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Supplementary Fig. 1 (a) TEM image and size distribution (inset) of Fe3O4 NPs synthesized

by chemical co-precipitation method. The image was collected at least three times. (b) XRD

patterns of as-synthesized Fe3O4 NPs, γ-Fe2O3 NPs and α-Fe2O3 NPs in comparison with the

standard diffraction peaks. (c) Ramam spectra of as-synthesized IONPs. (d) Hydrodynamic

diameter and Zeta potential of these three IONPs in aqueous solution of pH 3. Error bars

represent standard deviation from three independent measurements. Inset: the digital

photographs of the three IONPs aqueous solution.

Supplementary Discussion for Supplementary Fig. 1: The XRD patterns of these three iron

oxide NPs (IONPs) were in agreement with the corresponding standard diffraction peaks,

indicating the acceptable purity and crystallinity (Supplementary Fig. 1b). From the Raman

spectra, Fe3O4 NPs and γ-Fe2O3 NPs were further identified by the A1g mode band near 660

and 700 cm-1, respectively (Supplementary Fig. 1c).1-5 Based on the literature, magnetite

(Fe3O4) has three dominant Raman bands at 313 (T2g mode), 542 (T2g mode), 660 (A1g mode)

cm-1; mghemite (γ-Fe2O3) can be characterized by three broad structures around 360 (T2g),

504 (Eg mode) and 700 cm-1 (A1g mode); hematite (α-Fe2O3) belongs to the D63d crystal space
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group and seven phonon lines are expected in the Raman spectrum, namely two A1g modes

(229 and 503 cm-1) and five Eg modes (247, 295, 299, 412 and 612 cm-1).3-5 The

hydrodynamic diameters of three IONPs increased because of the slight aggregation of NPs

caused by the relatively weak surface stabilization of N(CH3)4+ on the particle surface

(Supplementary Fig. 1d).



4

Supplementary Fig. 2 The POD-like activity of as-synthesized Fe3O4NPs, γ-Fe2O3 NPs, and

α-Fe2O3 NPs with (a) TMB, (b) ABTS, and (c) OPD as colorimetric substrates under the

presence of H2O2 in 0.2 M acetate buffer (pH = 3.6).
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Supplementary Fig. 3 ESR spectra of spin adducts DMPO/·OH produced by Fe3O4 NPs (10

μg/mL) in the presence or absence of H2O2 (0.165 M ) in 0.2 M acetate buffer (pH = 3.6).
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Supplementary Fig. 4 (a) Reaction between terephthalic acid (TA) and ·OH generated by

IONPs in the presence and absence of H2O2 in 0.2 M acetate buffer (pH = 3.6) after 12 h. (b)

Plot of the fluorescence intensity of 2-hydroxyterephthalic acid (TAOH) at 435 nm with

reaction time catalyzed by different IONPs. The concentrations of TA, IONPs, and H2O2 were

0.5 mM, 4.8 μg/mL, and 0.2 M, respectively. Error bars represent standard deviation from

three independent measurements.
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Supplementary Fig. 5 (a) Diagram of the crystal structure of γ-Fe2O3 and α-Fe2O3. (b)

Reaction equations for the POD-like activity of IONPs. (Reproduced from Ref. 6 with

permission from the Royal Society of Chemistry.)

Supplementary Discussion for Supplementary Fig. 5: As shown in Supplementary Fig. 5a,

γ-Fe2O3 has a cubic crystal structure of inverse spinel type with cation vacancies in octahedral

positions. Most of these cation vacancies are located on the particle surface.6 As a result, the

anionic sites of O on the surface are exposed, allowing substrate H2O2 to be easily adsorbed.

The adsorbed H2O2 undergoes acid-like dissociative chemisorption, producing H+ and OOH-.

Then, OOH- reacts with Fe3+ to form FeOOH2+ (Eq. S1 in Supplementary Fig. 5b).

Subsequently, the OOH- in FeOOH2+ donates an electron to Fe3+ to form Fe2+ (Eq. S2 in

Supplementary Fig. 5b), which triggers the Fenton-like reaction (Eq. S3 in Supplementary Fig.

