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� Polystyrene nanoparticles as solid 
templates. 
� Pyrolytic preparation of N,Fe-codoped 

hollow porous carbon spheres (FeNC). 
� FeNC composites exhibit a large surface 

area and abundant FeNx sites. 
� FeNC-950 shows the best ORR activity, 

stability and methanol tolerance.  
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A B S T R A C T   

Design and engineering of low-cost, effective catalysts for oxygen reduction reaction (ORR) plays a critical role in 
the development of fuel cells and metal-air batteries. Herein, we describe a facile template-assisted strategy for the 
fabrication of hollow porous carbon spheres codoped with nitrogen and iron species (FeNC) for ORR electro
catalysis. The samples are synthesized via one-step pyrolysis of a core-shell precursor, which is prepared by in-situ 
growth of a Fe-doped zeolite imidazolate framework (ZIF) shell onto the surface of polystyrene nanoparticles. The 
obtained FeNC composites exhibit a unique hollow structure with a large surface area, hierarchical porosity, and 
abundant FeNx sites. Notably, the sample prepared at 950 �C (FeNC-950) exhibits the best ORR activity among the 
series in alkaline media (with an onset and half-wave potential at þ0.94 and þ 0.84 V vs. RHE, respectively), a 
performance on par with that of Pt/C and leading relevant catalysts reported in recent literature, where ORR 
proceeds mostly via the efficient four-electron reduction pathway. The FeNC-950 catalyst also displays superior 
stability and tolerance to methanol, as compared to commercial Pt/C. The results suggest that high-performance 
ORR catalysts can be derived by deliberate structural engineering of the metal-organic framework precursors.  
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1. Introduction 

Oxygen reduction reaction (ORR) is a cathode reaction of fuel cells 
and metal-air batteries that plays a critical role in determining the de
vice performance [1–4]. At the present, platinum and its alloys are 
considered to be the best ORR electrocatalysts; however, they are prone 
to methanol and carbon monoxide poisoning, and their scarcity and high 
costs have greatly hindered large-scale commercialization of the tech
nologies [5–10]. In recent years, catalysts composed of porous carbon 
doped with nitrogen and non-precious transition metals (MNC) have 
attracted widespread attention due to their high electrocatalytic per
formance, good corrosion resistance, and low costs [11–16], mostly due 
to the formation of MNx coordination moieties [17–20]. 

In general, high electrocatalytic activity of MNC composites can be 
achieved with uniform nitrogen doping and transition metal distribu
tion, high specific surface area, and high electrical conductivity 
[21–23]. Towards this end, hollow carbon nanostructures represent a 
unique structural scaffold [24–30], which can be constructed by 
exploiting precursors based on metal-organic frameworks (MOFs) [23, 
31–34]. For instance, ZIF-8 features a zeolitic imidazole ester skeleton 
that has been shown to lead to the production of porous carbon with a 
high surface area and nitrogen doping by controlled pyrolysis. However, 
the ORR activity in general remains subpar as compared to that of 
commercial Pt/C [33–35]. The performance can be further improved by 
introducing a transition metal, such as Fe, into the ZIF precursor, which 
upon pyrolysis produces Fe–N active sites [36]. 

Herein, we describe a facile bottom-up strategy to fabricate highly 
porous and hollow Fe,N-codoped carbon spheres by one-step pyrolysis 
of a core-shell composite precursor consisting of carboxylate-terminated 
polystyrene nanoparticles as the core and bimetallic ZnFe-ZIF as the 
shell. In the pyrolysis process, the incorporation of Zn species in ZnFe- 
ZIF spatially separated the Fe species and impeded the aggregation of 
Fe nanoparticles, and concurrently afforded high porosity due to ther
mal evaporation. In addition, the polystyrene core was decomposed to 
afford the hollow structure, and the bimetallic ZIF shell was converted to 
hollow porous N-doped carbon spheres. Concurrently, pores and chan
nels of different length scales were constructed together with doping, 
and Fe species from ZnFe-ZIF were dispersed into the carbon matrix 
forming FeNx moieties. These unique features were found to facilitate 
the electron transfer and mass transfer involved in the ORR process, 
leading to effective ORR electrocatalysis. In fact, the obtained FeNC 
nanocomposites were found to display a high surface area, good degree 
of graphitization, abundant active sites, and thus remarkable ORR ac
tivity in alkaline media. Of these, the sample prepared at 950 �C 
exhibited the best electrocatalytic performance, which was on par with 
leading results of relevant Fe-based catalysts and commercial Pt/C (20 
wt%). 

