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ABSTRACT 
Designing a highly efficient non-precious based oxygen reduction reaction (ORR) electrocatalyst is critical for the commercialization of 
various sustainable energy storage and conversion devices such as metal-air batteries and fuel cells. Herein, we report a convenient strategy 
to synthesis Fe3O4 embedded in N doped hollow carbon sphere (NHCS) for ORR. What’s interesting is that the carbon microsphere is composed 
of two-dimensional (2D) nanoplate that could provide more exposed active sites. The usage of solid ZnO nanowires as zinc source is crucial 
to obtain this structure. The Fe3O4@NHCS-2 exhibits better catalytic activity and durability than the commercial Pt/C catalyst. Moreover, it 
further displays high-performance of Zn-air batteries as a cathode electrocatalyst with a high-power density of 133 mW·cm−2 and high specific 
capacity of 701 mA·h·g−1. The special hollow structure composed 2D nanoplate, high surface area, as well as synergistic effect between 
the high active Fe3O4 nanoparticles and N-doped matrix endows this outstanding catalytic activity. The work presented here can be easily 
extended to prepare metal compounds decorated carbon nanomaterials with special structure for a broad range of energy storage and 
conversion devices. 
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1 Introduction 
Oxygen reduction reaction (ORR) is a crucial reaction in clean 
energy storage and conversion devices such as fuel cells and 
metal-air batteries [1–3]. Up to now, Pt-based catalysts are still the 
most active and widespread utilized catalysts to accelerate the ORR 
rate [4, 5]. Therefore, the large-scale commercialization of these 
techniques was greatly restricted due to the high cost of Pt. And 
considerable efforts have been devoted to develop highly efficient 
and low-cost ORR catalysts including nonprecious metal and metal- 
free catalysts [6–8]. Regarding nonprecious metal catalysts, various 
metal oxides/sulfides/carbides/nitrides were extensively investigated 
and great progress was made [9–14]. However, their performance is 
still not comparable to Pt/C catalysts, and this is largely due to their 
poor conductivity [15]. Fortunately, carbon-based catalysts, one of 
the most important metal-free catalysts, possess very high conductivity, 
which can facilitate electron transfer during ORR [16–18]. What’s 
more, the catalytic activity of carbon catalysts can be further 
improved by doping heteroatoms such as N, S, P et al. to modify 
their electronic and geometric effects [19–23]. Therefore, the 
combination of heteroatom doped carbon and nonprecious metal 
catalysts seems easier to achieve Pt-like catalytic activity. 

On the other hand, for ORR, which taken place on the interface 
of catalysts and electrolyte, the exposure of more active sites of 

catalysts is very important. Therefore, reasonable designing the 
structure of ORR catalysts is essential. For this purpose, various 
structures such as hollow, core/shell and mesoporous were developed 
[24–27]. Hollow structures, which can not only increase exposed 
active sites, but also facilitate mass transport in ORR are very 
attractive. However, synthesis of hollow-structured catalysts usually 
involves the usage of complex hard-template method such as silica 
colloid, ordered mesoporous silica [28–30]. And the removal of 
hard-template will certainly complicate the process. Moreover, the 
surface of the catalysts synthesized via traditional template method 
is usually smooth, either prepared by sol-gel method or templated 
method [24, 31, 32]. If the surface of the catalysts is composed of 
2D nanoplate, the mass transport in the catalysts and exposed 
active sites of the catalysts can be significantly increased.  

