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Abstract
Hollow nanoparticles are of great interest in energy storage and environmental remediation due to their improved mass trans-
fer ability and unique void space for confined pollutants. Herein, fabrication of highly efficient and recyclable hollow porous 
γ-Fe2O3 nanotubes is reported by direct thermolysis of MIL-88A (Fe) precursors. Metal-organic frameworks (MOFs) that 
served as the precursors of the hollow γ-Fe2O3 nanotubes were first synthesized by a facile hydrothermal method followed by 
a one-step annealing process. As a proof-of-concept application, the as-synthesized hollow porous γ-Fe2O3 nanotubes were 
used in the lithium-ion battery and dye adsorption, respectively. Taking advantage of the hollow porous structure, γ-Fe2O3 
nanotubes exhibited excellent lithium-ion batteries performance (1559 mAh  g−1 at 100 mA g−1) and corresponding long 
cycle life (1093 mAh  g−1 after 240 cycles at 100 mA g−1). At the same time, maximum methyl orange (MO) uptake capac-
ity for the as-prepared hollow γ-Fe2O3 was calculated to be as high as 63.17 mg g−1. Moreover, this adsorbent also showed 
good reusability through the application of an external magnetic field, further highlighting the porous structure superiority 
of these hollow nanotubes. This proposed strategy could be extended to synthesize various hollow metal oxide porous nano-
particles with controllable structure, enhanced energy storage capacity and better environmental remediation performances.
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1 Introduction

In the past decades, energy shortages and environmental 
pollution have sparked a potential global crisis concern-
ing because of the rapid population growth and industrial 
development [1, 2]. Therefore, the development of green 
technologies for clean energy supplies and environmental 
remediation has become an important task. In recent years, 

lithium-ion batteries (LIBs) are considered as one of the 
prominent energy storage systems and broadly utilized in 
various electronic devices owing to their high energy den-
sity and long cycling life [3–6]. Due to its low cost, high 
electrical conductivity, and good chemical stability, graphite 
carbon is recognized as the leading electrode material for 
anodes of commercial LIBs [7]. However, the low capabil-
ity of charge storage (theoretical capacity is only 372 mAh 
 g−1) limits its further applications. Thus, in order to meet 
the demands of ever-growing performance, searching for 
alternative anode materials has become an urgent task in 
building next-generation LIBs. On the other hand, clean 
water is extremely important for maintaining a high-quality 
life. Therefore, there is a crucial need for eco-friendly and 
economical methods to maintain water quality [8]. Dye pol-
lution poses a great threat to human health and is consid-
ered as one of the main chemical pollutant affecting water 
quality. The removal of dyes from environment is consid-
ered a challenging task due to its stable structure [9]. In this 
regard, it is of great significance to develop multifunctional 
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nanomaterials which can show simultaneous superior lith-
ium storage and dye adsorption.

Fe2O3 is a typically environment-friendly metal oxide 
anode material with various advantages of high theoreti-
cal capacity (ca.1006 mAh  g−1), low cost, and abundant 
resources, which has long been considered as a promising 
candidate for the new generation of high-efficiency anode 
materials [10–12]. However, larger volume changes and 
severe particle aggregation often occur during lithium ion 
insertion/extraction in the LIBs. This phenomenon would 
cause the transfer and diffusion performance of charge  Li+ 
to deteriorate, and the capacity to decay faster, which seri-
ously limits the application of  Fe2O3 in Li-ion batteries. 
To solve this problem, hollow porous nanostructures with 
porous outer shell minimize the transport length for both 
mass and Li-ion transport [13, 14]. Particularly, the interior 
space in the hollow structure cannot only provide additional 
active sites for Li-ion storage to increase the specific capac-
ity, but also effectively relieve the structural strain induced 
by repeated Li-ion insertion/extraction processes and accom-
modate the possible volume variations [15]. Meanwhile, the 
hollow porous structure has a larger surface area, lower den-
sity, and higher load capacity,which is more conducive to the 
adsorption [16, 17].