2. Experimental section 

2.1. Preparation of materials 

Preparation of carboxylate-terminated polystyrene nano
spheres. Polystyrene nanospheres were prepared by adopting a previ
ously reported method [36]. In a typical synthesis, a mixture containing 
21 mL of styrene, 1.1 mL of methyl methacrylate, 0.92 mL of acrylic acid 
and 0.49 g of NH4HCO3 was added to 100 mL of deionized water under 
mechanical stirring. When the temperature was raised to 70 �C, 0.53 g of 
ammonium persulfate was added to the solution, which was then heated 
at 80 �C for 12 h. A white precipitate was produced, which was sepa
rated by centrifugation, rinsed with deionized water several times, and 
finally freeze-dried for future use. 

Preparation of polystyrene@ZIF core@shell nanospheres. In a 
typical procedure, Zn(NO3)2⋅6H2O (591.28 mg) and Fe(NO3)3⋅9H2O 
(20.2 mg) were dissolved in 100 mL of methanol. Separately, the poly
styrene nanospheres obtained above (300 mg) and 2-methylimidazole 

(694.98 mg) were added into 100 mL of methanol under sonication 
for 30 min. These two solutions were mixed and heated at 60 �C for 24 h, 
producing a precipitant which was collected by centrifugation, rinsed 
with ethanol and dried at 70 �C in a vacuum oven for further use. The 
resultant product was denoted as PS@ZnFe-ZIF. 

Preparation of FeNC nanocomposites. In a typical synthesis, the 
PS@ZnFe-ZIF precursor produced above was placed in a tube furnace 
and heated at a controlled temperature varied from 750 to 1050 �C for 2 
h at a heating rate of 2 �C min� 1 from room temperature under a ni
trogen gas flow, resulting in the formation of hollow, porous carbon 
spheres codoped with N and Fe. The samples were denoted as FeNC-T, 
with T being the pyrolysis temperature (i.e., 750, 850, 950, or 1050 �C). 

2.2. Structural characterization 

The sample morphology was studied by using scanning electron 
microscopy (SEM) on a Hitachi SU 70 microscope at the working voltage 
of 5 kV. The microstructures and chemical composition of the products 
were characterized by using transmission electron microscopy (TEM, 
JEOL JEM-2100F) and energy dispersive X-ray spectroscopy (EDS, OX
FORD, X-Max). Crystal structures were examined by X-ray diffraction 
(XRD, Bruker, D8 ADVANCE) measurements with Cu Kα radiation (λ ¼
0.15418 nm). X-ray photoelectron spectroscopy (XPS) studies were 
performed using a Kratos AXIS Ultra DLD XPS system equipped with a 
hemispherical energy analyzer and a monochromatic Al Kα source 
operated at 15 keV and 150 W. Nitrogen adsorption/desorption iso
therms were recorded at 77 K on an ASAP 2460 instrument. Raman 
spectra were acquired on a LabRAM HR Evolution Raman spectrometer 
at 633 nm excitation. 

2.3. Electrochemistry 

Voltammetric measurements were carried out on a CHI 760E elec
trochemical workstation (CHENHUA Instrument, China) in a conven
tional three-electrode cell. A glassy carbon rotating disk electrode (GC- 
RDE, 5 mm in diameter) was used as the working electrode. A graphite 
rod was employed as the counter electrode and a Ag/AgCl electrode as 
the reference electrode. The Ag/AgCl reference electrode was calibrated 
against a reversible hydrogen electrode (RHE) and all potentials in the 
present study were referenced to this RHE. The working electrode was 
prepared as follows: 6 mg of the FeNC catalysts prepared above, 500 μL 
of ethanol, 500 μL of ultrapure water, and 50 μL of a Nafion solution (5 
wt%) were mixed under sonication for 1 h to obtain a catalyst ink. Then, 
20 μL of the ink was dropcast onto the freshly polished glassy carbon 
electrode and dried at room temperature. Prior to data acquisition, the 
electrolyte solution was purged with ultrahigh-purity N2 or O2 for 30 
min. Cyclic voltammograms (CV) were acquired at the scan rate of 50 
mV s� 1. Linear-sweep voltammetry (LSV) measurements were carried 
out at the scan rate of 5 mV s� 1 with the rotation rate varied from 450 to 
2500 rpm. All electrochemical experiments were performed at room 
temperature (25 � 1 �C). 

