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Experimental section

1. Materials and methods

1.1. Catalyst preparation. 

Ca-substituted LaCoO3 catalysts were prepared by a one-pot sol-gel method. 

25 La(NO3)3·6H2O, Ca(NO3)2·4H2O, Co(NO3)3·6H2O, and C6H8O7·H2O (CA) were 

dissolved in a mixed solvent (VH2O:VEthanol = 2:1) with a mole ratio of 

La3+:Ca2+:Co3+:CA equal to 1-x:x:1:2. The obtained solution was stirred for 30 min, 

sonicated for 10 min at room temperature and heated to 80 °C until a gel was formed, 

followed by evaporating water under vacuum at 90 °C to obtain the precursor. Then, 

30 the precursor was milled and calcined at 700 °C for 5 h with a heating rate of 5 °C 

min-1. The obtained solid was ground and sieved to 40-60 mesh. Ca-substituted 

LaCoO3 catalysts were denoted as Ca-x. It is noteworthy that for Ca-0.4, additional 

reflections of CaO are observed (Fig. S1), suggesting that CaO impurities are 

distributed on the LaCoO3 surface without being incorporated into the perovskite 

35 structure. Thus, this study focused on the Ca-x samples with x in the range of 0-0.3.

1.2. Catalyst characterization.

Powder X-ray diffraction (PXRD) patterns were recorded between 20° and 80° (2θ) 

at a step of 1° min-1 on a Bruker D8 advance diffractometer with Cu Kα radiation (40 

40 kV and 40 mA). The crystalline size was determined using Scherrer’s equation. 

Transmission electron microscopy (TEM) and electron energy loss spectroscopy 



(EELS) analyses were performed on an FEI Talos F200S with a spherical aberration 

corrector. All the particles were dispersed in ethanol on a carbon-coated copper grid. 

To analyze the valence state of cobalt, the background was subtracted from the EELS 

45 spectra, and the multiple scattering effect was removed using the Fourier ratio 

deconvolution technique.1 Specific surface area measurements were carried out by the 

BET method on the basis of N2 physisorption capacity at 77 K on a Micromeritics 

ASAP 2020 instrument. Fourier transform infrared spectra (FTIR) were recorded on a 

Bruker Vector 70 infrared spectrometer using a KBr substrate. The hydrogen 

50 temperature programmed reduction (H2-TPR) was evaluated in the range of 30-800 

°C at a heating rate of 10 °C min-1. The 50.0 mg sample was preheated at 250 °C 

under Ar for 30 min. The H2 consumption was estimated by the curve-fitting method 

using a standard CuO sample for calibration. The temperature-programmed 

desorption of oxygen (O2-TPD) was carried out on a Beijing Builder PCA-1200 

55 chemisorption instrument equipped with a TCD detector and evaluated in the range of 

40-550 °C at a heating rate of 10 °C min-1 under He flow. A 100.0 mg sample was 

pretreated at 250 °C for 1 h and cooled to 40 °C under O2. The core level (CL) spectra 

and valence band (VB) spectra of the samples were investigated by X-ray 

photoelectron spectroscopy (XPS) using a Thermo Fisher K-Alpha instrument 

60 equipped with an Al Kα source (10 mA, 14 kV) that was operated at 1486.8 eV. The 

pass energy for a full spectrum was 50 eV for single element analysis and 30 eV for 

the valence band spectra. Charge shifting was corrected by adjusting the binding 



energy of C 1s to 284.8 eV. The O p band center relative to the Femi level (EF) can be 

obtained by VB spectra through Gaussian-Lorentzian fitting. All the spectra were 

65 corrected for the background using the Shirley approach. 

