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A B S T R A C T

In this work, a facile and potentially scalable self-template synthesis of bi-component ZnO/ZnFe2O4/N-doped C
micro-polyhedrons with hierarchical hollow structure (ZZFO-C) is presented. These are obtained through cal-
cination of a single bi-metallic metal-organic framework (MOF) precursor (ZIF-ZnFe, molar ratio of 3:1). The
resulting material shows a high surface area and is constituted by the organized assembly of numerous nano-
particles sub-unit (with size in the range of 20 nm). By tuning the annealing conditions, porous ZnO/ZnFe2O4

(ZZFO) micro-polyhedrons are obtained. The ZZFO-C composite materials are studied as anodes for LIBs ex-
hibiting remarkable energy storage performance, such as, large reversible capacity (ca. 1000 mA h g−1 after 100
cycles at 200 mA g−1), excellent rate capability and cycling stability. After high-rate capacity testing (1000
cycles at 2.0 A g−1), ZZFO-C shows an excellent reversible capacity of 620 mA h g−1. The excellent performance
of ZZFO-C arises from its unique hierarchical hollow structure and the synergy between the two active com-
ponents and the N-doped carbon matrix. The electrochemical reaction mechanism and structure phase changes
upon the initial lithiation are identified via in situ X-ray diffraction studies.

1. Introduction

To face the increasing environmental issues and shortage of fossil
fuels, scientists and engineers are committed to develop highly efficient
energy storage technologies enabling greener and more sustainable
energy supplies. In this regard, lithium-ion batteries (LIBs) play a vital
role as energy source for next-generation electric vehicles and portable
electronics, such as smart phones, laptops, smart glasses, etc. [1–4].
Nowadays, commercial LIBs make use of graphite-based anodes, how-
ever, possessing relatively low specific capacity and potential safety
issues [1,5,6]. Therefore, the extensive exploration and ad-hoc design
for new anodes materials are urgently needed in order to enhance the
electrochemical performance and reduce the cost and safety hazards.
Interestingly, low-cost and widely available transition metal oxides
(TMOs) show huge potential as anode materials for LIBs due to the large
specific capacity arising by different lithiation processes, such as con-
version (e.g., Fe2O3) and/or alloying reaction (ZnO, SnO2) [1,2,7].
MTMOs, i.e., mixed transition metal oxide such as AxB3−xO4, where A
and B are two different metals (e.g., ZnFe2O4), can boost the

electrochemical performance of LIBs owing to the synergy between
conversion and alloying [2,5,7]. Nevertheless, the low electronic con-
ductivity, slow ion diffusion kinetics and poor cycling stability resulting
from continuous volumetric changes and serious metal oxides ag-
gregation, has limited so far the application of such TMOs- and MTMOs-
based anodes [6,8].

To address the above-mentioned issues, many strategies have been
proposed recently, including the design of advanced TMOs- and
MTMOs-based electrodes. One of the most effective strategies is to
fabricate well-organized hierarchical micro-/nano-structures con-
stituted by secondary superstructures built from an ordered assembly of
nanoparticles [2,5,8]. TMOs and MTMOs with hierarchical structure
benefit from both the nanometer-sized structure (e.g., nanoparticles,
nanosheets, and nanorods) and micro-/submicro-sized assemblies (such
as mesoporous microcubes [5], hollow microspheres [9], ball-in-ball
microspheres [10], mesoporous spindle-like microstructure [11]),
which provide cushion-like space to accommodate structural strain and
enhance the contact area between electrode and electrolyte [2,5,8–11].
By means of carbon coatings or embedding in a carbon matrix
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(eventually doped with heteroatoms such as, e.g., nitrogen, sulfur or
phosphor), the lithium ion storage performance of TMOs and MTMOs
can be also further improved [6,12–14]. The carbon layer/matrix has
two positive roles. It acts as a buffer layer to alleviate volumetric var-
iation, preventing its pulverization, and improves the electrical con-
ductivity [6,8,12,13]. Meanwhile, the heteroatom-doped carbon layer/
matrix can bring further positive effects (such as additional Li storage
sites, better electrode/electrolyte wettability, improved electrical con-
ductivity, etc.), resulting in an improved cycling stability, specific ca-
pacity, and rate performance [14].

The development of TMOs constituted of two active alloying metals
(MTMOs) is also a promising approach to obtain high performance LIBs
anode materials [7]. Two different TMOs or MTMOs can be uniformly
assembled into hierarchical micro-/nano-hybrids [5], such as ZnO/
ZnCo2O4 [15], CoO/CoFe2O4 [16], NiCo2O4/MnO2 [17], Co3O4/
CoFe2O4 [18], and ZnO/ZnFe2O4 [5,8] offering, in all cases, better
energy storage performance than the single components. Among nu-
merous TMOs and MTMOs, ZnO and ZnFe2O4 have emerged as highly
promising anode materials because of their large theoretical capacity
(981 mA h g−1 and 1072 mA h g−1, respectively), low toxicity, and
cost, i.e., high abundance [5,12]. The excellent electrochemical activity
of ZnO and ZnFe2O4 is ascribed to the synergy between conversion and
alloying [12,19]. Based on all above benefits, the fabrication of hier-
archical structures composed of ZnO and ZnFe2O4 coated or in-
corporated in heteroatom-doped carbon layer/matrix composite as
anode materials appears as a promising approach to improve LIBs
performance.

