
Contents lists available at ScienceDirect

Ceramics International

journal homepage: www.elsevier.com/locate/ceramint

Solution combustion synthesis of nanostructured iron oxides with
controllable morphology, composition and electrochemical performance

Xuanli Wanga, Mingli Qina,⁎, Fei Fanga, Baorui Jiaa, Haoyang Wua, Xuanhui Qua,
Alex A. Volinskyb

a Institute for Advanced Materials and Technology, University of Science and Technology Beijing, Beijing 100083, China
bDepartment of Mechanical Engineering, University of South Florida, Tampa, FL 33620, USA

A R T I C L E I N F O

Keywords:
Solution combustion synthesis
Nanostructured iron oxides
Controllable morphology and composition
Electrochemical properties

A B S T R A C T

Nanostructured iron oxides have emerged as promising materials for electrochemical energy storage and con-
version devices due to their high theoretical capacity, eco-friendliness and earth abundance. Particularly, the
morphology- and composition-controllable synthesis of nanostructured iron oxides is extremely important to
optimize their electrochemical performance. However, the development of facile and effective synthetic method
is still a great challenge. In this paper, we demonstrated a one-pot solution combustion synthesis (SCS) approach
for the time- and energy-effective preparation of nanostructured iron oxides with controllable morphology and
composition just by tuning the molar ratio (φ) of fuel (glycine) to oxidizer (ferric nitrate). Innovatively, the
effects of φ value on the control of combustion reaction mechanism, morphology and composition of SCS
products, and the electrochemical properties in relation to the morphology and composition have been sys-
tematically investigated. The results revealed that with the increase of φ value, the reaction mechanism varied
from pyrolysis to combustion and the combustion phenomenon changed from volumetric mode to self-propa-
gating mode. Correspondingly, the morphology of products evolved from uniform nanoneedles to porous na-
nosheets, and finally into aggregated nanoparticles. Meanwhile, the phase composition of these products
changed from amorphous α-Fe2O3 to crystalline α-Fe2O3, and eventually into α-Fe2O3/Fe3O4 composites. When
evaluated as lithium ion battery anode, the as-prepared α-Fe2O3/Fe3O4 porous nanosheets (φ = 1.0 product)
exhibited the best electrochemical properties (a high reversible capacity of ~ 1200 mA h g−1 and an excellent
rate capability) among all the SCS products, which may be attributed to its mesoporous structure (supply fa-
vorable accessibility for electrons), nanosheet morphology (shorten the transport length of Li+) and appropriate
proportion of Fe3O4 phase (enhance the electronic conductivity). Consequently, the facile SCS method de-
monstrated here might provide a new methodology for the morphology and composition-controllable synthesis
of nanomaterials, for which a number of prospective applications in electrochemical fields can be envisioned.

1. Introduction

Iron oxides, such as hematite (α-Fe2O3) and magnetite (Fe3O4),
have received steadily growing attention during the past few decades
owing to their earth abundance, low toxicity and peculiar physico-
chemical properties [1–4]. As compared to the corresponding bulk
counterparts, nanostructured iron oxides exhibit enhanced properties,
such as good biocompatibility, superior magnetic properties, excellent
gas and light sensing properties, which make them attractive for various
applications including biomedicine, magnetic recording media, gas
sensors and photocatalysts [5–8]. Besides, in recent years, with the
rapid development of electrochemical energy storage and conversion
devices, nanostructured iron oxides have also attracted considerable

interest in the electrochemical area due to their low cost, environmental
benignity, high theoretical capacity and good chemical stability [9–12].
In spite of these distinct advantages, the electrochemical performance
of nanostructured iron oxides is still strongly dependent on their mor-
phology and composition, which are generally believed to have sig-
nificant influences on the diffusion kinetics of ions, transport rate of
electrons and structural stability of electrodes in energy conversion and
storage systems [13–16]. Therefore, the morphology- and composition-
controllable preparation of nanostructured iron oxides is of great im-
portance to explore their optimal electrochemical performance.

As is well known, the wet chemical methods, including hydro-
thermal, micro-emulsion, co-precipitation and sol-gel method, can ea-
sily prepare uniform nanomaterials with controllable morphology and
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composition just by tuning the reaction conditions due to their unique
advantage, that is, they own the ability to fabricate nanomaterials
through molecular precursors in aqueous solution, permitting rigorous
control of the entire process and allowing the tractable synthesis of
“tailor-made” nanomaterials [17–20]. However, these synthetic ap-
proaches generally confront the disadvantages of complex apparatus,
long duration, elaborate procedure or environmental pollution, which
would limit their massive production and practical applications to some
extent. Therefore, it is imperative to explore time- and energy-saving
method for the simple and scalable preparation of nanostructured iron
oxides with controllable morphology and composition in an environ-
mental-benign manner.

