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Supplementary Figure 1. Representative SEM images of (a, b) LaFeQs, (c, d) LagsSrosFeOs.s, and (e, ) SrFeOs.5. Source
data are provided as a Source Data file.
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Supplementary Figure 2. Representative TEM images of (a, b) LaFeOs, (c, d) LagsSrosFe0Os.s, and (e, f) SrFeOs.5. Source
data are provided as a Source Data file.
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Supplementary Figure 3. Nitrogen adsorption-desorption isotherm curves for (a) LaFeOs, (b) LagsSrosFeOs-s, and (c) SrFeOs.
5. Source data are provided as a Source Data file.
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Supplementary Figure 4. Representative SEM images of (a, b) LaMnOs., (¢, d) LagsSrosMnOs.s, and (e, f) CaMnOa.s.
Source data are provided as a Source Data file.
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Supplementary Figure 5. Representative TEM images of (a, b) LaMnOs., (¢, d) LagsSrosMnQs.s, and (e, f) CaMnOs.s.
Source data are provided as a Source Data file.
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Supplementary Figure 6. Nitrogen adsorption-desorption isotherm curves for (a) LaMnOs.s, (b) LaosSrosMnQOs.s, and (c)
CaMnOs.5. Source data are provided as a Source Data file.
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Supplementary Figure 7. Mn-based perovskite TMOs as peroxidase mimics. (a) PXRD patterns of CaMnOs.s, Lag sSro sMnOs.
5, and LaMnOs.5 (the red lines at the bottom mark the reference pattern of LaMnOs from the JCPDS database, card No. 89-
2470). (b) Kinetic curves of Ags> for monitoring the catalytic oxidation of 1 mM TMB with 100 mM H>O; in the presence of
10 pg'mL"! CaMnOs.5, Lag sSro sMnOs.s, and LaMnOs.s, respectively. (¢) Surface area normalized peroxidase-like activities of
CaMnOg.3, Lag sSrosMnOs.5, and LaMnOs3.. (d) Transition metal’s 3d electron occupancy of CaMnOs.5, Lag sSro sMnO3z.5, and
LaMnOs.s in split #, (1*) and e, (c*) antibonding orbitals. (e) Surface area normalized peroxidase-like activities of Mn

contained perovskite TMOs as a function of e, occupancy. Source data are provided as a Source Data file.
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Supplementary Figure 8. Representative SEM images of nickel contained perovskite TMOs. (a, b) LaNiOs., (c, d) LaNiOs.
s-H2, and (e, f) LaMnosNiosO3. Source data are provided as a Source Data file.
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Supplementary Figure 9. Representative TEM images of nickel contained perovskite TMOs. (a, b) LaNiOs.;, (c, d) LaNiOs.
s-Ha, and (e, f) LaMnosNiosO3. Source data are provided as a Source Data file.
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Supplementary Figure 10. Ni-based perovskite TMOs as peroxidase mimics. (a) Powder X-ray diffraction (PXRD) patterns
of LaNiOs.5, LaNiOs.5-Hz, and LaMngsNigsOs (the red lines at the bottom mark the reference pattern of LaNiOs; from the
JCPDS database, card No. 34-1181). (b) PXRD patterns of LaNiOs.s and LaNiOss-H> in the region of 26 = 31.5-34< (c)
Typicial absorption spectra of 0.8 mM TMB catalytically oxidized by 10 ng-mL* nanozymes (i.e., Control, LaNiO3.5, LaNiO3.
s-Hz, and LaMngsNios03) in the presence of 50 mM H20; in pH 4.5 acetate buffer at 40 <C. (d) Michaelis-Menten plots with
varying concentration of H,O, for LaNiOs.s, LaNiO3zs-H2, and LaMnosNiosOs, respectively. (e) Surface area normalized
peroxidase-like activities of LaNiOs.5, LaNiOs.5-Hz, and LaMngsNigs0s. (f) Transition metal’s 3d electron occupancy of
LaNiO35 and LaMnosNiosOs in split tog (%) and g (6*) antibonding orbitals. Source data are provided as a Source Data file.
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Supplementary Figure 11. Representative SEM images of (a, b) LaCo0Os.; and (¢, d) LaCrOs. Source data are provided as a
Source Data file.
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Supplementary Figure 12. Representative TEM images of (a, b) LaCo0Os.5 and (c, d) LaCrOs. Source data are provided as a
Source Data file.
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Supplementary Figure 13. (a) PXRD patterns of LaCoOs.s and LaCrO3 (Red curve: reference patterns of LaCoO3z and LaCrO3
from the JCPDS database, card No. 84-0848 and 75-0441). (b) Typicial absorption spectra of 0.8 mM TMB catalytically
oxidized by 10 pg:mL™ nanozymes (i.e., LaCoOs.s and LaCrQg) in the presence of 50 mM H,0; in pH 4.5 acetate buffer at
40 <C. (c) Kinetic curves of Ass; for monitoring the catalytic oxidation of 1 mM TMB with 100 mM H;O- in the presence of
10 pg'-mL* LaCoOs.; and LaCrOs. Source data are provided as a Source Data file.
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Supplementary Figure 14. Magnetic measurements for LaCoOs.s perovskite oxides. The temperature dependent
magnetization (a) and inverse susceptibilities (b) under H = 1 kOe for LaCo0Os.5 nanoparticles. The dotted lines showed the
fitting result by a Curie-Weiss law. Source data are provided as a Source Data file.
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Supplementary Figure 15. (a) Mass normalized peroxidase-like activities of perovskite TMOs. (b) Mass normalized
perovskite TMOs’ peroxidase-like activities as a function of eg occupancy. Source data are provided as a Source Data file.
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Supplementary Figure 16. Evaluation of relationship between oxidation state and peroxidase-like activity of perovskites.
Specific peroxidase-like activities of perovskite TMOs versus oxidation station of B site metal ions. Source data are provided