1.3. Catalytic experiment. 

The catalytic oxidation of toluene by Ca-x was performed in a conventional fixed-

bed reactor in the temperature range of 100-400 °C under atmospheric pressure. A 

70 100.0 mg of catalyst was loaded in a quartz tube reactor (i.d. = 6 mm) supported by a 

porous quartz plate. Gaseous toluene was generated by flowing N2 into liquid toluene 

at 0 °C. The inlet gas was composed of 1000 ppm toluene and 20 vol% oxygen 

balanced by N2. The total flow rate was 100 mL min-1, corresponding to a gas hourly 

space velocity (GHSV) of 60 000 cm3 g-1 h-1. The toluene oxidation efficiency was 

75 expressed by the CO2 generation efficiency (Eq. (1)):

CO2 generation efficiency = CCO2
/C*CO2

×100%                    (1)

where CCO2
 and C*CO2

 are the CO2 concentrations in the effluent at different 

temperatures and when toluene was completely oxidized to CO2, respectively. The 

concentration of CO2 in the effluent was analyzed online by a nondispersive infrared 

80 CO2 analyzer (Beijing Huayun GXH-3010E).

1.4. The specific reaction rate constant (Rs) calculation.

The reaction rate (r, μmol g-1 s-1) was defined as the number of toluene molecules 



oxidized over catalysts per second per gram (Eq. (2)).

85 r = (Ctoluene × Xtoluene × Vgas)/m                            (2)

where m is the catalyst mass (g), Ctoluene is the concentration of toluene in the gas 

mixture (μmol mL-1), Xtoluene is the conversion of toluene (%), and Vgas is the total flow 

rate (mL s-1).

To exclude the influence of surface area, the specific reaction rate constant (Rs) 

90 of LaCoO3-based catalysts was calculated (Eq. (3)).

Rs=r/S                                         (3)

where S is the specific surface area (m2 g-1).

1.5. Details for activation energy calculation.

95 The discrepancy in the catalytic activity of the as-prepared catalysts was further 

manifested by the apparent activation energy (Ea, kJ mol-1), which was evaluated by 

Arrhenius plots (Eq. (4)).

r = A exp(-Ea/RT) [O2]a [toluene]b                     (4)

where r is reaction rate of toluene (μmol g-1 s-1); A is pre-exponential factor, R is 

100 molar gas constant, 8.314 J mol-1 K-1; and a and b were the reaction orders for O2 and 

toluene, respectively.

According to previous study,2 the oxidation of VOCs over metal oxides in the 

presence of excess oxygen follows first-order and zero-order kinetics with respect to 

the concentrations (C, μmol g-1) of toluene and oxygen, respectively. Thus, in this 



105 study, the catalytic oxidation of toluene by excess oxygen obeyed the first-order 

kinetics towards the toluene concentration (C, umol g-1, Eq. (5)).

r = kC = A exp(-Ea/RT) C                     (5)

where k is the kinetic rate constant (s-1), calculated by the reaction rates and toluene 

concentration. Taking the natural log of both sides, Eq. (5) can be transformed to Eq. 

110 (6).

lnk = ln(r/C) = - Ea/RT + lnA                         (6)

The activation energy (Ea) was calculated from the fitted least squares of Eq. (6).

1.6. Details for DFT calculations.

115 To determine the relationship between the electron structure and catalytic 

performance of substituted LaCoO3 perovskite oxides, first-principles DFT+U 

calculations were carried out on the oxygen p states for all Ca-x (x = 0, 0.1, 0.2, 0.3). 

We employed the Vienna Ab initio Simulation Package (VASP) 3, 4 to perform all 

density functional theory (DFT) calculations within the generalized gradient 

120 approximation (GGA) using the Perdew-Burke-Ernzerhof (PBE) formulation.5 The 

GGA + U calculations were performed using the model proposed by Dudarev et al. 6 

with Ueff (Ueff = Coulomb U – exchange J) values of 3.3 eV for Co metals. For all 

compositions, the lattice constants and ion positions were first fully relaxed. Then, 

density of states (DOS) calculations was performed on the fully relaxed stoichiometric 

125 structures. The projected augmented wave (PAW) potential 7, 8 was selected to 



describe the ionic cores taking valence electrons into account using a plane wave basis 

set with a kinetic energy cutoff of 520 eV. The density of the k-mesh grids for 

Brillouin zone sampling was set as 0.04×2π/Å. Partial occupancies of the Kohn-Sham 

orbitals were allowed using the Gaussian smearing method and a width of 0.05 eV. 

