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Experimental Section

1. Chemical Materials: Flake graphite (325 meshes) was bought from Alfa Ltd. Concentrated

sulfuric acid (H2SO4, 96.0%), sodium nitrate (NaNOs, >99.0%), hydrochloric acid (HCI,
37.0%), potassium hydroxide (KOH, >85.0%), potassium permanganate (KMnO4, >99.5%),
hydrogen peroxide aqueous solution (H>O2, 30.0%), 2,2'-Azobis (2-methylpropionamidine)
dihydrochloride (97.0%), polyvinyl pyrrolidone (K-30), styrene (CsHs, >99.5%), melamine
(C3HgNs, >99.0%), cobalt nitrate hexahydrate (Co(NO3)2:6H20), >98.5%), iron chloride
anhydrous (FeClz, >97%), zinc acetate (Zn(Ac), >99.0%), urea (HNCONH>, >99.0%),
hydrazine hydrate (NoH4-H20, >85.0%), phosphonitrilic chloride trime (ClgN3P3, 98%), 1,4-
dioxane (>99.0%), triethylamine ( >99.0%), para-henylenediamine (97%), polyvinyl alcohol
(PVA, 99.0%), isopropanol (CH;CH(OH)CH3, >99.5%) and methanol (CH3OH, 99.5%) were
bought from Shanghai Chemical Reagent Co. Ltd. Carbon paper (CP), Carbon cloth,
commercial 20% Pt/C were purchased from Shanghai Hesen Electric Co., Ltd. (Shanghai,
China). Zinc foil (99.994%) was purchased from Alfa Aesar. Nafion (5.0 wt.%) was
purchased from DuPont Company. All the chemicals were used as received without further
purification. Deionized (DI) water (H,0) through Millipore system (Milli-Q®) was used in all
the experiments.

2. Preparation of FeCo@NCNT, NPC/FeCo@NCNT and NHGS: Polystyrene spheres as
the hard templates (PSs) were prepared as our previous work.l'!) To make them positively
charged, 2 g of the PSs were added to 100 mL 0.5 M HCI and stirred for 0.5 h. 50 mL of 2 mg
mL! negatively charged GO solution (prepared using the methods reported elsewhere!!l) was
then added and stirred for 12 h. This led to the wrapping of the GO layer onto the surface of
PS. After that, 3 g melamine was added and stirred for another 12 h. Subsequently, 2 mL of 2
mM FeClz and 2 mL of 2 mM Co(NOs), were added and continuously stirred for 96 h,

followed by the addition of 0.1 mL hydrazine hydrate and 0.25 mol urea. The resulting
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mixture was heated up to 110 °C and reacted for 24 h. After freeze-drying, the as-collected
solid, along with the addition of 1.2 g melamine, was redissolved in 100 mL H>O and stirred
for 12 h. Afterward, the dried product was calcinated at 420 and 750°C for 2 h and 0.5 h in N>
atmosphere, respectively. The thus-obtained FeCo@NCNT was successively washed by 100
mL of 2 M H;SO4 at 80 °C for 8 h and DI water for several times. For comparison, the
nitrogen-doped hollow graphene spheres (NHGSs) was also synthesized without the addition
of FeClsz and Co(NO3). but keeping the other experimental parameters constant. To verify the
contribution of FeCo alloy on the formation of CNT, the FeCo@NCNTs were also
synthesized by the addition of 1 mL 2 mM FeCl; and 1 mL 2 mM Co(NOs3)2-6H>0, 3 mL 2
mM FeCl; and 3 mL 2 mM Co(NO3)2-6H>0, respectively, with the other experimental
parameters constant. In addition, to verify the contribution of PSs on the formation of CNT,
FeCo@NPG was also synthesized without the addition of the PSs as the hard templates.

For preparation of polyphosphazenes, 5.18 g phosphonitrilic chloride trime and 4.82 g
para-phenylenediamine were dissolved successively in 100 mL of 1,4-dioxane with stirring to
form solution A, and then 9.02 g triethylamine was dissolved in another 100 mL of 1,4-
dioxane with stirring to form solution B. The solution A was mixed with the solution B under
stirring, and then heated up to 70 °C for 12 h. The obtained product was collected by
centrifugation and washed with 0.5 M H>SO4 and ethyl alcohol for several times, and then
dried at 70 °C overnight for further use. The schematic illustration of the preparation of
polyphosphazenes is shown in Figure S1. The obtained polyphosphazenes was pyrolysis at
800 °C for 2 h under N, atmosphere to obtain N, P co-doped carbon (NPC).