as a Source Data file.
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Supplementary Figure 17. Evaluation of relationship between 3d-electron number of B-site ions and peroxidase-like

activity of perovskites. Specific peroxidase-like activities of perovskite TMOs versus 3d-electron number of B-site ions.
Source data are provided as a Source Data file.
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Supplementary Figure 18. Evaluation of relationship between O 2p-band center and peroxidase-like activity of
perovskites. Experimentally specific peroxidase-like activities of perovskite TMOs plotted as a function of the calculated bulk
O 2p-band center. Source data are provided as a Source Data file.
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Supplementary Figure 19. Role of B-O covalency on the peroxidase-like activities of perovskite TMOs. (a) O K-edge
XAS of LaCrOgz, LaMnOs.5, LaFeOs, LaCo0s.5, LaNiOs.5, and CaMnQg.s. (b) Specific peroxidase-like activities of perovskite
TMOs plotted as a function of B-O covalency. The line is shown for eye-guiding only. Source data are provided as a Source

Data file.

S22



S

/ \Jy."" 57
R°L
\r"-‘&\" ‘4‘\\.\

o
o

855 e 3;
- 'ﬂ.d”'\ - "..dl’,\ g
LaCrO; LaCoO3
L
B/ 0@
QS

LaMng 5Nig 503 LaFeO3; Lag.5SrpsFeO3 Lag 5Srg5Fe0, 75 SrFeO3 SrFeO; 5

°c00000000

O Ca Cr Mn Fe Co Ni Sr La

Supplementary Figure 20. Structural models for perovskite bulks.
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Supplementary Figure 21. Structural models for perovskite slabs.
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Supplementary Figure 22. Comparison between calculated and experimental eq values for perovskites. Both sets of eg
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Supplementary Figure 23. Energy profile for the adsorption of H20: to the LaNiOs (001) surface. The energy of each

point (adsorption strcuture) was caclulated by geomery optimization with some geometric paramters constrained. Source data

are provided as a Source Data file.
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Supplementary Figure 25. Relative energies for intermediates involved in the catalytic reactions proposed in Figure 3a.

Source data are provided as a Source Data file.
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Supplementary Figure 26. Representative SEM images of binary TMOs. (a, b) MnOz, (c, d) Mn;0s., (e, f) CoO, (g, h) NiO,
and (i, j) Fe20s. Source data are provided as a Source Data file.
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Supplementary Figure 27. Representative TEM images of binary TMOs. (a, b) MnOg, (c, d) Mn;0s., (e, f) CoO, (g, h) NiO,
and (i, j) Fe20s. Source data are provided as a Source Data file.
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Supplementary Figure 28. PXRD patterns of (&) MnO., (b) Mn20s.;, (c) CoO, (d) NiO, and (e) Fe,Os. Black curve: measured
patterns; red and green curves: corresponding reference patterns from the JCPDS database (red and green curves in panel e for
B-Fe203 and a-Fe,0s, respectively). Source data are provided as a Source Data file.
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Supplementary Figure 29. Kinetic curves of Ags; for monitoring the catalytic oxidation of 1 mM TMB with 100 mM H;O>

in the presence of 10 pug'mL™* MnO,, CoO, Mn;0Os.5, NiO, and Fe,Os, respectively. Source data are provided as a Source Data
file.
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Supplementary Figure 30. (a) Mass normalized peroxidase-like activities of binary TMOs. (b) Mass normalized binary metal
oxides’ peroxidase-like activities as a function of e5 occupancy. Source data are provided as a Source Data file.
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Supplementary Figure 31. Representative TEM images of other peroxidase mimics reported by references. (a, b) Mn3;Oy, (c,
d) Fes0s, (e, f) Co304, and (g, h) Cu(OH),. Source data are provided as a Source Data file.
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Supplementary Figure 32. Representative TEM images of other peroxidase mimics reported by references. (a, b) CuO, (c, d)
GO-COOH, (e, f) SWNT, and (g, h) CeO,. Source data are provided as a Source Data file.
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Supplementary Figure 33. Kinetic curves of Ass; for monitoring the catalytic oxidation of 1 mM TMB with 100 mM H;O>

in the presence of 10 ug'mL* LaNiOs and other typical nanozymes reported by references. Source data are provided as a
Source Data file.
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Supplementary Table 1. BET surface area of the TMOs (including perovskite TMQOs) studied in this work.