Metal-organic frameworks (MOFs), produced combining an organic
component (organic ligands or organometallic complexes) with in-
organic moieties (metal clusters or ions) by covalent coordination lin-
kages or other interaction (e.g., π-π stacking, H-bond, and van der
Waals forces), are a novel type of porous materials with large surface
area, and huge pores’ volume [20–23]. Based on these characteristics,
MOFs have been employed for several purposes from gas separation/
storage, to catalysis and drug delivery [20–22]. Especially in energy
storage, MOFs have been proposed as promising template precursors for
hierarchical TMOs or MTMOs with various morphologies. For ex-
ample, Lou et al. reported hierarchical structured Fe2O3 micro-boxes,
made through annealing Prussian blue (PB), showing high specific ca-
pacity (950 mA h g−1 at 200 mA g−1) [24]. Regarding bi-component
TMOs & MTMOs, Wang and co-workers reported Fe2O3@NiCo2O4

porous nano-cages produced by heating core-shell Ni-Fe-Co MOFs in
air. The reversible capacity of this material could reach
1079.6 mA h g−1 (exceeding its theoretical capacity) after 100 cycles
[25]. Li and co-workers successfully synthesized Fe2O3/Co3O4 hollow
micro-cubes with double-shell, via calcination of the PB/Co(OH)2
composite precursor [26]. This latter composite displayed an excellent
LIB anode performance resulting from the synergistic effect of Fe2O3

and Co3O4 [26]. Zou et al. and Yuan's group also reported porous ZnO/
ZnFe2O4/C and ZnO/ZnFe2O4 prepared by annealing of bi-metal MOF
(with terephthalic acid as organic ligands) and PB, respectively, both
exhibiting good performance for LIBs (respectively 837 and
988 mA h g−1 after 100 cycles) [5,8]. All these reports show that TMOs
and MTMOs derived from MOFs have a huge potential as advanced
material for LIBs anodes. In spite of some studies about MOFs derived
bi-component active metal oxides, it is still a huge challenge to build
advanced structural ZnO/ZnFe2O4, especially included in heteroatom-
doped carbon layer/matrix. To the best of our knowledge, hierarchical
bi-component ZnO/ZnFe2O4 derived from zeolitic imidazolate frame-
works (ZIFs, an important subclass of MOFs) have not been reported so
far. The appeal of such kind of MOFs arises from the organic ligands
that can provide sufficient carbon and nitrogen source to further in-
crease the performance as LIBs' anodes.

In this study, we report ZnO/ZnFe2O4/N-doped C micro-poly-
hedrons with hierarchical hollow structure (ZZFO-C) obtained through
annealing of the bi-metallic ZIF-ZnFe (molar ratio of 3:1) MOF

precursor. The resulting material has high surface area and is con-
stituted by the organized assembly of numerous subunit-nanoparticles
with a size of around 20 nm. For comparison purposes, the porous
micro-polyhedron ZnO/ZnFe2O4 (ZZFO) material is also synthesized by
a different calcination method.

2. Experimental section

2.1. Chemicals

Zinc nitrate hexahydrate (Zn(NO3)2·6H2O, 98%) was obtained from
Alfa Aesar Chemical Co. Iron(II) sulfate heptahydrate (FeSO4·7H2O,
99%), 2-methylimidazole (99%) and polyvinylpyrrolidone (PVP, K-30,
99%) were purchased from Sigma-Aldrich Chemical Co. Methanol
(dried, 0.003% H2O) was obtained from SeccoSolvTM.

2.2. Synthesis of ZIF-ZnFe

In a typical synthesis of the ZIF-ZnFe precursor, 476 mg (1.6 mmol)
of Zn(NO3)2·6H2O and 111.2 mg (0.4 mmol) of FeSO4·7H2O were dis-
solved into 50 mL of methanol to form Solution-A. 2-methylimidazole
(656.8 mg, 8 mmol) and PVP (600 mg) were added to 50 mL of me-
thanol to prepare Solution-B. Then, using a constant pressure funnel,
Solution-A was dropped into Solution-B while stirring. After complete
mixing, the solution was aged at room temperature for 24 h. The
formed yellow precipitate was separated by centrifugation, washed
with methanol for five times, and dried in the oven at 60 °C overnight to
obtain the precursor, ZIF-ZnFe, as a yellow powder.

2.3. Preparation of the ZZFO-C and ZZFO products

First, the ZIF-ZnFe powder was pre-heated to 400 °C for 2 h with a
ramp of 2 °C min−1 under nitrogen flow in a tube furnace to favour the
carbon formation. After cooling, the material was annealed for 2 h
(heating ramp 10 °C min−1) in a muffle furnace (i.e., in air) either at
500 °C to get the hollow structured ZZFO-C, or 650 °C to obtain porous
ZZFO instead.

2.4. Material characterization

The powder X-ray diffraction (XRD) pattern was recorded in a
Bragg-Brentano geometry on a Bruker D8 Advance diffractometer (Cu-
Kα radiation, λ = 0.154 nm) over the 5–90° (2θ) range. The mor-
phology and structure of all samples was investigated via field-emission
scanning electron microscopy (SEM, ZEISS 1550VP) and transmission
electron microscopy (TEM, JEOL JEM-3000). The lattice fringes were
determined via Cs-corrected high-resolution transmission electron mi-
croscopy operated at an acceleration voltage of 80 and 300 kV (FEI
Titan 80–300 kV). X-ray photoelectron spectroscopy (XPS) measure-
ments were conducted on a PHI 5800 MultiTechnique ESCA System
with monochromatized Al-Kα (1486.6 eV) radiation at a take-off angle
of 45°, using pass energies at the analyzer of 29.35 eV or 93.9 eV for
detail and survey scans, respectively. An electron flood gun was used to
compensate sample charging during the measurement. For BE calibra-
tion, the main C1s peak was set to 284.8 eV. Peak fitting was done with
the CasaXPS software using Shirley background subtraction and mixed
Gaussian-Lorentzian peak shapes. Raman characterization was per-
formed with a confocal InVia Raman micro spectrometer with a 633 nm
laser (Renishaw; each spectrum was taken as the average of three, 10-s
accumulations). Thermo-gravimetrical analysis (TGA) was performed
using a thermogravimetric analyzer (TA Instruments, Model Q5000) at
a heating rate of 5 °C min−1 under N2 or air flow. N2 absorption-des-
orption isotherms of samples were determined and analyzed by the
Brunauer-Emmette-Teller (BET) method (Autosorb-iQ, Quantachrome).
The metal content of the obtained samples was determined via in-
ductively coupled plasma optical emission spectroscopy (ICP-OES). The
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samples were dissolved into hot hydrochloric acid (HCl) and analyzed
using the Spectro Arcos (Spectro Analytical Instruments) with axial
plasma view. CHN elemental analysis was also conducted (Elementar
vario MICRO cube).