For the preparation of NPC/FeCo@NCNT, 40 mg FeCo@NCNT and 40 mg of
polyphosphazenes were grinded, and then subjected to pyrolysis at 800 °C for 2 h with a
heating rate of 5 °C min’! under N, atmosphere. To further demonstrate the contribution of the
NPC layer on the higher catalytic activity of the NPC/FeCo@NCNT, the samples of the

NPC/FeCo@NCNT with a thin NPC layer (NPC/FeCo@NCNT-thin) and the
3
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NPC/FeCo@NCNT with a thick NPC layer (NPC/FeCo@NCNT-thick) were synthesized

from 20 mg and 80 mg of polyphosphazenes, respectively.

3. Characterization: The morphologies of obtained samples were characterized using
scanning electron microscopy (SEM, Model Quanta 650 FEG) with an operation voltage of
20.0 kV. Transmission electron microscopy (TEM) and high resolution TEM (HRTEM) were
performed on JEM-2100F at an accelerate voltage of 200 kV. Elemental mappings were
obtained by energy-dispersive X-ray spectroscopy (EDS) with SEM. The structure analysis
was performed by X-ray diffractometer (XRD) using Cu Ko radiation (10° - 80°, 5° min™).
The Brunauer-Emmett-Teller (BET) specific surface area were detected by Quantachrome
AutoSorb 1Q> instrument at 77 K. The pore-size distribution was obtained from the QSDFT
method. The composition and chemical states were determined by X-ray photoelectron
spectroscopy (XPS) on Thermo VG Scientific ESCALAB 250 spectrometers with Al Ka
radiation.

4. Electrochemical Measurements: All the OER and ORR tests were performed at room
temperature using CHI 760E electrochemical workstation (Shanghai Chenhua Co., China)
equipped with WaveVortex 10 Electrode Rotator (Pine Research Instrumentation, USA). The
traditional three-electrode system was employed, including the polished glassy carbon
rotating disk electrode (GC, 5 mm in diameter, 0.19625 cm?) loaded with the obtained
catalysts as working electrode, the saturated calomel electrode (SCE) and Pt wire serve as
reference and counter electrode, respectively. The electrocatalyst inks were prepared by
dispersing 4 mg as-prepared sample in 652 pL deionized water, 87 uL. 5 wt% Nafion, 261 pL
isopropanol mixture solution via continuous sonication for 1 h. 10 uL as-prepared ink was
pipetted onto the polished GC electrode with a mass loading ~ 0.2 mg cm™, then dried at ~

40 °C. All measured potentials were converted to the standard reversible hydrogen electrode
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(RHE) calculated by: E(RHE) = E(SCE) + 0.059 pH + 0.2415. The current densities were

normalized with the geometric surface area.

All the OER tests were carried out in 0.1 M KOH solution. The OER linear polarization
curves (LSVs) were recorded at scan rate 5 mV s™'. The Tafel slopes were calculated by LSV
results using the Tafel equation as: 1 =a + b log (j), where 1, a, b and j are the overpotential,
Tafel constant, Tafel slope and measured current density, respectively. The overpotential (1)
were obtained by the equation: n (V) = E (vs. RHE) - 1.23 V. The electrochemical impedance
spectroscopy (EIS) measurements were performed with the frequency range of 0.01-100000
Hz at 1.53 V (vs. RHE). Furthermore, the OER stability was evaluated by potential-time
chrono-potentiometric measurements at 10 mA cm™ for 165 h. For comparison, the
commercial RuO; catalyst electrodes were also tested.

For the ORR performances, all the measurements were carried out in 0.1 M KOH solution.
The Tafel slopes calculation is the same as OER. The cyclic voltammetry (CV) curves were
tested in N2 and Oz saturated 0.1 M KOH at a scan rate of 10 mV s !. The EIS were performed
at 0.85 V (vs. RHE) with the frequency range of 0.01 -100000 Hz.

The LSVs were performed at 5 mV s with various rotation speeds (400, 625, 900, 1225,
1600 and 2025 rpm), and the kinetic current density could be calculated from Koutecky-

Levich plots using the following equation:

— = —+ — (Sl)

where j, jx and jp are the measuring current density, kinetic and diffusion limiting current
density, respectively.

The rotating ring disk electrode (RRDE) polarization curves were also collected at 1600
rpm and 5 mV s, and the potential of ring electrode was held at 1.3 V (vs. RHE). The
electron transfer number (n) and the yields of peroxide (H20:%) can be calculated by the

following equations:
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where Ip, Ir and N stand for the disk current, the ring current and current collection efficiency
(Pt ring), respectively. In this measurement, N=0.4.