Metal-organic framework (MOF) is usually composed of 
metal ions and organic ligands [18]. In recent years, MOF 
has gained significant importance due to its excellent charac-
teristics such as high specific surface area, adjustable struc-
ture, and controllable pores [19, 20]. These frameworks have 
been widely used in adsorption [21], catalysis [22], and gas 
storage [23]. Recently, MOF is reported as a superior pre-
cursor/sacrificial template to synthesize hollow materials 
for energy storage and environment conservation [24, 25]. 
Zhu et al. synthesized hollow cobalt sulfide nanocrystals 
supported on graphene nanosheets by MOF as a template, 
and CoS@GN degraded BPA up to 100% in a wide range 
of pH [26]. Zhang et al. designed a hollow CeOx/CoP/NF 
nanocatalyst, and demonstrated excellent activities toward 
oxygen evolution reaction in anode and hydrogen evolu-
tion reaction in cathode with relatively low overpotential at 
10 mA cm−2 [27].

Herein, we develop a facile and green strategy to generate 
hollow porous γ-Fe2O3 nanotubes by direct thermolysis of 
MIL-88A (Fe) as both the precursor and the self-sacrific-
ing template (Scheme 1). The as-obtained hollow porous 
γ-Fe2O3 nanotubes feature a high surface area, which guar-
antees good electrochemical performance and makes it more 
durable in long cycles. Accordingly, these characters endow 
the hollow γ-Fe2O3 nanotubes with superior electrochemical 
properties when used as anodes for LIBs. This can be attrib-
uted to the hollow porous structure which not only promotes 
the electron transport, but also effectively relieves the inser-
tion/extraction caused by lithium ions changes in volume. 
Furthermore, as adsorbent, magnetic γ-Fe2O3 nanotubes 
exhibit excellent methyl orange (MO) adsorption perfor-
mance followed by ease in their separation and reusability 
through the application of an external magnetic field.

2  Experimental section

2.1  Materials and methods

Ferric chloride hexahydrate  (FeCl3·6H2O), fumaric acid, 
ethanol, and methyl orange were purchased from Shanghai 
Chemical Reagent Co. Ltd., (P. R. China). All chemicals 
were of analytical grade and used without further purifica-
tion. All solutions were freshly prepared before use with 
double distilled water.

The morphological information was collected by using 
field emission scanning electron microscope (FE-SEM, 
S4800, Hitachi, Japan) with an accelerating voltage of 10 kV 
and by transmission electron microscope (TEM, JEM model 
100 SX, Japan) with an accelerating voltage of 300 kV. The 
crystallinities of the composites were measured by pow-
der X-ray diffractometer (XRD, D/MAX-2500, RIGAKU, 
Japan) at 36 kV and 25 mA, using Cu target from 10 to 
70°. Nitrogen adsorption-desorption isotherms were carried 
out with a Micromeritics TriStar II 3020 adsorption ana-
lyzer at 77 K. The X-ray photoelectron spectra (XPS) were 
obtained by using a Mg Kα radiation (1253.6 eV). UV-Vis 
absorption spectra were recorded on a Shimadzu UV-1800 

Scheme 1  Schematic illustra-
tion for the synthetic process of 
hollow porous γ-Fe2O3.
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spectrophotometer. The TGA curve was obtained by MET-
TLER TOLEDO thermogravimetric analyzer.

2.2  Synthesis of γ‑Fe2O3

MIL-88A (Fe) was prepared according to the reported 
method [28]. Typically, a mixture of iron (III) chloride 
hexahydrate  (FeCl3·6H2O, 1.6 g, 5.9 mmol), and fumaric 
acid (0.7 g, 6 mmol) was dissolved in the deionized water 
(30 mL) and sonicated for 20 min. Then the mixture was 
transferred into a 50 mL Teflon vessel autoclave, and placed 
under static conditions at 65 °C in an oven for 16 h and later 
centrifuged to collect a brown solid. The as-obtained sample 
was washed several times with EtOH and vacuum-dried at 
80 °C overnight. The as-formed composite was placed in a 
ceramic boat and heated to 380 °C in the muffle furnace for 
1 h under ambient atmosphere at a ramp rate of 10 °C min−1. 
Upon naturally cooling, red-brown powder of the γ-Fe2O3 
sample was collected and stored in an air tight vial for fur-
ther use.