Recently, it is proposed that Zn compounds such as ZnO can be 
used as template to synthesis porous carbon [33–35]. At high 
temperature, the ZnO will be reduced to Zn by carbon and Zn can 
evaporate off at approach its boiling point. The evaporation of Zn 
can lead to high surface area carbon like the ZnCl2 activation 
mechanism [36, 37]. Moreover, compared with other hard-template, 
the utilization of volatile Zn-based template could also avoid  
the complex washing process. This strategy was also used when 
carbonizing Zn-based metal organic frameworks (MOFs) [38–40]. 
For example, by carbonizing Zn-based MOF, porous carbon materials  
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with surface area as high as 3,405 m2·g−1 can be achieved [41]. What’s 
more, the organic ligands that could complex with Zn usually can 
also complex with other transition metal such as Fe, Co, Ni, and 
create extra active sites after carbonization [42–44]. However, it is 
difficult to synthesis hollow MOFs via traditional hydrothermal or 
solvothermal method, and the exposed active site is limited. 

Herein, we report a facile method to synthesis hollow carbon 
sphere encapsulated with Fe3O4 nanoparticles as highly efficient 
electrocatalyst for ORR. By using solid ZnO nanowires as Zn 
source, FeCl3 as Fe source and 2-aminoterephthalic acid as ligand, 
hollow metal complex nanosphere composed of 2D nanoplate can 
be synthesized. After thermal annealing in nitrogen, the hollow 
metal complex nanosphere was carbonized to N doped hollow 
carbon sphere, and the Fe species can be transferred to high active 
Fe3O4 nanoparticles. Even though the Fe content is only as low as 
0.56%, the catalyst could still achieve high ORR performance in 
terms of more positive half-wave potential compared with commercial 
20 wt.% Pt/C catalyst. In addition, the catalyst also shows much 
better durability and methanol tolerance. We demonstrated that  
the N doped carbon are primary composition of the catalysts, high 
active and uniform distributed Fe3O4 nanoparticles provide extra 
active sites, and the hollow structure composed of 2D nanoplate 
further improves its catalytic activity. 

2 Experimental 

2.1 Preparation of metal complex nanospheres 

Uniform ZnO nanowire and 2-aminoterephthalic acid were used to 
synthesis the metal complex nanospheres. In a typical procedure, 
0.082 g of ZnO nanowire and 0.182 g of 2-aminoterephthalic acid 
were dispersed in 36 mL DMF and 12 mL H2O. After stirring for 
10 min, the mixture was aged at 30 °C for 3 days. Then the obtained 
white powder was collected by centrifugation and washed with 
DMF and ethanol for several times, and dried at 60 °C for 12 h. The 
obtained sample was denoted as Zn-complex. The ZnFe-complex 
was synthesized with the same procedure except that a certain 
amount (100, 200, and 300 μL) of FeCl3 solution (0.04 M) was added 
in the above mixture solution. The obtained samples were denoted 
as ZnFe@complex-1, ZnFe@complex-2 and ZnFe@complex-3, 
respectively. 

2.2 Preparation of N doped hollow carbon sphere (NHCS) 

and Fe3O4@NHCSs 

The NHCSs and Fe3O4@NHCSs were obtained by thermal annealing 
the corresponding metal complex at 900 °C for 2 h with a ramping 
rate of 5 °C·min−1 under argon. For example, the catalyst derived 
from Zn-complex are denoted as NHCS. And the catalysts derived 
from ZnFe-complex-x are named as Fe3O4@NHCS-x. 

2.3 Characterization 

The X-ray diffraction (XRD) patterns were recorded with a Riguku 
D/MAX2550 diffractometer. Renishaw inVia Raman spectrometer 
with an Ar ion laser as the excitation source was used to measure the 
Raman spectra. X-ray photoelectron spectroscopy (XPS) spectra 
were measured using ESCALAB 250Xi (ThermoFisher). Field emission 
scanning electron microscopy (FE-SEM) measurement was performed 
using Nova NanoSEM 450 (FEI) instrument. The transmission electron 
microscopy (TEM) and high-resolution transmission electron 
microscopy (HRTEM) images were obtained in FEI Tecnai G2 F20 
S-TWIN electron microscope at an accelerating voltage of 200 kV. 
Nitrogen adsorption/desorption data were collected by Autosorb-iQ2 
(Quantachrome Instruments) at 77 K. The specific surface area was 
calculated based on Brunauer–Emmett–Teller (BET) method and 
the pore size distribution curve was calculated by quenched solid 

density functional theory (QSDFT). 

