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density and energy conversion efficiency, 
abundant Zn sources, and environmental 
benignity. Oxygen reduction reaction (ORR) 
at the air cathode plays a critical role in the 
devices; however, the sluggish kinetics and 
unsatisfactory stability restrict the electro-
chemical performance of the Zn–air bat-
teries.[1] So far, Pt-based catalysts possess 
the optimal catalytic capability toward ORR. 
Nevertheless, the low reserves and exorbi-
tant price of Pt greatly limit their extensive 
use in practical Zn–air batteries. In addition, 
Pt-based catalysts exhibit inferior cycling 
durability and vulnerability to the interme-
diate by-products in the reaction system.[2]

Transition metal and heteroatom 
codoped carbon materials (M-N-C, M = Fe, 
Co, Mn, etc.) are identified to be the most 
hopeful proposition to replace Pt for their 
unique structure and physicochemical 
properties.[3] Among these heterogeneous 
catalysts, Fe-N-C catalysts are thought to 
possess the best catalytic activity toward 
oxygen reduction, but their stability is still 
unsatisfactory. Another concern is that 

Fe-N-C catalysts may result in Fenton effect (Fe2+ + H2O2), where 
H2O2 originates from the by-products of the oxygen reduction. 
Alternatively, Mn-N-C catalysts have been reported to exhibit 
the comparable catalytic capability to Fe-N-C catalysts from 

Mn and N codoped carbon materials are proposed as one of the most 
promising catalysts for the oxygen reduction reaction (ORR) but still confront a 
lot of challenges to replace Pt. Herein, a novel gas-phase migration strategy is 
developed for the scale synthesis of atomically dispersed Mn and N codoped 
carbon materials (g-SA-Mn) as highly effective ORR catalysts. Porous zeolitic 
imidazolate frameworks serve as the appropriate support for the trapping 
and anchoring of Mn-containing gaseous species and the synchronous 
high-temperature pyrolysis process results in the generation of atomically 
dispersed Mn-Nx active sites. Compared to the traditional liquid phase 
synthesis method, this unique strategy significantly increases the Mn loading 
and enables homogeneous dispersion of Mn atoms to promote the exposure 
of Mn-Nx active sites. The developed g-SA-Mn-900 catalyst exhibits excellent 
ORR performance in the alkaline media, including a high half-wave potential 
(0.90 V vs reversible hydrogen electrode), satisfactory durability, and good 
catalytic selectivity. In the practical application, the Zn–air battery assembled 
with g-SA-Mn-900 catalysts shows high power density and prominent durability 
during the discharge process, outperforming the commercial Pt/C benchmark. 
Such a gas-phase synthetic methodology offers an appealing and instructive 
guide for the logical synthesis of atomically dispersed catalysts.
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1. Introduction

Zn–air batteries are considered as one of the most potential energy 
storage and conversion devices owing to the satisfactory energy 
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the viewpoint of the density functional theory calculations.[4] 
Besides, Mn-N-C catalysts are free from the persecution of the 
Fenton effect because of the weak reactivity between Mn and 
H2O2. Among the plenty of methods developed to synthesize the 
Mn-N-C catalysts, high-temperature pyrolysis of transition metal-
contained precursor is the most commonly used strategy.[5] But 
the severe agglomeration under high temperature is inevitable 
because of the thermodynamic properties, heavily damaging the 
Mn-Nx active sites.[6] Besides, the uniform distribution of the 
metallic element is also an intractable challenge to be addressed. 
Postprocessing is another resultful strategy to introduce tran-
sition metal to the C-N system, but the repeatedly pyrolysis 
process leading to the loss of N, and the erratic conjugation of 
metal center and C/N materials increase the uncertainty of the 
catalytic performance.[7] Different kinds of strategies can be used 
to carry out the atomic scale doping of metal species, in which 
guest–host method is one of the effective ways to accomplish 
the process, for instance, impregnation-adsorption,[8] electrolytic 
deposition,[9] atomic layer deposition,[10] microwave,[11] high tem-
perature shockwave,[12] and metal bulk transformation.[13] But 
there are still some shortcomings for these methods, including 
high-waste cost, low yield, exclusive experiment synthesis con-
dition, or tough requirement. Besides, complicated selection or 
modification of substrate is also a troublesome portion in these 
methods. As such, it is urgent and significant for the exploration 
of facile method for the effective incorporation of metal species 
and generation of valid active sites.