During the past few decades, solution combustion synthesis (SCS)
has emerged as an extensive employed wet chemical method to fabri-
cate diverse nanomaterials, especially for nano-oxides and composites,
due to its obvious advantages of nonpollution, simplicity, scalability,
time- and energy-efficiency [21,22]. To be specific, SCS is substantially
an exothermic redox reaction between a soluble oxidizer (e.g. metal
nitrates) and an organic fuel (e.g. urea, glycine, citric acid, etc.) dis-
solved in a homogenous aqueous solution (molecular precursors) within
a short duration (on the order of seconds) without any additional en-
ergy input (in a self-sustained manner) [23,24]. Apparently, the raw
materials are non-toxic, low-cost and available, meanwhile, the ex-
perimental apparatus and preparation procedures are simple and
straightforward. Once the redox reaction occurs, the high self-generated

energy derived from combustion could convert metals into the corre-
sponding oxides directly in a few seconds without the requirement of
external energy. The short processing duration and energy saving fea-
ture make SCS method suitable for the massive production in practical
applications [25–27]. Hence, in the present work, we synthesized na-
nostructured iron oxides with controllable morphology and composi-
tion via SCS method just by tuning the molar ratio (φ) of fuel (glycine)
to oxidizer (ferric nitrate). The effects of φ value on the control of
combustion reaction mechanism, morphology and composition of SCS
products, and the electrochemical properties in relation to the mor-
phology and composition have been systematically investigated.

2. Experimental section

2.1. Synthesis

The nanostructured iron oxides were prepared via SCS method by
using ferric nitrate [Fe (NO3)3] as the oxidizer and glycine (C2H5NO2)
as the fuel. The stoichiometric equilibrium combustion reaction could
be represented as follow:

+ = + + +Fe(NO ) 5
3

C H NO 1
2

Fe O 10
3

CO 25
6

H O 7
3

N3 3 2 5 2 2 3 2 2 2 (1)

Among the various tunable parameters in SCS process, the amount
of fuel has been verified to play a crucial role in altering the mor-
phology, composition and properties of final products [28]. Thus, in
this work, the molar ratio of glycine (variate) to ferric nitrate (con-
stant), denoted as = × n nφ /Gly Fe

3
5 , was taken to be a key tunable

parameter, which varied from 0 (fuel-free condition) to 1.5 (fuel-rich
condition), as specified in Table 1.

In a typical SCS procedure, Fe (NO3)3 and C2H5NO2 were first mixed
under appropriate molar ratio and then dissolved in 50 mL deionized
water to get a homogeneous solution. The obtained solution was poured
into 500 mL beaker and put on a pre-heated electric furnace (300 °C).
As heating continued, the solution boiled with the evolution of a large

Table 1
Reaction systems of different molar ratios (φ) of glycine to ferric nitrate.

φ Glycine (mol) Ferric nitrate (mol) Reaction condition

0 0 0.025 fuel-free
0.5 0.0208 0.025 fuel-lean
1.0 0.0417 0.025 stoichiometric
1.5 0.0625 0.025 fuel-rich

Fig. 1. TG-DSC curves of gel originated from different φ reaction systems: (a) φ = 0; (b) φ = 0.5; (c) φ = 1.0; (d) φ = 1.5.
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volume of white fume and evolved into a viscous gel. A few minutes
later, the viscous gel swelled and a violent combustion reaction sud-
denly occurred, coupled with the release of voluminous gases. Once the
combustion finished, a fluffy material was obtained, that can be easily
crumbled into fine powders.

2.2. Characterization

The thermal analysis of gel was performed on a METTLER thermal
analyzer (TG-DSC, SF/1382) at a constant heating rate of 10 °C min−1

from 50 °C to 600 °C in air. The morphology and microstructural details
of SCS products were observed by field emission scanning electron
microscopy (FE-SEM, Quanta FEG-450) and further characterized by
using transmission electron microscopy (TEM, Tecnai G2 F20). Their

Fig. 2. Reaction process and macro morphology of SCS products obtained from different φ reaction systems: (a) φ = 0; (b) φ = 0.5; (c) φ = 1.0; (d) φ = 1.5.

Fig. 3. FE-SEM images of SCS products with different φ (the upper-right inset shows the corresponding high magnification image): (a) φ = 0; (b) φ = 0.5; (c) φ = 1.0; (d) φ = 1.5.
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porous structure and specific surface area were determined by a
Brunauer-Emmett-Teller (BET) method based on N2 adsorption-deso-
rption measurements conducted by an automated surface area & pore
size analyzer (QUADRASORB SI-MP, Quantachrome Instruments,
BoyntonBeach, FL). The phase analysis of SCS products was performed
on an X-ray diffractometer (XRD, Ultima IV) and their chemical com-
positions were analyzed by using an X-ray photoelectron spectroscopy
(XPS, Thermo EscaLab 250Xi).