5b), resulting in a relatively higher POD-like activity of γ-Fe2O3 NPs (Eq. S4 in

Supplementary Fig. 5b). However, these cation vacancies are not existing on the surface of

α-Fe2O36 due to the change of the inverse spinel structure caused by the high calcination

temperature (650 °C), leading to a lower affinity to H2O2 and the negligible POD-like activity

of α-Fe2O3.
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Supplementary Fig. 6 (a) Reaction scheme for the oxidation of TMB. (b and c) The changes

of UV-Vis spectra during the oxidation of TMB catalyzed by Fe3O4 NPs in the presence of

H2O2 in 0.2 M acetate buffer (pH = 3.6). (d-f) The absorbance changes at 650 nm catalyzed by

Fe3O4 NPs, γ-Fe2O3 NPs, and α-Fe2O3 NPs (0.625 μg Fe/mL) with different concentration of

TMB in the presence of H2O2 (7 mM) at pH 3.6. (g) The color changes of POD-like reaction

solution catalyzed by Fe3O4 NPs, γ-Fe2O3 NPs, and α-Fe2O3NPs.

Supplementary Discussion for Supplementary Fig. 6: The oxidation of TMB by peroxidase

involves two successive one-electron transfer processes (Supplementary Fig. 6a).7 At the

beginning of oxidation reaction, colorless TMB loses one electron to form the blue

charge-transfer complex with maximum absorbance peaks at 370 and 650 nm (Supplementary

Fig. 6b). In the second stage, this blue complex continues to lose an electron, forming the

final yellow diimine with maximum absorbance peaks of 450 nm (Supplementary Fig. 6c).

Since the peak at 370 nm overlaps with the diimine peak at 450 nm, the absorption at 650 nm

was used to follow the kinetics of catalytic reaction (Supplementary Figs. 6d-f).
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Supplementary Fig. 7 The anano of Fe3O4 NPs and γ-Fe2O3 NPs before and after 5 days of

cyclic catalysis. Error bars represent standard deviation from three independent

measurements.
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Supplementary Fig. 8 The POD-like activity assessment of the recovered NPs and leaching

solution after different incubation times in acidic buffer solution (pH=3.6). (a and b) Fe3O4

NPs; (c and d) γ-Fe2O3 NPs. Error bars represent standard deviation from three independent

measurements.

Supplementary Discussion for Supplementary Fig. 8: In acidic medium, Fe ions may

release from the IONPs. Thus it is important to exclude the possible influence of Fe ions

leaching effect on the catalytic activity of the recycled IONPs after participating in cyclic

catalysis. To test this, we incubated the Fe3O4 NPs or γ-Fe2O3 NPs in acetate buffer (pH 3.6)

and compared the POD-like activity of the leaching solution with that of recovered NPs on

days 0, 1, 3 and 5. As shown in Supplementary Fig. 8, the leaching solution within 5 days of

incubation showed marginal catalytic activity. Besides, the POD-like activity of the recovered

NPs did not show a significantly negative correlation with the incubation time. We also

measured the Fe content in the leaching solution using ICP-MS (Supplementary Table 1),

which is 1-2 orders of magnitude less than the concentration needed for the Fenton reaction.

These indicate that the leached Fe ions does not contribute significantly to the reduction of the

catalytic ability of Fe3O4 NPs after cyclic catalysis.
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Supplementary Fig. 9 Only the surface active sites (Fe2+) of Fe3O4 nanozymes involve in the

POD-like catalytic reaction.
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Supplementary Fig. 10 XRD pattern of the recycled Fe3O4 NPs after 5 days of cyclic

catalysis. Black lines represent the standard pattern of γ-Fe2O3.
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Supplementary Fig. 11 The inside Fe2+ transfer electron to particle surface to maintain the

POD-like catalytic capacity of Fe3O4 nanozymes.
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Supplementary Fig. 12 (a) Illustration of the synthesis process of Fe3O4 NPs by thermal

decomposition methods (named TD-Fe3O4 NPs) and the aeration oxidization of TD-Fe3O4

NPs. (b-d) TEM image, size distribution, and digital photo of NPs at each synthesis stage.