Herein, we propose a novel gas-phase introducing method 
to develop an atomically dispersed Mn and N codoped carbon 
materials (g-SA-Mn) as highly effective catalysts for ORR. The 
strategy is based on the evaporation of MnCl2·4H2O under 
low temperature to serve as Mn source and the following rapid 
heating process accomplishes the carbonization of Zn-based 
zeolitic imidazolate frameworks (ZIF-8) accompanied by the 
generation of atomic Mn-Nx active sites. This unique strategy 
not only significantly increases the Mn loading but also enables 
homogeneous dispersion of Mn atoms throughout the carbon 
framework to facilitate the exposure of Mn-Nx active sites. 
Besides, this in situ pyrolysis process circumvents the unessen-
tial mechanical mixing of metal and N-doped carbon support, 
increasing the number of the effective active sites while main-
taining a uniform dispersion.[14] Additionally, the synthesis of 
the catalysts can be easily scaled up at a satisfactory yield. The 
final catalysts possess a superior specific surface area and inter-
connected hierarchical pore structure to enable the fast mass 
transfer and sufficient use of the Mn-Nx sites. Attributed to these 
merits, the developed g-SA-Mn-900 catalyst (prepared at 900 °C) 
exhibits comparable catalytic performances to commercial Pt/C, 
including the high half-wave potential (0.9 V), efficient four-
electron pathway toward ORR and remarkable stability during 
accelerated aging test (9 mV of half-wave potential offset after 
5000 cycles). Besides, the Zn–air battery assembled with the cat-
alysts displays high power density and outstanding stability, sug-
gesting the promise of the catalysts in the practical application.

2. Results and Discussion

The schematic illustration for the preparation of g-SA-
Mn is shown in Figure  1. ZIF-8 was first prepared to be the 

precursor of carbon and nitrogen. Afterward, the synthetic 
ZIF-8 precursor and MnCl2·4H2O were placed in the tube fur-
nace separately, where MnCl2·4H2O was placed in upstream 
to accomplish the doping of manganese into ZIF-8. Then 
the temperature rapidly rose and remained at 150 °C for the 
complete volatilization of the MnCl2·4H2O, whose boiling 
point is 119  °C. ZIF-8 derived N-doped carbon worked as the 
host to capture the gaseous Mn species, leading to the atomi-
cally dispersed Mn-Nx active sites during the high-temperature 
pyrolysis process. After the high temperature carbonization 
process, the black powder was washed by H2SO4 and subjected 
to the calcination process again to obtain the final product 
marked as g-SA-Mn.

