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It is highly pleasurable but challenging to develop economical and e±cient catalysts for accel-
erating the oxygen reduction reaction (ORR) endowed with sluggish kinetics involved in re-
newable energy conversion and storage systems such as Zn-air batteries. Herein, N, P and Si
tri-doped porous carbon (SiN-PA900) catalysts was prepared by a simple one-step pyrolysis
strategy using the mixture of the ionic liquid formed by phytic acid (PA) and N-methylimidazole
and tetraethyl orthosilicate (TEOS) as N, P, Si and carbon sources, and the PA as pore-foaming
agent. The resulting SiN-PA900 shows favorable catalytic activity toward ORR with an onset
potential of 0.94 V versus RHE, half-wave potential of 0.81 V versus RHE, robust stability and
excellent tolerance for methanol in alkaline medium, which are comparable to those of the
commercial 20% Pt/C. More impressively, the assembled primary Zn-air battery employing the
SiN-PA900 as cathode catalysts can achieve a peak power density of 181.4mW/cm2. Those
encouraging properties could be attributed to a synergistic e®ect of the doped N, P and Si atoms
in the carbon matrix, good surface wettability, high surface areas and hierarchical porous
structures for su±cient contact and rapid transportation of the reactants in terms of composition
and structures.
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1. Introduction

The development of energy conversion and energy
storage technology provides an e®ective approach
for alleviating the energy crisis and for sustainable
development of resources.1–3 Metal-air batteries and
fuel cells have arisen as promising energy conversion
and storage devices with wide application potential
in the ¯elds of transportation, stationary and por-
table power generation owing to their high energy
e±ciency, environmental friendliness and zero car-
bon emission.4,5 Among them, the Zn-air battery
has been regarded as one of the most promising
energy storage devices due to its high theoretical
energy density (1086 Wh/kg), abundant resource
and low cost.6,7 However, catalysts are usually re-
quired to overcome the sluggish kinetics of the ox-
ygen reduction reaction (ORR) regarded as one of
the most critical reactions during the operation of
zinc-air batteries.8–10 Currently, precious Pt or
Pt-based catalysts are considered to be the state-of-
the-art electrocatalysts for the ORR, whereas the
scarcity of resources, prohibitive cost and unsatis-
factory stability badly restrict their wide applica-
tions.11,12 Therefore, it is imperative to develop
highly e±cient, low-cost and durable cathode cata-
lysts applied to the Zn-air battery.13

Accordingly, nonprecious metal catalysts have
been studied extensively to reduce or replace pre-
cious metal catalysts for the energy conversion and
energy storage technologies.8 Among various alter-
natives, carbon materials doped with heteroatoms
(B, N, P, S, Cl, Br and I) have become the most
promising option due to their prominent electro-
catalytic activity, excellent endurance performance
and relatively low cost.14 As for heteroatom-doped
carbon materials, the improved catalytic perfor-
mance could be attributed to heteroatoms inducing
charge delocalization of adjacent carbon atoms re-
lated to O2 absorption mode within the carbon
structure during the ORR process.15 For example,
previous experimental researches and the DFT cal-
culations have proved that nitrogen-doped carbon
could be the most promising electrocatalyst towards
ORR due to its high electronegativity and di®erence
in bond length and atomic size favorable for charge
delocalization of adjacent carbon atoms.16–18 In
order to further increase its catalytic activity, uni-
tary N-doped carbon material can be modi¯ed via
the additional doping of other heteroatoms owing to
the di®erence in electronegativity of heteroatoms

causing transformation of charge densities of adja-
cent carbon atoms.19,20 Furthermore, the ORR
electrocatalytic activity of carbon materials is also
a®ected by their size, structure and shape, etc.21,22