2.4 Electrochemical measurements 

The electrochemical measurements were performed in a three- 
electrode system using CHI 760E potentiostat workstation. A platinum 
wire and an Ag/AgCl electrode were used as the counter electrode 
and reference electrode. The working electrode was a 5 mm (diameter) 
glassy carbon disk and the catalyst loading amount on the electrode 
was 0.2 mg·cm−2. The electrolyte was 0.1 M KOH. Koutecky–Levich 
equations were used to determine the kinetics parameters 

1/j = 1/jk + 1/(Bω1/2) 
B = 0.2nFC0(D0)2/3ν−1/6 

where j is measured current, jk is the kinetic current, ω is the 
electrode rotation rate in rpm. The constant 0.2 is feasible when 
the rotation rate is in rpm and F means the Faraday constant 
(96,485 C·mol−1). n represents the electron transfer number per O2. 
ν is the kinematic viscosity of the electrolyte (0.01 cm2·s−1), D0 is 
the diffusion coefficient of O2 (1.9 × 10−5 cm2·s−1), C0 is the bulk 
concentration of O2 (1.2 × 10−3 mol·L−1). 

The performance of Zn-air batteries was evaluated using a 
home-built electrochemical cells. Briefly, zinc foil was used as anode 
and catalysts loaded on the gas diffusion layer (Nafion-coated carbon 
cloth paper with a geometric area of 1.0 cm2, catalyst loading 
amount of 1.0 mg·cm−2) used as the air cathode. The electrolyte was 
6.0 M KOH and 0.2 M zinc acetate solution. Polarization curves 
were obtained using the linear sweep voltammetry (LSV) technique 
with a CHI 760E electrochemical working station. The galvanostatic 
discharge and charge cycling (5 min discharge and 5 min charge 
with a current density of 10 mA·cm−2) was performed in a LAND 
testing system. The specific capacitance of the Zn-air battery was 
calculated from the equation: Csp = i × t/Δm, where i is the discharge 
current, t is the discharge time and Δm is the weight of the consumed 
zinc. 

3 Results and discussion 
The illustration for the synthesis of the Fe3O4@NHCSs is shown in 
Scheme 1. First of all, uniform ZnO nanowire was prepared and 
used as Zn source to complex with 2-aminoterephthalic acid (Fig. S1 
in the Electronic Supplementary Material (ESM)). From the TEM 
images of ZnO, we can clearly see the ZnO shows a rod-like 
morphology with a width of 50–100 nm. The lattice distance of 
0.261 nm is the lattice fringes (002) of ZnO, indicating the successful 
preparation of ZnO nanowire (Fig. S2 in the ESM). After aging at 
room temperature for 3 days, the ZnO nanowire disappeared 
completely and spherical product was obtained after centrifugation. 
During the reaction process, FeCl3 can be introduced owing to the 
fact that Fe3+ can also coordinate with 2-aminoterephthalic acid. 
The XRD pattern shown in Fig. S3 in the ESM demonstrated the 
formation of Zn-complex and ZnFe-complex. Due to the low iron 
content, the morphology of the ZnFe-complex and Zn-complex are 
the same. The morphology of the complex is shown in Fig. 1(a) and 
Fig. S4 in the ESM. It can be seen that the complex exhibits a 
uniform sphere morphology with an average diameter of 3 μm. In 
addition, the sphere is composed by 2D nanoplate. After thermal 
annealed at 900 °C for 2 h, the NHCS or Fe3O4@NHCSs were 
obtained. As shown in Fig. 1(b) and Fig. S5 in the ESM, we can see 
that thermal annealing process does not break the morphology of 
the sphere except a little shrinkage in size. And the uniform carbon 
sphere composed by 2D nanoplate was successfully prepared. From 
the enlarged SEM image, we can see that there are many pores on 
the nanoplate, indicating that the carbon sphere may possess very 
high surface area (Fig. S6 in the ESM). Moreover, the carbon sphere 
is hollow structure and this can be clearly seen from the crack  
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Scheme 1 Illustration of the preparation of Fe3O4/NHCS. 