The number of electron transfer (n) and peroxide yield (H2O2%) 
were calculated using the following equations, n ¼ 4 Id

IdþIr=N 
and 

H2O2ð%Þ ¼ 200% Ir
NIdþIr, where Id and Ir represent the disk and ring 

current, respectively, and N is the ring collection efficiency (0.37) [37]. 

3. Results and discussion 

3.1. Morphology characterization 

The morphology and internal structure of the PS@ZnFe-ZIF precur
sor and FeNC-950 nanocomposites were first examined and compared 
by SEM and TEM measurements. From the SEM image in Fig. 1a, one can 
see that ZnFe-ZIF was adsorbed on the outer surface of the polystyrene 
nanoparticle, producing a rough surface and a quasi-core-shell structure. 
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Fig. 1. (a) SEM and (b.c) TEM images of PS@ZnFe-ZIF precursor. (d–f) SEM, (g,h) TEM, (i) selected-area electron diffraction (SAED) pattern, (j) STEM and (k) 
HAADF-STEM images, and EDS elemental maps of the FeNC-950 sample. 

Fig. 2. (a) XRD patterns and (b) Raman spectra of FeNC-750, FeNC-850, FeNC-950, and FeNC-1050.  
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This in essence took advantage of the large number of –COOH functional 
groups on the polystyrene surface (Fig. S1) to anchor metal ions and 
nanocrystals, forming a lychee-like structure of the PS@ZnFe- ZIF pre
cursor. From the TEM images (Fig. 1b and c), PS@ZnFe-ZIF can be seen 
to exhibit a rather uniform size (ca. 350 nm in diameter) and good 
dispersion. After pyrolysis, the resulting samples retained a consistent 
morphology, as manifested in SEM measurements of FeNC-950 
(Fig. 1d–f), but featured a hollow structure, as evidenced in TEM 
study (Fig. 1g), with an outer diameter of about 240 nm and shell 
thickness of ca. 10 nm. This size was smaller than that of the polystyrene 
nanoparticle templates, likely because of the inward collapse of the 
adsorbed ZnFe-ZIF structure during the thermal removal of the poly
styrene nanoparticles. Fig. 1h shows a high-resolution TEM image of the 
FeNC-950 sample, where short-range crystallinity can be seen [38], 
consistent with the corresponding selected area electron diffraction 
(SAED) patterns in Fig. 1i [39]. From the HAADF-STEM image (Fig. 1j 
and k), the Fe, C and N elements can be readily identified in FeNC-950, 
indicating the successful preparation of Fe,N-codoped carbon, whereas 
no Zn signal was detected, confirming the effective evaporation of the Zn 
species. Notably, no particulate materials were observed, implying that 
the Fe species were atomically dispersed within the carbon skeletons. In 
fact, the bright spots (white circles) in Fig. 1k can be ascribed to atomic 
Fe species in FeNC-950. 

The structure of the FeNC composites was further characterized by 
XRD measurements. As depicted in Fig. 2a, all samples showed a broad 
diffraction peak at 2θ ¼ 26�, which can be assigned to the typical (002) 
diffraction of graphitic carbon [40], confirming the successful carbon
ization of the MOF precursors. In addition, at higher calcination tem
peratures, the diffraction peak can be seen to become stronger, 
suggesting an increasing degree of graphitization. Furthermore, no 
diffraction peaks of Fe or Fe-based compounds can be observed for the 
samples prepared below 950 �C, consistent with results from TEM 

measurements which suggest atomic dispersion of the Fe species in the 
carbon matrix (Fig. 1), whereas two additional diffraction peaks emerge 
at 2θ ¼ 43.4� and 44.5� for the FeNC-1050 sample, which can be 
ascribed to the (111) facet of Fe3N (PDF#49-1622) and the (110) facet of 
face-centered cubic (fcc) iron (PDF#06-0696), respectively. That is, with 
a proper control of the pyrolysis temperature, the Fe species can be 
atomically doped into the carbon skeletons [41]. 