The morphology of the materials is first detected by scan-
ning electron microscopy (SEM) and transmission electron 
microscopy (TEM). The as-prepared ZIF-8 exhibits a distinct 
dodecahedron facade with the homogeneous diameter of about 
130  nm in Figure S1a in the Supporting Information. The 
X-ray diffraction (XRD) pattern of the ZIF-8 shows a favorable 
matching degree with the simulated ZIF-8, implying the 
successful synthesis of the pure crystal (Figure S1b, Supporting 
Information). Besides, the sharp peaks of the pattern suggest 
the high crystallinity degree of the synthetic ZIF-8. Figure  1a 
and Figure S2 in the Supporting Information clearly display the 
SEM images of the final catalysts prepared at different pyrolysis  
temperatures from 700 to 1000 °C. After high-temperature 
pyrolysis process, the materials still remain the original mor-
phology without apparent breakage, suggesting the stable char-
acteristic of the ZIF-8. The size of the particle changes with a 
slight decrease with the rising calcination temperature, which 
is mainly due to the shrinkage of the carbon layer. TEM test 
was executed to further analyze the structure of the catalysts. 
Figure  1b exhibits that the g-SA-Mn-900 presents well-defined 
dodecahedral structure without apparent agglomeration of 
metal nanoparticles, suggesting the prominent dispersity of the 
Mn element, which could contribute to the increase of Mn-Nx 
active sites and the enhancement of the catalytic performance. 
High-resolution TEM (HR-TEM) image in Figure  1c demon-
strates the amorphous carbon in g-SA-Mn-900.[15] It is widely 
accepted that the amorphous carbon is inclined to generate 
defects which contribute to the doping of heteroatoms and gen-
eration of active sites, improving the catalytic capability of the 
catalysts.[16] In addition, HR-TEM image also provides compel-
ling evidence for the good dispersion of Mn due to the absence 
of small-sized nanoparticles at high magnification. In order 
to precisely identify the dispersity of Mn in the catalyst, high-
angle annular dark-field scanning TEM (AC HAADF-STEM) 
was used as shown in Figure  1d. A large amount of circled 
white dots are detected in the carbon matrix, which is assigned 
to the highly dispersed Mn atoms. Besides, there are no Mn 
nanoparticles or clusters appearing in the catalyst, verifying 
the atomic dispersion of Mn in the sample. STEM image and 
element mapping in Figure  1e reveal the homogeneous dis-
persion of Mn and N in the carbon matrix. The exact content 
of Mn in g-SA-Mn-900 is 2.9 wt% according to the inductively 
coupled plasma (ICP) test, indicating the successful doping 
of Mn through the efficient and unique gas-transporting  
strategy.

XRD was first employed to investigate the chemical com-
position of the materials. The XRD patterns in Figure  2a 
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Figure 1. Schematic illustration for the preparation of g-SA-Mn and a) SEM image, b) TEM image, c) HR-TEM image, d,e) HADDF-STEM images and 
corresponding element mapping of g-SA-Mn-900 catalyst.

Figure 2. a) XRD patterns, b) Raman spectra, c) N2 adsorption–desorption isotherm, and d) pore size distribution plots for different catalysts.
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demonstrate that all the prepared g-SA-Mn catalysts show a 
(002) lattice plane at around 24° assigned to carbon.[17] The 
detailed insight into the carbon structure and defect of the as-
prepared catalysts is accomplished by the Raman spectra. In 
Figure 2b, the two evident graphitic peaks at 1340 and 1590 cm−1 
are identified as the D band and G band of carbon.[18] The spe-
cific ratio of ID to IG is a common indicator for the evaluation 
the disorder degree of the carbon. After the calculation, the 
ID/IG for g-SA-Mn-X (X = 700, 800, 900, and 1000) are 1, 0.93, 
0.89, and 0.76, respectively, implying the existence of much 
defect in the graphitic structure of the catalysts, which is avail-
able for the generation of active sites. N2 adsorption–desorp-
tion experiment was carried out for the analyzation the specific 
surface area as well as porous structure of the prepared cata-
lysts. Typical type I and IV combinative isotherms are observed 
in Figure  2c, suggesting the coexistence of microporous and 
mesoporous hierarchical structure. Specifically, a narrow knee 
at low pressure with the formation of an adsorption plateau 
together with the distinct hysteresis loop at the higher pres-
sure region imply the existence of micropore and mesopore, 
respectively. The specific surface area of N-C and g-SA-Mn-X  
(700, 800, 900, and 1000 °C) are 403, 687, 1360, 819, and  
647 m2 g−1, respectively. Additionally, it is well recognized that 
the ultrahigh pyrolysis temperatures lead to higher degree 
of graphitization, giving rise to more compact structure of 
the catalysts as well as slight decline of the specific surface 
area,[19] also accordant to the XRD and Raman results. Pore 
size distribution reveals that the as-prepared catalysts pos-
sess abundant pore at 0.6, 1.2, and 4 nm. Besides, with the 
raising of calcination temperature, the pore structure of the 
catalysts turns from the micropore-dominant structure to 
the mesopore-dominant structure, also being an important 
factor for the decline of the specific surface area.[20] Reason-
ably optimized porous structure is one of the most crucial 
factors impacting the catalytic performance of the catalysts, 
among which mesopore is conducive to the high catalytic per-
formance on account of favorable mass transfer and active 
sites exposure.

