
rsc.li/materials-a

Journal of
 Materials Chemistry A
Materials for energy and sustainability

rsc.li/materials-a

ISSN 2050-7488

COMMUNICATION
Zhenhai Wen et al. 
An electrochemically neutralized energy-assisted low-cost 
acid-alkaline electrolyzer for energy-saving electrolysis 
hydrogen generation

Volume 6
Number 12
28 March 2018
Pages 4883-5230

Journal of
 Materials Chemistry A
Materials for energy and sustainability

This is an Accepted Manuscript, which has been through the  
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after acceptance, 
before technical editing, formatting and proof reading. Using this free 
service, authors can make their results available to the community, in 
citable form, before we publish the edited article. We will replace this 
Accepted Manuscript with the edited and formatted Advance Article as 
soon as it is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes to the 
text and/or graphics, which may alter content. The journal’s standard 
Terms & Conditions and the Ethical guidelines still apply. In no event 
shall the Royal Society of Chemistry be held responsible for any errors 
or omissions in this Accepted Manuscript or any consequences arising 
from the use of any information it contains. 

Accepted Manuscript

View Article Online
View Journal

This article can be cited before page numbers have been issued, to do this please use:  L. Wu, B. Ni, R.

Chen, P. Sun and T. Chen, J. Mater. Chem. A, 2020, DOI: 10.1039/D0TA07029G.

http://rsc.li/materials-a
http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/
https://doi.org/10.1039/d0ta07029g
https://pubs.rsc.org/en/journals/journal/TA
http://crossmark.crossref.org/dialog/?doi=10.1039/D0TA07029G&domain=pdf&date_stamp=2020-09-22


ARTICLE

Please do not adjust margins

Please do not adjust margins

Received 00th January 20xx,

Accepted 00th January 20xx

DOI: 10.1039/x0xx00000x

A General Approach for Hierarchically Porous Metal/N/C 

Nanospheres Electrocatalysts: Nano-Confined Pyrolysis of In-Situ 

Formed Amorphous Metal-Ligand Complex

Luming Wu,a Baoxia Ni,a Rui Chen,a Pingchuan Sun,b Tiehong Chena,*

A nano-confined pyrolysis approach is developed for constructing highly nitrogen-doped metal/N/C hierarchically porous 

nanospheres (typically Fe/N/C-HP). Hierarchically porous silica nanospheres (NKM-5) is used as hard template and 

amorphous Fe/Zn-(MeIm)2 complex is employed as carbon and nitrogen source. During the pyrolysis process, firstly, the 

molten Fe/Zn-(MeIm)2 complex can diffuse into hierarchically porous tunnels of NKM-5. Secondly, the interface confinement 

effect of the nanopore in NKM-5 can effectively immobilize nitrogen to coordinate with iron atom, prevent the aggregation 

of the Fe-based species and form single-atom Fe sites. After removing the silica template, the catalyst exhibits hierarchically 

porous structure and uniform spherical morphology. This hierarchically porous structure of Fe/N/C-HP can enhance mass 

transport/electron transfer and greatly improve the accessibility of Fe/N/C sites. As a result, the Fe/N/C-HP catalyst exhibits 

excellent oxygen reduction performance with a half-wave potential (E1/2) of 0.90 V in alkaline media and 0.78 V in acidic 

media. A primary 9�@��� battery with Fe/N/C-HP as the cathode catalyst exhibits a large peak power density of 181 mW cm@� 

and discharge stability. This nano-confined pyrolysis of amorphous M/Zn-(MeIm)2 complex is a general method to construct 

hierarchically porous M/N/C (M=Fe, Co, Cu, Mn and Ni ) electrocatalyst with well-defined morphology.