2.5. Electrochemical characterization

The working electrodes based on ZZFO-C and ZZFO consisted of
70 wt% active material, 25 wt% conductive carbon (Super C45,
TIMCAL) and 5 wt% sodium carboxymethyl cellulose (CMC, Dow Wolff
Cellulosics). To prepare the working electrodes, first the binder (CMC)
was dissolved in deionized water to obtain a 5 wt% solution. A proper
amount of such a solution was mixed with the conductive carbon in a
mortar. Then, the active material was added to the mixture and further
ground for 2 h in the same mortar. The resulting slurry was casted onto
dendritic copper foil by the doctor blade technique, with a wet film
thickness of 100 µm. The coated electrodes were dried at room tem-
perature, punched to form disk electrodes (12 mm in diameter), which
were further dried for 24 h at 120 °C under vacuum. The active material
mass loading of the electrodes was between 1.0 and 1.2 mg cm−2.
These relatively low mass loadings were chosen because of the high
theoretical capacity of the active materials. The electrochemical char-
acterization was performed in three-electrode Swagelok-type cells with
lithium metal (Rockwood Lithium, battery grade) for the reference and
counter electrodes. The cells were assembled in an Ar-filled glove-box
with O2 and H2O content below 0.5 ppm. A 1 M solution of LiPF6 in
ethylene carbonate (EC) - diethyl carbonate (DEC) (1:1 by volume,
UBE) with 1% vinylene carbonate (VC) served as electrolyte. All the
potential values in this manuscript refer to the Li/Li+ quasi-reference
couple. All tests were performed at 20±2 °C. Galvanostatic cycling
and rate-capability performance tests were performed in the potential
range from 0.01 to 3.0 V using a battery tester (Maccor 4300). Cyclic
voltammetries were recorded within the same potential range using a
programmable potentiostat (VMP3, Biologic Science Instruments).

2.6. In situ XRD analysis

In situ XRD analysis of ZZFO-C was performed via a self-designed,
in-situ cell (two-electrode) [12,19]. The working electrode slurry,
consisting of 65 wt% active material, 25 wt% super-C45, and 10 wt%
CMC, was casted onto a beryllium (Be) disk (wet thickness of 250 µm).
The working electrode was dried at 50 °C under vacuum overnight.
Lithium foil served as the counter electrode, while two layers of glass
fiber (GF/D, Whatman) soaked with around 300 μL of the electrolyte
were used as separators. The assembled in-situ cell was left to rest
(OCV) for 12 h before starting each experiment. Galvanostatic charge
and discharge tests were performed using a potentiostat/galvanostat
(SP-150, BioLogic) applying a current density of 40 mA g−1 with the
0.01–3.0 V voltage range. Meanwhile, XRD diffractograms were re-
corded in the 25–80° (2θ) range with a time per scan of 1883.6 s (about
30 min).

3. Results and discussion

ZZFO-C and ZZFO were synthesized by annealing bimetallic ZIF-
ZnFe at different temperatures, as clearly displayed in Scheme 1. The
ZIF-ZnFe precursor (with Zn/Fe molar ratio of 2.97 according to the ICP
results reported in Table S1) was prepared via the simple stirring and
aging of the methanol solution containing 2-methylimidazole and PVP
with Zn2+ and Fe2+ ions. As shown by the SEM images in Fig. 1a and b,
the obtained bimetallic ZIFs is constituted by uniform microcrystals of
quasi polyhedral shape with an average size of about 500 nm. Fig. 1b
reveals that the surface of the polyhedron is relatively smooth. How-
ever, compared with the previously reported ZIF-8 [27,28], additional
nanoparticles (size of ~ 50 nm) and nanosheets appear to have grown
on the surface of the sub-micrometric polyhedron, maybe due to Fe ion

doping (according to preliminary data collected on a series of MOFs
with varying Zn-Fe molar ratio, not reported here for sake of brevity).
The elemental mapping image (see Fig. S1) of the ZIF-ZnFe supports the
uniform dispersion of four elements (Zn, Fe, C and N). Interestingly, as
shown in Fig. 1c, TEM clearly reveals the solid inner structure of ZIF-
ZnFe without any obvious porosity. Detailed information about the
crystal structure was obtained through powder-XRD (see Fig. 1d),
which shows all of the characteristic reflections of ZIF-8 (JCPDS card
no. 62-1030), without additional features deriving from impurities and,
thus, confirming that the bimetallic ZIF-ZnFe possesses a phase-pure
ZIF-8 structure.