X-ray photoelectron spectroscopy was employed to inspect 
the chemical component and chemical structure of the catalysts. 
Figure S3 in the Supporting Information reveals that g-SA-Mn 
catalysts are comprised by four constituents including C, N, O, 
and Mn, and the specific ingredient list are displayed in Table S1  
in the Supporting Information. Figure  3a and Figure S4  
in the Supporting Information demonstrate that C1s spectra 
can be assigned to C-C (284.6 eV) and C-N (285.4 eV).[21] With 
respect to N1s spectra, there are four species of N exists in the 
catalysts (Figure  3b and Figure S5, Supporting Information), 
which are pyridinic N (398.7 eV),[22] Mn-Nx (399.1 eV),[4b] pyr-
role N (400.3 eV),[23] and graphite N (401.5 eV),[24] with the 
contents listed in Table S2 in the Supporting Information. It 
is obvious that pyridinic N and graphite N possess the predomi-
nant status in g-SA-Mn, which is one of the principal factors to 
promote the catalytic performances.[25] Researchers have found 
that pyridinic N is unstable at high temperature and will con-
vert into quaternary N, leading to the decrease of pyridinic N 
and augmentation of graphite N.[25] The definite effect of pyri-
dinic N and graphite N is still a controversial debate. One of 
the recognized consequences is that pyridinic N contributes to 

the generating of active sites while graphite N is more efficient 
for the promotion of electrical conductivity of catalysts.[26] High-
resolution Mn 2p spectra in Figure S6 in the Supporting Infor-
mation indicates the successful doping of Mn in the catalysts.

According to the aforementioned HR-TEM and XRD results, 
Mn element has been demonstrated to be highly dispersed 
in the catalysts, which is necessary to be further investigated 
by X-ray absorption spectroscopy (XAS). The results of X-ray 
absorption near edge structure (XANES) spectroscopy and 
extended X-ray absorption fine structure (EXAFS) spectroscopy 
for the developed g-SA-Mn-900 and referenced Mn foil and Mn 
phthalocyanine (Mn-Pc) are present in Figure 3c,d for the fur-
ther analyzation of the fine structure and chemical coordination 
environment of the Mn in the catalysts. As Figure  3c shows, 
the absorption edge of g-SA-Mn-900 is between that of Mn-foil 
and Mn-Pc, indicating the Mn valence state in the catalysts is 
between Mn foil and Mn-Pc. The distinction of g-SA-Mn-900 
and Mn foil in near-edge is mainly due to the different chemical 
environment of Mn atoms in the prepared g-SA-Mn-900 catalyst 
and Mn foil.[27] The strong interaction of Mn atoms to N and 
C atoms in g-SA-Mn-900 and Mn-Pc could lead to the obvious 
positive shift compared to Mn foil, suggesting that Mn pos-
sesses higher oxidation state in g-SA-Mn-900 and Mn-Pc. This 
phenomenon can also be verified by the Fourier transformation 
result of Mn K-edge EXAFS data. As shown in Figure 3d, the 
mainly peak at 1.46 Å corresponds to the Mn-N binding, which 
is the dominant coordination environment for Mn in the cata-
lysts. Besides, the peak at 2.3 Å due to Mn-Mn interaction does 
not appear in g-SA-Mn-900, further affirming the absence of 
Mn clusters in the catalysts.[4a,b,8] Based on the EXAFS spec-
trum of g-SA-Mn-900, the expectant refined structure in the 
catalyst is well fitted with Mn-N4 coordination, meaning that 
one Mn atom coordinates with four N atoms, which serves as 
the dominated active site for ORR (Figure S7 and Table S3, 
Supporting Information). The wavelet transform (WT) results 
in Figure  3e,f present only one intensity maximum at around 
4 Å−1 in g-SA-Mn-900 catalysts, further suggesting the absence 
of Mn cluster in the catalyst.