2.3. Electrochemical measurements

To evaluate the electrochemical performance of SCS products, the
CR-2032 coin cells were assembled in a high-purity Ar-filled glovebox
by using lithium foil, polyethene and 1 M LiPF6 in EC/DMC (1:1, v/v) as
the counter electrode, separator membrane and electrolyte, respec-
tively. The working electrode was prepared by compressing the mixture
of active material (SCS products), acetylene black and polyvinylidene
fluoride, at weight ratios of 60:20:20, onto a copper foil of 14 mm in
diameter. The assembled cells were galvanostatic discharged and
charged at various current densities within the potential range of
0.01–3.0 V (vs. Li+/Li) by using a LAND CT2001A battery testing

system. Cyclic voltammetry (CV) measurement was conducted at a scan
rate of 0.5 mV s−1 in the 0.01–3.0 V (vs. Li+/Li) potential range on an
electrochemistry workstation (CHI618D).

3. Results and discussion

To shed light on the reaction mechanism in SCS process, thermo-
gravimetry coupled with differential scanning calorimetry (TG-DSC)
was conducted in air from 50 °C to 600 °C. The simultaneous TG-DSC
curves of gel originated from different φ reaction systems are depicted
in Fig. 1. It is obvious that, up to 200 °C, the φ = 0 reaction system
undergoes a large weight loss of ~ 70% and a nearly V-shaped en-
dothermic peak is observed on DSC curve, as shown in Fig. 1(a). This
phenomenon can be attributed to the thermal decomposition of ferric
nitrate in fuel-free condition. With the addition of fuel, all the φ>0
reaction systems display a drastic exothermic peak on DSC curve in the
range of 150–200 °C accompanied by an abrupt weight loss on TG
curve, which are related to the thermally induced redox reaction be-
tween ferric nitrate and glycine, as depicted in Eq. (1). Moreover, with
the increase of φ value, it can be clearly observed in Fig. 1(b)–(d) that
the exothermic peak becomes sharper and the weight loss increases

Fig. 4. TEM images of SCS products with different φ (the upper-right inset shows the corresponding high magnification image): (a) φ = 0; (b) φ = 0.5; (c) φ = 1.0; (d) φ = 1.5.
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dramatically (from ~ 30% to ~ 70%), illustrating that the exothermic
reaction becomes more intense and thorough as the fuel increasing,
thus leading to an instant and significant weight loss of raw materials.
Finally, when the temperature exceeds 200 °C, the weight of all the
reaction systems keeps almost constant, as shown in Fig. 1(a)–(d),
which indicates the end of both endothermic and exothermic reactions.

Fig. 2 shows the visual reaction process and macro morphology of
SCS products obtained from different φ reaction systems. In Fig. 2(a), it
can be clearly seen that the aqueous solution in φ = 0 reaction system
evaporates gradually to form a gel-like substance, accompanied by the
continuous splash of hydrothermal liquid. Then, the gel-like substance
undergoes a pyrolysis reaction which lasts for a few minutes, leading to
the formation of charred dark red powders. It is noteworthy that the
entire process requires sustained heating and relatively long duration,
indicating that the pyrolysis reaction is a slow and moderate en-
dothermic reaction which is consistent with the TG-DSC analysis in
Fig. 1(a). In contrast to this, all the φ>0 reaction processes involve a
transition from aqueous solution to viscous gel and then occur a com-
bustion reaction accompanied by the release of voluminous gases, as
shown in Fig. 2(b)–(d). Once the gel is ignited, the high self-generated
energy could sustain the whole combustion reaction (in a few seconds)
without the requirement of additional heating, suggesting that the
combustion reaction is an intense and instant exothermic reaction
which is in good agreement with the above TG-DSC analysis. Further-
more, when comparing the combustion reaction phenomena of φ>0
reaction systems, it can be easily found that the combustion mode
varies from volume combustion to self-propagating combustion with