Oxide BET surface area (m?-g) Normalized BET surface area
LaNiOs 17.06 1

LaNiOs-H: 12.11 0.71
LaMnosNiosO3 12.48 0.73
LaCoOs 6.38 0.37
LaCrOs 11.76 0.69
LaMnOs 17.95 1.05
LaosSrosMnOs 19.98 1.17
CaMnOs 14.07 0.83
LaFeOs 10.85 0.64
LaosSrosFeOs 17.29 1.01
SrFeOs 13.48 0.79
MnO:2 71.98 4.02
Mn203 18.16 1.06
CoO 28.658 1.68
NiO 8.73 0.51
Fe203 59.88 351
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Supplementary Table 2.

ICP-OES analysis of LaMngsNios03, LaosSrosMnQs, and LagsSrosFe0s.

Oxide La Sr Cr Ni Mn Cu Fe
LaMnosNiosOs 46.5% 26.5% 27.0%

LaosSrosMnOs 24.4% 22.3% 53.3%

LaosSrosFeOs 24.8% 20.2% 55.0%

The ICP-OES analysis confirmed the successful synthesis of the doped perovskite TMOs with desired compositions.
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Supplementary Table 3. Oxygen vacancy (8), oxidation state of B site, and nominal g occupancy (standard deviations were

obtained by three independent measurements).

Ocxides 0 Oxidation State Nominal eg
LaNiOs-5 0.11£0.01 2.77+0.02 1.22+0.02
LaMno.sNio.503-5 -0.004 £ 0.01 Ni: +2.3 Ni: 1.7
Mn: +3.7 Mn: 0.3
LaCo0s.s -0.03 £ 0.01 3.065+0.02 1.06 +£0.02
LaMnOs.; -0.16 £ 0.006 3.32+0.01 0.68 £ 0.01
Lao.sSro.sMnOs-5 0.015 +0.006 3.47+0.01 0.53+0.01
CaMnOs-; 0.038 +0.005 3.92+0.01 0.08 +£0.01
Lao.sSrosFeOs-s 0.21 £ 0.006 3.08+0.1 1.92+0.02
SrFeO:.s 0.34 £ 0.005 3.314+0.01 1.69 £ 0.01
Mn;0s.5 0.05+0.01 2.94+0.01 1.06 +£0.02

Note: the nominal 4 of LaC0Os.5 in Figure 2b and Supplementary Figure 15 was obtained from magnetic measurements.
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Supplementary Table 4. Transition metal’s valence, spin state, and assignment of eq occupancy for the TMOs (including

perovskite TMOs).
Oxides Valence Spin State Assignment Reference
LaNiOs Ni3* LS. tagdeqt 1
LaMnosNios0s3 Ni23* L.S. tagdegt? 2
Mn2 7+ H.S. ol
LaCoOs Co%* 1S. tagdeqt 34
LaCrOs Cr3* N/A thge,? 1
LaMnOs Mn3* H.S. tag3ey! 5
LaosSrosMnOs Mn35* H.S. togde %S 6
CaMnOs Mn# L.S. tagoeg’ 7,8
LaFeOs Fe3* H.S. tag3eg? 9
LaosSrosFeOs Fed5* H.S. togeqls 2.9
SrFeOs Fe* H.S. tag5e,! 10
MnO2 Mn#* L.S. tzg3690 11
Mn2O3 Mn3* H.S. tag3ey! 12
CoO Co%* L.S. thye,! 13
NiO Ni H.S. tagdeg? 14
Fe20s3 Fe3* H.S. tag3eg? 15

Note: H.S., high spin state; L.S., low spin state; I.S., intermediate spin state; N/A, not applicable.
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Supplementary Table 5. BET surface area of other nanomaterials studied in this work.

Oxide BET surface area (m?-g) Normalized BET surface area
Mn3Og4 88.43 5.18
FesO4 53.99 3.16
Co0304 14.45 0.85
SWNT 703.95 41.26
CuO 101.23 5.93
CeO2 714.51 41.88
Cu(OH): 61.456 3.60
GO-COOH 40.33 2.36
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Supplementary Table 6. Effective magnetic moment (uesr) and ey occupancy for different spin states of cobalt ion in LaCoO3-

3.

Samples LaCo0Os-5
Spin state LS HS 50% HS + 50% LS 49.56% HS + 50.44% LS
pett (48) 0 4.90 3.46 3.45
eq 0ccupancy eg eg eg* [
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Supplementary Table 7. Comparison of literature results and ours on the peroxidase-like activities of several binary TMOs.

Oxide  Diameter Catalyst H20: Substrate Comments Ref.
NiO 32 nm H,TCPP-NiO 250 mM  TMB (0.5 The peroxidase-like activity could be I
(40 pg-mL?) mM) mainly originated from the H,TCPP

on the NiO surface.