Ramasahayam et al. successfully prepared N, P and
Si tri-doped carbon catalyst for ORR by microwave
assisted method.18 Despite the use of novel method
in the development of advanced ORR catalysts, the
present electrocatalytic properties are still far from
desirable results, presumably owing to nonoptimal
doping amount of N, P and Si, big °ake-like struc-
tures (diameter > 100 nm), small speci¯c surface
area and dominant micropores.18,23 Recently, some
research indicates that ionic liquid (IL) is a kind of
promising nitrogen/carbon source for the synthesis
of nitrogen-doped carbons.24–26 ILs can be used to
tailor the amount of heteroatom-doping and uni-
formity of distribution of heteroatoms in the
resulting carbon materials due to their good com-
patibility with a variety of compounds and their
architectures allowing for a wide combination of
anions and cations.27,28 Here, we designed a simple
and straightforward approach, pyrolyzing the mix-
ture of TEOS and the IL consisting of N-methyli-
midazole and phytic acid (PA) solution in one step,
to synthesize N, P and Si co-doped 3D porous car-
bon materials. The obtained SiN-PA900 exhibited
outstanding ORR activity, long-term stability and
better tolerance for methanol, which were compa-
rable to that of the commercial 20%Pt/C. The
satisfactory ORR performance could bene¯t from
the reasonable content of Si (3.59 at%), N (4.08 at%)
and P (3.41 at%), 3D °u®y structures and a high
speci¯c surface area (684.7m2/g) due to uniform
distribution of heteroatoms (N, P and Si) in the
precursor and self-pore-creating property of the PA.

2. Experimental Section

2.1. Sample preparation

The N, P and Si co-doped porous carbon was pre-
pared by pyrolyzing the precursors composed of PA,
N-methylimidazole and tetraethyl orthosilicate
(TEOS). Typically, 2mL N-methylimidazole and
2mL TEOS were added into 2.6mL PA solution
(50%, wt/wt in water), and stirred at room tem-
perature for 12 h to remove part of water. The
partially dried product was thermally treated under
N2 atmosphere at 350�C for 1 h with a heating rate
of 5�C/min. Then the temperature was raised to
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900�C with a rate of 5�C/min and held for another
2 h. The obtained product was named SiN-PA900.
For comparison, other catalysts were prepared
without the presence of N-methylimidazole or
TEOS using the similar procedure described above.
The obtained samples were named as N-PA900
(without TEOS), PA900 (without N-methylimida-
zole and TEOS) and Si-PA900 (without N-methyli-
midazole). Similarly, the samples obtained at the
temperature 800�C and 1000�C were labeled as SiN-
PA800 and SiN-PA1000 in turn. The obtained
porous carbon can be directly used as catalysts
without further treatment.

2.2. Physical characterizations

The morphology and structures of the obtained
products were characterized by scanning electron
microscopy (SEM, JSM-7500F, JEOL Ltd., Japan)
and high-resolution transmission electron micros-
copy (HRTEM, Tecnai-G20, FEI Company, USA)
operated at 200.0 kV. The crystal structure and
composition of the prepared catalysts were investi-
gated via Bruker D2 PHASER X-ray di®ractometer
(�Cu-K� ¼ 0:15148 nm, 30 kV, 20.0mA). Raman
spectra were performed with a DXR Raman spec-
trometer (Thermo Fisher Co., USA) at an excita-
tion wavelength of 532 nm. Nitrogen adsorption–
desorption measurements were investigated at
77.4K on the TriStar II Plus 2.02 system (Micro-
meritics Instrument Corp., USA). Speci¯c surface
area (SBET) was determined by Brunauer–
Emmett–Teller (BET, 3H-2000PM2, BeiShiDe In-
strument Technology (Co., Ltd.)) method. XPS
analysis was performed using an ESCALAB 250 XI
X-ray photoelectron spectrometer (Thermo Fisher
Co., USA).