130 The electronic energy was considered self-consistent when the energy change was 

smaller than 10−6 eV. The geometry optimization was considered convergent when 

the force on each atom was smaller than 0.02 eV/Å. For rhombohedral-type 

perovskites, a hexa-rhombohedral unit (6  ABO3) was used, and the γ-centered k-

point mesh for DOS calculation was set to be 10 × 10 × 4. The formation enthalpy of 

135 O vacancies in bulk Ca-x was calculated using Eq. (7):

Ef = Evac + 1/2EO2 − Epristine                          (7)

where Ef is the formation enthalpy of the oxygen vacancy, Evac is the total energy 

of the system with a single oxygen vacancy, EO2 is the free energy of the O2 molecule, 

and Epristine is the total energy of the system without any defect.

140 The adsorption energies of O2 molecules on Ca-x (110) surfaces were calculated 

according to Eq. (8):

Eads = Etot − EO2 − Eslab                             (8)

where Eads is the adsorption energy of the O2 molecule, Etot is the total energy of 

the slab model after O2 adsorption, EO2 is the free energy of the O2 molecule, and 

145 Epristine is the total energy of a pristine slab model (without O2 adsorption).

The O p band center were computed by taking the weighted mean energy of the 



projected density of states of O p states (both occupied and unoccupied states) relative 

to the Fermi level. The O p band center relative to the EF can be calculated by Eq. (9). 

9, 10 

150                            (9)

O p band center =

∞

∫
- ∞

xρ(x)dx

∞

∫
- ∞

ρ(x)dx

where x and ρ(x) are the energy and density of states, respectively. 



Table captions

Table S1. Lattice parameter (a0), crystal size, surface area and porosity of Ca-x 

155 samples.

Table S2. Chemical composition and surface element distribution of Ca-x catalysts.

Table S3. The catalytic activity (T10, T50, and T90), specific reaction rate constant 

(Rs), kinetic rate constant (k), and activation energy (Ea) of the Ca-x catalysts for 

toluene oxidation.

160 Table S4. Summary of previous research papers on toluene combustion over cobalt 

related catalysts.

Table S5. Surface oxygen species, the oxygen desorption amounts and initial 

reduction temperature of Ca-x catalysts.



165 Table S1. Lattice parameter (a0), crystal size, surface area and porosity of Ca-x 

samples.

Samples a0/Å acrystal size/nm Surface area/m2 g-1 Pore volume/cm3 g-1 Pore size/nm

Ca-0 5.443 24.5 7.2 0.024 15.8

Ca-0.1 5.422 20.9 13.7 0.080 24.8

Ca-0.2 5.417 18.2 19.1 0.087 18.7

Ca-0.3 5.405 16.2 17.8 0.077 18.1

a Calculated from XRD results with Scherrer equation: D = kλ/(βcosθ) applied to the (024) diffraction peak. D is 

crystal size, λ is the X-ray wavelength (0.154 nm), β is the FWHM of the XRD peak, and k is the shape factor and 

usually taken as about 0.89.

170



Table S2. Chemical composition and surface element distribution of Ca-x catalysts.

Samples
n(La)/n(La+C

a+Co)a

n(Co)/n(La+C

a+Co)b

n(Ca)/n(La+C

a+Co)c

n(Ca)/n(La+C

a+Co)d

n(Ca)/n(La+C

a+Co)e

Ca-0 0.49 0.51 0 0 0

Ca-0.1 0.45 0.50 0.05 0.05 0.05

Ca-0.2 0.41 0.50 0.09 0.10 0.10

Ca-0.3 0.36 0.50 0.14 0.19 0.15

a, b, c: Element atomic ratio in bulk analyzed by ICP-AES; d: Element atomic ratio on surface 

analyzed by XPS; e: Theoretical mole ratio of Ca-x samples.



175 Table S3. The catalytic activity (T10, T50, and T90), specific reaction rate constant (Rs), kinetic 

rate constant (k), and activation energy (Ea) of the Ca-x catalysts for toluene oxidation.

Toluene oxidation/oC
Samples

T10% T50% T90%

aRs/μmol s-1 

m2

ak/s-1
Ea/kJ 

mol-1

Ca-0 228 260 280 0.094 0.028 52.9

Ca-0.1 205 232 241 0.112 0.033 43.8

Ca-0.2 190 212 220 0.135 0.077 40.0

Ca-0.3 198 225 232 0.118 0.051 42.2

a Reaction condition: catalyst = 100 mg, toluene = 1000 ppm, O2 = 20%, and N2 balance, gas rate 

= 100 mL min-1, and temperature = 200 oC.