The degree of graphitization and defects of the samples were then 
investigated by Raman spectroscopy measurements. As shown in Fig. 2b, 
two broad and dominant peaks were observed at 1331 cm� 1 and 1580 
cm� 1 for all FeNC samples, corresponding to the D and G peaks of 
graphitic carbon, again, suggesting successful carbonization of the MOF 
precursors [42]. Furthermore, one can see that the ratio of the D and G 
band intensity (ID/IG) decreases with increasing pyrolysis temperature, 
from 1.40 at 750 �C to 1.33 at 850 �C, 1.21 at 950 �C, and 1.17 at 1050 
�C, suggesting an increasing degree of graphitization and hence elec
trical conductivity of the samples [43,44]. Nevertheless, the fact that 
ID/IG > 1 for all samples indicates the formation of a large number of 
defects in the materials, which may be beneficial to the adsorption and 
reduction of oxygen species. 

The specific surface area and pore size distribution of the FeNC 
nanocomposites were then analyzed by nitrogen adsorption-desorption 
isotherm measurements. As shown in Fig. 3a, all samples exhibited 
combined characteristics of type I and IV isotherms, indicating the for
mation of both micropores and mesopores [45–48]. The adsorption 
curve in the high-pressure region had a clear upward trend, indicating 
that there were also secondary pores or macropores in the samples. This 
hierarchical porosity has been recognized to be beneficial for the 
diffusion of reactants and exposure of active sites. According to the 
multi-point BET equation, the specific surface area of FeNC was found to 
increase from 320.4 m2 g� 1 for FeNC-750 to 577.7 m2 g� 1 for FeNC-850, 
and 916.2 m2 g� 1 for FeNC-950, but then decreased to 863.0 m2 g� 1 for 
FeNC-1050 (Table 1). That is, the FeNC-950 sample exhibited the 
highest BET specific surface area among the series. Fig. 3b shows the 
pore size distributions of the samples, which entailed primarily micro
pores and mesopores, with the pore size mainly distributed from 0.6 nm 
to 40 nm, with FeNC-950 again exhibiting the largest pore volume of 
1.51 m3 g� 1, in comparison to 0.73 m3 g� 1 for FeNC-750, 0.96 m3 g� 1 for 
FeNC-850, and 1.30 m3 g� 1 for FeNC-1050. 

XPS measurements were then carried out to examine the elemental 
composition and valence state of the FeNC composites. Fig. 4a shows the 
survey spectra of the series of samples, where the C, N, and O elements 
can be readily identified. For the FeNC-750 and FeNC-850 samples, Zn 
can still be seen; yet at pyrolysis temperatures higher than 950 �C, Zn 
species was effectively removed. The Fe element signals are relatively 

Fig. 3. (a) Nitrogen adsorption-desorption isotherms and (b) pore distributions of FeNC-750, FeNC-850 FeNC-950 and FeNC-1050.  

Table 1 
BET surface area, pore volume and pore size of FeNC-750, FeNC-850, FeNC-950, 
and FeNC1050.  