sphere in Fig. 1(b). The hollow structure is also demonstrated by 
TEM image, where clear contrast ratio was obviously in the centre 
and shell of the carbon sphere (Fig. 1(c)). The element mapping 
images indicate that Fe, N, C and O are distributed homogeneously 
in the carbon shell (Fig. 1(e)). However, for Zn element map, there 
is only a few scattered distributions other than sphere shape, which 
is very different from that of C, N, O and Fe, indicating that the Zn 
elemental is completely evaporated. To investigate the formation 
mechanism of the Zn-complex hollow sphere, soluble zinc salts 
such as ZnCl2 or Zn(NO3)2 were used as zinc source during the 
synthesis process instead of ZnO nanowire. However, no any solid 
product was obtained. Thus, we infer that the solid zinc source is 
crucial. It is proposed that the –COOH group can react with ZnO in 
the solvent and release Zn2+ slowly, then the Zn2+ coordinates with 
the –COO– group slowly to assemble the microsphere. To further 
confirm the advantage of ZnO nanowire, ZnO nanosphere was 
used as Zn source to synthesize the complex. Though 2D nanoplate 
assembled sphere can be obtained. However, the sphere is not hollow 
structure. Moreover, after calcinating at high temperature, the sphere 
tends to collapse and the nanoplate stacks with each other (Fig. S7 
in the ESM). Thus, the solid ZnO nanowire as zinc source is crucial 
to obtain the special hollow microsphere. 

XRD was used to identify the composite of NHCS and 
Fe3O4@NHCSs (Fig. 2(a)). Two board peaks centred at 24° and 44° 
are observed for all the samples, which are corresponding to the 
(002) and (100) planes of the graphite carbon, demonstrating the 
formation of carbon structure. However, for Fe3O4@NHCSs, besides 
to the carbon peaks, typical peaks corresponding to Fe3O4 (PDF 
No. 75-0033) are also observed, indicating that the iron is converted 
into Fe3O4 during the thermal annealing process. With the increasing 
of iron in the synthesis process, the peaks of Fe3O4 become stronger. 
The HRTEM image shown in Fig. 1(d) also demonstrated the 
formation of Fe3O4. The lattice distance of 0.482 nm is the lattice 
fringes (111) of Fe3O4. The bulk mass percentages of iron in the 
Fe3O4/NHCSs were examined by inductively coupled plasma optical 
emission spectroscopy (ICP-OES) analysis, and the iron content 
was determined to be 0.41 wt.%, 0.56 wt.% and 0.88 wt.% in 
Fe3O4@NHCSs-1, Fe3O4@NHCSs-2 and Fe3O4@NHCSs-3, respectively. 

It should be noted that no peaks related to Zn can be observed, 
indicating that there is no Zn element in the samples. This can be 
attributed to the low boiling point of Zn and long-time thermal 
annealing, which is usually observed in carbonizing of Zn-containing 
MOFs. In the thermal annealing process, the Zn-based compound 
was reduced to Zn by the carbon and evaporated off. Raman spectra 
also indicated the formation of carbon, where two sharp peaks at 
around 1,360 (D band) and 1,580 cm−1 (G band) are observed, 
corresponding to the disordered carbon and graphitic sp2 hybridized 
carbon, respectively. The intensity ratio of the D band to G band 
(ID/IG) can be used to investigate the defects of carbon. It can be 
seen from Fig. 2(b) that this value increased with the increasing of 
Fe3O4 content, indicating that the Fe3O4 is incorporated into the 
carbon and induces more defects accordingly. 