the increase of φ value. As shown in Fig. 2(b), φ = 0.5 reaction system
exhibits a volume combustion mode, i.e. the reaction breaks out among
the gel, accompanied by open flame and dense smoke, and then finishes
quickly within ten seconds or so, producing some fluffy spongy red
powders. Considering the red color of the obtained powders, it can be
inferred that the phase of φ = 0.5 product may be α-Fe2O3. With the
increase of φ value, it can be clearly observed in Fig. 2(c) that φ = 1.0
reaction system displays a combination mode of volume combustion
and self-propagating combustion. Although the reaction is accompanied
by a violent flame, it is not an instantaneous burst but tends to spread
until swallowing the entire volume of gel, forming some loose dendritic
red and black powders, indicating the existence of both α-Fe2O3 and
Fe3O4 phases. When the φ value continues to increase, the φ = 1.5
reaction system in Fig. 2(d) totally presents a self-propagating com-
bustion mode, i.e. the flame starts at a certain point of gel and then
spreads to the whole mass, accompanied by the release of voluminous
gases. It is worth noting that the self-propagating combustion reaction
will last for twenty seconds or so, which is longer than the volume
combustion reaction. Because the excessive fuel in φ = 1.5 reaction
system requires more oxygen to maintain the combustion reaction,
therefore, the self-propagating combustion mode exhibits a slower
heating rate and longer reaction time than volume combustion mode.
As expected, the combustion product of φ = 1.5 reaction system is also
loose dendritic red and black powders but the proportion of red part is
reduced when compared with φ = 1.0 product, indicating the decrease
of α-Fe2O3 phase in φ = 1.5 product.

To acquire more information about morphology of SCS products

Fig. 5. N2 adsorption-desorption isotherms and corresponding BJH pore size distribution curves (upper-left inset) of SCS products with different φ: (a) φ = 0; (b) φ = 0.5; (c) φ = 1.0;
(d) φ = 1.5.
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with different φ, they are investigated by FE-SEM, as shown in Fig. 3. It
can be clearly observed in Fig. 3(a) that φ = 0 product exhibits a
uniform appearance of urchin-like particles in the micrometer size
range and the high magnification FE-SEM image shows that these mi-
croparticles are composed of abundant straight and radially grown
nanoneedles with an average length of ~ 200 nm. The nanoneedle
morphology may be due to the topotactic transformation between metal
hydroxides and oxides, that the hydrolysis of Fe3+ triggered by OH-

with continuous energy input (pyrolysis reaction in Fig. 2(a)) con-
tributes to the formation of hexagonal close-packed (hcp) α-FeOOH,
which can improve the needle-like growth of α-Fe2O3 with wide bases

and narrow tips, that is, the growth along a- and b-directions of hcp
structure is inhibited but the aggregation along c-direction is al-
lowed [29,30]. With the addition of fuel, the morphology of SCS pro-
ducts has totally changed. As seen from Fig. 3(b) and (c), both φ = 0.5
and 1.0 products present a cumuliform cloud-like cluster in micrometer
size, which is assembled by a large number of irregular nanosheets with
an average thickness of ~ 100 nm. By taking a closer look, a great many
pores are apparently observed on the surface of these nanosheets due to
the liberation of gases in the combustion process. The porous nanosheet
morphology could be interpreted by three steps [31]: first, the aqueous
solution condensed into flowing sol with the ability of film forming;

Fig. 6. (a) XRD patterns, (b) survey XPS spectra and (c–f) high resolution Fe2p XPS spectra of SCS products with different φ: (c) φ = 0; (d) φ = 0.5; (e) φ = 1.0; (f) φ = 1.5.
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second, the sol evaporated into viscous gel with the formation of
abundant pores; finally, the gel combusted with the release of gases,
transforming the pore walls into porous sheets. With the increase of φ
value, coral-like structure with some sporadic bulk particles can be
observed in φ = 1.5 product, as shown in Fig. 3(d). Under higher
magnification, it can be clearly seen that the coral-like structure is ac-
tually a porous framework, which consists of uniform nanoparticles
with an average diameter of ~ 50 nm. These nanoparticles are believed
to result from the stress-free and isotropic crystallization of face-cen-
tered cubic (fcc) Fe3O4 in combustion process [25].

To further clarify the morphology and microstructure of SCS pro-
ducts with different φ, TEM images are shown in Fig. 4. It can be clearly
found in Fig. 4(a) that almost entire nanoneedles are assembled in a
radial form from the center to the end of microparticle which looks like
a sea urchin as a whole. The higher magnified image gives more details
on the morphology of φ = 0 product that the nanoneedle has a large
aspect ratio with the diameter of ~ 5 nm and the length of ~ 200 nm,
which is in good agreement with the FE-SEM analysis in Fig. 3(a). With
the addition of fuel, it is obvious in Fig. 4(b) and (c) that both φ = 0.5
and 1.0 products exhibit a porous sheet-like structure that a large
quantity of well-structured single pores within 10 nm and a small
quantity of irregular-shaped through pores beyond 50 nm are evidently
distributed throughout the nanosheets, which is in accordance with the
porous nanosheet morphology in Fig. 3(b) and (c). When compared, the
highly magnified images reveal that the subunit of porous nanosheets in
φ = 0.5 product is more like a crowd of worms but it transforms to
irregular polygon with non-constant size in the range of 50–100 nm in
φ = 1.0 product. Furthermore, when the φ value increases to 1.5,
Fig. 4(d) shows uniform and well-dispersed nanoparticles with an

average diameter of ~ 50 nm, which is in consistent with the FE-SEM
analysis in Fig. 3(d). In addition, closer inspection reveals that the
nanoparticle shows a nearly hexagonal geometry.