The electrochemical property of g-SA-Mn catalysts was 
appraised to elaborate the advantages of the compositions and 
chemical structure toward electrocatalysis. First of all, cyclic vol-
tammetry (CV) was used to investigate the catalytic capability 
of g-SA-Mn-900 by recording the curves in O2 or N2-saturated 
0.1 mol L−1 potassium hydroxide (KOH) electrolyte, as present 
in Figure 4a. There is no distinct peak existing according to the 
curve in N2-saturated electrolyte, suggesting no electrochem-
ical reaction occurred during the test. A marked redox peak at  
0.83 V (vs reversible hydrogen potential) appears in O2-saturated 
KOH, which corresponds to the oxygen reduction reaction, 
implying the remarkable ORR catalytic ability of the catalyst.

The optimal pyrolysis temperature for the g-SA-Mn is 
900 °C is illustrated in Figure  4b. The four catalysts present the 
half-wave potential of 0.70, 0.82, 0.90, and 0.84 V as the pyrol-
ysis temperature raises from 700 to 1000 °C. Higher pyrolysis 
temperature not only leads to higher degree of graphitization 
that improves the electrical conductivity of the catalysts but also  
tunes the entire content and fine composition of N.[28] To  
further illustrate the reaction kinetics and electrochemical 
performance of the g-SA-Mn, l-Mn-N, N-C, and commercial Pt/C 
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catalysts, rotating ring-disk electrode (RRDE) test was performed 
in O2-saturated 0.1 mol L−1 KOH electrolyte at 1600 rpm. Stair-
case voltammetry (SCV) curves for the catalysts can be seen in  
Figure  4c. g-SA-Mn displays much better ORR performance 
than l-Mn-N and N-C in terms of highest half-wave potential 
(0.90 V) and largest limiting current density (5.8 mA cm−2). ICP 
test reveals the content of Mn in l-Mn-N, g-SA-Mn-900 is 1.1% 
and 2.9%, respectively, indicating the valid introduction of Mn 
through gas-phase introducing strategy. As expected, g-SA-Mn 
indeed exhibits comparable ORR activity to commercial Pt/C 
(0.90 V), implying the remarkable performance of the catalysts. 
Figure 4d exhibits the HO2

− yield (%HO2
−) and electron transfer 

number (n) of g-SA-Mn, N-C and Pt/C, where g-SA-Mn shows a 
%HO2

− below 10% with the potential ranging from 0.2 to 0.8 V,  
which is comparative to Pt/C and much lower than N-C. Besides, 
the value of n for g-SA-Mn is 3.8–3.9, signifying that g-SA-Mn pri-
mary catalyzes the reduction of O2 through a desirable four-elec-
tron pathway.[29] By contrast, N-C presents the n of 3.5, which is 

much lower than g-SA-Mn, implying a mixture of two- and four-
electron pathway. These results clearly demonstrate the pivotal 
role of the Mn-doping within the C-N framework in enhancing 
the ORR catalytic performance of g-SA-Mn catalysts. For the in-
depth insight of kinetics toward ORR, the value of n can also be 
calculated by K-L equation[30] As shown in Figure 4e, the n is cal-
culated to be 3.8 according to the SCV curves at different rotating 
speeds, being highly accordant with the RRDE result, further 
confirming the expedited four-electron reaction pathway for ORR.

The durability of the g-SA-Mn is first inspected by cur-
rent–time (i–t) chronoamperometric responses at 0.8 V with 
the rotational speed of 1600 rpm as shown in Figure  4f. After 
10 000 s test, g-SA-Mn shows a 9% loss of the current, showing 
a much less decay than the Pt/C (21%), indicating the remark-
able stability during the continual reaction. In order to check 
the long-time stability of the catalysts, SCV curves are recorded 
before and after 5000 cycle between 0.6 and 1.0 V, as shown 
in Figure  4g and Figure S8 in the Supporting Information. 