2.3. Electrochemical measurements

The ORR activities of the catalysts were studied at
room temperature in a standard three-electrode
electrochemical cell on AUTOLAB electrochemical
system which was connected to Pine rotating ring-
disk electrode (RRDE) in 0.10M KOH solution.
The studied material coated RDE or RRDE, Ag/
AgCl with saturated KCl and a platinum wire,
which were used as working electrode, reference
electrode and counter electrode, respectively. All
the potentials were calibrated versus the reversible

hydrogen electrode (RHE), EðRHEÞ ¼ E(Ag/
AgCl) + 0.97.29 Prior to use, the rotating disk
electrode (RDE with 5mm diameter and
0.19625 cm2 surface area) or the rotating ring-disk
electrode (RRDE comprising of a glassy carbon disk
with diameter of 5.61mm and surface area of
0.2475 cm2, and a Pt ring with area of 0.1866 cm2)
was hand-polished using 0.05�m alumina slurry on
chamois leather, washed with distilled water and
then dried in air. Two miligrams catalyst and 10�L
of Na¯on solution (5wt.%) were dispersed in 500�L
of 3:1 (v/v) water/isopropanol then treated by
ultrasonication for 2 h to form a homogeneous cat-
alyst ink. The working electrode was prepared by
casting 7�L catalyst ink onto glassy carbon elec-
trode. The loading mass of the catalysts was
142.16�g/cm2.

Cyclic voltammetry (CV) pro¯les were recorded
in O2-saturated 0.10M KOH or N2-saturated solu-
tion with a scan rate of 50mV/s from 0.172V to
1.072V versus RHE. The linear sweep voltammetry
(LSV) curves were performed in O2-saturated
0.10M KOH with a scan rate of 10mV/s from
1.02V to 0.172V versus RHE at di®erent rotation
rates (400–2025 rpm). The electron number per
oxygen molecule during ORR on the basis of RDE
data can be calculated from the Koutechy–Levich
equation as follows30:

1

j
¼

1

jk
þ

1

jd
¼

1

jk
þ

1

B!1=2
; ð1Þ

where j, jk and jd are the measured current density,
the kinetic current densities and di®usion limiting
current densities, respectively, ! is the electrode
rotation speed, B is determined from the slope of the
Koutechy–Levich (K–L) plots according to the
Levich equation as follows:

B ¼ 0:2nF ðDO2
Þ2=3��1=6CO2

; ð2Þ

where n represents the transferred electron number
per oxygen molecule, F is Faraday constant
(96485C/mol), DO2

is the di®usion coe±cient of O2

in 0.10M KOH (DO2
¼ 1:86� 10�5 cm2/s), � is the

kinetic viscosity of the solution (� ¼ 0:01 cm2/s),
CO2

is the bulk concentration of O2 in electrolyte
(1:21� 10�6 mol/cm3). The constant 0.2 is adopted
when rotation speed is expressed in rpm.31

For the RRDE measurements, the loading mass
of the catalysts was 142.16�g/cm2. The disk elec-
trode was scanned at a rate of 10mV/s, and the ring
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potential was constant at 1.5V versus RHE. The
%HO�

2 and the electron number transferred (n)
were determined by the following equations29:

%HO
�
2 ¼ 100

2IR=N

ID þ ðIR=NÞ
; ð3Þ

n ¼ 4
ID

ID þ ðIR=NÞ
; ð4Þ

where ID, IR and N ¼ 0:37 are the Faradaic current
at the disk, Faradaic current at the ring and col-
lection e±ciency of the ring electrode, respectively.

The ORR stability test in O2-saturated 0.10M
KOH electrolyte was conducted by recording the
current change of the working electrode at half-
wave potential for 10 000 s at 1600 rpm.

The primary zinc-air battery test was performed
at 25�C with a scan rate of 10mV/s. The self-as-
sembled zinc-air batteries were made of a positive
air electrode, a membrane separator and a negative
zinc electrode in 6.0M KOH electrolyte.6 Particu-
larly, the air electrode was composed of carbon
sheets loaded with 1mg/cm2 of SiN-PA900 or 20%
Pt/C catalysts, a nickel foam and waterproof
membrane. Discharge polarization curves were

measured by LSV at a scan rate of 10mV/s. Gal-
vanostatic discharge curves of zinc-air batteries
were performed at the current density of 10mA/cm2

for 24 h.