NiO 3-5 um NiO 3.8 mM TMB (95.2 In Figure 5, as high as 0.003 mol-mL" 17
nanoflowers uM) 1 (225 mg-mL™) NiO was used.
(190.5 pg-mL-
Y

NiO 100 nm NiO 50 mM TMB (0.8 This
nanoparticles mM) work
(10 pgmL?)

MnO2  45nm BSA-MnO, N/A OPD (N/A) 18
(3.7 pgrmL?)

MnO: 30nmin MnO, nanorod 50 mM TMB (0.8 This

diameter (10 pg-mLY) mM) work

Fe20s  9nm v-Fe203 (20 130mM  TMB (0.25  y-Fe,O3 was coated by DMSA. 19
ug'mL™) mg-mL)

Fe:Os  20-50nm  TemFe A 444 M TMB (1.11  The catalysis of TMB oxidation was 20
(44.4 ug'mL1) mM) attributed to Fe?* on the surface of

Fe,O3 which can react with H,O; by
Fenton reaction.

Fe2Os 350 nm Fe,O3 cubes 50 mM TMB (0.8 This
(10 pgrmL?) mM) work

Note: Ref.,, Reference; N/A, not applicable; H,TCPP, 5,10,15,20-tetrakis(4-carboxylpheyl)-porphyrin; DMSA,
dimercaptosuccinic acid; TemFe, Template A prepared Fe;O3 nanoparticles; TMB, 3,3°,5,5’-tetramethylbenzidine; OPD, o-
phenylenediamine.
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Supplementary Table 8. Kinetics parameters of TMOs as well as other representative nanozymes.

Catalyst Substrate Km (mM) omax (Ms™)
SrFeOs-s H.0> 6.05 0.18x10
LaosSrosMnOs-s H20> 40.08 0.54x106
LaosSrosFeOs-s H.0, 8.14 0.13x10
LaNiOs-5 H20> 359.92 4.63x10
LaNiOs-5-Hz H.0, 125.96 1.45%10®
LaMnOs-s H20> 31.43 0.68x106
LaMnosNiosOs H20> 112.84 0.44>106
CoO H.0> 92.10 1.14x10®
LaCoOs-s H20> 205.45 0.93x106
SWNT H20; 241 0.10x106
GO-COOH H20; 23.66 0.11>10
CeO2 H20: 4.41 0.18x106
Fe203 H.0, 75.97 0.068x10¢
FesOa4 H20> 41.66 0.16x106
CuO H.0> 31.18 0.28x106
Co0304 H>0> 41.75 0.26x106
Mn20s3 H.0; 12,53 1.01x<10®
Cu(OH). H.0, 28.91 0.34x106
LaCrOs H>0> / 0.017>10
LaFeOs H.0> / 0.019x10¢
CaMnOs.s H>0> / 0.015x10¢
NiO H20: / 0.011x10
MnO: H>0> / 0.0064 106
Mn3O4 H20, / 0.013x10¢
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Supplementary Table 9. The ground state magnetic orderings, space groups, and lattice parameters for ABO3 perovskites

obtained by calculations with the corresponding references.

. Magnetic Space .
Perovskite ) Lattice parameters References
ordering group
a=5412A;b=7570A;c=5334A; a=p
CaMnOs G-AFM Pnma (62) 2122
=y =90.0°
a=5.568 A;b=5.613A;c=7890A; 0=
LaCrOs G-AFM O-Pnma 2325
=y =90.0°
1-42M
LaosSrosMnOs A-AFM a=b=c=5.556 A; a=p=120.7°y =88.7° 26,27
(121)
LaNiOs PM R-R3c a=b=c=5433A;a=B=y=61.4° 2631
LaCoOs PM R-R3c a=b=c=5.466A;0=p=y=60.9° 32,33
(HS:LS= a=5816A;b=7820A;c=5.583A;a=
LaMnOs3 O-Pnma 25,34-31
1:1) =y =90.0°
Pm-3m
SrFeOs A-AFM a=b=c=3911A;0=p=y=90.0° 38
(221)
a=7.859A:b=7910A;¢c=7.720A; a =y=
SrFeO2s PM C1 38
90.0°%; p=90.1°
) (HS:LS= a=9.561 A;b=5.5514A;c=7816A;a=y=
LaMnosNiosOs C2/M (12) #
1:1) 90.0°; B = 144.6°
1-42M
LaosSrosFeOs PM a=b=c=5.557 A; a=B=120.5%y=89.1° 40
(121)
(HS:LS= a=b=5.513A;c=11.114A;0L=B=119.7°;
LaosSrosFeO2.7s CM (8) 40
1:1) y=90.0°
a=5.667Ab=7945A;c=5.601 A;a=
LaFeOs A-AFM O-Pnma A P 23,2540

=y =90.0°
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Supplementary Table 10. Collection of the Ues values for d orbitals of transition metals.