180 Table S4. Summary of previous research papers on toluene combustion over cobalt related 

catalysts.

Catalysts
Surface 

area/m2g-1

Concentration

/ppm

 GHSV

/mLg-1.h-1

T50

/oC

T90

/oC

References

Co3O4 51.7 1000 20000 195 215 11

CoMn0.5  249 1200 60000 271 311 12

Pd/Co3AlO 93 800  30000 220 230 13

Co30Ce  33 1000  36000 233 260 14

Au/Co3O4 1.6 146 14690 200 15

Ru/Co3O4-MOF 80 1000 60000 231 238 16

Montmorillonite pillared by Co3O4 53 1000 30000 284 297 17

CoAlO 88.6 2000 60000 307 319 18

Ag–CoAlO 69.5 2000 60000 293 300 18

Pt–CoAlO 81.1 2000 60000 282 289 18

Pd–CoAlO 51.8 2000 60000 222 226 18

aCoCe-P 89 1000 60000 212 230 19

bCo3O4-C 83.1  1000 48000 240 248 20

cCo3O4-P 58.8  1000 48000 243 254 20

dCo3O4-N 25.9  1000 48000 250 259 20

3D-Co3O4 84.6 1000 48000 229 238 21

2D-Co3O4 24.9 1000 48000 242 249 21

1D-Co3O4 24.9 1000 48000 245 257 21

eCo3O4/3DOM-ESFO   24.1 1000 20000 251 269 22

LaCoO3/SBA-15 353 1000  20000 284 310 23

fCo3O4/3DOM-LSCO 29.7 1000  20000 210 227 24

La0.6Sr0.4Co0.9Fe0.1O3 21  1000 20000 220 239 25

gLa–Co CX 1:2 92 266 60000 307 350 26

hLa–Co EM 1:2 68 266 60000 258 283 26

iLCO-1 5.81 1000 60000 206 223 27

Spherical LaCoO3 20.7 1000 20000 220 237 28

Au/3 DOM LaCoO 3 26.8 1000 20000 193 214 29

fAg/LCO-450 11.9 1000 60000 239 279 30

La0.98Ag0.02CoO3 7.5 1000 60000 225 251 30

La0.8Ca0.02CoO3 19.1 1000 60000 212 220 This study

a CoCe-P, CoOx/CeO2 nanoparticles; b Co3O4-C, 3D hierarchical cubes-stacked Co3O4 microspheres; c Co3O4-P, 

3D hierarchical plates-stacked Co3O4 flower; d Co3O4-N, 3D hierarchical needles-stacked Co3O4 two spheres with 

an urchin-like structure. e Co3O4/3DOM-ESFO, 3DOM Co3O4/Eu0.6Sr0.4FeO3. f Co3O4/3DOM-LSCO, 

185 Co3O4/3DOM La0.6Sr0.4CoO3. g-h La-Co mixed oxides are prepared by evaporation method (EM) and 



exotemplating method (EX). iLCO-1, acetic acid treated LCO for 1 h. jAg/LCO-450, Impregnation method 

synthesized Ag/LaCoO3 and calcined at 450 °C.



Table S5. Surface oxygen species, the oxygen desorption amounts and initial reduction 

temperature of Ca-x catalysts.

190 a: obtained from XPS analysis. b: obtained from TPD analysis.

Oxygen species a Desorption amount/μmol g-1 b

Samples
O2- O−, O2

2− OH−, CO3
2−

Oads/Olat a
150-300 oC 300-500 oC

Initial reduction 

temperature/oC

Ca-0 41.9 55.5 3.6 1.2 92.4 134.0 226

Ca-0.1 42.4 54.0 3.6 1.3 165.3 424.6 233

Ca-0.2 37.8 60.7 1.5 1.7 251.6 582.7 188

Ca-0.3 36.3 60.4 3.3 1.6 217.6 640.7 205



Figure captions

Fig. S1. PXRD patterns of Ca-0.4 samples and the standard card of perovskite-type 

LaCoO3 (JCPDS: 25-1060).

195 Fig. S2. PXRD patterns of Ca-x samples and the standard card of perovskite-type 

LaCoO3 (JCPDS: 25-1060).