3. Result and Discussion

3.1. Material characterization

The preparation process of the SiN-PA900 porous
carbon is vividly illustrated in Scheme 1. First, PA
interacts with N-methylimidazole to form an IL,
and then co-pyrolysis of the mixture of IL and
TEOS produces Si, N and P co-doped 3D porous
carbon materials. The morphology and structure of
SiN-PA900 were characterized by SEM and
HRTEM. Figures 1(a) and 1(b) show its 3D °u®y
structures and graphitic crystallites. The SEM ele-
mental mapping images [Fig. 1(c)] show that N, P
and Si are distributed uniformly over the entire
carbon matrix of the SiN-PA900. The X-ray dif-
fraction (XRD) patterns of all the samples are dis-
played in Fig. 2(a). Two peaks are observed at
approximately 24� and 44�, which correspond to the
(0 0 2) and (1 0 0) crystalline planes, respectively

Scheme 1. Preparation process of SiN-PA900 porous carbon via interconnection and pyrolysis.

Fig. 1. Representative SEM (a) and HRTEM images (b) of SiN-PA900, (c–f) SEM image and corresponding elemental mappings of
N, P and Si atoms for SiN-PA900 (nitrogen, phosphorus and silicon).
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(JCPDS 26-0441 and 41-1487),32,33 indicating that
the obtained samples are a partially crystallized
structure.34 It is worth noting that Si-PA900 shows
typical peaks of H8Si8O20 (JCPDS card no. 35-
0060), indicating that TEOS is more easily hydro-
lyzed in acidic condition, but it was not hydrolyzed
in a neutral solution of PA and N-methylimidazole.
To further understand the structural information of
the obtained samples, Raman analysis was carried
out. As shown in Fig. 2(b), all the samples show two
distinct D and G bands near 1340 cm�1 and
1590 cm�1, respectively, which con¯rms the pres-
ence of disordered carbon structural and graphitic
phases. The peak intensity radio (ID/IG) is widely
used to investigate the level of defects in carbon
materials.35,36 As can be seen, the ID/IG value of all

the samples decreases in the order of PA900 (2.16)
> N-PA900 (2.13) > Si-PA900 (2.10) > SiN-PA900
(2.09) [Fig. 2(b)], implying that the defects decrease
in carbon networks successively and the degree
of graphitization increases with the addition of
N-methylimidazole and TEOS.16

N2 adsorption–desorption isotherm experiments
were performed to further investigate the textural
properties of PA900, Si-PA900, N-PA900 and SiN-
PA900. As shown in Fig. 2(c), all the samples have
similar-type IV isotherm with hysteresis loop, indi-
cating the existence of microporous and mesoporous
structures. The Brunauer–Emmett–Teller (BET)
surface areas ofPA900, Si-PA900,N-PA900andSiN-
PA900 are determined to be 1233.8m2/g, 343.8m2/g,
517.9m2/g and 684.7m2/g, respectively. PA900

(a) (b)

(c) (d)

Fig. 2. (a) XRD patterns, (b) Raman spectra, (c) nitrogen adsorption–desorption isotherms and (d) corresponding pore-size
distribution of PA900, Si-PA900, N-PA900 and SiN-PA900.
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achieves a so high surface area without use of any
template, which can be attributed to the pore-
generating ability of six phosphorus-containing
functional groups in the PA.37 However, the spe-
ci¯c surface area of the other samples is signi¯-
cantly lower than that of PA900, probably due to
pore blockage caused by the pyrolysis products of
N-methylimidazole and TEOS. Furthermore, the
pore size distribution based on the density func-
tional theory model is shown in Fig. 2(d) and
Table S1, and the corresponding pore size distri-
bution of the four samples mainly concentrates in
the micropore range of 0.3–1.0 nm. By contrast,
the micropore volume of SiN-PA900, N-PA900
and Si-PA900 is less than that of PA900. The
results show a similar trend as that of the speci¯c
surface area, which may also be caused by similar
reasons that the pyrolysates of the N-methylimi-
dazole and TEOS block the pore structure. Con-
tact angle test results (Fig. S1) demonstrate that
the as-obtained samples are hydrophilic, which can
facilitate the transfer of electrolyte to the electrode
surface.38 As ORR mainly occurs at a triple
boundary consisting of catalyst, electrolyte and
O2, the high BET surface area, proper pore size
distribution and well-hydrophilic property could
favor for mass transportation of reactants and
electrolytes.39,40