2.3  Electrochemical test

The electrochemical analysis was obtained with CR2016 
coin type half cells that were assembled in an Ar-filled 
glove box. The working electrode was fabricated by mixing 
active materials, super-P carbon black and polyvinylidene 
fluoride (PVDF) in a weight ratio of 8:1:1 in N-methyl-2 
pyrrolidinone (NMP) solvent. Copper foil, metallic lithium, 
and polyethylene film (Celgard, 2400) were employed as the 
collector, the counter electrode, and separator, respectively. 
A mixed solution containing  LiPF6 (1 M) and ethylene car-
bonate (EC)/dimethyl carbonate (DMC) (v:v = 1:1) was used 
as the electrolyte. The galvanostatic charge and discharge 
were performed on a battery testing system (CT-3008 W-5 V 
10 mA, Neware Technology Co., Ltd., P. R. China) at vari-
ous current densities between 0.01 and 3.0 V (vs.  Li+/Li). 
Cyclic voltammetry (CV) measurement was carried out on 
an electrochemical workstation (CHI660D, Shanghai CH 
instruments Co., Ltd., P. R. China) between 0.01 and 3.0 V 
(vs.  Li+/Li) at a scanning rate of 0.1 mV s−1.

2.4  Methyl orange adsorption experiment

The adsorption capacity of as-synthesized γ-Fe2O3 adsor-
bent was calculated by conducting batch experiments of MO 
adsorption. For each experiment, 10 mg of γ-Fe2O3 adsor-
bent was added into 25 mL of MO solution that exhibited an 
initial concentration of 25 mg L−1. The mixture was placed 
in a thermostatic shaker and shaken constantly at 150 rpm 
under room temperature. At regular intervals, 4 mL of super-
natant was taken out, and used to detect MO concentration at 
464 nm by using UV-Vis spectrophotometer. The adsorption 

capacity and removal rate (%) of the sample for MO (qe/
mg g−1) is calculated according to the following equations, 
respectively:

where Co and Ce represent the initial and final concentrations 
of MO (mg L−1), respectively; V represents the volume of 
solution (L), and m represents the mass of adsorbent (g) 
used.

2.5  Adsorption kinetics

For kinetic experiments, 25 mg of γ-Fe2O3 adsorbent was 
added separately into 25 mL of MO solution with various 
concentrations (6.25, 12.5, 25, 50, 100 and 200 mg L−1). 
The reaction mixtures were placed in a thermostatic shaker 
and shaken constantly at 150 rpm at room temperature. 
The adsorption was periodically monitored using a UV-Vis 
spectrophotometer.

3  Results and discussion

3.1  Characterization of samples

The corresponding crystalline phase information and 
crystallographic structure of the as-obtained samples 
were characterized by XRD measurement. Figure  1a 
shows the typical XRD pattern of as-synthesized MIL-
88A (Fe), in which all of the diffraction peaks are con-
sistent with previously reported MIL-88A (Fe) [29]. For 
the obtained γ-Fe2O3 nanotubes, the identified diffraction 
peaks can be perfectly attributed to the  Fe2O3 (JCPDS 
No. 33-0664) (Fig. 1b). Additionally, all of the diffrac-
tion peaks at 2θ = 24.14°, 33.18°, 35.68°, 40.94°, 49.54°, 
54.12°, 57.6°, 62.40°, and 64.02° are indexed to (012), 
(104), (110), (113), (024), (116), (118), (214), and (300) 
crystal planes of γ-Fe2O3, respectively. No other phases 
or significant impurities were discerned in the XRD pat-
tern except for the above component, indicating the high 
purity of porous γ-Fe2O3 nanotubes. Moreover, the chemi-
cal composition and valence states of the sample were 
further confirmed by X-ray photoelectron spectroscopy 
(XPS) measurement. As revealed by the survey spectrum 
of XPS analysis, Fig. 1c indicates that the sample is com-
posed of Fe, O, and C elements. In the high-resolution 
spectrum (Fig. 1d), the binding energy peaks of Fe 2p 
located at around 710.9 eV and 724.4 eV can be ascribed 