Figure 3. High-resolution a) C1s and b) N1s peaks of g-SA-Mn-900. c) K-edge XANES spectra for g-SA-Mn-900, Mn foil, and Mn-Pc. d) Fourier trans-
forms of Mn K-edge EXAFS data for g-SA-Mn-900, Mn foil, and Mn-Pc. WT of experimental EXAFS of e) g-SA-Mn-900 and f) Mn foil.
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g-SA-Mn presents far less negative shift of half-wave potential 
than Pt/C (9 mV vs 23 mV), indicative of its much better long-
term stability. The ability to bear the poison effect of methanol 
is another pregnant evaluation for ORR catalysts in case the 
catalysts exhibit extremely sensitive character to the interme-
diate products and impurity.[31] As shown in Figure S9 in the 
Supporting Information, Pt/C reveals distinct catalytic capability 
to methanol oxidation according to the apparent peaks attrib-
uted to the oxidation of methanol. By contrast, g-SA-Mn pos-
sesses almost the same polarization curves after the addition 
of methanol, indicating the particular selectivity of the catalyst. 
As reported, the small difference of adsorption energies calcu-
lated for oxygen and methanol on Pt (111) surface leading to the 
inferior tolerance of Pt catalyst to methanol poisoning. While 
the adsorption energies for oxygen on M-Nx (M  =  Fe, Co, Ni) 
sites are usually much larger than that of methanol, which 
brings about the high tolerance to methanol poisoning and good  
selectivity to ORR.[32] In addition, the catalysts can be facilely syn-
thesized at a large scale with a high yield as shown in Figure 4h.

In order to investigate the practical application of our 
g-SA-Mn-900 catalysts, Zn–air batteries were assembled with 
g-SA-Mn-900 and Pt/C catalysts as air-cathode, respectively. 
The open-circuit potential of the battery is 1.442 V (Figure 5a). 
Figure  5b presents that the battery with g-SA-Mn-900 catalysts 
demonstrates higher voltage than Pt/C. Moreover, power den-
sity curves display that the battery with g-SA-Mn-900 exhibits 
the maximum power density of 147 mW cm−2 at 214 mA cm−2, 
higher than that with Pt/C (133 mW cm−2 at 183 mA cm−2). As 
the satisfactory ORR durability of the g-SA-Mn-900 catalyst has 
been confirmed in the above results, we execute a long-time 
galvanostatic discharge test at 10 mA  cm−2 to further verify 
the stability of the Zn–air batteries. As present in Figure S10 
in the Supporting Information, the two batteries both exhibit 
acceptable durability in the test. To be specific, the battery with 
g-SA-Mn-900 catalysts possesses the voltage loss of 34 mV after 
120 h operation, which is less than the other with Pt/C bench-
mark of 53 mV. This test output the same result as the electro-
chemistry test, further verifying the optimized stability of our 

Figure 4. a) CV curves for g-SA-Mn-900 in N2 or O2-saturated 0.1 mol L−1 KOH. b) SCV curves of the catalysts with various pyrolysis temperature in 
O2-saturated 0.1 mol L−1 KOH at 1600 rpm. c) SCV curves of N-C, g-SA-Mn-900, l-Mn-N, and Pt/C at 1600 rpm. d) H2O2 yield and transfer number 
according to the RRDE test. e) Polarization curves of g-SA-Mn-900 at different rotate speed and f) linear fitting plots according to K–L equation (inset). 
f) The chronoamperometric curves of g-SA-Mn-900 and Pt/C at 0.8 V with the rotation speed 1600 rpm. g) SCV curves for g-SA-Mn-900 at 1600 rpm 
before and after 5000 cycles accelerated aging test from 0.6 to 1.0 V at 50 mV s−1. h) Digital photograph of the high yield g-SA-Mn-900 catalysts.
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g-SA-Mn-900 than Pt/C. Additionally, the lifetime of the bat-
tery with g-SA-Mn-900 catalyst are also studied by recharging  
Zn anode after 22  h galvanostatic discharge at 10 mA  cm−2. 
Figure  5c indicates that the battery can be continuously oper-
ated for over 80  h without evident voltage loss after four-time 
renewal of the Zn anode. In order to check the possibility in 
practical applications, two batteries are connected in series to 
lighten the 16 light emitting diode lights in Figure 5d. Also, the 
rate capability of the two batteries was inspected by changing 
the discharge current density between 1  and 20 mA  cm−2 to 
meet the discharging requirement at various current densities 
which is present in Figure  5e. Comparing to Pt/C, the Zn–air 
battery with g-SA-Mn-900 catalysts presents higher voltage plat-
form at the same discharge current density, indicating better  
rate capability of g-SA-Mn-900 than commercial Pt/C. The spe-
cific capacity of the battery with g-SA-Mn-900 and Pt/C catalyst 
are calculated to be 784 and 688 mAh gZn

−1 shown in Figure 5f. In 
order to objectively appraise the obtained g-SA-Mn-900 catalyst, 
some catalysts in previous reference are listed in Table S4 in 
the Supporting Information, further indicating the potential of  
g-SA-Mn-900 catalyst.