Based on the above analysis, all the SCS products exhibit porous
structure to some extent, which could be owing to the release of gases
from combustion reaction. To evaluate the specific surface area and
pore size distribution of SCS products with different φ, N2 adsorption-
desorption isotherms and Barrett-Joyner-Halenda (BJH) pore size dis-
tribution curves are characterized, as shown in Fig. 5. It can be clearly
observed that all the products exhibit a type-IV isotherm, which is as-
cribed to a mesoporous structure with uniform pores, as reported pre-
viously [15,32,33]. When compared, it is obvious that the hysteresis
loop of φ = 0 product belongs to type H1 and its pore size distribution
is relatively wide, with maximum at 20 nm, as depicted in Fig. 5(a). In
contrast, the N2 adsorption-desorption isotherms for φ = 0.5 and 1.0
products both show an H3-type hysteresis loop at P/P0 = 0.45–1, in-
dicating the presence of narrow and slit pores. As described in the inset
of Fig. 5(b) and (c), BJH curves reveal that the pore size distributions
for these products both are placed at 3–5 nm. With the increase of φ
value, the N2 adsorption-desorption isotherm in Fig. 5(d) is somewhat
different. The isotherm shows a typical H2-type hysteresis loop, mani-
festing the heterogeneous distribution of pore sizes. It is obvious that
the BJH curve (inset of Fig. 5(d)) displays a narrow main peak at about
5 nm and two wide small peaks at around 7 nm and 12 nm, further
demonstrating the wide range of pore size distribution. In addition,
according to the N2 adsorption-desorption isotherms, the specific sur-
face area of φ = 0.5 and 1.0 products estimated from BET method is
54.26 and 56.12 m2 g−1, respectively, which are higher than that of φ
= 0 (27.22 m2 g−1) and 1.5 products (17.47 m2 g−1).

Fig. 7. CV curves of different φ anodes in the potential range of 0.01 and 3.0 V (vs. Li+/Li) at a scan rate of 0.5 mV s−1: (a) φ = 0; (b) φ = 0.5; (c) φ = 1.0; (d) φ = 1.5.
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To clarify the crystal structure and phase composition of SCS pro-
ducts with different φ, XRD measurements were conducted, as pre-
sented in Fig. 6(a). It is clear that in the pattern of φ = 0 product, there
are five tiny Bragg diffraction peaks centered at about 2θ = 24.1°,
35.6°, 39.2°, 62.4° and 63.9°, which correspond to the predominant
reflection (012), (110), (006), (214) and (300) of α-Fe2O3 (JCPDS card
No. 89-0599)[34]. The weak intensity of these peaks reveals the low
crystallinity of α-Fe2O3 phase, namely, the major α-Fe2O3 phase in φ =
0 product is almost in amorphous form. According to the TG-DSC
analysis in Fig. 1(a), the formation of amorphous α-Fe2O3 may be due
to the low reaction temperature in endothermic process, which could
not support the total and thorough crystallization of α-Fe2O3. When the
φ value increases to 0.5, the crystalline α-Fe2O3 phase with sharp Bragg
diffraction peaks have been detected and no additional peaks can be
observed, demonstrating the pure crystalline α-Fe2O3 phase of φ = 0.5
product, which is in excellent agreement with the red color of product
in Fig. 2(b). With the increase of φ value, it is obvious that both φ =
1.0 and 1.5 products exhibit a mixed crystalline phase of α-Fe2O3

(JCPDS card No. 89-0599) and Fe3O4 (JCPDS card No. 89-0691) ac-
cording to their Bragg diffraction peak positions [35], which are well
consistent with the black and red color of φ = 1.0 and 1.5 products in
Fig. 2(c) and (d). Meanwhile, the intensity of Fe3O4 diffraction peaks in
the pattern of φ = 1.5 product is slightly stronger than that of φ = 1.0
product, indicating the elevated proportion of Fe3O4 phase in φ = 1.5
product, which is in conformity to the decreased proportion of red part
shown in Fig. 2(d).