In order to preserve the original structure of the precursor, a two
steps annealing method was developed to form oxides of the transition
metals. In the first step, the ZIF-ZnFe precursor was pre-heated via
annealing at 400 °C in nitrogen. Then, the annealed precursor was
calcined in air to obtain the final product [29–31]. In this way, the
carbon formed in the pre-heating step acts as temporary buffer pre-
venting the frameworks to collapse in the following calcination step
[11,29–31]. The thermogravimetric analysis (TGA) data of the pre-he-
ated precursor recorded under air flow is exhibited in Fig. S2. As no-
ticeable, the weight increases in the temperature range comprised be-
tween 120 to 300 °C, as result of the formation of the metal oxides.
Afterwards, the preheated ZIF-ZnFe undergoes an obvious weight loss
in the temperature range between 300 °C and 650 °C and a tiny plateau
is also observed at about 480–500 °C. The weight loss in this region can
be attributed to the carbonization of the organic linkers and degrada-
tion of preheated ZIF-ZnFe [11,29–31]. The XRD patterns of the pro-
ducts obtained after annealing at different temperatures in air flow are
shown in Fig. S3. ZnO is the first metal oxide formed (at 300 °C). When
increasing the temperature to 350 °C, new reflections appear related to
the formation of Fe2O3. Above 400 °C, the new phase ZnFe2O4 started to
develop while, at 450 °C no presence of Fe2O3 is observed any more.
These results confirm that ZnO and Fe2O3 convert into ZnFe2O4 at
temperatures near 450 °C, which is in agreement with the plateau ob-
served at ca. 480–500 °C in the TGA (see Fig. S2) [5]. Based on these
results, we selected 500 °C as the annealing temperature for the
synthesis of ZnO/ZnFe2O4 composite materials (ZZFO-C).

The phase and structure of the ZZFO-C obtained after the two-step
annealing was investigated by XRD. Fig. 2 displays the Rietveld re-
finement of the ZZFO-C powder pattern, indicating the material to be a
mixture of spinel ZnFe2O4 (Fd-3mS space group with a =
8.4302610(30) Å) and hexagonal ZnO (P63mc space group with a =
3.2527005(12) Å and c = 5.2069964(19) Å). The refinement has been

Scheme 1. Schematic illustration of the ZZFO-C and ZZFO synthesis.

Y. Ma et al. Nano Energy 42 (2017) 341–352

343



performed with satisfactory agreement factors (Rwp = 13.09%, Rp =
9.87%, goodness of fit = 1.12) (ICSD ZnFe2O4: 28511, ZnO: 180050).
No other reflections from impurities can be observed in XRD pattern.
More detailed information about the chemical compositions and che-
mical state of ZZFO-C were gathered by X-ray photoelectron spectro-
scopy (XPS). The XP spectra in Fig. 3a reveal the presence of Zn, Fe, O,
C, and N in ZZFO-C (the presence of sulfur is probably due to some
residual SO4

2-). The detail spectrum in the C 1s region (Fig. 3b) can be

fitted by three peaks at binding energies of 284.8, 286.4, and 288.7 eV,
which are assigned to the carbon atoms of C=C/C-C/C-H, C-O/C-N,
and O-C=O functionalities, respectively [32,33]. Two peak compo-
nents can be observed in the N 1s detail spectrum (Fig. 3c) at 398.7 and
400.3 eV, which represent pyridinic and pyrrolic nitrogen atoms in the
nitrogen-doped ZZFO-C [33]. The spectrum in the O 1s region (in
Fig. 3d) can be resolved into two components centered at 530.2 and
531.4 eV, which can be ascribed to the oxygen in metal oxides and to C-
coordinated oxygen in the ZZFO-C composite [34]. Fig. 3e shows the Fe
2p spectrum. Here the two features at 711.1 and 724.3 eV are the Fe
2p3/2 and 2p1/2 peaks, with the shakeup satellites appearing at 717.4
and 730.6 eV, which indicates the presence of Fe(III) in ZnFe2O4 [5,8].
Finally, two features were detected in the Zn 2p spectrum (Fig. 3f) at
1021.4 and 1044.5 eV representing the Zn 2p3/2 and 2p1/2 peak com-
ponents. While the peak position of the Zn 2p peaks is known to be not
a direct indicator for the Zn oxidation state, the calculated Auger
parameter (i.e., the sum of the Zn 2p3/2 peak binding energy and the
kinetic energy of the Zn L3M45M45 Auger peak, also detected in the XP
spectra, but not shown for the sake of brevity) of 2010.5 eV points to an
oxidation state of Zn(II) in ZZFO-C [5,8]. Based on the above XRD and
XPS results, the ZIF-ZnFe was completely transformed upon annealing
into the hybrid composite of ZnO and ZnFe2O4, but containing several
oxygen functional groups and nitrogen-doped carbon species.

The morphology and structure of ZZFO-C were further investigated
by field-emission scanning electron microscopy (FESEM) and trans-
mission electron microscopy (TEM). Interestingly, the images in Fig. 4a
and b show that ZZFO-C well retained the original micro-polyhedron
shape of the ZIF-ZnFe precursor, although a slight decrease in particle
size is observed (the average size is ~ 420 nm) associated to partial

Fig. 1. Morphological and structural characteriza-
tion of ZIF-ZnFe; a)–b) SEM images; c) HRTEM
image; d) XRD pattern.

Fig. 2. The Rietveld refinement and powder X-ray diffraction patterns of the ZZFO-C
composite materials.
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Fig. 3. XPS spectra and fitted data of the obtained ZZFO-C: a) survey spectrum, b) C 1s, c) N 1s, d) O 1s, e) Fe 2p, and d) Zn 2p spectra.