Inset: HRTEM and corresponding SAED pattern. Images were collected at least three times

for each type of NPs.
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Supplementary Fig. 13 (a) Comparison of the hydrodynamic diameter and Zeta potential of

cc-Fe3O4 NPs and TD-Fe3O4 NPs. (b) Comparison of anano of Fe3O4 NPs synthesized by two

methods before and after aeration oxidation of 12 h. Error bars represent standard deviation

from three independent measurements.
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Supplementary Fig. 14 Changes in hydrodynamic diameter and Zeta potential of (a) cc-Fe3O4

NPs and (b) TD-Fe3O4 NPs during the aeration oxidation. Error bars represent standard

deviation from three independent measurements.
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Supplementary Fig. 15 The characterization of LiFePO4 NPs. (a) The element mapping of

as-synthesized LiFePO4 NPs. (b) XRD, (c) FTIR and (d) XPS spectra of as-synthesized

LiFePO4 NPs. The core XPS spectra of (e) Li 1s, P 2p, and (f) Fe 2p of as-synthesized

LiFePO4 NPs.

Supplementary Discussion for Supplementary Fig. 15: Element mapping of the LiFePO4

powders indicate the presence of Fe, P, and O elements in the prepared samples

(Supplementary Fig. 15a). The sharp XRD diffraction peak, shown in Supplementary Fig. 15b,

is identified as the orthorhombic olivine structure (JCPDS NO. 40-1499) of LiFePO4,

suggesting the phase purity and the high crystallinity of the samples.8 Additionally, the FTIR

spectrum in the ranges of 1150-950 cm-1 and 650-450 cm-1 are characteristic for the

absorption of PO43- in LiFePO4 NPs (Supplementary Fig. 15c), and their corresponding

vibration models were summarized in Supplementary Table 2, agreeing well with the results

reported in the literature.9,10 The XPS full spectrum of as-synthesized LiFePO4 NPs and the

core spectra in the binding energy range of Li 1s, P 2p, and Fe 2p were shown in

Supplementary Figs. 15d-f. Detailed information was listed in Supplementary Table 3.

Notably, the Fe 2p spectrum contains two main peaks (710.98 and 724.50 eV) and their

satellite peak at corresponding high binding energies position. The spin-orbital split energy is

about 13.5 eV. These imply that the chemical oxidation state of Fe in the as-synthesized
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LiFePO4 NPs is divalent.8,11,12 Furthermore, the ICP analysis shows that the molar ratio of Li:

Fe: P in the prepared LiFePO4 is 1: 1.04: 1.02, which approximately matched its

stoichiometric formula.13 The above characterization results indicate that LiFePO4 NPs have

been successfully synthesized.
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Supplementary Fig. 16 The POD-like activity of LiFePO4 NPs with (a) ABTS and (b) OPD

as colorimetric substrates in the presence of H2O2 at pH 3.6.
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Supplementary Fig. 17 (a) pH, (b) temperature, and (c) NPs concentration-dependence of the

POD-like activity of LiFePO4 NPs.
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Supplementary Fig. 18 Steady-state kinetic assay of LiFePO4 NPs with (a) TMB and (b)

H2O2 as substrates. Insets are the Lineweaver-Burk fitting. Error bars represent standard

deviation from three independent measurements.



22

Supplementary Fig. 19 (a) Reaction between terephthalic acid (TA) and ·OH generated by

LiFePO4 NPs in the presence and absence of H2O2 in 0.2 M acetate buffer (pH = 3.6) after 5 h.

The concentrations of TA, LiFePO4 NPs, and H2O2 were 0.5 mM, 24 μg/mL, and 0.2 M,

respectively. (b) Plot of the fluorescence intensity of 2-hydroxyterephthalic acid (TAOH) at

435 nm against the reaction time and concentration of LiFePO4 NPs. Error bars represent

standard deviation from three independent measurements.
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Supplementary Fig. 20 The POD-like activity of LiFePO4 NPs and cc-Fe3O4 NPs at the

same concentration (0.4 μg Fe/mL) for (a) TMB (1.7 mM) and (b) ABTS (0.75 mM)

coloration in the presence of H2O2 (0.8 M) at pH 3.6. Error bars represent standard deviation

from three independent measurements.
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Supplementary Fig. 21 Cyclic voltammograms of (a and e) LiFePO4 NPs and (c and g)

recycled LiFePO4 NPs at various scan rates of 0.4~2.0 mV s-1. Plot of peak currents (ipa and

ipc) vs. square root of scan rates (v1/2) of (b and f) LiFePO4 NPs and (d and h) recycled