XPS measurements are performed to gain the detailed chemical 
composition and bonding configuration of Fe3O4/NHCS-2. From 
the survey spectra in Fig. S8 in the ESM, characteristic peaks related 
to C, N, O and Fe can be observed at 284, 400, 532 and 711 eV, 
though the signal of Fe is not very obvious due to its low content. 
The N content is estimated to be 4.23% according to the XPS result. 
The N content for other samples is also measured and listed in 
Table S1 in the ESM. It is interesting that the N content increased 
with the increasing of iron in the samples, indicating that there may 
be an interaction between the Fe and N species. The interaction 
between Fe and N is demonstrated by the positive shift of N 1s peak 
from NHCS to Fe3O4/NHCS-2 (Fig. S9 in the ESM). The high 
resolution N 1s spectra can be deconvoluted into three peaks at 
398.8, 400.5 and 401.2 eV, corresponding to the pyridinic N, pyrrolic 
N and graphitic N (Fig. 2(c)) [45, 46]. The relative percentages and 
content of the different N species are also calculated according to 
their integrated area for NHCS and Fe3O4@NHCS-2. The pyridinic 
N, pyrrolic N and graphitic N are 11.22%. 33.41% and 55.37%  
for NHCS and these values are 9.73%, 42.90% and 47.37% for 
Fe3O4@NHCS-2. Obvious, the content of pyridinic-N and pyrrolic-N 
increased in Fe3O4@NHCS-2. This is due to the fact that pyridinic-N 
and pyrrolic-N are responsible for the formation of metal–nitrogen 
sites. Five peaks at the high-resolution Fe 2p spectrum can be 
observed (710.9, 714, 718.7, 724.1 and 726.2 eV), once again 
demonstrating the existence of Fe3O4 (Fig. 2(d)) [47, 48]. The peaks 
at 711 and 714 eV can be assigned to the 2p3/2 of the Fe(III) and 
Fe(II) ions, respectively. The peak at 726.2 eV is attributed to the 
binding energies of 2p1/2 of Fe(III) and Fe(II) ions, and the peaks at 
724.1 eV can be assigned to the binding energies of 2p1/2 of Fe(II) 
ion [49, 50]. The peak at 718.7 eV is a satellite peak for the above four 
peaks, demonstrating that Fe mainly exists in ionic state and the 
co-existence of Fe(III) and Fe(II). 

The pore structures of the catalysts are analysed by N2  

 
Figure 1 SEM images of ZnFe-Complex-2 (a) and Fe3O4@NHCS-2 (b); TEM image (c), high resolution TEM image (d) and element mapping of Fe3O4@NHCS-2 (e).
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Figure 2 XRD patterns (a) and Raman spectra (b) of NHCS, Fe3O4@NHCS-1, 
Fe3O4@NHCS-2 and Fe3O4@NHCS-3. High-resolution N 1s (c) and Fe 2p    
(d) XPS spectra of for Fe3O4@NHCS-2. Adsorption/desorption (e) and pore size 
distribution (f) curves of Fe3O4@NHCS-2. 

adsorption–desorption measurements (Fig. 2(e) and Fig. S10 in the 
ESM). All the samples exhibit typical type-I isotherms with a sharp 
increase at the low-pressure range, indicating the presence of plenty 
of micropores. The BET specific surface area of NHCS is as high as 
1,819 m2·g−1, surpassing most of the reported carbon sphere catalyst 
[51, 52]. The high surface area can be attributed to the evaporation 
of Zn species during the thermal annealing process. After incor-
poration of Fe3O4, the specific surface area of Fe3O4@NHCSs 
decreased little, but is still in the range of 1,453–1,675 m2·g−1 (Table S1 
in the ESM). The pore-size distribution curve also demonstrates the 
microspore structure, where pores mainly located at 0.6 and 1.0 nm 
are observed. Obviously, the highly porous structure of the carbon 
will benefit its catalytic activity. In addition, the hierarchical 3D 
sphere structure assembled by 2D nanoplate will certainly in favor 
of mass transport and the exposure of active sites, due to the more 
exposed surface area, thus the catalytic activity of the catalysts is 
expected to be very attractive. 