Fig. 4. Morphological and structural characterization of as-obtained ZZFO-C; a)–d) FESEM images with different magnifications; e–f) HRTEM images. AC: amorphous carbon; GC:
graphitized carbon.
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decomposition and contraction of the framework during the heating
process. Interestingly, the SEM images recorded at higher magnifica-
tions (Fig. 4c and d) reveal that the surface of ZZFO-C is relatively
rougher than the parental compound, and composed of clustered metal
oxides/carbon composite nanoparticles with a size of about 20 nm and
numerous small holes. Furthermore, the TEM image (Fig. 4e) reveals an
obvious contrast between the dark outer shell and the lighter large
cavity in the ZZFO-C micro-polyhedron. The shell is clearly constituted
by many nanoparticles in agreement with the SEM image in Fig. 4d.
According to previous reports, the cause for the formation of a hollow
structure is the non-equilibrium annealing treatment leading to a great
temperature gradient along the radial direction. This results in the in-
itial formation of metal oxides particles on the surface. Then the inner
ZIF-ZnFe is gradually decomposed to form gaseous products (e.g., CO2,
H2O and NO2) that escape leading to the formation of a porous shell and
a hollow structure [13,24,35–37]. The high-resolution TEM images of
ZZFO-C clearly evidence the lattice fringes and carbon layer. The d-
spacings of 0.29 and 0.25 nm are assigned to the (220) and (111)
crystalline planes of cubic spinel ZnFe2O4, while values of 0.28 and
0.26 nm belong to the (100) and (002) lattice planes of hexagonal ZnO.
The carbon layer is obviously constituted by two parts, an amorphous
carbon layer (AC) and some more graphitized carbon (GC) at the edge
[8,12,13,38]. The ZnO/ZnFe2O4 nanoparticles and the carbon layers
obviously overlap with each other, indicating the coexistence of an
extensive carbon matrix on the metal oxides in ZZFO-C. The energy
dispersive spectrometer (EDS) mapping images of ZZFO-C (see Fig. S4)
further confirm the coexistence of five elements, the EDS images show
the homogeneous distribution of C, N, O, Zn, and Fe within ZZFO-C.
Thus, based on the above results, the obtained ZZFO-C is confirmed to
be a ZnO/ZnFe2O4/N-doped C composite material with a unique hier-
archical hollow structure.

When the 2nd annealing step temperature is increased to 650 °C, the
obtained product is still composed of ZnO and ZnFe2O4 (according to
the Rietveld refinement of powder XRD pattern in Fig. S5). However,
less or no carbon is left (based on TGA of ZZFO, see Fig. S8), therefore
this sample is denoted as ZZFO. Compared to ZZFO-C, the SEM and
TEM images of ZZFO display distinct variations in morphology and
structure. As shown in Fig. 5a–c, ZZFO still maintains the original
micro-polyhedron shape of the precursor, with a rough surface and a
particle diameter of about 350 nm. Interestingly though, the inner
cavities observed in ZZFO-C are not present in ZZFO. Furthermore, the
porous structure of ZZFO seems to be constituted by smaller nano-
particles (≤ about 10 nm) and numerous holes (see TEM image in
Fig. 5d). We propose that the decomposition of the carbon matrix leads
to the further breaking of the framework followed by contraction of the
whole structure, which leads to decreased size of the micro-polyhedron
and nano-subunits, as well as the disappearance of the inner cavity
[13]. Certainly, the complete understanding of morphological and
structural changes occurring upon annealing at increasing temperatures
needs to be further investigated. Nevertheless, it is clear that the an-
nealing temperature plays a crucial role for tuning the structure and
morphology of these materials. When annealing at even higher tem-
peratures (i.e., 800 °C), for example, the initial micro-polyhedron shape
of the parent ZIF-ZnFe particles is fully lost (see SEM images in Fig. S6),
and the resulting product is a mixture of particles with irregular shape
and size [13].

The Raman spectrum (see Fig. S7) of ZZFO-C shows two bands at
1344 and 1578 cm−1, ascribed to the D and G bands of the carbon
matrix [12,39]. On the contrary, the same bands are not observed for
ZZFO, indicating the substantial absence of carbon in the sample an-
nealed at higher temperature. Next, the TGA (see Fig. S8) further proves
the presence of ca. 15 wt% carbon and nitrogen in ZZFO-C, while the
TGA curves of ZZFO does not show any obvious weight loss from 40 to
800 °C under air flow. In Table S1 the elemental content (determined by
ICP-OES and CHN analysis) of the precursor, ZZFO-C, and ZZFO is
summarized. The specific surface area (SSA) of the ZIF-ZnFe precursor,

ZZFO-C and ZZFO was estimated using the Brunauer-Emmette-Teller
(BET) theory (see isotherms in Fig. S9a). The ZIF-ZnFe precursor shows
the largest surface area of 980.7 m2 g−1, which is substantially de-
creased upon conversion into metal oxides. ZZFO-C and ZZFO possess,
in fact, surface areas of 84.3 and 31.2 m2 g−1, respectively. The smal-
lest value of ZZFO is attributed to the lack of inner cavities, as well as
the absence of carbon. The pore size distribution calculated through the
Barrett-Joyner-Halenda (BJH) method (see Fig. S9b) reveals the me-
soporous character of the obtained ZZFO-C and ZZFO, with average
pore sizes around 13 and 39 nm, respectively. These pores may derive
from the escape of gases during the decomposition of the organic ligand
in the annealing process. Such mesoporous features can assist the
transport of Li+ and, most important, buffer the volume variation
during repeated insertion/deinsertion.