Fig. S3. N2 adsorption-desorption isotherms of Ca-x samples.

Fig. S4. SEM (a) and Ca mapping image (b) of Ca-0.3.

Fig. S5. SEM images of Ca-0 (a), Ca-0.1 (b), Ca-0.2 (c), and Ca-0.3 (d).

200 Fig. S6. Co 2p (a) and O 1s (b) XPS of Ca-x catalysts.

Fig. S7. Electron spin resonance spectra (a) and formation enthalpy of Ov (b) spectra 

of Ca-x catalysts.

Fig. S8. VB spectra of Ca-x samples.

Fig. S9. The relationship between the Oads/Olat (a), Oα (b), initial reduction temperature 

205 (c) and the toluene conversion rates (Rs) of Ca-x catalysts.

Fig. S10. The relationship between O p band center and the initial reduction 

temperature (a), Oα (b) of Ca-x catalysts.

Fig. S11. The relationship between the O p band center (VB spectra) and the toluene 

conversion rates (Rs) of Ca-x catalysts.

210



215

Fig. S1. PXRD patterns of Ca-0.4 samples and the standard card of perovskite-type LaCoO3 

(JCPDS: 25-1060).

For Ca-0.4, in addition to the reflections of LaCoO3 perovskite, additional reflections 

220 of CaO are observed at 2θ = 37.3o and 53.6o (Fig. S1). 



Fig. S2. PXRD patterns of Ca-x samples and the standard card of perovskite-type LaCoO3 

(JCPDS: 25-1060).

225

The XRD patterns of Ca-x correspond to the standard card of hexagonal LaCoO3 

(JCPDS 25-1060) (Fig. S2).31 With increasing Ca content, the intensities of all the 

reflections increase, and the strong reflection (024) at 2θ = 47.6o gradually shifts to a 

high angle. The a0 obviously decreases from 5.443 to 5.405 Å (Table S1) due to the 

230 smaller radius of Ca2+ (1.118 Å) than La3+ (1.122 Å).32 This confirms the successful 

incorporation of Ca in perovskite LaCoO3. According to Scheler’s equation, the 

crystal size gradually decreases from 24.5 to 16.2 nm (Table S1). Thus, with the 

increase of Ca substitution, the particle size decreases, which increases the specific 

surface area. Similar phenomenon is also found in the study on LaFeO3 with Ca 

235 substitution 33.



Fig. S3. N2 adsorption-desorption isotherms of Ca-x samples.

240

The N2 adsorption-desorption isotherms are typical of type IV with an H3 

hysteresis loop (Fig. S3). The high onsets of p/p0 (0.8-1.0) of hysteresis loops are 

related to the macropores and large mesopores in the agglomerates.34 According to the 

SEM observation, Ca substitution makes LaCoO3 generate more stacked macropores 

245 and mesopores. This results in an increase in the specific surface area (SSA) from 7.2 

to 19.1 m2 g-1, as well as an increase in the pore volume from 0.024 to 0.077-0.087 

cm3 g-1 (Table S1), which facilitates contact between VOC molecules and the active 

sites inside the pores.



Fig. S4. SEM (a) and Ca mapping image (b) of Ca-0.3.

The Ca mapping image of Ca-0.3 showed that Ca is enriched on the surface of 

255 LaCoO3 (Fig. S4). This suggests that at a high substitution level, Ca prefers to be 

enriched on the surface of LaCoO3. The molar ratios in the bulk phase, i.e., 

n(La)/n(La+Ca+Co), n(Ca)/n(La+Ca+Co) and n(Co)/n(La+Ca+Co), are close to those 

of the theoretical stoichiometry (Table S2). However, different from Ca-0.1 and Ca-

0.2, the ratio of surface n(Ca)/n(La+Ca+Co) (0.19) on Ca-0.3 is obviously higher than 

260 that in the bulk (0.14). This suggests that at a high substitution level, Ca prefers to be 

enriched on the surface, which is further confirmed by Ca mapping of the SEM image 

(Fig. S4). This is probably ascribed to the difference in both ionic radii and charge 

between Ca2+ (1.118 Å) and La3+ (1.122 Å), 32 which leads to the outward diffusion of 

Ca2+ during crystal growth. 

