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Figure S1. TEM images of h-MnOxPy prepared using different NH4H2PO4 amounts. (a) 50 mg, (b) 100 
mg, (c) 125 mg and (d) 200 mg. The hollow nanostructure was obtained when the amount of NH4H2PO4 
was below 125 mg. For 200 mg of NH4H2PO4, a yolk-shell structure was formed. The shell was h-MnOxPy 
and the core was unreacted manganese phosphate-hydrogen phosphate precursor. 
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Table S1. Elemental compositions of h-MnOxPy. 

Mn P O K

h-MnOxP0.08 22.6 1.79 73.8 1.81

h-MnOxP0.16 22.2 3.56 72.4 1.84

h-MnOxP0.21 26.4 5.53 67.1 0.970

h-MnOxP0.59 15.1 8.86 75.5 0.540

       
Figure S2. XRD pattern of h-MnOxP0.21.

Figure S3. Cyclic voltammetry of h-MnOxP0.21 in Ar-saturated 0.1 M KOH solution with scan rate of 2 
mV s-1.

As shown in Figure S3, there are two cathodic peaks located at 0.87 V vs. RHE (C1) and at 0.73 V vs. 
RHE (C2), which could be attributed to the conversion of Mn (IV) to Mn (III) and of Mn (III) to Mn (II) 
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(or Mn3O4) respectively.1 In the anodic scan, the large peak at 0.95 V vs. RHE (A1) could be attributed to 
the formation of Mn (III) from Mn (II) oxidation. No peak for the conversion of Mn (III) to Mn (IV) was 
detected, probably due to a rising background current (from OER). The dominant Mn (III)/Mn(II) redox 
features in the voltammogram corroborated the existence of Mn(III) in  h-MnOxP0.21.

Figure S4. P 2p XPS spectrum of h-MnOxP0.21.

Figure S5. (a) XRD, (b) FT-IR spectra and (c) Mn 3s XPS spectra of the reaction products after the 
addition of 3.5 ml (black), 5 ml (red), 7 ml (blue), and all (green) of KMnO4 solution to the MnSO4/ 
NH4H2PO4 mixture. 

The two broad peaks at ~12 o and 30o in Figure S4a for the initial porous nanoparticles agree well with 

the XRD patterns of Mn5(PO4)2(PO3OH)2 4H2O. FT-IR spectroscopy confirmed the presence of N-H, O-

H, P-O and P-O-H moieties in these porous nanoparticles (Figure S4b, black line). Therefore, the porous 

nanoparticles are referred to as ammonium manganese phosphate-hydrogen phosphate. As the reaction 

progressed on, two peaks at 38o and 65o, corresponding to the formation of phosphated manganese oxide, 

were detected by XRD. FT-IR spectroscopy also detected the formation of phosphated manganese oxide 
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as an increase in the intensity of the Mn-O vibration (Figure S4b). The Mn chemical state was 3+ in the 

final product, indicating the oxidization of the Mn (II) by KMnO4 (Figure S4c). 

Figure S6. TEM image of solid manganese oxide prepared without NH4H2PO4.

Figure S7. SEM images of h-MnOxPy prepared with (a) NaH2PO4 and (b) KH2PO4.

Table S2. Elemental compositions of h-Me-MnOxPy. 

Mn Co Ni Cu O P

h-Co-MnOxPy 12.32 10.70 -a - a 74.36 2.620

h-Ni-MnOxPy 11.87 - a 9.590 - a 75.55 2.990

h-Cu-MnOxPy 13.73 - a - a 20.38 61.71 4.180
a  “-” : undetected
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Figure S8. Microstructural characterizations of h-Co-MnOxPy. (a) XRD pattern, (b) N2 
adsorption/desorption isotherms with the pore distribution plot as an inset. (c) XPS Co 2p spectrum, (d) 
Mn 3s, (e) Mn 2p spectrum and (f) P 2p spectrum.

Figure S9. ORR activities in 0.1M KOH of h-MnOxPy with different phosphate contents. 