In Fig. 6, the cyclic voltammetries (CV) of a ZZFO-C-based electrode
were recorded over a potential range from 0.01 to 3.0 V. During the
initial cathodic sweep, the very first small peak A (1.43 V) could be
assigned to the intercalation of Li+ into ZnFe2O4. Then, three obvious
peaks can be observed at around 0.84 (B), 0.74 (C), and 0.44 V(D),
which can be ascribed to the decomposition of ZnO and ZnFe2O4 to
form Zn0, Fe0, and Li2O. Meanwhile, peak C can be also attributed to
the formation of the solid electrolyte interphase (SEI) [19]. Below
0.3 V, Peak E is generally assigned to the alloying reaction of Zn0 and
Li0, charge accumulation and Li ion insertion into the carbon. In the
following anodic scan, three broad peaks (F, G, and H) can be observed,
indicating the stepwise de-alloying reaction of Li-Zn alloys, and the re-
oxidation of Zn and Fe, respectively [12,19,40]. Upon subsequently
cycling, the cathodic sweeps show only three features around 1.0, 0.44
and< 0.3 V. The anodic scan does not show substantially change in-
stead. This behavior confirms the remarkable reversibility of the ZZFO-
C composite [19].

In order to further unveil the electrochemical reaction mechanism,
in situ XRD measurements were performed during the first galvano-
static charge/discharge cycle (at 40 mA g−1) [12,19,41]. The collected
XRD patterns and the respective voltage profile are shown in Fig. 7.
Based on the features of the potential profile (Fig. 7a and b) and CV
wave (Fig. 6), an eight-section reaction mechanism may be postulated
for the ZZFO-C anode. Fig. 7c presents an overview of the XRD patterns
evolution (130 scans) resulting from the structural and phase changes.
Accordingly, these are grouped into eight sections emphasized by the
red scans in Fig. 7c. In region A, the voltage profile rapidly declined
from the OCV to around 1.3 V, then decrease slowly down to 1.0 V.
Although the (440) reflection of ZnFe2O4 slightly shifts to lower 2θ
values, the XRD patterns in region A (scan 1–4) do not change sub-
stantially (Fig. 7d). As previously mentioned along with the CV dis-
cussion, Li+ mainly intercalates into ZnFe2O4 in this voltage region
[12]. In region B (from 1.0 to 0.84 V), the diffraction patterns (scan
4–11) evidence a rapid intensity decrease for the ZnFe2O4 reflection,
until completely vanishing between scans 9 and 10. A slight intensity
decrease is simultaneously observed for the ZnO reflections, meanwhile
a new series of XRD peaks (at 36.5°, 42.5° and 61.6°) evolve gradually.
These results suggest that, in region B, ZnFe2O4 completely converts
into the oxygen-poor ZnFe2Ow and amorphous Li2O, also originating
from the partial conversion (reduction) of ZnO [12,19]. In region C
(from 0.84 to 0.7 V), the voltage profile exhibits a distinct plateau
which corresponds to the reduction peak at around 0.74 V in the CV
curve (signed C in Fig. 6). The XRD patterns (scans 11–28) reveals the
reflections of oxygen-poor phase (ZnFe2Ow) to continuously decrease
until vanishing at scan 28. A gradual decrease in intensity of ZnO's
reflections is also observed in this region, however coupled with the rise
of a new broad reflection in the region comprised between 40° and 45°.
As shown in our previous in situ XRD studies of ZnFe2O4 and ZnO anode
by Bresser et al. and Mueller et al., respectively, in this potential
window (0.84–0.7 V), the complete conversion of ZnFe2O4 into Zn0, Fe0

and amorphous Li2O can be expected. Meanwhile, the partial reduction
of ZnO into Zn0 and Li2O also occurs, as suggested by the growing broad
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reflection presumably due to the formation of metallic Zn (at ≈ 43°)
[12,19]. Upon further discharge (region D, from 0.7 to 0.4 V), a long
plateau (corresponding to the peak occurring at 0.44 V in the CV) is
observed. The XRD patterns recorded in region D (scan 28–53) reveal
the continuous growth of the broad reflection in the region between
40.0° to 45.0°. Meanwhile, two new reflections appear at around 41.3°,
and 42.8° corresponding to the LiZn4 (scan 50–53) [19,42,43], while
the ZnO-related features rapidly decrease until fully vanishing at scans
50–53. The XRD results for region D indicate the simultaneous occur-
rence of two reactions: (i) the complete decomposition of ZnO to form

Zn0 and Li2O and (ii) the alloying reaction of Zn with Li+ to form LiZn4
[19,43,44]. From 0.4 to 0.01 V, region E (scan 53–81), the voltage
profile exhibits a less steep voltage slope corresponding to the last
cathodic peak (signed E) observed in the CV at about 0.01 V. According
to our previous work, in this potential region, Li+ ions gradually
combine with Zn to form the LiZn-alloy [12,19]. Here, the peak in-
tensity of LiZn4 (at around 42.8°) continuously decrease upon lithiation,
whereas a new reflection at about 41.4° gradually evolves and shifts to
lower 2θ values. When the anode is fully discharged to 0.01 V (scan 81),
this new feature moves to 41°, which suggests the formation of the LiZn
phase (JCPDS card no. 03-065-3016) [19]. As previously reported in
literature, the alloying reaction between Li and Zn undergoes successive
multi-step phase transformation such as: Zn → LiZn4 → Li2Zn5 → LiZn2
→ Li2Zn3 → LiZn [42,43].

Upon delithiation, i.e., in region F (from 0.01 to 0.75 V), the alloy-
related reflections decrease and shift to larger 2θ values, meanwhile the
features of LiZn4 reappear at the original position (see scan 92–93).
Compared with region E, the obtained XRD patterns in region F reveal
the reverse behavior, indicating the multistep de-alloying reaction: LiZn
→ Li2Zn3 → LiZn2 → Li2Zn5 → LiZn4 [42,43]. When the electrode is
further delithiated to 1.2 V (region G, scan 93–103), the reflections of
Zn0 can be observed again. However LiZn4 seems not to be entirely
transformed into Zn0. Upon full delithiation up to 3.0 V (i.e., region H
scan 103–130), a new broad reflection gradually evolves in the region
comprised between 31° and 38°, coupled with an even broader feature
evolving between 55° and 60°. The XRD patterns also reveal that no
LiZn4 is present in the electrode at complete recharge. Based on our
previous works [12,19], these two new broad reflections can be likely
attributed to the re-oxidation process of metallic Zn0 and Fe0 to form

Fig. 5. Morphological and structural characteriza-
tion of ZZFO; a)–c) FESEM images with different
magnifications; d) HRTEM image.