Furthermore, X-ray photoelectron spectroscopy
(XPS) was performed to determine the surface

element composition and chemical states. As can be
seen in Fig. 3(a) and Table S2, the full XPS spec-
trum of SiN-PA900 shows ¯ve predominant peaks
at 103.1, 133.4, 284.2, 400.08 and 532.6 eV, corre-
sponding to Si2p, P2p, C1s, N1s and O1s signals,
respectively, and their relative contents are 3.59%,
3.41%, 74.37%, 4.08% and 14.55%. The P2p spectra
[Fig. 3(b) and Fig. S2(b)] of SiN-PA900 can be
deconvoluted into two di®erent bands at 132.9 eV
and 134.1 eV, corresponding to P–C and P–O
banding. Supposedly, it is advantageous for the
ORR that P-doping can induce negative delocali-
zation of C atoms adjacent to P atoms as a result of
the lower electronegativity of P (2.19) than that
of C atom (2.55).32,34 The N1s spectrum of SiN-
PA900 in Fig. 3(c) shows four types of N species,
corresponding to pyridinic-N (398.7 eV), pyrrolic-N
(400.3 eV), quaternary-N (401.4 eV) and oxidized-N
(402.1 eV).1,34,39 As reported, three kinds of N
structure (pyridinic-N, pyrrolic-N and quaternary-N)
can promote ORR performance.41 The high-
resolution Si2p spectrum for SiN-PA900 is shown in
Fig. 3(d), and it shows three types of Si species,
corresponding to Si-C (101.6 eV), C-Si-O (102.4 eV)
and SiO2 (103.6 eV).42 According to previous
reports, Si-doping changes the charge density and
energetic characteristics of carbon framework,
which is advantageous for the ORR.42 Given that,
during the ORR process, O2 absorption mode are
usually a®ected by charge delocalization of adjacent

(a) (b)

Fig. 3. (a) XPS survey spectra of PA900, Si-PA900, N-PA900 and SiN-PA900, the high-resolution XPS spectra of (b) P2p for
the obtained samples, (c) the high-resolution XPS spectra of N1s and relative ratios of the four types of nitrogen for N-PA900 and
SiN-PA900 and (d) the high-resolution XPS spectra of Si2p and the relative content of the SiO2, C–Si–O and C–Si for Si-PA900 and
SiN-PA900.
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carbon atoms within the carbon structure, co-
doping of N, P and Si inducing unique electronic
structure could contribute to ORR activity.

3.2. Evaluation of catalytic activity

The catalytic ORR activity of all the samples and
20% Pt/C were measured on a rotating disk elec-
trode. Both of CV and LSV were employed to
evaluate the ORR activity of all samples. First the
e®ect of pyrolysis temperature on the ORR activity
of the samples was investigated and the results
demonstrated that 900�C is the best pyrolysis

temperature (Figs. S3 and S5). Furthermore, the
other samples doped with di®erent heteroatoms
were also investigated by CV and the corresponding
results are shown in Fig. S4. All the samples show
redox peaks in O2-saturated 0.10M KOH solution,
but not in N2-saturated 0.10M KOH solution.
However, SiN-PA900 exhibits more positive ORR
peak potential than other samples (SiN-PA900:
0.79V, PA900: 0.73V, Si-PA900: 0.74V, N-PA900:
0.76V) indicating a better ORR activity. Mean-
while, LSV was recorded by a rotating disk elec-
trode at a rotation speed of 1600 rpm at a scan
rate of 10mV/s. As presented in Figs. 4(a) and 4(c),