1. Introduction

The ever-increasing energy issues and environmental 
deterioration have attracted extensive attention to develop clean 
energy devices.1 Highly efficient electrochemical oxygen reduction 
reaction (ORR) plays crucial roles in renewable and sustainable 
energy systems, such as fuel cells and metal-air batteries.2 Platinum 
group metal (PGM) catalysts are predominantly used as the state of-
the-art ORR catalysts.3 Unfortunately their prohibitive cost, 
geological scarcity, as well as poor durability greatly impede the 
large-scale utilization in sustainable energy systems. Therefore, it is 
extremely imperative to explore efficient and durable non-precious 
metal catalysts (NPMC) to replace Pt-based catalysts. Tremendous 
efforts have been devoted in the field of NPMC involving 
perovskites,4 transition metal (TM)-based oxides,5 carbides,6 
phosphides,7 sulfides8 and heteroatom-doped carbon materials9 to 
fulfill the stringent activity and durability requirements of practical 
systems. Among them, atomically dispersed M-N-C (M = Fe, Co) 
electrocatalysts,10-12 especially Fe-N-C, have been considered to be 
the most promising candidates due to their earth abundance, high 
atom utilization, modified electronic structure, as well as their 
excellent activity in both alkaline and acidic media.13 

Significant efforts have been devoted to design the atomically 
dispersed Fe/N/C catalysts.14-16 Metal Organic Framework (MOF) 
materials, which contain organic ligands and metal cations, are being 
widely employed as precursors and MOF-derived carbon generally 
hosts functional single-atomic metal active centers for 
electrocatalysis.17 However, synthesis of crystalline MOFs requires a 
large consumption of organic solvents, and generally during pryolysis 
of MOFs there is a lack of strategy to create hierarchically porous 
structures in the MOF-derived carbon materials. Most synthetic 
strategies of carbon-based electrocatalysts also unavoidably involve 
a high temperature pyrolysis of organic precursors, the introduction 
of inorganic interface is helpful to retain more Fe/N/C active sites 
during pyrolysis process.18-20 For example, Joo and his coworkers18 
reported a �silica-protective-layer-assisted� strategy to prepare 
catalytically active 3�@,� sites and suppress the formation of large 
Fe-based particles. The SiO2-protecting shell coated on carbonaceous 
nanofibers restricted free migration of iron species and led to 
formation of highly active Fe�Nx sites catalysts.20 On the other hand, 
limited exposure of active sites and poor mass transport/electron 
transfer are still issues affecting the catalytic efficiency of Fe/N/C. It 
is highly desirable to construct hierarchically porous Fe/N/C catalysts, 
because high microporosity could act as host for Fe/N/C sites to 
boost the ORR catalytic properties and abundant meso- or 
macropores can promote the mass transport/electron transfer of 
ORR-related species (O2, H2O and proton) into the cathode.21-23 Xu 
and coworkers24 developed a silica-mediated MOF templating 
approach to prepare three-phase boundaries/interfaces with 
enhanced mass transport of reactants to single-atom iron sites, 
showing superior ORR performances in both alkaline and acidic 
electrolytes. Therefore, simultaneous control of atomically dispersed 
Fe/N/C and hierarchically porous structures of the catalysts is 
extremely attractive.
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(MeIm)2 complex is very important for the fabrication of 
hierarchically porous Fe/N/C nanospheres, as it would be driven into 
the hierarchical pores of the NKM-5 hard template via caplillary force. 
After pyrolysis and etching the silica template, hierarchically porous 
nitrogen-doped-carbon nanospheres (Fe/N/C-HP) were obtained 
and single-atom Fe was in situ anchored by nitrogen to form Fe/N/C 
sites in the porous carbon matrix (as discussed later below).