Fig. 6. Cyclic voltammetry of ZZFO-C electrode during the initial ten cycles. Scan rate
0.1 mV s−1.
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metal oxides, such as ZnO and Fe2O3 and, possibly, also to a mixture of
ZnO, Fe2O3 and ZnyFe2+yO4 (y ≤ 1). Unfortunately, the substantial
crystallinity decrease after the initial cycle, associated with the dra-
matic structural reorganization of the material, hinders an accurate
characterization of the de-lithiated phase.

According to the above-discussed results, we can summarize the
reaction mechanism for ZZFO-C anode during 1st discharge/charge
process, not considering the Li+ insertion into carbon, as it follows:

Region A (OCV-1.0 V, intercalation)
ZnFe2O4 + xLi+ + xe- → LixZnFe2O4

Region B (1.0–0.8 V, conversion)
LixZnFe2O4 + (2 − x)Li+ + (2 − x)e- → ZnFe2Ow + Li2O (partial,

non-stoichiometric reaction)
2ZnO + 2Li+ + 2e- → ZnO + Li2O + Zn0 (partial reaction)
Region C (0.8–0.7 V, conversion)
ZnFe2Ow + 2wLi+ + 2we- → Zn0 + 2Fe0 + wLi2O
ZnO + 2Li+ + 2e- → Li2O + Zn0 (partial reaction)
Region D (0.7–0.4 V, conversion & alloying)
ZnO + 3Zn0 + 3Li+ + 3e- → LiZn4 + Li2O
Region E (0.4–0.01 V, alloying)
LiZn4 + 3Li+ + 3e- → 4LiZn (process steps: LiZn4 → Li2Zn5 →

LiZn2 → Li2Zn3 → LiZn)
Region F (0.01–0.75 V, de-alloying)
4LiZn → LiZn4 + 3Li+ + 3e- (process steps: LiZn → Li2Zn3 → LiZn2

→ Li2Zn5 → LiZn4)

Region G (0.75–1.2 V, de-alloying)
LiZn4 → 4Zn0 + Li+ + e- (partial reaction)
Region H (1.2–3.0 V, de-alloying & conversion)
LiZn4 + 2Fe0 + 7Li2O → 4ZnO + Fe2O3 + 15Li+ + 15e- (main

reaction process)
or (1 + y)LiZn4 + (16 + 4y)Fe0 + 32Li2O → 4ZnO + 4Fe2O3 +

4ZnyFe2+yO4 + (65 + y)Li+ + (65 + y)e- (y ≤ 1)
With its unique hollow hierarchical structure, ZnO/ZnFe2O4/N-

doped C (ZZFO-C) is expected to show high specific capacity and out-
standing rate capability. These were indeed verified by galvanostatic
cycling experiments. Fig. 8 shows the cycling performance of ZZFO-C
and ZZFO at constant current density of 200 mA g−1 in the potential
range from 0.01 to 3.0 V. As displayed in Fig. 8a, the specific capacity
delivered during the initial lithiation are 1751 mA h g−1 and
1801 mA h g−1 for ZZFO-C and ZZFO, respectively, resulting on a
coulombic efficiency of 67.4% and 60.8%, respectively (see Fig. 8b).
The initial capacity loss can be mostly ascribed to the partial irrever-
sibility of the conversion reactions (see above) and the formation of the
solid-electrolyte interphase (SEI) layer on the surface of the active
particles [6,44]. Interestingly, despite having a larger BET area (see Fig.
S9), the ZZFO-C electrode presents higher coulombic efficiency than
ZZFO. This suggests that the main contribution to the irreversible ca-
pacity in the initial cycle does not arise from SEI formation, but rather
from irreversibility of the conversion reaction. The presence of N-doped
carbon matrix probably enhances this reversibility in the ZZFO-C

Fig. 7. In situ XRD measurements of ZZFO-C: a)–b) potential profile of the initial (de-)lithiation of ZZFO-C, c) in situ XRD patterns upon discharge/charge (scans 1–130), d)–k) details on
the evolution of the XRD patterns.
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electrode. The generally poor first cycle efficiency, in line with other
reports on MOF-derived metal oxides, evidences that this aspect needs
further optimization [5,6,8,13]. Nevertheless, ZZFO-C shows a rela-
tively large 1st cycle reversible capacity of 1180 mA h g−1, which is
substantially higher than that of ZZFO (1095 mA h g−1). This could be
attributed to the enhanced electronic conductivity provided by the ni-
trogen-doped carbon matrix and to the better electrolyte accessibility of
ZZFO-C (void polyhedrons) [5,13,41,45]. Both ZZFO and ZZFO-C show
a certain capacity fading in the first cycles due to the instable SEI layer
and lithiation-induced mechanical degradation [13,46]. Nonetheless,
from the 15th cycle, the specific capacity of ZZFO-C gradually increased
to finally stabilize around 1000 mA h g−1 at the 100th cycle. After 100
cycles, ZZFO-C still delivered stable capacity with ~ 1000 mA h g−1