For the Tafel plot, the kinetic current density measured at a rate of 5 mV/s with a rotating
speed from 1600 rpm was calculated from the mass-transport correction of the RDE data by:

_JIxJ, (s4)
) (J L -J )
The corresponding bifunctional activity parameter was evaluated by AE using the

following equation:

AE=E

OER, j=10 _EORR,j=—3 (S5)
where Eogr, j-10 and Eorr, j--3 are the potential at 10 mA c¢cm™ for OER and -3 mA cm™ for
ORR, respectively.

The ORR stabilities were examined by chronoamperometry method at constant potential
of -0.3 V (vs. SCE) for 10000 s. Furthermore, the poisoning durabilities were performed by

the addition of CO and methanol. For comparison, the commercial 20% Pt/C and 10% Pt/C

catalysts were operated with the same procedure.

5. Theoretical calculation details: Theoretical calculations have been performed within the
framework of density functional theory (DFT) as implemented by the Vienna an initio
Simulation Package (VASP).’l The exchange-correlation energy was treated in the
generalized-gradient approximation (GGA) using Perdew-Burke-Ernzerhof PBE method."!

The nanotube model was constructed on the x direction of NCNT (C70N2), FeCo@NCNT
6
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(C70N2@FeCos) and NP-FeCo@NCNT (C204N3P@FeCos) with a 16 A vacuum layer in the

ab plane. The dipole correction was not used in the calculation. The cutoff energy of plane
wave was chosen at 400 eV. For the structure optimizations, 1x1x6 Monkhorst-Pack (MP)
grids were used. The changes in total energies between two successive iteration steps were
less than 107 eV, and all the Hellmann-Feynman force acting on each atom was lower than
0.01 eV /A. The adsorption free energies of O, *OH and* OOH on all structures were
calculated by the formula AG= AE + AZPE — TAS, where AE, AZPE, AS are the binding
energy, zero point energy change and entropy change of H adsorption reaction, respectively.
Herein, a solvation correction with energy equals to -0.22 eV is applied to only aAE+on and
AE+oon since water molecule could solvate *OH and *OOH moieties with hydrogen bond,
whereas the hydrogen bond is absent for *O. For ORR and OER intermediates, the adsorption
Gibbs free energies can be expressed by Ref.[!

6. Fabrication of Rechargeable ZAB and Solid-state Zn-air battery: The performance of
liquid Zn-air battery were inspected using electrochemical working station (Princeton Applied
Research, P2000, USA) under ambient conditions. The rechargeable home-made Zn-air
battery was assembled. The as-prepared FeCo@NCNT, NPC/FeCo@NCNT catalysts, and the
commercial physically mixed catalysts of 20% Pt/C and RuO> (denoted as 20% Pt/C + RuO,
mass ratio of 1:1) coated on gas diffusion layer based carbon paper were used as the air
cathodes, and the geometric areas were ~1.0 cm?, with the catalyst mass loading of 1.0 mg
cm. A polished Zn foil and 6 M KOH+0.2 M Zn(Ac), mixture solution was employed as the
anode and electrolyte, respectively.

For the assembling and evaluation of all-solid-state Zn-air battery, the air cathode was
firstly fabricated by dropping the NPC/FeCo@NCNT ink on the carbon cloth, with mass
loading of 1.0 mg cm™. The polished zinc plate was used as anode. The PV A-alkaline gel
electrolyte was prepared as follows: 1 g polyvinyl alcohol powder was added in 10 mL DI

water and stirred at ~90 °C until it was totally dissolved, then 1 mL of 18 M KOH + 0.2 M
7
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Zinc acetate mixture solution was added and kept at ~90 °C for ~1 h. Subsequently, the
obtained solution was feezed at -10 °C, and then thawed to obtain the gelatin for future use.
Finally, the all-solid-state ZAB was assembled by pasting the as-prepared air electrode and

polished Zn foil onto the two sides of PVA gel.

c_ © “'-._LIR F{rp
N"F‘:"‘*N TEA Y F'/
o | + N Lt - N SN
TGN Diethylene dioxide | |
\ —p P
cl cl e PR
R K R
N
p -
N7 RN N
| 1
e - |I ; p —R-——P|
/ “‘wr_ﬂ’ / ]
f—\ f \H/R

Figure S2. SEM images of FeCoNNT y;thééized With (a) the low and (b) high
concentrations of Fe** and Co?".
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Figure S3. TEimage of Feo@NCNT synthesized with the high concentrations of Fe**
and Co*".
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Figure S4. XRD patterns of FeCo@NCNT-short synthesized with (a) the low and (b) high
concentrations of Fe** and Co?").

b A

Figure S5. (a) SEM and (b) TEM iméges of FeCo@NPG synthesized without PSs template.
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Table S1. Summary of element contents in the as-preapred samples determined by XPS.