The presence of Zn2+ is crucial in the preparation. With only 2-

MeIM and NKM-5, after pyrolysis no carbon was left (Fig. S4) as 2-

MeIM was totally decomposed. Pyrolysis of mixture of NKM-5, 2-

MeIM and ZnCl2 (i.e. without the addition of iron source and Phen) 

gave rise to hierarchically porous N-doped carbon nanospheres 

(denoted as HPNC) (Fig. S5-S6). The spherical morphology of HPNC 

indicates that the pyrolysis of Zn-(MeIm)2 complex took place within 

the NKM-5 template, implying that the molten Zn-(MeIm)2 complex 

was firstly driven into the pores of NKM-5 by capillary force. With 

further addition of ferrous oxalate and Phen, molten Zn-(MeIm)2 

complex with inclusion of Fe-Phen complex would be driven into 

NKM-5 and finally Fe/N/C-HP was fabricated (Fig. S7-S9). To clarify 

the role of Zn2+ in amorphous Fe/Zn-(MeIm)2 complex, a control 

synthesis was performed with similar procedure to that of Fe/N/C-

HP but in the absence of Zn2+, and only extremely low carbon residual 

was obtained, which was denoted as Fe3C@NC (Fig. S10). The TEM 

images of Fe3C@NC (Fig. S11) show irregular shaped carbon matrix 

with Fe-based nanoparticles encapsulated in graphitic carbon shells 

after high-temperature pyrolysis. This result is consistent with the TG 

analysis of MIX-no-Zn2+, and demonstrates again the necessity of Zn2+ 

which coordinates with 2-MeIM to form molten Zn-(MeIm)2 

complex. 

2.2. Physical characterizations of Fe/N/C-HP catalyst

The morphology and structure of catalysts were investigated by 
SEM and transmission electron microscopy (TEM). SEM images (Fig. 
S8) demonstrate that Fe/N/C-HP retains the original spherical 
morphology of NKM-5 template. TEM images of Fe/N/C-HP display a 
hierarchically nanoporous structure (Fig. 2a, 2b and Fig. S9), 
indicating that the amorphous Fe/Zn-(MeIm)2 complex is fully driven 
into the mesopores of NKM-5, and this pyrolysis Fe/Zn-(MeIm)2 
complex by template confinement approach significantly promote 
synthesis of hierarchically porous carbon spheres. Interestingly, 
carbon nanospheres are mutually linked, which can enhance the 
electron transport pathway between the carbon nanospheres and 
accelerate the electron transfer during the electrocatalytic process.24 
Moreover, the corresponding energy dispersive X-ray (EDX) element 
mapping images revealed that the C, N and Fe elements are 
homogeneously distributed throughout the whole carbon 
architecture (Fig. 2d). No visible Fe nanoparticles or clusters are 

observed in the high resolution TEM images of the Fe/N/C-HP (Fig. 
2c and Fig. S9c-9d), indicating that the Fe atoms are atomically 
dispersed on the nitrogen-doped carbon nanospheres, as also 
proved by XAFS measurement discussed below. The Fe content of 

Fig. 2. (a-c) TEM images and (d) corresponding EDX-mapping Fe/N/C-HP, (e, f) TEM images and corresponding element mappings 
of Fe/N/C/NC. 
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Fe/N/C-HP is 0.73 wt% by inductively coupled plasma optical 
emission spectroscopy (ICP-OES).

For comparison, a control sample named Fe/N/C/NC was 
prepared without NKM-5 template. As shown in SEM images (Fig. S12) 
and TEM images (Fig. 2e-2f), Fe/N/C/NC exhibits a bulk and irregular 
shaped carbon structure, which are decorated with Fe nanoparticles 
wrapped inside the carbon nanotubes. Fe NPs catalyze the growth of 
nanotubes and the graphitization of carbon during the pyrolysis 
process.31 In the case of Fe/N/C-HP, the free migration and growth 
of Fe nanoparticles would be largely restricted by the interface 
confinement effect in mesopores of NKM-5, thus leading to an 
optimization of atomically dispersed Fe-Nx and formation of 
hierarchically porous structure, which indicates inorganic silica 
(NKM-5) can stabilize metal sites by interface confinement effect.

