °C. Moreover, the time required
for complete oxygen release was even reduced to 4 minutes at 360 °C. These results further
demonstrate that the glycine-complex decomposition method effectively reduces the calcination

temperature and improves the oxygen storage/release speed.
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Fig. S9. TG curves of YBaCo0407.:;5 in the simple air atmosphere (21% O, and 79% N,) from 30 to 500 °C
with heating/cooling rates of 1 °C/min. (a) 800 °C sample (b) 950 °C sample. Heating curve: solid lines;
cooling curve: dotted lines

S-11



00—
1 . ! A: air
3.04 o g004f\ oL
= 2001 : ! ' !
2.54 i I
0N, A :N;Aﬂi: Temperature process
c\oz_()- 0 100 200 300 400 500 600 700 S00 900
E‘ ] «— Introduce N2 Time/min
2015
D g
B1.0-
0.54
0.04 -~—Introduce air 800°C sample
— —
0 100 200 300 400 500 600 700 800 900

Time/min
Fig. S10 Long cycle performance of 800°C sample measured by TSA processes during swing between 220

and 360 °C. N, is the reducing gas , air is the oxidizing gas. (insert picture: temperature process)

a) b)
( 3 ( 3
950 °C sample 48.00 800 °C sample 48.00
.l {775 75 o
s 5 g
= 750 B 750
= e ) =l
'En 1k < o
) 4{7.25 §n 7.25 §a
= . =
= =
ot 17.00 & 7.00 &
1O 411 4-
10°C/min 1675 10°C/min J6.75
,1 L 1 1 " 1 " 1 71 L 1 " L L 1 " 1
0 100 200 300 400 500 1} 100 200 300 400 500
Temperature / °C Temperature / °C

Fig. S11. TG curves of YBaCo0407.; in the air atmosphere from 30 to 500 °C with a heating rate of
10 °C/min. (a) 950 °C sample, (b) 800 °C sample.
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Fig. S12. Enlarged in-situ high-temperature XRD patterns of these two samples in the range of 30-280°C
for 950 °C sample, initial phase and intermediate phase (a) and in the range of 30-270°C for 800°C sample,
intermediate phase (b).

Table S6 The main peak position of these two samples at room temperature and 240°C

Peaks YBCO-950 (30°C)  YBCO-950 (240°C)  YBCO-800 (30°C)  YBCO-800 (240°C)

(110) 28.23° 28.38° 28.35° 28.35°

(103) 31.81° 30.73° 30.81° 30.81°

(112) 33.27° 33.36° 33.36° 33.36°

(201) 33.90° 34.04° 34.02° 34.03°
(a) 950°C sample

30-230°C 240-280°C 290-370 °C 380-500 °C
Initial phase Intermediate phase Oxygenated phase Initial phase

(b) 800°C sample

30-270 °C 280-360 °C 370-500 °C
Intermediate phase Oxygenated phase Intermediate phase

Fig. S13 Schematic diagram of structural changes during oxygen storage process

According to the data in the table, we can find that the peak position angles of the three main peaks

(110), (112) and (201) of the 800 °C sample are higher than those of the 950°C sample at room
S-13



temperature, while the (103) peak represents the unique super-lattice structure of 800 °C sample
based on our previous results. However, at high temperature 240 °C, three main peaks (110), (112)
and (201) of 950 °C sample shift to a higher angle and their peak positions are almost the same as
those of 800 °C sample, as shown in the Table. This result indicated that crystal phase of 800 °C is
the same as the intermediate phase which formed during the heating process of 950 °C sample. This
result can be illustrated with the following pictures (Fig. S13). In the initial heating process, there
is no obvious peak shift for 950 °C sample. The peaks start to shift at 240 °C due to the heat
treatment induced a cell expansion to adapt to the change from CoQO, tetrahedron to CoOq
octahedron during the oxygen storage process. In this case, intermediate phase formed at this
temperature, as shown in Fig. S13(a). However, for the 800°C sample, we directly obtained the
intermediate phase through low-temperature calcination of the precursor and this intermediate

phase directly changed to oxygenated phase at high temperature.
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