until the 130th cycle (see Fig. S11). Such a capacity increase upon
cycling of metal oxide anodes has been ascribed to the reversible for-
mation of a polymeric gel-like SEI layer on the active particles' surface
[12,13,46]. The coulombic efficiency also increases to 98% at the 15th
cycle and, finally, to 99% at the 50th cycle (see Fig. 8b). On the other
hand, ZZFO always showed a lower coulombic efficiency of 98.3%,
suggesting for the improved stability of the SEI grown on ZZFO-C
[13,46]. Comparing the ex-situ TEM images of ZZFO-C and ZZFO (in
Fig. S10) after the 70th galvanostatic cycle (at 200 mA g−1) clearly
evidences the reason for such an improved performance. In fact, ZZFO-
C still shows the presence of the shell, the hollow features and the
original shape, although the inner void space is reduced upon repeated
lithiation. This is not the case of ZZFO, for which no obvious porous
structure was detected after repeated lithiation cycles. Moreover, as
shown in Fig. S12a, the long-cycling (dis-)charge stability under a high
current density of 2000 mA g−1 was evaluated too. Despite the initial
capacity fading already observed at low current, the reversible capacity
of the ZZFO-C anode appears relatively stable after the initial 30 cycles,

with more than 700 mA h g−1 delivered at the 200th cycle. Contrarily,
the ZZFO anode can only provide 412 mA h g−1. Most importantly,
after 200 cycles at 2000 mA g−1, ZZFO-C displays the MOF-derived
micro-polyhedrons quite well retaining their original shape, while in
ZZFO they appear partially broken (see ex situ SEM images in Fig. S12b
and c).

This difference is also observed in the potential profiles of selected
cycles of ZZFO-C and ZZFO (Fig. 8c and d). The gradually increasing
polarization of the ZZFO electrode (indicated by the red short dash
arrow on the discharge curves in Fig. 8c) is the reason for the observed
capacity degradation. Although it stabilizes and decreases in later cy-
cles (Fig. 8d), the polarization of the ZZFO electrode is always higher
than that of the ZZFO-C one. This arises from the better electrolyte
accessibility granted by the preserved hollow structure of ZZFO-C and
the wettability of the N-doped carbonaceous percolating network
[1,12,19,40,41,45]. More importantly, in the charge profiles (in Fig. 8c
and d), ZZFO-C shows larger capacity arising from the alloying me-
chanism (below 1.2 V) and improved reversibility of the Li2O formation
(above 1.5 V).

Fig. 9a and b displays the rate capability of ZZFO-C and ZZFO tested
by increasing the current density from 50 to 2000 mA g−1 every 10
cycles (excluded the activation cycles 1st–3rd at 20 mA g−1). ZZFO-C
showed an excellent rate capability with the average specific capacities
being 1075, 1052, 1024, 928, 842, and 787 mA h g−1 at current density
of 50, 100, 200, 500, 1000, and 1500 mA g−1, respectively. Even at
2000 mA g−1, the electrode delivered a very high specific capacity
(750 mA h g−1). Remarkably, ZZFO-C could afterwards recover its in-
itial performance with 1190 mA h g−1 at 100 mA g−1 in the 75th cycle.
As previously observed, the specific capacity then continuously in-
creased upon cycling to reach 1328 mA h g−1 at the 90th cycle. ZZFO
showed substantially inferior performance, with 840, 775, 644, 523,

Fig. 8. Long term galvanostatic cycling of ZZFO-C and ZZFO electrodes. (Dis-)charge capacity (a) and coulombic efficiency (b) vs. cycle number at a current density of 200 mA g−1. The
corresponding voltage profiles of ZZFO-C and ZZFO for selected cycles (c: 10th–50th, d: 50th, 60th, 70th, 80th, 90th, 100th).
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433, 384 and 347 mA h g−1 delivered at 50, 100, 200, 500, 1000, 1500,
and 2000 mA g−1, respectively. After the rate was decreased to
100 mA g−1, ZZFO also recovered the discharge capacity of
679 mA h g−1 (at 75th cycle), but without any increase upon cycling.
Additionally, ZZFO showed higher initial voltage drops at higher rates
with respect to ZZFO-C (compare panel c and d in Fig. 9), indicating
that the N-doped carbon matrix improves the high rate performance,
and increases significantly the cycling stability as well as the capacity
retention after the elevated C rate test.

The long-term high rate performance of ZZFO-C electrode was fur-
ther investigated at the highest current density of (2000 mA g−1; see
Fig. 10). Interestingly, ZZFO-C still exhibits a very promising long-term
performance, as evidenced by the stable capacity (about 680 mA h g−1)
delivered at 2000 mA g−1 for more than 700 cycles (see Fig. 10). After
1000 cycles the electrode retained 92.5% of the capacity detected at the
66th cycle (670.49 mA h g−1).

4. Conclusion

In summary, we have successfully developed the hierarchical
hollow structure including transition metal oxide ZnO/ZnFe2O4/N-
doped C (ZZFO-C micro-polyhedrons) via a self-sacrificial template
method involving the calcination of a bi-metallic MOFs (ZIF-ZnFe)
precursor. Carbon-free porous ZnO/ZnFe2O4 micro-polyhedrons (ZZFO)
have also been obtained changing annealing condition. Excitingly,
ZZFO-C-based electrode shows an improved electrochemical perfor-
mance compared to ZZFO, thanks to the unique hollow structure and
improved conductivity as well as stability arising from the N-doped
carbon matrix. ZZFO-C exhibited a large reversible capacity of
1000 mA h g−1 after 100 cycles at specific current of 200 mA g−1 and
outstanding rate capability. Even after undergoing high-rate testing
(2.0 A g−1), ZZFO-C still showed excellent reversibility delivering a
stable capacity of 620 mA h g−1 after 1000 cycles.
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Fig. 10. Rate capability test for ZZFO-C-based anodes at various current rates (1st–65th
cycles) and long cycling galvanostatic measurement for ZZFO-C anodes (66th–1000th
cycles).
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