3. Conclusion

In conclusion, we developed a novel gas phase introducing 
method to scale synthesize atomically dispersed Mn and N 
codoped carbon catalysts (g-SA-Mn) for ORR. MnCl2·4H2O 
works as the volatile Mn precursor while porous ZIF-8 serves as 
the substrate to trap and anchor gaseous Mn-containing species 

and finally convert into atomically dispersed Mn-Nx active sites 
catalysts after the high-temperature calcination process. This 
novel strategy achieves the homogeneous dispersion of Mn 
atoms and conspicuously increases the Mn loading throughout 
the carbon framework to promote the exposure of Mn-Nx active 
sites. Additionally, it is facile to accomplish the scale up produc-
tion of the catalysts with a high yield. The obtained g-SA-Mn-900 
catalysts exhibit intrinsic single-atom Mn-Nx active centers 
and greatly promoted accessibility through optimized specific 
surface area, pore structure, elemental component, and state 
by thermal activation. The characteristic structure endows 
the catalysts with favorable catalytic capability toward ORR, 
including high half-wave potential, four electron pathway, good 
durability, and excellent tolerance to methanol. Zn–air battery 
assembled with g-SA-Mn-900 catalysts shows high power den-
sity and favorable stability during the discharge process, sug-
gesting the potential of our catalysts in the practical application.

4. Experimental Section
Synthesis of ZIF-8 Precursor: 5.9 g Zn(NO3)2·6H2O and 6.57 g 

2-methylimidazole were dissolved in 300 mL methanol, respectively. 
White sediment was obtained after the mixing of the two solutions by 
2 h stirring following by standing for 22 h. The product was collected by 
centrifuge, washed by methanol for three times, and dried at 80 °C for 
6 h in oven.

Synthesis of g-SA-Mn, N-C, and l-Mn-N: 300 mg ZIF-8 and 500 mg 
MnCl2·4H2O were placed in two independent boats and put into the 
tube furnace with flowing Ar atmosphere. Then the boats were heated at  
150 °C for 1 h and various temperature (700–1000 °C) for 2 h a ramping rate 
of 20 °C min−1. The product was then disposed by 0.5 mol L−1 H2SO4, 

Figure 5. a) Open-circuit of the Zn–air battery with g-SA-Mn-900 catalyst, b) galvanostatic discharge voltage and power density curves of the Zn–air 
batteries with g-SA-Mn-900 and Pt/C catalysts. c) Lifetime test of the Zn–air battery with g-SA-Mn-900 by recharging Zn anode after galvanostatic 
discharge at 10 mA cm−2. d) Practical lighting test for the Zn–air battery with g-SA-Mn-900 catalyst. e) Rate capability test of the Zn–air batteries with 
g-SA-Mn-900 and Pt/C catalysts at different current densities. f) Specific capacity using the Zn–air battery with g-SA-Mn-900 and Pt/C catalysts.
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washed by deionized water, and drying in the oven. Finally, g-SA-Mn was 
obtained after the calcination of dried powder in a tube furnace at the 
same temperature for 2  h under Ar atmosphere. N-C was prepared by 
the simple calcination of ZIF-8 under the same condition. Mn-ZIF was 
synthesized similar to ZIF-8 except that 20% MnCl2·4H2O was added 
to replace Zn(NO3)2·6H2O. Afterward the dried powder was heated at  
900 °C in tube furnace to obtain the control sample named as l-Mn-N.

Characterization: XRD, SEM, TEM, XAS, and more measurement 
were employed to detect the physical properties. The electrochemical 
measurements were carried out in a standard three-electrode 
system. CV, SCV, and some other test were executed to inspect the 
electrocatalytic capability of catalysts. The specific parameters are listed 
in the Supporting Information.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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