Sample BET Surface Area (m2 

g� 1) 
Pore Volume (cm3 

g� 1) 
Pore Size 
(nm) 

FeNC-750 320.4 0.73 19.7 
FeNC-850 577.7 0.96 15.2 
FeNC-950 916.2 1.51 17.2 
FeNC- 

1050 
863.0 1.30 15.0  
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weak, suggesting low Fe contents (Table S1). Fig. 4b shows the high- 
resolution spectrum of the C 1s electrons in FeNC-950, which can be 
deconvoluted into three species, C––C (284.7 eV), C–O/C–N (285.7 eV), 
and O––C–O (287.9 eV) [49]. Fig. 4c shows the corresponding Fe 2p 
spectrum, where five subpeaks can be resolved at 710.7, 714.6, 719.6, 
723.4 and 725.6 eV, corresponding to Fe2þ 2p3/2, Fe3þ 2p3/2, satellite 
peaks, Fe2þ 2p1/2, and Fe3þ 2p1/2 respectively [50]. That is, only Fe2þ

and Fe3þ species were produced in the FeNC-950 sample. The N 1s 
spectrum is shown in Fig. 4d (data for other samples are shown in 
Fig. S2), and five independent peaks can be resolved at 398.4, 399.4, 
400.1, 401.0, 402.5 eV, corresponding to pyridinic, Fe–N, pyrrolic, 
graphitic, and oxidized nitrogen, respectively [11,51–55]. Notably, the 
FeNC-950 sample exhibited the highest content of Fe–N moieties among 
the FeNC series (Table S2), a unique feature that is considered to be 
responsible for ORR activity (vide infra) [56]. 

3.2. Electrochemistry 

The ORR activities of the FeNC nanocomposites were then assessed 
and compared with commercial Pt/C (20 wt%) by RDE voltammetry in 
O2-saturated 0.1 M KOH. The CV curves of all samples (Fig. 5a) showed a 
well-defined cathodic peak, suggesting apparent electrocatalytic activity 
towards ORR, as compared to the featureless profiles when the elec
trolyte solution was purged with N2 [56]. Yet the activity varied among 
the series of FeNC samples. From the LSV data (Fig. 5b), one can see that 

the onset potentials (Eonset) increased from þ0.82 V for FeNC-750 to 
þ0.91 V for FeNC-850, and to þ0.94 V for FeNC-950, but then decreased 
to þ0.93 V for FeNC-1050. The corresponding half-wave potentials 
(E1/2) and diffusion-limited currents changed in a similar trend, þ0.73 V 
and 2.2 mA cm� 2 for FeNC-750, þ0.76 V and 4.17 mA cm� 2 for 
FeNC-850, þ0.84 V and 5.85 mA cm� 2 for FeNC-950, and þ0.81V and 
5.52 mA cm� 2 for FeNC-1050. For comparison, Pt/C exhibited an Eonset 
of þ0.96 V and E1/2 of þ0.83 V. Taken together, these results show that 
FeNC-950 stood out as the best ORR catalyst among the series (Fig. 5c), 
with a performance on par with Pt/C and relevant catalysts reported in 
recent literature (Table S3). Note that Fe–N species have been found to 
play a critical role in the determination of the ORR activity [36,57], and 
results from XPS measurements (Tables S1 and S2) show that the 
FeNC-950 sample exhibits the highest Fe–N content among the series. In 
addition, in BET measurements, the FeNC-950 shows the highest specific 
surface area, which may facilitate the accessibility of the active sites. It is 
likely that these unique features collectively contribute to the remark
able ORR activity of FeNC-950, as compared to others. 

The charge transfer kinetics of ORR was then analyzed by electro
chemical impedance spectroscopy (EIS) measurements. Fig. 5d depicts 
the Nyquist plots acquired at open-circuit potential, which feature a 
semi-circle in the high frequency region and a straight line in the low- 
frequency region. One can see that the diameter of the semi-circle 
(charge-transfer resistance, Rct) [58] varied among the series of sam
ples, at 44.6 Ω for FeNC-750, 46.99 Ω for FeNC-850, 34.17 Ω for 

Fig. 4. (a) XPS survey spectra of the FeNC series. High resolution spectra of the (b) C 1s, (c) Fe 2p and (d) N 1s electrons of FeNC-950. Grey curves are experimental 
data and colored curves are deconvolution fits. 
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FeNC-950, and 39.31 Ω for FeNC-1050, in comparison to 33.87 Ω for 
Pt/C. This is consistent with the observation that FeNC-950 exhibited 
the best ORR activity among the series. 