Element Cr Mn Fe Co Ni

Uett 3.7 3.9 53 3.32 6.2
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Supplementary Notes

Supplementary Note 1. To further study the correlation between the eq occupancy and their peroxidase-like activity, Ni-based
perovskites were investigated. As shown in Supplementary Figure 10, LaNiOs.s, with eq occupancy of 1.22, showed a high
catalytic activity. The LaNiOs-H, composition was obtained by annealing LaNiOs nanoparticles at 350 <C for 2 h under a
forming gas atmosphere of 5% H, in argon. The Ni** ions in the LaNiOs.; nanoparticles were partially reduced to Ni%* upon
annealing. As shown in Supplementary Figure 10b, the main PXRD peak of the LaNiOs.5-H2 nanoparticles shifted to slightly
lower angles compared to that of the untreated LaNiO3 nanoparticles, reflecting the lattice expansion due to the formation of
larger Ni?* cations. The activity of LaNiO3.5-Hz, with eq occupancy > 1.22, was approximately 44.1% of that of LaNiOs.s.
Moreover, LaMngsNiosO03 was formed by partial substitution of Ni by Mn in LaNiO3. The introduction of Ni?* in the LaNiOs
lattice resulted in an effective eg occupancy of 1.7 for Ni (Supplementary Figure 10f), and in a corresponding 7.71-fold decrease
in activity compared to LaNiOs.5. These results demonstrate that an eq occupancy of 1.22 enhances the peroxidase-like activity

of perovskites.

Supplementary Note 2.

gg occupancy of Co®* in LaCoOs. The exact of e of Co® in LaCoOs has been an ongoing debate.** For example, several
previous studies showed that the cobalt ion in LaCoOs has intermediate spin with an eq filling near unity.%? Therefore, we
measured the eq of Co in our LaCoO3.5 from the magnetization experiments with a MPMS SQUID magnetometer.* As shown
in Supplementary Figure 14a, the temperature-dependent magnetization of LaCoOs.s was measured on a MPMS SQUID
magnetometer (MPMS-3, Quantum Design) with a magnetic field of H = 1 kOe under field-cooling procedures to calculate
the eq occupancy of cobalt ions. The temperature-dependent susceptibilities can be obtained from magnetization data (y = M/H)
(Supplementary Figure 14b). More, susceptibilities obey a paramagnetic Curie-Weiss law above 150 K, i.e., x =C/(T-0),
where C is Curie constant and can be obtained according to the fitting result in Supplementary Figure 14b. The effective
magnetic moments () for LaCoO3.s was obtained by e = v8Cus. The spin state of cobalt ion in LaCoO3.s was controversial
in past decades. Recent theoretical and experimental studies suggested that the mixture of low spin (LS) state and high spin
(HS) state is more favorable. Here, we assumed the spin state of Co®* in LaCoOg3.s consists of LS state (tx®eq°, 0 ug) and HS

state (tg'es?, 4.9 wg). The fractions of Co ions in different spin states can be obtained from the relationship:

et = g,uB/SHs (Sust1) Vus + Sis(Sus +1) Vis , where Sus and Sy s are the S values, and Vus and Vs are the volume fraction for
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Co ions in HS and LS states. The ey electron occupancy (x) can be obtained by x= Sis* Vis + Sis* Ms. As shown in
Supplementary Figure 14 and Supplementary Table 6, an ey of 0.99 was obtained for our LaCoOs3.s. Therefore, the claim that

the high peroxidase-like activity should be observed for eg around 1 also holds true for LaC0Os.;.

Supplementary Note 3.

Effect of B-O covalency on peroxidase-like activity. For LaMnOz.5, LaC0oOz3.5, and LaNiOs.; with the same A site and unit
ey occupancy shown in Supplementary Figure 19, their peroxidase-like activity follows the trend: LaMnOs.s < LaC0O3 <
LaNiOs.5. To understand this trend, the dependence of the specific activity on the B-O covalency of LaMnOs.;, LaC0QO3., and
LaNiOs.s is plotted, showing a good correlation. Taken together, our results show that the peroxidase-like activity of
perovskites is governed primarily by e4 occupancy and secondarily by B-O covalency. (Note, the B-O covalency values,
quantified by the normalized O 1s = B 3d — O 2p absorbance from O K-edge X-ray absorption spectra.?) Moreover, the highest
peroxidase-like activity observed for LaNiOs.; nanozyme could be understood by its unit eg occupancy and strong B-O

covalency.

Supplementary Note 4. Several studies reported the peroxidase-like activities of MnO,, Fe;Os, and NiO. According our
proposed design principles, however, neither of them should be active due to their ey occupancy (i.e., MnO2 (eg=0), Fe;Os
(eg=2), and NiO (e4=2)). Indeed, our experimental results showed that all of the three nanozymes exhibited negligible
peroxidase-like activities. This discrepancy can be attributed to several factors (see Supplementary Table 7). First, for most of
the previous studies, the amounts of nanozymes, TMB, and H,0; used were much higher than the current study. It would be
reasonable to observe the nanomaterials mediated TMB oxidation under those conditions. Second, some of the previous studies
used nanozyme with much smaller sizes, which would in turn enhance their peroxidase-like activities. Third, some of the
peroxidase-like were from the other components rather than the nanomaterials themselves (for instance, the peroxidase-like
activity of H,TCPP-NiO was mainly from H,TCPP rather than NiO). Moreover, the surface chemistry may also play an
important role in the metal oxides’ peroxidase-like activities (for example, Fe?* on the surface of Fe,O3 may be responsible for

the observed peroxidase-like activity of the Fe,Os in the previous study).