The catalytic activity of the catalysts toward ORR was examined 
by a pine rotating disk electrode device connected to CHI 760E 
potentiostat workstation. As depicted in Fig. S11 in the ESM, there 
is only double-layer charging current in N2-saturated 0.1 mol·L−1 
KOH for Fe3O4@NHCSs-2, while an obvious cathodic peak was 
clearly observed in O2-saturated electrolyte, suggesting its potential 
for ORR. In addition, it can be seen that the cathodic peak shift 
positively from NHCS to Fe3O4@NHCSs, indicating that the 
introduction of Fe3O4 can boost the catalytic activity of the carbon 
sphere. This phenomenon was further demonstrated by the LSV 
curves. It can be seen from Fig. 3(a) that NHCS exhibits the worst 
ORR performance with an onset potential of 0.952 V (defined as 
the corresponding potential when reaching an ORR current density 
of 0.3 mA·cm−2), and a half-wave potential of 0.822 V. While for 
Fe3O4@NHCSs, the ORR activities increase greatly. In fact, the 
performance of all the Fe3O4@NHCSs surpasses commercial 20 wt.% 
Pt/C in terms of onset potential and half-wave potential (Table S2  

 
Figure 3 (a) RDE polarization curves of NHCS, Fe3O4@NHCS-1, Fe3O4@NHCS-2, 
Fe3O4@NHCS-3 and Pt/C. (b) RDE polarization curves of Fe3O4@NHCS-2 at 
different rotating speeds. (c) K-L plots of NHCS, Fe3O4@NHCS-1, Fe3O4@NHCS-2, 
Fe3O4@NHCS-3 and Pt/C at 0.7 V. (d) The kinetic current density of   
NHCS, Fe3O4@NHCS-1, Fe3O4@NHCS-2, Fe3O4@NHCS-3 and Pt/C at 0.8 V.      
(e) Chronoamperometric curves of Fe3O4@NHCS-2 and Pt/C for 40,000 s.    
(f) LSV curves of Fe3O4@NHCS-2 and Pt/C electrodes upon the addition of 3 M 
methanol (20 mL) to the electrolyte (180 mL). 

in the ESM). Especially for Fe3O4@NHCS-2, its half-wave potential 
is 25 mV higher than that of Pt/C. The results also indicate that 
proper Fe3O4 amount is important for the catalytic activity not only 
relays on the number of active sites, but also depends on the catalysts’ 
structure such as surface area. In general, higher surface area usually 
means more exposed active. That’s, the effective active site is important. 
From Table S1 in the ESM, we can see that the surface area of the 
Fe3O4@NHCSs exhibits a decrease trend with the increasing of 
Fe3O4 content. Fe3O4@NHCS-2, which possesses high surface area and 
enough active site, exhibits highest ORR activity. Another reason for 
the high ORR performance of the catalysts is their hollow structure. 
As shown above, when ZnO nanosphere was used to synthesize the 
catalyst, nanoplate assembled sphere without hollow structure was 
achieved. However, the catalytic activity of the non-hollow catalyst 
is rather poor (Fig. S12 in the ESM). Thus, the high catalytic activity 
of Fe3O4@NHCS-2 can be attributed to its unique structure and 
high active Fe3O4 species.  