To further investigate the ORR electron-transfer kinetics, RDE mea
surements were conducted at different rotation rates from 450 to 2500 
rpm (Fig. 6a), and the Koutecky–Levich (K-L) plots (Fig. 6b) were used to 
analyze the kinetic parameters. As can be seen from Fig. 6a, the onset 
potential of FeNC-950 catalyst did not change with the increase of 
rotation rate. The good linearity of the corresponding K-L plots suggests 
first-order reaction kinetics toward the concentration of dissolved oxy
gen and similar electron transfer numbers (n) within the potential range 
of þ0.80 to þ0.90 V. In addition, it can be seen that as the rotation rate 
increased, the limiting current density increased accordingly [59]. 
Consistent results can be obtained in the number of electron transfer (n) 
and peroxide yield (H2O2%) at different potentials (Fig. 6c), where the 
average n value was 3.95 for FeNC-950, in comparison to 4.0 for Pt/C 
and the peroxide yield of FeNC-950 was below 5%. This indicates that 
oxygen reduction mostly followed the 4e� pathway on FeNC-950 to 
water (OH� ). The Tafel slope of FeNC-950 (71.67 mV dec� 1) at low 
overpotentials was also slightly lower than that of Pt/C (77.1 mV dec� 1), 
indicating more efficient electron transfer on the FeNC-950 catalyst 
(Fig. 6d). 

Accelerated durability tests were then carried out by cycling the 
catalyst over the potential range of þ0.6 to þ1.0 V at 50 mV s� 1 in an O2- 
saturated 0.1 M KOH solution. One can see that after 10,000 potential 
cycles, the E1/2 of FeNC-950 showed only a negative shift of 11 mV 
(Fig. 7a), whereas the shift was much larger at 43 mV for Pt/C (Fig. 7b). 
In chronoamperometric measurements at þ0.80 (Fig. 7c), one can see 

that 94.5% of its initial current density was retained with FeNC-950, 
while only 67.4% with Pt/C [60]. 

In addition to enhanced durability, FeNC-950 also exhibited excel
lent methanol tolerance. As depicted in Fig. 7d, one can see that the ORR 
activity decreased significantly for the Pt/C catalyst upon the addition of 
3.0 M methanol, where the current actually became positive due to 
methanol oxidation, whereas no noticeable change was observed with 
FeNC-950 [61]. This result suggests that the FeNC-950 catalyst may 
serve as a promising cathode catalyst for direct methanol fuel cells. 

4. Conclusion 

In this study, by growing a bimetallic ZnFe-ZIF MOF onto poly
styrene nanoparticle surface, Fe and N co-doped hollow carbon spheres 
were readily prepared by controlled pyrolysis of the obtained PS@ZnFe- 
ZIF core@shell precursors. Among the series, the sample prepared at 
950 �C exhibited the best ORR performance in alkaline media with Eonset 
¼ þ0.94 V and E1/2 ¼ þ0.84 V, which was on par with leading results 
reported previously with relevant electrocatalysts and commercial 20 wt 
% Pt/C. Moreover, the FeNC-950 sample possessed superior long-term 
stability and better tolerance to methanol than the Pt/C catalyst. It is 
anticipated that this facile strategy can also be extended to other MOF- 
derived MNC hollow hybrids, thus opening up a new strategy for 
developing high-performance electrocatalysts for various energy-related 
applications. 

Fig. 5. (a) CV curves of FeNC-950 in N2-saturated and O2-saturated 0.1 M KOH solution at 50 mV s� 1. (b) LSV curves for different samples at the sweep rate 5 mV s� 1 

and rotation rate of 1600 rpm. (c) Comparison of Jk and E1/2 for different catalysts. (d) EIS tests of the four FeNC catalysts and JM 20% Pt/C within the frequency 
range of 0.1 to l06 Hz at open-circuit potential. 
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Fig. 6. (a) LSV curves at different rotation rates from 450 to 2500 rpm for FeNC-950. (b) K-L plots at different potentials from þ0.80 to þ0.90 V of FeNC-950. (c) 
Percentage of peroxide and the electron transfer number (n) curves calculated by RRDE. (d) Tafel plots of FeNC-950 (red) and JM 20% Pt/C (black) from RDE 
polarization curves. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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