Supplementary Note 5. In Supplementary Figures 15 and 30, the mass normalized peroxidase-like activities of TMOs were
plotted versus eg occupancy. While the BET surface area based specific activities reflected the nanozymes’ intrinsic activities,

the mass-based activities were also critical for practical applications since the nanozymes with high mass activities would
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reduce the catalysts’ cost and weight. As shown in Supplementary Figures 15 and 30, the overall mass activity trends of the
TMOs based nanozymes were also governed by ey electron occupancy. More, the eq dependent mass normalized activities of
TMOs exhibited a volcano-shaped relationship. As shown in Figures 2, 4 and Supplementary Figures 15 and 30, LaNiOs.s
based nanozyme exhibited both the highest specific and mass activities, therefore it was the best nanozyme with peroxidase-

like activity.

Supplementary Note 6. The lowest-energy structures and electronic configurations for perovskites have been extensively
studied previously. Their ground state magnetic orderings vary from G-AFM, A-AFM, and PM (Supplementary Table 9). To
consider all these possible spin alignments, we used a sufficiently large unit cell, AsBsO.4, for each defect-free perovskite bulk
structure (Supplementary Figure 20). For SrFeO2s and LaosSrosFe02.7s with oxygen vacancies, we used AgBsO2 and AgBsO2»
unit cells, respectively (Supplementary Figure 20). The oxygen vacancies in each of these defect structures were kept to be
separated from each other as far as possible. For geometry optimizations of bulks, their space group symmetries
(Supplementary Table 9) were used to constrain the geometries. For geometry optimizations using slab models, lattice
parameters and atoms in the bottom two layers (i.e., one AO and one BO; layer) were frozen, and the above atoms were allowed
to move. For perovskites, all B sites in BO terminated (001) facets are five coordinated in the form of BOs, each of which has
one open coordination site, analogous to metals in metalloporphyrins, i.e., active centers of many natural enzymes. These B
sites are thus the most probable active centers for perovskites in catalysis. For this reason, we focused our attention on BO»-
terminated (001) facets to study the role of eg occupancy in their peroxidase mimicking catalysis. All the (001) slab models
were cut from the correspondingly relaxed perovskite bulk structures. Test calculations using the LaNiO3 (001) slab model
with an atomic layer 8 and a vacuum height 15 A predicted an oxygen adsorption energy very close to that by the 6 atomic
layer and 15 A vacuum height model (2.27 vs. —2.22 eV). Similarly, both models also predicted very close H,0; adsorption
energies (-0.95 vs. —0.91 eV). Therefore, for all slab models, their atomic layers and vacuum heights were set to 6 and 15 A,

respectively (Supplementary Figure 21).

Adsorption energies were calculated with the following equation,

Eads = Estab+mol — (Eslab + Emol)
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where Egan+mor denotes the total energy of the interacting ABO; slab and adsorbate system, and Egan and Emor are the energies
of the isolated slab and adsorbate, respectively. Because the energies of perovskite slabs were dependent on their magnetic
orderings, attention was paid to tune the magnetic orderings when calculating the adsorption energies. Briefly, the initial
magnetic moments and orderings of the perovskite (001) slabs were kept the same as those of the corresponding bulks. For
slabs with adsorbents, only those for the adsorption sites were allowed to change. We found that the adsorption of a H,O;
molecule on the surfaces did not change the magnetic moments of the pristine surfaces significantly. The adsorption of an OH
group on each B site reduced the magnetic moment of the site by about one unit, because of the antiferromagnetic coupling of

the spins. The adsorption of an O atom on each B site either reduced or minimally changed the magnetic moment of the site.

Adsorption energies calculated using the above method did not include the contribution of zero-point energies (ZPES)
and entropies of the systems. However, most of these items would be cancelled out when relative Eags’s were considered. For
example, we performed frequency analyses for LaNiO3z and LaFeO3 (011) slabs and their O adsorption species, O@LaNiO3;
and O@LaFeOs, to obtain their ZPEs and entropies, using the Phonopy code. No atoms were frozen in these calculations. The
obtained ZPEs for these four species were 2.9, 3.1, 3.1, and 3.3 eV, respectively, and the entropies were 1.4, 1.3, 1.0, and 1.1 kJ
‘mol™-K™2, respectively. The Eags0’s on LaNiO3 and LaFeQO3 (001) surfaces before ZPE and entropy corrections were —1.7 and
—1.8 eV, respectively. After the corrections, they became —0.8 and —0.8 eV, respectively. The differences of LaNiOs; and
LaFeOs; in Eags’s before and after the correction were both within 0.1 eV. These calculations verified that ZPE and entropy

corrections little influenced the relative order of the adsorption energies.