The XRD pattern (Fig. 3a) of Fe/N/C-HP exhibits two broad peaks 
with �S values of 25° and 44°, which can be indexed to (002) and (101) 
plane of graphitic carbon, respectively, suggesting an amorphous 
nature of carbon. Notably, no peaks associated with Fe or Fe-based 
compounds could be detected, further confirming the atomically 
dispersed Fe-Nx in the Fe/N/C-HP. Weak XRD peaks corresponding to 
the Fe3C phase as well as the increase of graphitic carbon peaks are 
observed for the Fe/N/C/NC, which confirms the presence of 
crystalline phase and higher degree of graphitic carbon. Further 
insights into the defect structures in the carbon lattice of the 
catalysts are investigated by Raman spectra analysis (Fig. 3b). Two 
prominent peaks at around 1340 and 1590 cm-1 can be observed and 
are generally ascribed to the disordered defective sp3 carbon (D-

band) and graphitic sp2-carbon (G-band), respectively.32 The Raman 
spectra of Fe/N/C-HP and Fe/N/C/NC could be deconvoluted with 
five bands including D1, D2, D3, D4 and G bands, which represent 
disordered graphitic lattice (graphene layer edges), disordered 
graphitic lattice (surface graphene layers), amorphous carbon 
fraction of soot, sp2-sp3 bonds or C�C and C=C stretching vibrations 
of polyene-like structures and ideal graphitic lattice, respectively.33 
The relatively higher area ratio of ID1/IG for Fe/N/C-HP with respect 

to Fe/N/C/NC (1.61 vs 1.53) implies the formation of more 
disordered carbon with defects, upon which FeNx structures are 
more likely to form for Fe/N/C-HP and thus enhances ORR activity.34-

35 The decreasing ID1/IG ratio of Fe/N/C-HP samples with different 
temperature implies less defects and an increase of graphitization 
with the increased annealing temperatures. (Fig. S13). From the 
results of XRD and Raman, the interface confinement of template 
NKM-5 are beneficial for forming Fe-Nx active site and promoting the 
defective structure.

N2 adsorption-desorption tests were performed to evaluate the 
textural and porous properties of the catalysts (Fig. 3c and 3d). 
Fe/N/C-HP exhibits a hybrid type of I and IV adsorption-desorption 
isotherms with a sharp uptake at relatively low pressure (P/P0 = 0-
0.015) and a hysteresis loop at a higher pressure (P/P0 = 0.70-0.95). 
The sharp increase at P/P0 < 0.05 indicates the existence of abundant 
micropores in carbon materials (Fig. 3d). The hysteresis loop at high 
relative pressure (P/P0 = 0.70-0.95) reveals the presence of 
mesopores, which can be attributed to the nanopores at a range of 
10-30 nm derived after removing the NKM-5 template. Fe/N/C/NC 
exhibits a hybrid type of I and IV adsorption-desorption isotherms, 
which contains micropores and particle piled pore structure. 
Micropores structure for both Fe/N/C-HP and Fe/N/C/NC may 
partially attributed to the pore-formation function of Zn vapor at a 
high pyrolysis condition. It is worth mentioning that the presence of 
the NKM-5 template is essential for the generation not only 
mesopore but also micropore structure in the carbon matrix, as 
verified by the carbon counterpart obtained by carbonizing Fe/Zn-
(MeIm)2 complex without a template. The template effect of NKM-5 
facilitates the formation of mesopores and the interface 
confinement effect of NKM-5 makes the volatile gaseous substances 
difficult to leave, which facilitates the formation of micropores. The 
Brunauer�Emmett�Teller (BET) surface areas and pore volumes of 
Fe/N/C-HP and Fe/N/C/NC are listed in Table S1. Notably, compared 
with Fe/N/C/NC (871 m2 g-1 and 0.69 cm3 g-1), Fe/N/C-HP shows a 
higher specific surface area (1389 m2 g-1) and a higher pore volume 
(1.52 cm3 g-1), indicating abundant mesoporous structure due to the 
introduction of NKM-5 template. The nearly 50% improvement in the 
BET surface area of Fe/N/C-HP over Fe/N/C/NC might be one of the 
reasons for the enhancement of the ORR performance of Fe/N/C-HP. 
As expected, Fe/N/C-HP mainly contain micropores and mesopores, 
which is favorable for the formation of high density of active sites Fe-
Nx and enlarge the electrolyte/catalyst contact area and promotes 
the O2 diffusion during the ORR. Overall, our data confirm that the 
nano-confined pyrolysis of Fe/Zn-(MeIm)2 complex produces 
hierarchically porous nanospheres sample with high surface area and 
large pore volume. All of these features are expected to facilitate 
mass/electronic transfer, increase active-site exposure and 
contribute to excellent ORR performance.