C N P Fe Co o)
NHGS 79.71 15.60 ; - . 4.69
FeCo@NCNT 93.18 2.71 . 0.25 0.27 3.60
NPC/FeCo@NCNT-thin  90.73 3.29 0.78 0.23 0.24 473
NPC/FeCo@NCNT 84.22 4.80 277 0.21 0.21 7.79
NPC/FeCo@NCNT-thick  83.45 5.07 3.3 0.18 0.17 7.79
NPC 83.52 6.75 3.18 - . 6.55
100 +———
&
S 80-
[<%]
e
< 60‘
-
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= 401
=]
lg
201 NPC/FeCo@NCNT
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Temprature (°C)

Figure S6. TG curves of NPC/FeCo@NCNT.
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Figure S7. O 1s spectra of NHGSs, FeCo@NCNT, NPC/FeCo@NCNT.

Table S2. Oxygen species in the as-prepared samples determined by XPS using O 1s.

Binding energy (eV)/fraction of species (%)
Peak  Assignment

NHGSs FeCo@NCNT NPC/FeCo@NCNT
Fe/Co-O (Ovattice) -/- 530.0/6.58 530.0/2.68
Ols Adsorbed O2 530.9/45.66 531.3/44.26 531.3/66.52
H>O(adsorbed)/C=0 532.2/29.66 532.6/18.67 532.6/13.69
0O-C-O/N-O 533.1/24.68 533.3/30.49 533.3/17.12

Table S3. Carbon species in the as-prepared samples determined by XPS using C 1s.

C-C C-O&C=N&C-P _ C=O&C-N 0-C=0
Eﬁﬁg;g Content Eﬁﬁg;g Content Eﬁﬁg;g Content lzgle(ilgnf Content
() 1) () ()
(V) (%) (V) (%) (V) (%) (V) (%)

NHGS 28459 4322 28555 28.80 28681 1421 28926  13.77
FeCo@NCNT 28478 5021 2855 2325 2868 1185 289.64  14.69
NPC/ Fefh"ifl@NCNT' 28475 6128 2856 1562 28676  10.09 29075  13.00
NPC/FeCo@NCNT 28477 5323 2856 2000 2868 1022 29029  16.54
NPC/ Fet(li‘i’gNCNT' 28477 5882 2856 1628 28654 1035 28942 1455
NPC 284.69 5630 28565 17.15 28661  12.65 28943  13.90

11



WILEY-VCH

Table S4. Nitrogen species in the as-prepared samples determined by XPS using N 1s.

Pyridinic-N Pyrrolic-N Graphitic-N Oxidized-N

I:g:i;g Content I:g:i;g Content I:g:i;g Content I:g:i;g Content

V) (%) (V) (%) (V) (%) V) (%)

NHGS 398.19 39.09 399.42 16.61 400.70 34.60 403.09 9.71
FeCo@NCNT 398.50 26.68 399.76 17.53 401.09 40.45 403.02 15.33
NPC/FeS}gI(l@NCNT- 398.74 42.25 399.85 2.03 401.12 44.20 403.00 11.53
NPC/FeCo@NCNT 398.77 42.74 399.94 7.31 401.16 37.96 403.51 12.00
NPC/Fet(ljl(i)c%NCNT- 398.78 38.60 400.15 6.24 401.20 48.28 403.34 6.88
NPC 398.19 23.03 399.47 10.59 400.83 58.10 403.29 8.28

Table SS. Phosphorus species in the as-preapred samples determined by XPS using P 2p.

P-C P-O
0, : : o,
Binding energy (¢V) Content (%) Binding energy Content (%)
(eV)

NPC 133.04 77.44 133.92 22.56
NPC/FeCo@NCNT-thin 133.48 79.56 134.38 20.43
NPC/FeCo@NCNT 133.65 80.77 134.72 19.22
NPC/FeCo@NCNT-thick 133.81 78.47 134.77 21.53

Table S6. Comparison of OER/ORR electrocatalytic properties of the NPC/FeCo@NCNT
catalyst with recently reported advanced catalysts.
ORR (0.1 M KOH)

K. Limiting
El - T SR
(mA cm?)
val,l;f( NPC/CFlng@N 3319(8)‘&)1“ 0.87 0.835 5.7 0.741
¥ NCONTs10 361()<g)1'{1)M 090 0.79 NG 0.8
. gﬁ%ﬁ%f‘ifﬁ 3728'{1)1\4 NG 0.85 5775 0758