The O p-band centers of perovskite bulks were calculated as the centroid of the densities of states projected onto the 2p

orbitals of the O atoms using the following equation

5 _ fwa-Dozp(E) dE
% Do, (E) dE

Fermi

where 52p is the O p-band center, E is the electron energy, Dozp(E) is the DOS projected onto the 2p orbitals of O, and

the Erermi is the Fermi energy. The integrals were taken over all states, not just filled states.
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Supplementary Methods

Chemicals. All metal nitrate salts, potassium permanganate, cobalt sulfate heptahydrate, manganese sulfate monohydrate,
citric acid, hydrogen peroxide, and glucose were obtained from Nanjing Chemical Reagent Co., Ltd. Ethylene glycol and
hydrochloric acid were purchased from Sinopharm Chemical Reagent Co., Ltd. TMB (3,3,5,5’-tetramethylbenzidine) and
other chemicals were purchased from Aladdin Chemical Reagent Co., Ltd. All chemical reagents were used as received without

further purification. Deionized water produced by Millipore system was used in all experiments.

Instrumentation. Inductively coupled plasma-optical emission spectroscopy (ICP-OES) measurements were performed on an
Optima 5300DV analyzer.

Synthesis of LaNiOs-H2. The LaNiOs-H, was obtained by controlled reduction of as-prepared LaNiOz with H,. Specifically,
the as-prepared LaNiO3z was heated to 350 <C at a ramp rate of 5 <T-min* and maintained at 350 <C for 2 h under a forming
gas of 5% H; in Argon.

Synthesis of MnO2. KMnO4 (1.94 g in 20 mL H,0) and MnSO4-H,0 (0.845 g in 5 mL H,0) were added into a Teflon-lined
autoclave and heated at 160 <TC for 12 h. The resulting product was centrifuged and washed with H,O for several times. The
obtained MnO, was dried at 60 <C for overnight.*?

Synthesis of Mn20s-5. 0.474 g KMnO4 and 0.595 g glucose were dissolved in 10 mL H-0O, respectively. The glucose solution
was added dropwise to the KMnQg solution under stirring and the mixed solution was further stirred for half an h. The resulting
solution was then transferred to a Teflon-lined autoclave and heated at 150 <C for 10 h. The resulting product was centrifuged
and washed with H,O for several times, which was then dried at 60 <C for overnight. The solid powder was finally annealed
at 550 <T for 4 h with a ramp rate of 5 <T-min! to obtain final Mn,03.5.4?

Synthesis of Co0. 0.14 g CoSO4'7H,0 and 0.3 g urea were dissolved in 6.25 mL ethanol and 41.25 mL H,O mixed solution
under stirring, followed by adding 4 mL ammonia solution (28%) dropwise. After stirring for 30 min, the resulting solution
was transferred into a Teflon-lined autoclave and heated at 120 <C for 12 h. The resulting product was centrifuged and washed
with HxO for several times, which was then dried at 60 <C for overnight. The solid powder was finally annealed at 450 <C in

Argon for 3 h to obtain CoO nanoparticles.*

Synthesis of Fe20s. PVP (polyvinylpyrrolidone, K30, 3.8 g) and K4Fe(CN)s-3H20 (0.11 g) were added to a HCI solution (0.1
M, 50 mL) under stirring. After stirring for 30 min, the solution was heated to 80 < and maintained at 80 <C for 20 h to form
Prussian blue product. The resulting product was washed for several times with H,O and absolute ethanol, which was then
dried at 25 <C in a vacuum for overnight. The as-prepared Prussian blue was heated at 550 <C for 6 h with a ramp rate of

2 <T-min’! to obtain the final Fe,Os particles.*

Synthesis of NiO. 0.5 g NaOH and 1.66 g PVP (K30) were dissolved in 25 mL H,0 and 1.45 g Ni(NOs3),6H,0 was dissolved
in 10 mL HO, respectively. The nickel nitrate aqueous solution was then added to the NaOH/PVP solution dropwise under
stirring. The resulting solution was stirred for 3 h to obtain the NiO precursor, followed by washing with H-O and ethanol for
several times and drying at 60 <C for overnight. Then, the precursor was calcinated at 650 <C for 2 h in air with a temperature
ramp rate of 5 <T-min! to form the final NiO nanoparticles.*®
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Synthesis of Mn3O4. An 80% hydrazine solution (5 mL) was added to an aqueous solution of 0.2 M KMnQO4 (20 mL) under
stirring and the mixed solution was further stirred for 12 h. The resulting product was centrifuged and washed with H,O for

several times, which was then dried at 110 <C for overnight.*?