(1)qe =
V
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to Fe  2p3/2 and Fe  2p1/2 of  Fe3+, respectively, which are 
similar to the reported γ-Fe2O3 materials [30]. In addi-
tion, as can be seen from Fig. 1d that the peaks around at 
717.8 and 733.9 eV, respectively, which are characteristic 
satellites of  Fe3+ in γ-Fe2O3 nanotubes. The morphologies 
and microstructures of the samples were characterized by 

SEM and TEM images. As shown in Fig. 2a and c, the 
synthesis started with the formation of solid MIL-88A 
(Fe) pencil shape which displayed uniform and well-crys-
tallized hexagonal with an average size of 7 μm in length 
and 1 μm in diameter. After being pyrolyzed in an air, the 
as-synthesized γ-Fe2O3 well maintains the pencil shape 

Fig. 1  XRD patterns for (a) 
as-prepared MIL-88A (Fe) and 
(b) the calcined product, XPS 
spectrum (c) and high-resolu-
tion XPS spectrum of Fe 2p (d) 
of the as-synthesized γ-Fe2O3 
nanotubes

Fig. 2  SEM and TEM image for 
MIL-88A (Fe) (a, c) and hollow 
porous γ-Fe2O3 (b, d)
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morphology of the pristine MIL-88A (Fe). Figure 2b rep-
resents the SEM images of as-synthesized γ-Fe2O3, unlike 
the solid MIL-88A (Fe), there is an extremely hollow 
morphology with openings on the wall of γ-Fe2O3 par-
ticles. The microstructure of the obtained γ-Fe2O3 was 
further analyzed by TEM image as shown in Fig. 2d, it 
clearly suggests the formation of a hollow structure with 
the diameter was around 400 nm,which is in agreement 
with the results revealed by the SEM image.

The specific surface area and pore structure of the as-
prepared γ-Fe2O3 nanotubes were investigated by nitro-
gen adsorption-desorption isotherms at 77 K. The sample 
showed a type IV isotherm with hysteresis loop clearly 
observed at P/P0 of 0.6-1 (Fig. 3a), suggesting the presence 
of mesopores. The Brunauer-Emmett-Teller (BET) surface 
area and pore volume of the products were calculated to be 
101  m2  g−1 and 0.29 cm3 g−1, respectively, demonstrating 
highly porous structures. Furthermore, the pore size dis-
tribution analysis using the Barrett-Joyner-Halenda (BJH) 
method reveals a broad range of pore diameter distribution 
from 5 to 25 nm. It is expected that this porous architecture 
can not only supply abundant active contact sites for the 
electron and  Li+ conduction, but also help to buffer the vol-
ume expansion/contraction upon cycling, thus resulting in 
excellent LIBs performance. Figure 3b represents the TGA 
analysis of MIL-88A(Fe), revealing the weight loss at dif-
ferent temperatures. Obviously, the weight loss on the TGA 
curve is mainly divided into two parts. In the first part, the 
temperature drops at about 100 °C, which is mainly due to 
the volatilization of crystalline water in MIL-88A(Fe). The 
second weight loss was around 300-420 °C, mainly due to 
the decomposition of organic ligands. Refer to the relevant 
literature, we choose the appropriate temperature of 380 °C 
to calcined MIL-88A(Fe) into hollow γ-Fe2O3 [31].