LiFePO4 NPs. The electrolytes used for the experiments in Figs. a-d and Figs. e-h are lithium

acetate buffers and sodium acetate buffer, respectively.
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Supplementary Fig. 22 Cyclic voltammograms of (a and e) Fe3O4 NPs and (c and g)

recycled Fe3O4 NPs at various scan rates of 1~20 mV s-1. Plot of peak currents (ipa and ipc) vs.

square root of scan rates (v1/2) of (b and f) Fe3O4 NPs and (d and h) recycled Fe3O4 NPs. The

electrolytes used for the experiments in Figs. a-d and Figs. e-h are lithium acetate buffers and

sodium acetate buffer, respectively.
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Supplementary Fig. 23 (a-c) SEM image, element mapping, and EDS analysis, (d) XRD

patterns, and (e) hydrodynamic diameter and (inset) Zeta potential of NaLiFePO4-1,

NaLiFePO4-5, and NaLiFePO4-10. The SEM images were collected at least three times for each

type of NPs. Error bars represent standard deviation from three independent measurements.

Supplementary Discussion for Supplementary Fig. 23: Based on the synthetic strategy of

LiFePO4 NPs,10 Na-doped LiFePO4 NPs with similar physicochemical properties were

prepared by replacing 1%, 5%, and 10% of the Li source with Na source, named as

NaLiFePO4-1, NaLiFePO4-5, and NaLiFePO4-10, respectively. EDS (Supplementary Figs.

23a-c) and ICP (Supplementary Table 4) results show that the amount of Na and the molar

ratio of Na: Li in NPs increased with the feeding amount of Na. In addition, the doping of Na

did not affect the original orthorhombic olivine structure of LiFePO4 (Supplementary Fig.

23d). They have an approximate hydrodynamic dimension and surface negative potential,

compared with LiFePO4 NPs (Supplementary Fig. 23e).
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Supplementary Fig. 24 SEM image and EDS analysis of (a) KLiFePO4-1, (b) KLiFePO4-5,

and (c) KLiFePO4-10. The images were collected at least three times for each type of NPs.
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Supplementary Fig. 25 (a) Hydrodynamic diameter and (b) Zeta potential of commercial

LiFePO4, Fe3(PO4)2, and FePO4 aqueous solution. Error bars represent standard deviation

from three independent measurements.
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Supplementary Table 1. Leaching Fe ions concentration of Fe3O4 NPs or γ-Fe2O3 NPs after

incubation in acidic buffer solution (pH=3.6).

Note：The results are expressed as the mean ± standard deviation of three parallel experiments.

Incubation time in acidic
buffer solution (days)

Leaching Fe ions concentration (μg/mL)

Fe3O4 NPs γ-Fe2O3 NPs

0 0.007 ± 0.000

1 0.117 ± 0.026 0.027 ± 0.002

3 0.224 ± 0.006 0.029 ± 0.002

5 0.314 ± 0.008 0.028 ± 0.000
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Supplementary Table 2. FTIR spetrum of LiFePO4 NPs.9,10

Vibration Model Wavenumber (cm-1)

Stretching mode of O-P-O 1136.3
Anti-symmetric stretching mode of P-O 1073.5

Symmetric stretching mode of P-O
965.6
634.4

Anti-symmetric bending mode of O-P-O 579.5

symmetric bending mode of O-P-O
549.1
501.9

Mixture of symmetric and anti-symmetric
bending mode of O-P-O

472.1
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Supplementary Table 3. XPS binding energy of various atoms for LiFePO4 NPs.8,11,12

Atom Emission peak Binding energy (eV) Assignation

Li 1s 55.49 Li+

Fe
2p3/2

710.98 Fe2+

714.71 Satellite

2p1/2
724.50 Fe2+

728.61 Satellite

P
2p3/2 133.38

[PO4]3-2p1/2 134.40
O 1s 531.08
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Supplementary Table 4. ICP analysis results of the Na and K-doped LiFePO4 NPs.

Nanozymes Molar ratio of Na or K : Li

Na-doped
LiFePO4 NPs

NaLiFePO4-1 0.25 : 1

NaLiFePO4-5 0.80 : 1

NaLiFePO4-10 1.33 : 1

K-doped
LiFePO4 NPs

KLiFePO4-1 0.04 : 1

KLiFePO4-5 0.05: 1

KLiFePO4-10 0.04: 1
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