(c) (d)

Fig. 3. (Continued)

(a) (b)

Fig. 4. (a) LSV curves for PA900, N-PA900, Si-PA900, SiN-PA900 and the commercial 20% Pt/C catalysts in an O2-saturated
0.10M KOH at a rotation speed of 1600 rpm at a scan rate of 10mV/s, (b) LSV curves of the SiN-PA900 samples with a scan rate of
10mV/s at di®erent rotating speeds and inset shows the corresponding Koutecky–Levich plots at di®erent potentials, (c) onset
potential, the half-wave potential and di®usion-limiting current of the obtained samples and the commercial 20% Pt/C and (d) Tafel
slopes of SiN-PA900 and the commercial 20% Pt/C.
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(c) (d)

Fig. 4. (Continued)

(a) (b)

(c) (d)

Fig. 5. (a) RRDE voltammograms of SiN-PA900 and 20% Pt/C electrocatalysts in an O2-saturated 0.10M aqueous KOH with a
scan rate of 10mV/s at 1600 rpm, (b) the calculated peroxide percentage at 1.5V and the electron transfer number (n) of SiN-PA900
and 20%Pt/C by RRDE at 1600 rpm, (c) chronoamperometric response of SiN-PA900 and 20% Pt/C in O2-saturated 0.10M KOH
electrolyte was conducted at half-wave potential with a rotation speed of 1600 rpm and (d) chronoamperometric response of SiN-
PA900 and 20% Pt/C at half-wave potential with an addition of 5mL methanol.
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SiN-PA900 shows more positive onset potential of
0.94 and half-wave potential of 0.81V versus RHE
than those of other samples, which is slightly lower
than that of the commercial 20% Pt/C (Eonset:
0.96V, E1=2: 0.82V). These results strongly dem-
onstrate that the nitrogen, phosphorus and silicon
co-doped 3D porous carbon with suitable size and
structure can synergistically facilitate the
ORR. Note that the ORR performance of SiN-
PA900 is comparable to that of most of the previ-
ously reported ORR catalysts (Table S3). To learn
more information about the ORR kinetics of all the
samples doped with di®erent heteroatoms, the po-
larization curves were obtained at various rotation

rates, from 400 rpm to 2025 rpm [Figs. 4(b)
and S6(a)–S6(c)]. Accordingly, the transferred
electron number per oxygen molecule (n) was cal-
culated by K–L equation from the polarization
curves in the potential range of 0.3–0.5V versus
RHE. As revealed in the inset of Fig. 4(b), the K–L
plots of SiN-PA900 consists of a group of lines with
similar slopes, suggesting that they are accorded
with ¯rst-order reaction kinetics towards the oxygen
concentration.43 The transferred electron number
(n) for SiN-PA900 is calculated to be 3.90 according
to the K–L equation, indicating a near four-electron
dominant transfer pathway for ORR. Furthermore,
the Tafel slope [Fig. 4(d)] of SiN-PA900

(a) (b)

(c) (d)

Fig. 6. (a) Photograph of two tandem primary Zn-air batteries light a green LED (about 3.0 V), (b) discharge polarization curves
and power density curves of zine-air batteries using SiN-PA900 and 20% Pt/C as air cathodes at di®erent current density, (c) a
comparison of maximum power density and corresponded discharge current density of SiN-PA900 based Zn-air in this work and
of the others in the previous works and (d) galvanostatic discharge curves of Zn-air batteries at current density of 10mA/cm2

(color online).