To gain more insight into the phase composition of SCS products
with different φ, XPS is used to analyze their chemical components, as

presented in Fig. 6(b)–(f). On the one hand, the characteristic peaks of
C1s, O1s and Fe2p are observed in wide scan XPS spectra (Fig. 6(b))
centered at about 285 (C1s), 530 (O1s), 711 (Fe 2p3/2) and 725 (Fe 2p1/
2) eV, respectively, confirming the existence of these elementary com-
ponents in all the products [36]. It is noteworthy that the characteristic
peak of C1s appears inconspicuous when compared to the peaks of Fe2p
and O1s, indicating the negligible amount of carbon in these products.
With the increase of φ value, the intensities of Fe2p and O1s apparently
enhance and their intensity ratio also rises, manifesting the elevated
proportion of Fe2+ in FeOx phase, which coincides with the above XRD
analysis. On the other hand, the high resolution Fe2p XPS spectra of
SCS products are shown in Fig. 6(c)–(f). It is evident in Fig. 6(c) and (d)
that there are four peaks related to Fe 2p3/2, Fe 2p1/2 and their sa-
tellites, located at around 711.5, 725.2, 718.3 and 732.1 eV, respec-
tively, which correspond to the electronic state of Fe3+ and point out
the α-Fe2O3 phase in φ = 0 and 0.5 products [37], as evidenced by the
above XRD analysis. By comparison, the high resolution deconvoluted
Fe2p XPS spectra of φ = 1.0 and 1.5 products (Fig. 6(e) and (f)) exhibit
four component peaks situated at about 709.2, 711.1, 722.4 and
724.5 eV, which are assigned to the Fe 2p3/2 binding energy (the former
two) for Fe2+ and Fe3+, and Fe 2p1/2 binding energy (the latter two) for
Fe2+ and Fe3+ [23], respectively, suggesting the presence of two oxi-
dation states of Fe in these products. Moreover, similar to the spectra of
φ = 0 and 0.5 products, there are two charge transfer satellites of Fe
2p3/2 and Fe 2p1/2 positioned at 718 eV and 732 eV, respectively,
which indicates the existence of α-Fe2O3 in φ = 1.0 and 1.5 products.
Thus, it can be concluded that both φ = 1.0 and 1.5 products contain a
mixed phase composition of α-Fe2O3 and Fe3O4, as confirmed by the

Fig. 8. Galvanostatic discharge and charge voltage profiles for 1st, 2nd, 10th, 20th and 50th cycles at the current density of 0.1 A g−1 of different φ anodes: (a) φ = 0; (b) φ = 0.5; (c) φ
= 1.0; (d) φ = 1.5.
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above XRD analysis. In addition, it should be noted that the atomic ratio
of Fe2+ to Fe3+ in φ = 1.0 and 1.5 products can be approximately
quantified as the relative areas of two deconvoluted Fe 2p2/3 peaks in
Fig. 6(e) and (f), which are calculated to be ~ 0.2 and ~ 0.3, respec-
tively, indicating the elevated proportion of Fe3O4 phase in φ = 1.5
product, as proved by the XRD and survey XPS results in Fig. 6(a) and
(b).

To evaluate the electrochemical performance of SCS products with
different φ, CV curves of different φ anodes from the first to fifth cycle
were characterized to understand the electrochemical reaction me-
chanism, as presented in Fig. 7. It is clear that all the CV curves of the
first cycle are somewhat different from those of the subsequent cycles.
In the first discharge process, a well-defined reduction peak is observed
at about 0.5 V, which is attributed to reversible reduction of Fe3+ to Fe0

and irreversible reaction involved in the decomposition of electrolyte to
form a solid electrolyte interphase (SEI) film [38]. In turn, in the first
charge process, the broad oxidation peak at around 1.7 V suggests the
reversible oxidation of Fe° to Fe3+, as depicted in Eq. (2) [39].

Noteworthily, the area of reduction peak is much larger than that of
oxidation peak, further indicating the irreversible reaction in the first
cycle. When compared the first cycle curves of different φ anodes, it is
evident that the reduction peak in Fig. 7(c) and (d) is sharper than that
in Fig. 7(a) and (b), at the same time, the reduction peak position in
Fig. 7(c) is the most positive one. This could be ascribed to the various
morphology and composition of different φ products, that is, the Fe3O4

phase in φ = 1.0 and 1.5 products could accelerate the stepwise re-
duction of Fe3+ to Fe2+ and Fe2+ to Fe0, as described in Eqs. (3) and
(4) [40], leading to a sharper shape of reduction peak, meanwhile, the
nanosheet morphology of φ = 1.0 product causes parallel orientation
of Li+ diffusion pathway that increases the diffusion process effi-
ciency [41]. Moreover, it can be clearly seen that since the second
cycle, all the CV curves are nearly overlapped and both the reduction
and oxidation peak positions are shifted to a more positive potential
than those in the first cycle. As seen from Fig. 7(a), two reduction peaks
at ~ 0.7 V and ~ 0.9 V are recorded in discharge process, which could
be attributed to the insertion of Li+ in crystalline and amorphous α-
Fe2O3 to form fcc Li2Fe2O3 and hcp LixFe2O3 phase, corresponding to
the Eqs. (3) and (5) [14], respectively. By comparison, Fig. 7(b) shows
that the φ = 0.5 anode undergoes a stepwise reductive reaction at ~
0.7 V as depicted in Eqs. (3) and (4) due to its pure crystalline α-Fe2O3