6

Figure S10. OER activities (iR-corrected) of different h-Me-MnOxP0.21 in 0.1 M KOH. 

Figure S11. LSV measurements at different rotation speeds and the corresponding K-L plots at various 
potentials. (a), (b) for h-MnOxP0.21 and (c), (d) for h-Co-MnOxPy. All plots were corrected by CVs in N2. 
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Table S3. Summary of noble-metal-free electrocatalysts for oxygen reduction reaction in 0.1 M KOH 
solution.

E1/2 
(V vs. RHE)

Limiting current density
 (mA cm-2) n

Reference

h-MnOxP0.21 0.85 5.6 3.99 This work

h-Co-MnOxP0.21 0.70 5.1 3.34 This work

20wt% Pt/C 0.84 5.4 4.01 This work

Cs-MnOx-450/C 0.88 5.3 -a 2

α-MnO2-SF/C 0.76 ~5 4.2 3

MnxOy/NC 0.81
 ( 1 mA cm-2) 5 - a

4

c-CoMn2/C 0.83 5.7 3.91 5

MnCo2O4/N-rmGO 0.85 (1 M KOH) ~3.8 ~3.85 6

Co3O4/N-rmGO 0.83 ~5 ~4.0 7

meso/micro-PoPD 0.85 4.32 3.5 8

N-CNT 0.84 ~0.3 mA 3.9 9

NPMC-1000 0.85 ~6 ~4.0 10

a “-”: no available literature data. 
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Table S4. Summary of noble-metal-free electrocatalysts for oxygen evolution reaction in 0.1 M KOH 
solution.

Eonset 
(V vs. RHE)

E10mA cm-2
(V vs. RHE)

Tafel 
slope

Reference

h-Co-MnOxPy 1.55 1.60 64.5 This work

20wt% Ir/C 1.51 1.61 47.2 This work

Co@Co3O4/NC 0.88 1.64 -a 10

CoxOy/NC ~1.55 1.66 - a 4

ZIF derived carbon 
frameworks ~1.48 1.60 93

15

c-CoMn2/C 1.60 1.78 - a 5

 (Pr0.5Ba0.5)CoO3 ~1.46 1.56 60 13

ultrathin CoSe2 nanosheet ~1.50 1.55 44 14

CoMn LDH 1.45 (1 M KOH) 1.55(1 M KOH) 43 15

Ni2P nanoparticles 1.45 (1 M KOH) 1.52(1 M KOH) 47 16

Fe0.5Co0.5Ox/NrGO 1.45 (1 M KOH) 1.49 (1 M KOH) 30.1 17

“a “-”: no available literature data. 
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Figure S12 (a) Chronoamperogram (as % retention of initial current vs. time) of h-Co-MnOxP0.21  at 1.60 
V vs. RHE. (b) the Co 2p, (c) Mn 2p, (d) Mn 3s and (e) P 2p XPS spectrum of h-Co-MnOxP0.21  after the 
extended stability tests.

An extended (24 h) OER stability test of h-Co-MnOxP0.21 was also conducted. As shown in Figure S12a, 
the current density gradually decreased during the test, retaining only 30% of its initial value after the test. 
The cause for the activity loss was inferred from the XPS analysis of the chemical states of h-Co-
MnOxP0.21 after the test. The Co 2p spectrum (Figure S12b) of the post-test sample was different from the 
h-Co-MnOxP0.21 before the test (Figure S8c). Two peaks were detected but without the satellite features.  
The 15.0 eV peak separation is smaller than that of h-Co-MnOxP0.21 before the test (15.9 eV). As the Co 
2p spectrum bears similarity to that of CoOOH, oxidation of Co (II) to Co (III) likely occurred during the 
extended OER test. The Mn 2p spectrum (Figure S12c) of h-Co-MnOxP0.21 after the stability test still 
showed the same two broad peaks as in the sample before (Figure S8d). The intensity of the Mn 3s signal 
(Figure S12d) was however substantially reduced to suggest the loss of Mn from the catalyst during the 
test. The P 2p spectrum (Figure S12e) was broadened after the test concomitant with a general intensity 
decrease, which we have taken as an indication of PO4

3- dissolution from the catalyst. The post-test XPS 
measurements therefore indicated changes to the h-Co-MnOxP0.21 surface structure which could be the 
cause for the decreased OER activity.
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Figure S13. Voltammogram of h-Co-MnOxP0.21 on an ITO glass in 0.1 M KOH solution. 