Rotating disk electrode (RDE) measurements were conducted at 
different rotating speeds to further investigate the catalyst kinetics 
of the catalysts (Fig. 3(b) and Fig. S13 in the ESM). The diffusion 
current densities increased with the increasing of rotating speed, 
and this can be attributed to the shortened O2 diffusion distance at high 
rotation speed. The linear K-L plots indicate first-order reaction 
kinetics toward the concentration of dissolved O2 (Fig. 3(c)). The 
electron transfer numbers calculated at 0.7 V from the slopes of K-L 
plots are 3.85, 3.95, 4.02 and 3.99 for NHCS, Fe3O4@NHCS-1, 
Fe3O4@NHCS-2, and Fe3O4@NHCS-3, suggesting that each catalyst 
follows a four- electron transfer process. The kinetic limiting current 
densities (Jk) of the catalysts are calculated from the intercepts of 
the K-L plots to better compare the catalytic activity of the catalysts. 
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The Jk describes the real kinetics of an electrocatalytic reaction and is 
directly related to the activity of an electrocatalyst. Impressively, 
Fe3O4@NHCS-2 shows the highest Jk value of 20.57 mA·cm−2,  
much higher than those for NHCS (4.79 mA·cm−2) Fe3O4@NHCS-1 
(8.33 mA·cm−2), Fe3O4@NHCS-3 (11.31 mA·cm−2) and Pt/C   
(9.35 mA·cm−2), demonstrating its superior ORR activity (Fig. 3(d)). 

Chronoamperometric measurements was conducted at 0.3 V to 
evaluate the durability of Fe3O4@NHCS-2 and Pt/C. In contrast to 
Pt/C catalyst, when 71.77% current density was maintained after 
40,000 s, Fe3O4@NHCS-2 exhibits much higher stability (86.79% 
current density can be maintained), suggesting the superiority in 
practical application (Fig. 3(e)). In addition, Fe3O4@NHCS-2 exhibits 
high tolerance to methanol. As shown in Fig. 3(f), after pouring 3 M 
methanol into the KOH electrolyte, the LSV curve of Fe3O4@NHCS-2 
remains the same, while a sharp methanol oxidation peak was 
observed for Pt/C. The remarkable catalytic activity as well as stability 
and excellent methanol resistance of the Fe3O4/NHCS-2 makes it a 
promising alternative for the ORR electrocatalysts.  

Besides ORR, the oxygen evolution reaction (OER) performance 
of the catalysts is also investigated. As shown in Fig. S14 in the ESM. 
It can be seen the OER activity of NHCS is also the worst, and the 
introduction of Fe3O4 can obviously improve the OER activity of 
the catalysts. In addition, with the increasing of Fe3O4 content in the 
NHCS, the OER performance of the catalysts increases, highlighting 
the importance of Fe3O4. To deliver a current density of 10 mA·cm−2, 
NHCS needs a potential of 1.69 V (460 mV overpotential), and 
these values are 1.67 V (440 mV overpotential), 1.64 V (420 mV 
overpotential), and 1.62 V (390 mV overpotential) for Fe3O4@NHCS-1, 
Fe3O4@NHCS-2 and Fe3O4@NHCS-3. The reversible oxygen electrode 
property can be assessed by the variance of OER and ORR metrics 
(ΔE = Ej=10 − E1/2, where Ej=10 is the operating potential at 10 mA·cm−2 
for OER, while E1/2 is the half-wave potential for ORR). Impressively, 
Fe3O4@NHCS-2 and Fe3O4@NHCS-3 exhibit similar ΔE (0.78 and 
0.77 V), much smaller than that for NHCS (0.87 V), once again 
demonstrating the advantage of Fe3O4 species.  