12
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) FeNi-NC 38%&‘))1‘{1)1“ 0.98 0.83 4.34 0.81
B CoDNi-N/C 36%8‘{1)1“ 0.92 0.81 6.7 0.78
) FeNx/PNC 3915<g)1'{1)M 0.997 0.86 595 0.775
0 FeCo/N-DNC 39%)1'{1)1\4 0.89 0.81 NG 0.81
1 CoFe/N-GCT SO%QI‘{I)M 0.91 0.79 NG 0.88
B N eCos 501()((001‘{1)1“ 1.03 0.92 54 0.81
[12] NiC‘Z’%LG' 34%(001'{1)1\’1 NG 0.82 NG 0.75
31 Ff:éioﬁc&) 4?&511{;“ 0.954 0.886 63 0878

NG: not given

Figure S8. SEM images of NPC/FeCo@NCNT
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Figure S9. OER (a) and ORR (b) performances of FeCo@NCNT, NPC/FeCo@NCNT-thin,
NPC/FeCo@NCNT and NPC/FeCo@NCNT-thick.
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Figure S11. CV curves of NHGS (a), FeCo@NCNT (b), NPC/FeCo@NCNT (c¢) and NPC (d)
in Oz-saturated 0.1 M KOH at different scan rates; (e) ECSA.

NPC/FeCo@NCNT

Intensity (a.u.)

20 30 40 50 60 70 80
2 theta (degree)

Figure S12. XRD pattern of NPC/FeCo@NCNT after OER stabilities test.

igure S13. EM imagesa), TEM (band elemenmapping imges (c) of
NPC/FeCo@NCNT after OER stability test.
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Figure S14. ORR polarization curves comparison before and after iR compensation in 0.1 M KOH
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Figure S15. Rotating disk electrode LSVs of NHGS (a), FeCo@NCNT (c),
NPC/FeCo@NCNT (e) and NPC (g) in Oz-saturated 0.1 M KOH at different rotation rates
(scan rate: 5 mV s'); Koutecky-Levich plots of ORR obtained at NHGS (b), FeCo@NCNT
(d), NPC/FeCo@NCNT (f) and NPC (h) based on the data extracted from (a, c, e, g); (i)
kinetic current densities.
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Figure S16. Rotating disk electrode LSVs of NPC/FeCo@NCNT-thin (a) and
NPC/FeCo@NCNT-thick (c) in O-saturated 0.1 M KOH at different rotation rates (scan rate:
5 mV s); Koutecky-Levich plots of ORR obtained at NPC/FeCo@NCNT-thin (b) and
NPC/FeCo@NCNT-thick (d).
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Figure S17. XRD pattern of NPC/FeCo@NCNT after ORR stabilities test.

Figure S18. SEM images (, TEM (b and element mappin images (c) of
NPC/FeCo@NCNT after ORR stability test.
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Figure S19. Stability evaluation of FeCo@NCNT(a); (b-c) Durability evaluation, the arrows
indicate the addition of methanol and CO, respectively.
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Figure S20. Open circuit plot (inset: a photograph of the ZSTU working-LED lighted by two
Zn-air batteries with 2 mg FeCo@NCNT).
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Figure S21. Polarization curves and power density curves of Zn-air batteries based with
FeCo@NCNT.
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Figure S22. A photograph of the TYUT working-LED lighted by two Zn-air batteries with 2
mg NPC/FeCo@NCNT).

Table S7. Comparison of liquid and solid Zn-air performances of the NP-FeoCoo@NCNT(1)
catalyst with recently reported advanced catalysts.

liquid Zn-air battery

solid Zn-air battery

power specific open- power
Ref
clerences Catalysts density capacity circuit density (mW
(mWcem?)  (mAhg') voltage (V) cm?)
810
. NPC/FeCo@ )
This work NCNT 151.3 (200 1;1)A cm 1.45 65.0
750
[14] - ~
NGM-Co 152 (20 mA em?) 1.439 28
730
(1] CoN4/NG - (100 mA cm - ~28
2
)
CoSx/Co- 734.2
[16] -
NC-800 103 @0mAcm?) 4
707
[17] CC- )
0-CC-H2 91.4 (20 mA cm?) 1.258
Fe-CosN@N- 806
[18]
C 105 (5 mA cm?) 1.34 72
(19] Co/Co-N-C 132 - 1.41 -
[20] (Zn,Co)/NSC 150 - 1.56 15
768
[21] -
IOSHs-NSC 133 (10 mA cm?) 1.408 60
N 653.2
(4] B -
GCNT/FeCo 89.3 (100 r2r;A cm 1.249 97.8
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