Synthesis of Fez0a4. 1.35 g FeCl; was dissolved in 40 mL ethylene glycol, followed by the addition of 3.6 g NaOAc under
stirring. The resulting solution was then transferred to a Teflon-lined autoclave and heated at 200 <C for 6 h. The resulting

product was centrifuged and washed with ethanol for several times, which was then dried at 60 <C for overnight.*

Synthesis of C030a. 2 g Co(CH3C0OO0),'4H,0 was dissolved in 25 mL H-0O, followed by adding 2.5 mL ammonia solution
(28%) dropwise under stirring and the mixed solution was further stirred for half an h. The resulting solution was then
transferred to a Teflon-lined autoclave and heated at 150 <C for 3 h. The resulting product was centrifuged and washed with

H.O for several times, which was then dried at 60 <C for overnight.*’

Synthesis of CuO. 0.02 M Cu(CH3C0OO0)2'H>0 (75 mL) was mixed with 0.25 mL CH3COOH in a flask equipped with a
refluxing device. The resulting solution was heated to boiling, followed by the addition of 0.04 g-mL* NaOH (5 mL) under
stirring. Then, the mixed solution was further stirred for 5 min. The resulting product was centrifuged and washed with H,O

for several times, which was then dried at 60 <T for overnight.*®

Synthesis of Cu(OH)2. 17 mg CuCl,'2H,0 and 130.5 mg PVP (molecular weight = 55000) were dissolved in 40 mL ethanol
in a round-bottomed flask. The mixed solution was ultrasonicated for 10 min and stirred for 30 min. Then, 7.7 mg NaBH4 was
dissolved in 10 mL of ethanol and quickly added to the above solution under stirring. After stirring for 72 h, the resulting
product was centrifuged and washed with ethanol for several times to obtain Cu(OH). nanoparticles. To synthesis Cu(OH);
supercages, the Cu(OH), nanoparticles and 20 mg PVP (molecular weight = 1300000) were dispersed in 20 mL of deionized
water by ultrasonication for 10 min in a round-bottomed flask. A copper-ammonia complex solution was prepared by mixing
24.16 mg Cu(NO3)2:3H20 and 0.4 mL NH3-H,0 (28%) in 19.6 mL H,O. Subsequently, the copper-ammonia complex solution
was added to the above Cu(OH), nanoparticles solution under stirring and the mixed solution was further stirred for 10 min.
The resulting product was centrifuged and washed with methanol for several times, which was then dried at 60 <C for

overnight.*

Synthesis of GO-COOH. 40 mg GO (graphene oxide) was added into 20 mL H,O, and then the GO aqueous solution was
sonicated for 2 h to obtain a clear solution. Subsequently, 4.8 g NaOH and 4 g chloroacetic acid were added into the above GO
solution and sonicated for 3 h. The resulting solution was centrifuged and washed with H,O for several times, which was then
dried at 60 <C for overnight.®

Synthesis of SWNT. 50 mg SWNT (single-walled carbon nanotubes) was added into the mixture of 98% sulfuric acid and 70%
nitric acid (3:1), and then the resulting solution was sonicated for 24 h. After sonication, the resulting product was centrifuged

and washed with H,0 for several times, which was then dried at 60 <C for overnight.>

Synthesis of CeO.. 2.52 g cerium nitrate was dissolved in 100 mL of water-ethylene glycol mixture (1:1). After the temperature
of the solution reached 60 <C, 16 mL of NH3"H,O (28%) was rapidly added and the resulting mixture was vigorously stirred
at 60 <C for 3 h until a yellow-colored dispersion was obtained. The reaction mixture was cooled and centrifuged to obtain
yellow CeQ; precipitate, which was washed multiple times with ethanol and water till the pH was neutral. The obtained CeO,
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precipitate was further dispersed in 100 mL of distilled water containing 30 mg-mL™ sodium citrate. After sonication for 30
min, a transparent solution was obtained. Then, ethanol was added into above solution to assist the precipitation of citrate-
stabilized nanoceria. The precipitate was washed with ethanol for several times to remove residual citrate. Finally, the nanoceria

were redispersed into distilled water to obtain a highly transparent solution.52

Oxygen vacancies of TMOs. To quantify the oxidation state of TMOs, iodometric titrations were performed according to the
referenced procedure.>® The amount of oxygen vacancies & in metal oxides were deduced by the oxidation state of TMOs.
Briefly, 3 mL of 2 M KI solution and given qualities of TMOs were dissolved in a N2-saturated HCI aqueous solution (1 M)
under N2 atmosphere and allowed to disperse and dissolve for five minutes. Then, the solution was titrated to a faint golden
color with 0.1 M of NazS;03 aqueous solution. Towards the end point, 0.5 mL starch indicator is added and the solution was
titrated until clear. The titration was repeated three times for each oxide, from which an average oxidation state, oxygen vacancy

and standard error were obtained.

Magnetic measurement of LaCoOs. The temperature-dependent magnetization of LaCoO3z; was measured on a MPMS
SQUID magnetometer (MPMS-3, Quantum Design) with a magnetic field of H = 1 kOe under field-cooling procedures to

calculate the ey occupancy of cobalt ions.
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