The excellent catalytic activity of Fe3O4@NHCS-2 inspired us to 
build a home-made Zn-air battery to evaluate its practical application. 
The test was conducted in ambient conditions without external gas 
purging. The open-circuit voltage was determined to be as high as 
1.42 V and two primary Zn-air batteries connected in series could 
easily power a red light-emitting diode (LED), demonstrating its 
promising application in Zn-air batteries (Figs. 4(a) and 4(b)). In 
addition, the maximum power density was calculated as 133 mW·cm−2, 
which is even higher than that of 20 wt.% Pt/C (115 mW·cm−2)  
(Fig. 4(c)). It also should be noted that the high-power density is 
comparable to other state-of-the-art electrode materials (Table S3 
in the ESM). When galvanostatically discharged at 10.0 mA cm−2, 
the Zn-air battery delivers a stable discharge voltage around 1.12 V 
with only little degradation. Furthermore, it yields a specific capacity 
of 701 mA·h·g−1 normalized to the mass of consumed Zn and this 
value is 665 mA·h·g−1 for Pt/C catalysts at the same condition   
(Fig. 4(d)). Obviously, the larger power and energy densities suggest 
that Fe3O4@NHCS-2 could serve as the low-cost catalyst in Zn-air 
batteries. For rechargeable Zn-air batteries, the charge process 
of the catalyst is also very important. Thus, the charge curves of 
Fe3O4@NHCS-2 for Zn-air batteries were also measured, and 
commercial Pt/C+IrO2 with a mass of 1:1 was used for comparison. 
Due to the relatively poor OER activity of Fe3O4@NHCS-2, the 
charging process of Fe3O4@NHCS-2 is a little worse than Pt/C+IrO2. 
However, the discharging process of Fe3O4@NHCS-2 is obviously 
better than the Pt/C+IrO2 (Fig. S15 in the ESM). Moreover, the 
long-time cycling ability of Fe3O4@NHCS-2 is also very good. As 
shown in Fig. 4(e), the Zn-air battery based on Fe3O4@NHCS-2 
catalyst delivers an initial discharge potential of 1.12 V and a charge 
potential of 2.30 V (52.6% energy efficiency). After 50 h cycling, the 
discharge potential and charge potential are 1.12 and 2.45 V, that  

 
Figure 4 (a) Photograph of the assembled battery with an open-circuit voltage 
of 1.42 V. (b) Digital images of LEDs (2.2 V) after being powered by two Zn-air 
batteries (catalyzed by Fe3O4@NHCS-2) in series. (c) Polarization and power 
density curves of primary Zn-air batteries using Fe3O4@NHCS-2 and Pt/C as 
ORR catalyst. (d) Discharge curves of Zn-air batteries assembled from 
Fe3O4@NHCS-2 and Pt/C catalysts at 10.0 mA·cm−2 discharging rate. (e) Long 
time cycling test of Fe3O4@NHCS-2 and Pt/C at 10.0 mA·cm−2. 

the energy efficiency is still 45.7%. By contrast, for Pt/C, the energy 
efficiency after 50 h cycling is only 39.6% (2.55 V for charging and 
1.01 V for discharging), much lower than that of Fe3O4@NHCS-2. 
The outstanding discharging behaviour and durable stability of Zn-air 
battery based on Fe3O4@NHCS-2 once again imply its potential 
applications. 

4 Conclusions 
In conclusion, we propose a facile approach to prepare Fe3O4 decorated 
N doped hollow carbon microsphere from ZnFe-complex. In 
addition, the hollow microsphere is assembled by 2D nanoplate and 
this guarantees more exposed catalytic active sites. The usage of 
solid ZnO nanowire as zinc source is crucial to obtain this structure. 
The optimized sample Fe3O4@NHCS-2 shows superior ORR 
performance compared with commercial Pt/C in 0.1 M KOH solution. 
Remarkably, the Fe3O4@NHCS-2 also confers excellent Zn-air battery 
performance with a high-power density of 133 mW·cm−2 and high 
specific capacity of 701 mA·h·g−1, as well as high energy efficiency and 
excellent long-time durability. The outstanding ORR performance 
can be attributed to its high surface with hollow structure that 
facilitates fast transport of reactants and electrolytes toward the active 
sites, the high active Fe3O4 species and the N doped carbon matrix. 
Moreover, the synthetic method presented can be easily extended 
to prepare other nonprecious metal compounds decorated carbon 
material for various energy conversion and storage technologies. 
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