 

Fig. 3. (a) XRD spectra and (b) Raman spectra of Fe/N/C-HP and 
Fe/N/C/NC, (c) N2-adsorption/desorption isotherms and (d) 
pore size distribution curves of Fe/N/C-HP and Fe/N/C/NC. 
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To gain deep insight into the surface composition and electronic 
state of the samples, X-ray photoelectron spectroscopy (XPS) 
analyses were performed. As expected, the survey spectra of the 
Fe/N/C-HP and Fe/N/C/NC reveal the existence of C, N, O and Fe 
elements (Fig. 4a). The corresponding atomic percentages of the 
above elements are listed in Table S2. Interestingly, the N content of 
Fe/N/C-HP (9.4 at%) is much higher than that of Fe/N/C/NC (6.0 at%) 
as NKM-5 helps to reserve more N species during the confinement 
pyrolysis process, which may promote uniformly distributed Fe to 
coordinate with nitrogen. As displayed in Fig. 4b, N 1s spectra can be 
deconvoluted into four different bands at 397.7, 399.0, 400.2 and 
402.5 eV, corresponding to pyridinic N, pyrrolic N, graphitic N and 
oxidized N, respectively. The higher contents of pyridinic N (35.5%) 
in the N 1s XPS spectra for Fe/N/C-HP (Fig. 4c) facilitates the 
formation of Fe/N/C active sites with a tailored electronic 
structure.36 It has been demonstrated experimentally and 
theoretically, that carbon atoms next to pyridinic N with Lewis 
basicity plays an important role to promote intrinsic ORR activity of 
Fe/N/C moieties through adsorbed oxygen molecules on Lewis base 
sites.37 The high-resolution C 1s spectrum are shown in the Fig. S14. 
The sp3/sp2 ratio of Fe/N/C-HP is higher than that of Fe/N/C/NC, 
further confirming its rich defect structure, which are expected to 
facilitate ORR activity by modulate and tune the electronic of the 
catalyst.38 No signal of Si (103.4 eV for Si 2p) in Fe/N/C-HP series can 
be observed, indicating that Si element was totally removed after HF 
treatment (Fig. S15). The content of nitrogen decreases with 
increasing pyrolysis temperature from 750 to 1050 °C, indicating a 
conversion from pyridinic N to graphitic N species with the increasing 
pyrolysis temperature (Fig. S15c). The weak signals of Fe element in 
Fe/N/C-HP and Fe/N/C/NC are mainly due to their low content (Fig. 
S16).

Synchrotron-radiation-based X-ray absorption near-edge 
structure (XANES) and extended X-ray absorption fine structure 
(EXAFS) were measured to investigate the electronic structure and 
coordination information of Fe atoms for Fe/N/C-HP electrocatalyst. 
The Fe K-edge XANES spectra (Fig. 4d) show that the absorption edge 
of Fe/N/C-HP locates between standard FeO and Fe2O3, but closer to 
the edge of Fe2O3, indicating that the valence of Fe in Fe/N/C-HP 
close to +3.39, 12 Besides, the pre-edge peak at about 7113 eV was 
assigned to the 3�@,4 square-planar configuration with axial 
ligands.12 In the Fourier transformed EXAFS spectrum of Fe/N/C-HP 
(Fig. 4e), the main peak at about 1.5 Å could be assigned to Fe-N(O) 
coordination, and the absence of the Fe-Fe coordination peak at 2.2 
Å indicates the atomic dispersion nature of Fe.38 By fitting of the first 
coordination shell the coordination number of Fe-N(O) is 5.1±0.3 
(Fig. 4f and Table S3), and it would be proposed that in Fe/N/C-HP, 
the single atomic Fe coordinates with four nitrogen to form 3�@,4 
sites and with one oxygen from the adsorption of O2 molecule (Fig. 
4f).40