1950108-9

E±cient Oxygen Reduction Catalyst for Primary Zn-Air Battery

N
A

N
O

 2
0
1
9
.1

4
. 
D

o
w

n
lo

ad
ed

 f
ro

m
 w

w
w

.w
o
rl

d
sc

ie
n
ti

fi
c.

co
m

b
y
 1

0
6
.5

1
.2

2
6
.7

 o
n
 0

8
/0

5
/2

2
. 
R

e-
u
se

 a
n
d
 d

is
tr

ib
u
ti

o
n
 i

s 
st

ri
ct

ly
 n

o
t 

p
er

m
it

te
d
, 
ex

ce
p
t 

fo
r 

O
p
en

 A
cc

es
s 

ar
ti

cl
es

.



(80mVdec�1) is almost equivalent to that of the
commercial 20% Pt/C (78mVdec�1) con¯rming
their similar favorable ORR kinetic process.44

Rotating ring-desk electrode (RRDE) measure-
ments were conducted to further evaluate the ORR
activity for SiN-PA900 and 20% Pt/C catalysts by
calculating the H2O2 yield (%) and the electron-
transfer number (n).34 As shown in Figs. 5(a)
and 5(b), the H2O2 yield (%) of SiN-PA900 is slightly
higher than that of the commercial 20% Pt/C, and
its electron transfer number approximating to the n
value calculated from the K–L plots is slightly lower
than that of the commercial 20% Pt/C.

For practical applications, durability of the cat-
alysts and its resistance to the methanol crossover
e®ect must be taken into account. Chronoampero-
metric response measurements were conducted to
examine the long-term durability of the SiN-PA900
and the commercial 20% Pt/C catalysts. As shown
in Fig. 5(c), 78% current retention ratio is observed
for SiN-PA900 after 10 000 s, however, the com-
mercial Pt/C shows a lower current retention ratio
of 68% under the same conditions, indicating
that the SiN-PA900 is more stable than Pt/C.
Figure 5(d) shows the chronoamperometric re-
sponse of the SiN-PA900 sample recovered quickly
after methanol injection, whereas the 20% Pt/C
catalyst shows a signi¯cant degeneration of current
density, demonstrating that SiN-PA900 holds more
excellent methanol tolerance than 20% Pt/C. Simi-
lar results can be seen in Figs. S7(a) and S7(b), the
CV curves of 20% Pt/C show that the oxygen re-
duction peaks disappeared at high methanol oxi-
dation current and the SiN-PA900 demonstrates
better resistance to poison.40,45

Furthermore, in order to investigate the practical
application performance of SiN-PA900 as an air
cathode, SiN-PA900 catalyst was ¯rst studied using
a standard three-electrode electrochemical cell in
6.0M KOH solution [Fig. S6(d)]. Then primary Zn-
air battery [Fig. 6(a)] was constructed by employing
SiN-PA900 as the air cathode. The assembled
Zn-air batteries have an open-circuit voltage (OCV)
of 1.441V and a maximum power density of
181.4mW/cm2, which is comparable to that of 20%
Pt/C (1.464V, 215mW/cm2) as well as most pre-
viously reported nonprecious metals46–55 [Figs. 6(b)
and 6(c)]. To investigate durability of the assembled
Zn-air batteries, galvanostatic discharge test was
conducted at a current density of 10 mA/cm2 for a
duration for 24 h. As revealed in Fig. 6(d), there is a

slight voltage loss, which could be due to the re-
duction of zinc anode.45

4. Conclusion

A simple one-step pyrolysis of the mixture of IL
consisting of N-methylimidazole and PA and TEOS
was developed to construct N, P and Si co-doped 3D
porous SiN-PA900 ORR catalyst. The obtained
SiN-PA900 exhibited excellent ORR activity, ro-
bust durability and superior tolerance for methanol.
Its favorable ORR performance may attribute to
the synergistic e®ect caused by N, P and Si in the
carbon matrix, good surface wettability, high
surface areas and hierarchical porous struc-
tures conducive to e±cient mass transportation.
Remarkably, Zn-air batteries assembled from the
SiN-PA900 catalysts exhibited higher power density
and excellent discharge stability. This work pro-
vides a simple and low-cost way to produce a highly
active nonprecious metal catalyst with a great po-
tential application in zinc air battery.
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Supporting Information

Table S1. Summary of pore structure characterization for PA900,
Si-PA900, N-PA900 and SiN-PA900.