phase. As for the φ = 1.0 anode, Fig. 7(c) shows two strong reduction
peaks at ~ 0.6 V and ~ 0.8 V and a weak reduction peak at ~ 1.3 V,
indicating the multi-step reductive reactions of Fe3+ and Fe2+ by Li+

[39]. The reduction peak located at ~ 1.3 V is related to the insertion of
Li+ in crystalline α-Fe2O3 to form an intermediate fcc Li2Fe2O3 phase
(Eq. (3)), and then the Li2Fe2O3 phase and Fe3O4 phase will further
reduced to metallic Fe0 with the formation of amorphous Li2O (Eqs. (4)
and (6)) at ~ 0.6 V and ~ 0.8 V, respectively [42]. With the increase of
φ value, the amount of Fe3O4 phase in φ = 1.5 product elevates, re-
sulting in the main reductive reaction of Fe3O4 phase at ~ 0.8 V (Eq.
(6)), as shown in Fig. 7(d).

+ + ↔ +
+ −e O Li e Fe Li OF 6 6 2 32 3 2 (2)

+ + →
+ −Fe O Li e Li Fe O2 2 ( )2 3 2 2 3 (3)

+ + → +
+ −i Fe O Li e Fe Li OL ( ) 4 4 2 32 2 3 2 (4)

+ + ↔
+ −e O xLi xe Li Fe OF x2 3 2 3 (5)

+ + ↔ +
+ −e O Li e Fe Li OF 8 8 3 43 4 2 (6)

Fig. 8 shows the galvanostatic discharge and charge voltage profiles
of different φ anodes in selected cycles at the current density of
0.1 A g−1. It can be clearly observed that the initial specific discharge
and charge capacities are 1393.2 and 1045.5 mA h g−1 for φ = 0
anode, 1648.7 and 1233.9 mA h g−1 for φ = 0.5 anode, 1547.6 and
1180.1 mA h g−1 for φ = 1.0 anode, 1554.2 and 1039.1 mA h g−1 for
φ = 1.5 anode, which lead to an initial Coulombic efficiency of 75.1%,
74.8%, 76.3% and 66.9%, respectively. The capacity loss is mainly due
to the irreversible reactions related to the decomposition of electrolyte
and the formation of SEI film, which is well consistent with the area
discrepancy between first reduction and oxidation peaks in the corre-
sponding CV curves. It is worth noting that the φ = 0.5 anode owns the
highest initial specific discharge capacity and the φ = 1.0 anode ex-
hibits the least irreversible capacity loss. This phenomenon may be
ascribed to the high theoretical capacity of crystalline α-Fe2O3 (ca.
1005 mA h g−1) phase in φ = 0.5 product and the good electronic
conductivity of Fe3O4 (ca. 2 × 104 S m−1) phase in φ = 1.0 pro-
duct [13,40]. In contrast to the φ = 1.0 anode, an impressive decrease
in both initial specific capacity and Coulombic efficiency can be ob-
served in Fig. 8(d), which may be owing to the small specific surface
area and wide pore size distribution of φ = 1.5 product, as evidenced
by BET analysis in Fig. 5(d). Furthermore, it should be emphasized that
since the second cycle, the specific capacity of all the anodes decreases
gradually due to the activation process of electrode material, whilst the

Fig. 9. (a) Cycling performance of different φ anodes at the current density of 1 A g−1

and (b) rate performance of φ = 0.5 and 1.0 anodes at various discharge and charge
current densities from 0.1 A g−1 to 10 A g−1.

Table 2
Comparison of reversible capacity with iron oxide anodes reported in open literatures.

Material Reversible capacity
(mA h g−1)

Current
density
(A g−1)

Ref.

α-Fe2O3/Fe3O4 porous
nanosheets

1258 (500 cycles) 1 This
work

3D hierarchical porous α-
Fe2O3 nanosheets

1001 (1000 cycles) 1 [14]

Fe2O3@chitosan 732 (50 cycles) 0.1 [38]
α-Fe2O3/SWNT hybrid films 1100 (100 cycles) 0.1 [39]
porous α-Fe2O3 nanoparticles 841 (100 cycles) 0.5 [40]
porous graphene@C/Fe3O4

nanofibers
872 (100 cycles) 0.1 [44]

Fe/Fe3O4/C nanocomposites 755 (100 cycles) 0.1 [45]
Fe3O4/C nanosheets 647 (100 cycles) 0.2 [46]
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corresponding Columbic efficiency sharply increases to ~ 99% in the
following several cycles, demonstrating the rapid stabilization of SEI
film.