3.2  Electrochemical performance of samples

The electrochemical performance of the samples as the 
anodes for LIBs was investigated. To deepen the understand-
ing of the redox properties, cyclic voltammetry (CV) curves 
were performed in a voltage range of 0.01-3.0 V (Fig. 4a). 
The first cathodic curve exhibits a sharp peak around 0.7 V, 
being ascribed to the insertion of  Li+ into the crystal struc-
ture with the reduction of  Fe3+ to  Fe0 and the formation of 
solid electrolyte interphase (SEI) films [32]. After the first 
cycle, the profiles of the CV curves become almost over-
lapped, indicating the electrochemical reactions are highly 
reversible in the following cycles. In the anodic scan, the 
broad anodic peak at ~1.7 V corresponds to the reversible 
oxidization of  Fe0 to  Fe3+. It is noteworthy that from the 
second cycle onwards the CV curves generally overlap, indi-
cating a good reversibility of the redox reaction  (Fe3+ + 
 3e−↔ Fe) [33]. To further investigate the charge-discharge 
process of the samples, Fig. 4b displays the 1st, 2nd, 5th, 
10th, and 50th discharge/charge profiles at a current rate of 
100 mA g−1 between 0.01 and 3.0 V (vs.  Li+/Li). The volt-
age plateaus can be observed at ~0.7 V, which correspond 
well to the results of the cyclic voltammetry test. Figure 4c 
shows the charging/discharging behavior profiles of hollow 
porous γ-Fe2O3 from 1st cycle to 240th cycles at a current 
density of 100 mA g−1 in a voltage range of 0.01 ~ 3.0 V. 
Initial discharge and charge capacities are 1559 and 1325 
mAh  g−1, respectively, with an initial coulombic efficiency 
of about 85%. The loss of ~15% is mainly ascribed to the 
SEI layer formation, the irreversible conversion of γ-Fe2O3, 
and the incomplete extraction of Li ions from active materi-
als. From the second cycle onwards, coulombic efficiency 
rapidly increases to about 95%. The hollow porous γ-Fe2O3 
electrode exhibits remarkable cyclability, with a reversible 
capacity of about 1093 mAh  g−1 after 240 cycles. Figure 4d 

Fig. 3  N2 adsorption-desorption isotherms and pore-size distribution (inset) of the as-synthesized γ-Fe2O3(a), TGA curves of MIL-88A(Fe) (b)
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shows the rate capability of the hollow porous γ-Fe2O3 at 
progressively increased current densities ranged from 100 to 
300, 500, 700, 900 and 1000 mA g−1, attractively, it displays 
capacities of 1187, 1139, 998, 914, 845 and 796 mAh  g−1 
in sequence. More significantly, when the current density 
recovers to 100 mA g−1 after cycling under high.

current densities, a reversible capacity near 1200 mAh 
 g−1 can be recovered again. These results indicate good sta-
bility of the hollow porous γ-Fe2O3 electrode after the high 
rate discharge-charge cycles.

3.3  Adsorption performance of samples

In order to understand the relationship between the maxi-
mum adsorption saturation of MO and the adsorption equi-
libration time, a kinetic study of adsorption was carried out. 
It is clearly evident from Fig. 5a that in the first 30 min, the 
adsorption of MO increased rapidly and later the adsorption 
rate slowed to reach an equilibrium within 7 h. The kinet-
ics parameters were analyzed by the pseudo-second-order 
kinetic equation [34]:

 Where qt and qe represent the amount of MO adsorbed at 
any time (t, min) and equilibrium (mg g−1), respectively; k2 
is the rate constant of the pseudo-second-order adsorption 
(g mg−1 min−1). As depicted in Fig. 5b, the correlation factor 
of the fitting curve of the pseudo-second-order kinetic equa-
tion is 0.999, indicating that the removal of MO from the 
solution onto the hollow porous γ-Fe2O3 significantly fol-
lows the kinetic model. The kinetic rate constant (k2) and the 
equilibrium adsorption capacity (qe) values of γ-Fe2O3 were 
determined to be 0.023 g mg−1 min−1 and 17.51 mg g−1, 
respectively.