Samples SBET (m2/g) Vtotal (cm
3/g) Vmicro Vmicro (%)

PA900 1233.8 1.3604 0.5657 41.6
Si-PA900 343.8 0.4405 0.1518 34.5
N-PA900 517.8 0.3774 0.2552 67.6
SiN-PA900 684.7 0.4648 0.3309 71.2

(a) (b)

(c) (d)

Fig. S1. Contact angle measurements of PA900, Si-PA900, N-PA900 and SiN-PA900.

Table S2. The element content of PA900, Si-PA900, N-PA900 and
SiN-PA900 were determined by XPS.

Atomic composition (at.%)

Samples C O N P Si

PA900 81.16 15.08 0 3.76 0
Si-PA900 71.61 21.37 0 1.74 5.28
N-PA900 74.14 17.84 4.23 3.79 0
SiN-PA900 74.37 14.55 4.08 3.41 3.59
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(a) (b)

Fig. S2. The high-resolution XPS spectra of (a) C1s for the obtained samples and (b) the content of the P–C and P–O in the four
samples.

Fig. S3. CV curves of SiN-PA800, SiN-PA900 and SiN-
PA1000 in N2-saturated (the black line) and O2-saturated (the
red line) 0.10M KOH (color online). Fig. S4. CV curves of PA900, Si-PA900, N-PA900 and

SiN-PA900, 20% Pt/C in N2-saturated (the black line) and
O2-saturated (the red line) 0.10 M KOH with a scan rate of
50mV/s (color online).
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(a) (b)

(c) (d)

Fig. S5. (a) Comparison of the LSV curves for SiN-PA800, SiN-PA900, SiN-PA1000 and 20% Pt/C catalyst, (b) onset potential,
the half-wave potential and di®usion-limiting current of the obtained samples with di®erent pyrolysis temperature and 20% Pt/C,
LSV curves of (c) SiN-PA1000 and (d) SiN-PA800 recorded from di®erent rotating speeds in 0.1M KOH and inset shows the
corresponding Koutecky–Levich plots at di®erent potentials.
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Table S3. Comparison of electrocatalytic ORR performance for previously reported ORR catalysts in 0.10M KOH solution.

Catalysts Loading mass (�g/cm2Þ EOnset (V versus RHE) E1=2 (V versus RHE) Id (mA/cm2) Reference

SiN-PA900 142.16 0.94 0.81 4.2 This work
NPC-1000 318 0.93 0.79 4.83 1
NPC/G 250 0.95 0.81 5.8 2
Co/CoOx-N-C-l 181 0.90 0.83 4.90 3
NP-PCN 212 0.91 0.82 4.60 4
AC-F-U-P 306 0.83 0.772 5.2 5
S-N/C 140 0.99 0.85 5.8 6
N, S-CN 200 0.92 0.77 4.3 7
NPCN-900 204 0.94 0.78 5.5 8
Fe-TCNQ-900 200 0.94 0.82 7.5 9

(a) (b)

(c) (d)

Fig. S6. LSV curves of (a) PA900, (b) Si-PA900 and (c) N-PA900 in O2-saturated 0.10M KOH with a scan rate of 10mV/s at
di®erent rotating speeds and inset shows the corresponding Koutecky–Levich plots at di®erent potentials and (d) LSV curses of SiN-
PA900 and 20% Pt/C in O2-saturated 6.0M KOH with scan rate of 10mV/s. The mass density of the catalyst on the carbon sheet is
1mg/cm2.
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scan rate of 50mV/s.
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