265



Fig. S5. SEM images of Ca-0 (a), Ca-0.1 (b), Ca-0.2 (c), and Ca-0.3 (d).

The effects of Ca substitution treatment on the morphology and microstructure of 

270 LaCoO3 was observed by SEM (Fig. S5). LaCoO3 displays the rough surface (Fig. 

S5a), due to the larger size of the spherical particles (ca. 30 nm). With the increase of 

Ca displacement, the particle size decreases, making the surface of the sheet smoother. 

In addition, Ca substitution leads to the formation of more stacked mesoporous and 

macroporous between the particles (Fig. S3, Figs. S5b and c). Compared to the Ca-0.1 

275 and Ca-0.2, many small fragments are blocked in the accumulation hole in Ca-0.3 

(Figs. S5d), resulting in a slight decrease in the specific surface area. According to the 

SEM and BET, Ca substitution makes LaCoO3 generate more stacked macropores and 

mesopores. 



280
Fig. S6. Co 2p (a) and O 1s (b) XPS of Ca-x catalysts.

The variation in Co valence was further analyzed by XPS. The spectra show Co 

2p3/2 and Co 2p1/2 binding energies located at 780.1 and 795.1 eV, respectively (Fig. 

285 S6a), which are deconvoluted into three components, i.e., Co2+, Co3+, and the shake-

up peak.29, 35 The peaks at approximately 779.6 and 794.9 eV are assigned to Co2+, 

while the peaks at approximately 781.2 and 797.1 eV correspond to Co3+.36, 37 Based 

on the spectral area, Co2+/Co3+ increases in the order of Ca-0 (0.30) < Ca-0.1 (0.33) < 

Ca-0.3 (0.35) < Ca-0.2 (0.39). As the substitution of La3+ (1.122 Å) by Ca2+ (1.118 Å) 

290 decreases a0, this promotes the reduction of Co3+ (0.68 Å) to Co2+ (0.79 Å) to 

compensate for the lattice contraction.38



Fig. S7. The electron spin resonance spectra (a) and formation enthalpy of Ov (b) spectra of Ca-x 

295 catalysts.

This is identified by electron spin resonance (ESR) spectra displaying a 

symmetrical peak at g = 2.003, arising from the unpaired electrons at oxygen 

vacancies (Fig. S7a).39, 40 With increasing Ca substitution, the peak intensity gradually 

300 increases. Thus, among Ca-x, Ca-0.3 with the highest intensity has the most Ov.39 This 

is also interpreted in terms of the enthalpy Ef of Ov (-1.5-0 eV) formation calculated 

by DFT, which decreases with increasing Ca substitution (Fig. S7b).



305 Fig. S8. VB spectra of Ca-x samples.

In this study, the O p band center relative to the EF of Ca-x samples were calculated 

by VB spectra.35, 41 The obtained asymmetrical spectra are fitted by Gaussian-

Lorentzian and deconvoluted into three symmetrical peaks of A, B, and C at 

approximately 1.2, 3.0, and 5.8 eV, respectively (Fig. S8). Peaks A and C are 

310 attributed to the Co 3d state, while peak B is mainly attributed to the O 2p state.35 

Hence, the binding energy of O 2p is the position of the O p band center to the Fermi 

level.35 For Ca-0, Ca-0.1, Ca-0.2 and Ca-0.3, the O p band center are -3.11, -2.9, -2.57, 

and -2.85 eV, respectively. The position of the O p band center gradually approaches 

the Fermi level with increasing Ca substitution from x=0 to x=0.2 but changes the 

315 Fermi level at higher Ca substitution at x=0.3. Since the relative position of the O p 

band determines the redox activity of cations and anions,42, 43 Ca-x catalysts with 

lower energy states of O than Co indicate the strong binding of adsorbates to cations 

and relatively inactive lattice oxygen.44 



According to Grimaud et al., study, 45 the O p band center relative to the Fermi 

320 level of Co-based catalysts is linearly increase with increasing the valence state of 

cobalt. The average valence state of cobalt was analyzed by the XPS Co 2p spectra 

(Fig. S6a), which displays negative correlation to the binding energy difference 

between the Co 2p3/2 and Co 2p1/2. For example, the reported values for CoO (cobalt 

valence=2) and Co3O4 (cobalt valence =2.67) are 15.5 eV and 15.3 eV, respectively. 