The initial concentration of the analyte is one of the 
important factors of the adsorption capacity to the mate-
rial. The hollow γ-Fe2O3 adsorbent was treated with a wide 
range of MO concentrations to study the maximum satura-
tion adsorption capacity. The reactions were maintained for 
7 h to ensure sufficient reaction time. As the initial con-
centration of MO in the solution increases, the adsorption 
capacity increases significantly and then tends to stabilize 

(3)
t

qt
=

1

k
2
q2
e

+
t

qe

Fig. 4  Electrochemical performances of γ-Fe2O3 as anode materials 
for LIBs: CV curves (a); Charge-discharge profiles at a current den-
sity of 100 mA g−1 (b); Cycle performances and coulombic efficiency 

at 100  mA  g−1 (c); Rate capability at various current rates ranged 
from 100 to 1000 mA g−1 as indicated (d)
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(Fig. 5c). When the initial concentration is sufficiently high 
(C = 100 mg L−1), the active site of the adsorbent may be 
completely occupied, at which the adsorption reaches satura-
tion and the adsorption capacity is the highest.

Besides, in order to have a better understanding of the 
adsorption capacity of γ-Fe2O3, we carried out the Langmuir 
model fitting on the adsorption data (Fig. 5d). The Langmuir 
equation (eq. 4) can be used to calculate the maximum satu-
rated adsorption capacity of γ-Fe2O3 for MO [35]:

 Where Ce represents the equilibrium concentration of 
remaining MO in the solution (mg L−1), qm is the maxi-
mum adsorption capacity (mg g−1), qe is the equilibrium 
adsorption capacity (mg g−1) and KL is the Langmuir con-
stant (L mg−1). As depicted in Fig. 5d, the fitted line of 
Ce and Ce/qe for MO adsorption at room temperature and 
the correlation factor of the curve is 0.998, demonstrat-
ing that the adsorption of MO conforms to the Langmuir 
adsorption model. At the same time, the results show that 
the maximum adsorption capacity of γ-Fe2O3 for MO is 
63.17 mg g−1. According to previous reports, Maguana et al. 
proved sugar scum is a suitable precursor for dye removal 
and the maximum adsorption capacity for MO removal was 
15.24 mg g−1 at the temperature 22 °C and pH 7.2 [36]. 
Masoud Shariati-Rad et al. prepared  SiO2-Fe3O4 magnetic 

(4)
Ce

qe
=

1

qmKL

+
Ce

qm

nanoparticles (SMNPs) for adsorption of MO and maximum 
adsorption was 53.19 mg g−1 at pH 2.66 for 30 min [37]. 
Compared above, the adsorption capacity of γ-Fe2O3 for MO 
is 63 mg g−1 at room temperature and neutral pH, so it has 
a certain value in practical applications.

The recyclability of the adsorbent is also important for 
practical applications. After completing the adsorption, 
γ-Fe2O3 adsorbents were easily collected by using a mag-
net, and then washed twice with distilled water and ethanol, 
dried in an oven at 70 °C for the next cycle. It is worth noting 
that, the adsorption efficiency of MO dropped only 7% (from 
74% to 67%) for the hollow γ-Fe2O3 after five consecutive 
reuses (Fig. 6), indicating that the hollow porous γ-Fe2O3 
possess excellent long-term stability and could be reused for 
a certain practical value.

4  Conclusions

In summary, we have successfully synthesized hollow 
porous γ-Fe2O3 nanotubes by a simple and effective pyroly-
sis strategy. The hollow porous nanotubes could provide 
rapid electron, ion, and mass transport. Owing to these 
unique properties, the as-synthesized γ-Fe2O3 nanotubes 
used as anode materials for LIB showed high reversible 
capacity and great cycling stability for more than 240 cycles. 
When employed as an adsorbent, hollow γ-Fe2O3 nanotubes 
not only showed effective adsorption capacity for MO, but 

Fig. 5  Adsorption perfor-
mances of γ-Fe2O3 as adsor-
bent: (a) effect of time on 
the concentration of MO at 
room temperature; (b) plots of 
pseudo-second-order kinetic of 
MO adsorption; (c) adsorption 
isotherms for the adsorption of 
MO; (d) the linear regression by 
fitting the data with Langmuir 
adsorption model
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could also be recycled easily and reused by an external mag-
net. The straightforward method created here can be fac-
ilely extended to construct other functional materials with 
different components and unique properties which ensure 
their applications in the fields of catalysis, drug-delivery, 
biosensing, etc.
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