Fig. 9(a) compares the cyclic capacity retention of different φ an-
odes at 1 A g−1 for 500 cycles. As can be seen, the φ = 0.5 and 1.0
anodes exhibit a sharp decline in discharge capacity in the initial 50
cycles and then the capacity increases significantly to ~ 1200 mA h g−1

after 500 cycles, whereas for the φ = 0 and 1.5 anodes, a slight de-
crease of discharge capacity can be detected in the initial 50 cycles and
then the capacity stabilizes at ~ 400 mA h g−1 and ~ 600 mA h g−1 in
the subsequent cycles, respectively. It should be noticed that the im-
pressively high discharge capacity and superior capacity recovery in φ
= 0.5 and 1.0 anodes could be ascribed to the porous nanosheet
morphology and high specific surface area, that is, the porous na-
nosheets can not only shorten the transport length of Li+ but also
supply favorable accessibility for electrons, meanwhile, the high spe-
cific surface area can provide an appropriate electrode/electrolyte in-
terface to facilitate fast charge transfer and minimize polarization ef-
fects [43]. In order to evaluate the stability of these two anodes, the rate
capability of φ = 0.5 and 1.0 anodes is compared at varying current
densities ranging from 0.1 A g−1 to 10 A g−1. As shown in Fig. 9(b), the
average specific discharge capacity for φ = 1.0 anode decreases from
1126.3 to 921.6, 786.2, 694.8, 574.5, 388.9 and 305.6 mA h g−1 when
the current density increases from 0.1 to 0.2, 0.5, 1, 2, 5, 10 A g−1,
respectively. After the high-rate discharge and charge cycling, the
current density is suddenly reduced to 0.1 A g−1, with the average
specific discharge capacity as high as 1090.6 mA h g−1 recovered, de-
monstrating its good stability, swift response and excellent reversibility,
which is much better than that of the φ = 0.5 anode (the capacity
recovery is only ~ 60% as the current density returned back from 10 to
0.1 A g−1). The good rate capability of φ = 1.0 anode could be at-
tributed to the appropriate proportion of Fe3O4 phase in φ = 1.0
product, namely, the Fe3O4 phase enhances the electronic conductivity
of product, leading to the rapid transformation of Li+ and electrons.
According to the results presented above, the φ = 1.0 product exhibits
the best electrochemical properties among all the SCS products, further
suggesting that the morphological and compositional differences have a
great influence on their electrochemical performance. In addition,
Table 2 shows the electrochemical performance of φ = 1.0 anode in
this study compared to the iron oxide anodes reported in open litera-
tures [14,38–40,44–46]. It is obvious that the φ = 1.0 anode in our
work has a higher reversible capacity and a more stable cycling per-
formance than the reported other iron oxide anodes. The excellent
electrochemical performance should be attributed to its distinct mor-
phology and phase composition, that is, the porous nanosheets can not
only shorten the transport length of Li+ but also supply favorable ac-
cessibility for electrons, meanwhile, the appropriate proportion of
Fe3O4 phase will enhance the electronic conductivity of product,
leading to the rapid transformation of Li+ and electrons.

4. Conclusions

In conclusion, nanostructured iron oxides with controllable mor-
phology and composition were successfully prepared via one-pot SCS
method just by tuning the molar ratio (φ) of fuel (glycine) to oxidizer
(ferric nitrate). With the increase of φ value, the morphology evolved
from uniform nanoneedles to porous nanosheets, and finally into ag-
gregated nanoparticles, meanwhile, the phase composition changed
from amorphous α-Fe2O3 to crystalline α-Fe2O3, and eventually into α-
Fe2O3/Fe3O4 composites. When applied as anode materials, the as-
prepared α-Fe2O3/Fe3O4 porous nanosheets (φ = 1.0 product) ex-
hibited the best electrochemical properties compared with the other
products, demonstrating a high reversible capacity of ~ 1200 mA h g−1

at the current density of 1 A g−1 and an excellent rate capacity. These
superior electrochemical performances should be attributed to the
distinct morphology and phase composition that the porous nanosheets

can not only shorten the transport length of Li+ but also supply fa-
vorable accessibility for electrons, meanwhile, the appropriate pro-
portion of Fe3O4 phase will enhance the electronic conductivity of
product, leading to the rapid transformation of Li+ and electrons.
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