325 46 For Ca-x, the relevant to the binding energy difference between the Co 2p3/2 and 

Co 2p1/2 in Ca-0, Ca-0.1, Ca-0.2 and Ca-0.3 were 15.21, 15.11, 14.99, and 15.02 eV, 

respectively. Thus, the average valence state of cobalt in Ca-0, Ca-0.1, Ca-0.2 and Ca-

0.3 were determined to be +2.98, +3.31, +3.71, and +3.61, respectively, which 

increases with the Ca substitution from x=0 to x=0.2, but then slightly decreases at a 

330 higher Ca substitution of x=0.3. Thus, with the increase in Ca substitution from x=0 to 

x=0.2, the position gradually approaches EF but then slightly deviates at a higher Ca 

substitution of x=0.3.



335 Fig. S9. The relationship between the Oads/Olat (a), Oα (b), initial reduction temperature (c) and the 

toluene conversion rates (Rs) of Ca-x catalysts.

H2-TPR can provide some information, such as the reducibility of the metallic ions, 

the activity of the surface and lattice oxygen ions, and the stability of the catalysts. 

340 During H2-TPR process, the metal ions with high valence are reduced to the ions with 

low valence or metal atoms by H2. The surface oxygen ions and the lattice oxygen 

ions also participate in the reduction reaction.47 Therefore, the reduction peaks reflect 

not only the reducibility of the metal ions but also the activity of oxygen species. The 

various oxygen active species of the catalyst also can be detected by O2-TPD.37 To 

345 illustrate the improvement mechanism, the variation in the above physico-chemical 

properties is linked to the catalytic activity of Ca-x (Fig. S9). A good relationship is 

found between Rs and Oads/Olat (R2=0.85), Oα (R2=0.95) and the initial reduction 

temperature of oxygen (R2=0.94). This indicates that these properties are the vital 

factors that determine the effects of Ca substitution on the catalytic activity of 

350 LaCoO3. Due to the generation of vacancies by the inequivalent substitution of La3+ 

by Co2+, Ca substitution increases the number of surface oxygen species (e.g., O2
-, 

O2
2- or O-), as evidenced by the increase in Oads/Olat and Oα. The surface oxygen 

species are strong electrophilic reactants and attack toluene in the region of its highest 

electron density, leading to its oxidation. On the other hand, Ca substitution lowers 



355 the reduction temperature of oxygen, making its activation easier. Both variations 

enhance the catalytic activity of Ca-x in toluene oxidation. 



Fig. S10. The relationship between O p band center and the initial reduction temperature (a), Oα 

360 (b) of Ca-x catalysts.

The O p band center of Ca-x showed a good correlation with the initial reduction 

temperature (R2=0.96, Fig. S10a) and Oα (R2=0.99, Fig. S10b). This indicates that the 

O p band center greatly affects the reducibility and active oxygen species. The O p 

band center dominates the strength of metal-to-oxygen bonds.48 The lower the O p 

365 band center is, the weaker the metal-oxide bond strength, which accordingly leads to 

easier reduction. Thus, among Ca-x, Ca-0.2 with the lowest O p band center displays 

the lowest initial reduction temperature. In contrast, for other Ca-x, a higher initial 

reduction temperature is observed, as its O p band center is far from EF. Similar to the 

initial reduction temperature, the activation and release of oxygen also depend on the 

370 metal-oxide bonds.49 The release of oxygen is easier when the O p band center is 

closer to the EF. Thus, for Ca-0.2 with the lowest O p band center, the Oα content is 

the highest. Due to the aforementioned finding that reducibility as well as surface 

Co2+ and oxygen are vital for the catalytic activity of Ca-x, it is promising to utilize 

the O p band center to predict the variation in activity. This is proven by the good 

375 correlation between Rs and O p band center obtained by DFT (R2=0.92, Fig. 4d) and 

VB spectra (R2=0.97, Fig. S11). The ‘‘volcano’’ type variation of the Co-oxide bond 

strength, diagnosed by the O p band center, accounts for the optimal catalytic activity 

of Ca-0.2 in toluene decomposition. 



380 Fig. S11. The relationship between the O p band center (VB spectra) and the toluene conversion 

rates (Rs) of Ca-x catalysts.
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