To explore the generalization of this synthesis approach, a series 
of M/N/C-HP (M = Co, Ni, Cu and Mn) were prepared using the 
solvent-free nano-confined pyrolysis method. The XRD patterns of all 
M/N/C-HP shows two broad peaks (Fig. S17), corresponding to the 
(002) and (100) planes of graphite. No metal-related peaks are 
observed in the XRD patterns. TEM images (Fig. S18-S21) of M/N/C-
HP ascertain no metal clusters or nanoparticles were present in 
hierarchically porous carbon nanospheres and EDX element mapping 
for M/N/C-HP further confirms a homogeneous dispersion of M and 
N over the N-doped carbon frameworks, which indicates the 
versatility and feasibility of this nano-confined pyrolysis approach for 
the preparation of hierarchically porous carbon nanospheres with N-
coordinated metal species.

  

Fig. 4. (a) XPS survey spectra, (b) N 1s spectra, (c) the contents of different kinds of nitrogen contents in Fe/N/C-HP and Fe/N/C/NC 
(d) Fe K-edge XANES of Fe/N/C-HP, Fe foil, FeO, and Fe2O3, (e) FT k2-weighted EXAFS spectra of Fe/N/C-HP and Fe foil and (f) 
Corresponding FT-EXAFS fitting curves of Fe/N/C-HP.
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constructed using Fe/N/C-HP on carbon paper as the cathode 
electrocatalyst (Fig. 7) and Zn foil as anode in a 6.0 M KOH electrolyte 
containing 0.2 M Zn(Ac)2. Fe/N/C-HP exhibits a higher open-circuit 
potential (1.484 V) of the 9�@��� battery than that of Pt/C (1.438 V), 
indicating the excellent catalytic performance of Fe/N/C-HP. 
Meanwhile, Fe/N/C-HP displays a higher peak power density of 181 
mW cm@�, higher than the value of 133 mW cm@� with Pt/C. Fe/N/C-
HP exhibited stable performance in the long time galvanostatic 
discharge test under currents of 10 mA cm-2 without noticeable 
voltage variation, indicating the excellent stability of Fe/N/C-HP in 
the Zn-air battery.

3. Conclusions

We developed a nano-confined pyrolysis approach for 
preparation of hierarchically porous FeNx doped carbon 
nanospheres. Two factors are crucial to the successful construction 
of the hierarchically porous carbon nanospheres, namely the 
confinement of NKM-5 and ligand molten-induced amorphous 
Fe/Zn-(MeIm)2 complex. Molten Fe/Zn-(MeIm)2 complex can contact 
well with NKM-5 and replicate its morphology. Furthermore, NKM-5 
interfaces confinement effect can also inhibit Fe agglomeration 
under pyrolysis process and trap nitrogen to coordinate with Fe 
atoms. Thanks to the high N-doping level, hierarchically porous 
structure and good mass/proton transport, the catalyst exhibits 
excellent electrocatalytic activity for ORR with good stability and 
excellent tolerance to methanol. Meanwhile, the high-activity of 
Fe/N/C-HP electrocatalyst endowed the as-assembled Zn�air battery 
with excellent power density and discharge durability. We further 
demonstrate the general applicability of this synthetic strategy with 
respect to other atomically dispersed metal including Co, Cu, Ni and 
Mn. Taken into account different kinds of excellent electrocatalysts 
prepared by pyrolysis of specially designed organic/metal precursors 
or MOFs, this work may provide an alternative method to further 
endow hierarchical porosity and well-defined morphology to those 
carbon electrocatalysts for improving performance in energy 
conversion and storage applications.
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