Figure S14. (a) SEM, (b) TEM image (c) EDS elemental maps, (d) Co 2p XPS and (e) Mn 2p XPS of the 
h-MnOxP0.21 + h-Co-MnOxP0.21 catalysts after an extended operation of a rechargeable alkaline Zn-air 
battery
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Figure S15. (a) TEM image and (b) EDS analysis of the h-MnOxP0.21 + h-Co-MnOxPy combined catalyst 
system after the prolonged operation of a neutral rechargeable Zn-air battery.

Figure S16. Pt 4f XPS spectrum of (a) h-MnOxP0.21 and (b) h-Co-MnOxP0.21 after OER stability tests in a 
3-electrode cell with a Pt foil counter electrode. Pt signal was not detected in both samples. 
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Table S5. Summary of the performance of rechargeable Zn-air batteries.

Catalysts Electrolyte Charge/discharge 
voltage gap (V) Stability Reference

h-MnOxP0.21 + h-Co-
MnOxPy

6.0 M KOH 
+0.1 M ZnCl2

~0.72 at 5 mA 
cm-2

1h/cycle for 90 
cycles;

voltage gap 
increased ~0.13 V

This work

20wt% Pt/C + 20wt% 
Ir/C

6.0 M KOH +0.1 
M ZnCl2

~0.72 at 5 mA 
cm-2

1h/cycle for 90 
cycles;

voltage gap 
increased ~0.19 V

This work

CoO/NCNT+Ni Fe LDH 6.0 M KOH + 
0.2 M Zn(Ac)2

~0.6 at 5 mA 
cm-2

200s/cycle for 
3.3h;

 no significant 
voltage change

18

macro/meso-NC-NH3 + 
COMT@Ni

6.0 M KOH +0.2 
M ZnCl2

~0.7 at 10 mA 
cm-2

2h/cycle for 200 
cycles; 

voltage gap 
increased ~0.11 V

19

Atomic Co–Nx– doped 
graphene

6.0 M KOH + 
0.2 M ZnCl2

~1.0 at 5 mA 
cm-2

20 min/cycle for 
180 cycles; 
voltage gap 

increased ~0.12 V

20

NPMC-1000 6.0 M KOH ~1.75 at 2 mA 
cm-2

10 min/cycle for 
180 cycles;
 voltage gap 

increased ~0.7 V
10

NCNT/CoO-NiONiCo 6.0 M KOH + 
0.2 M ZnCl2

~0.86 at 20 mA 
cm-2

10 min/cycle for 
100 cycles; 

negligible change
21

Meso/micro-FeCo-Nx-30 6.0 M KOH + 
0.2 M Zn(Ac)2

~0.80 at 10 mA 
cm-2

2h/cycle for 40h, 
negligible change

17
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Figure S17. (a) XRD pattern and (b) XPS Ni 2p spectrum of h-Ni-MnOxPy.

Figure S10 also shows the good OER performance of h-Ni-MnOxP0.21. This could be attributed to the 
existence of Ni (II) in the catalyst. Relative to h-MnOxP0.21, the XRD pattern of h-Ni-MnOxP0.21 (Figure 
S16a) exhibited a broad feature around 2θ = 10-25o to suggest the presence of nickel hydroxide or nickel 
phosphate. In the Ni 2p XPS spectrum of h-Ni-MnOxP0.21 in Figure S16b, the two characteristic peaks at 
855.3 and 873.1 eV with shoulders correspond well with the 2p3/2, 2p1/2 states of Ni (II) and their satellites. 
Since it is known that nickel (II) can exhibit very good OER performance in alkaline solution,22-23 the 
good OER activity of h-Ni-MnOxP0.21 may also have originated from its Ni(II) content.
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