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Abstract: A method of microalgae-templated spray drying to develop hierarchical porous
Fe3O4/C composite microspheres as anode materials for Li-ion batteries was developed. During
the spray-drying process, individual microalgae serve as building blocks of raspberry-like hollow
microspheres via self-assembly. In the present study, microalgae-derived carbon matrices, naturally
doped heteroatoms, and hierarchical porous structural features synergistically contributed to the high
electrochemical performance of the Fe3O4/C composite microspheres, enabling a discharge capacity
of 1375 mA·h·g−1 after 700 cycles at a current density of 1 A/g. Notably, the microalgal frameworks of
the Fe3O4/C composite microspheres were maintained over the course of charge/discharge cycling,
thus demonstrating the structural stability of the composite microspheres against pulverization. In
contrast, the sample fabricated without microalgal templating showed significant capacity drops (up
to ~40% of initial capacity) during the early cycles. Clearly, templating of microalgae endows anode
materials with superior cycling stability.

Keywords: spray drying; microalgae; Fe3O4/C composite microsphere; hierarchical pore; Li-ion
battery; anode

1. Introduction

Li-ion batteries (LIBs) have been widely applied to portable electronic devices, even while ongoing
challenges such as development of a reliable and large-scale energy storage system remain. To overcome
the limited energy density of conventional anode material such as graphite (372 mA·h·g−1), alternative
anode materials for LIBs, including Si and a variety of metal oxides (MOx; M = Cr, Mn, Fe, Co, and Ni),
have been proposed [1,2]. In particular, Fe3O4 has drawn great attention for its potential application to
anode materials, given its high theoretical energy density (928 mA·h·g−1), nontoxicity, abundance, and
low cost [3,4]. However, like other metal oxides and Si, it suffers from large volume changes during
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charge/discharge reactions. Significant volume change leads to repeated exposure of active materials
to electrolytes and consequent unstable growth of the solid electrolyte interphase (SEI) on the active
materials. Resultantly thickened SEI layers drastically impede the transportation of Li ions, thereby
incurring failure of electrochemical cells. Indeed, the stable formation of SEI layers is essential in order
to achieve satisfactory electrochemical performance of anode material, especially considering the low
electrical conductivity of pristine iron oxide [5,6].

To tackle these problems, various strategies have been proposed, such as controlling the sizes,
shapes, and structures of iron-oxide-based anode materials or fabricating iron oxide/carbon composite
materials [7–14]. Nanostructured active materials often exhibit improved electrochemical performance
due to the large surface area available for contact with the electrolytes, the short diffusion length of Li
ions, and the enhanced mechanical stability against pulverization [1,6,11–13]. In addition, the hollow
and porous morphologies of nanostructured materials are beneficial to accommodation of the volume
change associated with Li ion intercalation [13–17]. Hybridization of active materials including iron
oxide with carbon has been introduced as another means of buffering volume expansion, resulting in
enhanced electrochemical performance with improved structural stability [7–10].

In light of these considerations, biotemplating techniques have been explored, because various
living organisms provide an opportunity to design composite materials of favorable structure. For
example, banana peels, bacteria, and green leaf have been used for hierarchical porous structures,
hollow spheres, and morph structures, respectively [18–20]. Moreover, microorganisms have been
extensively utilized in the fabrication of carbon composite materials, and have shown the benefits of
introducing them as a carbon template [21,22]. It is well known that the functional groups on cell walls
enable facile adsorption and assembly of the inorganic elements for fabrication of carbon composite
materials [23]. In fact, we recently showed that lipid-extracted oleaginous microalgae could be utilized
for fabrication of nano- and micro-structured composite anode materials of LIBs; and indeed, this is
a promising means of recycling microalgal biomass after obtaining lipid, the main target material for
biodiesel production [19,20].

In this study, hierarchical porous Fe3O4/C composite microspheres were developed as LIB anode
materials by using a spray-drying method with lipid-extracted microalgae as carbon templates.
The unique raspberry-like Fe3O4/C composite microspheres with hierarchical pores were formed
through the self-assembly of building blocks of lipid-extracted microalgae. In the formation process,
the hollow structure, the first level of the pore, is generated by surface precipitation of microalgae
from aerosol droplets, while the second level of macropores is occupied by the individual microalgae.
The third level of mesopores is established through carbonization of microalgae. This hierarchical
porous structure is beneficial for cyclability with improved accommodation of volume changes. In
addition, in the present study, naturally and homogeneously doped phosphorus and sulfur ions
from the microalgae were identified in the composite materials, which ions can help to enhance
electrochemical performance. These features enabled the electrochemical performance of Fe3O4/C
composite microspheres as anode materials of Li-ion batteries (LIBs): a high capacity of ~1300 mA·h·g−1

up to 700 cycles at a current density of 1 A·g−1. The microalgal frameworks of the Fe3O4/C composite
microspheres’ hierarchical and porous structure provide for both structural stability and higher
electrochemical performance.

2. Materials and Methods

2.1. Preparation of Lipid-Extracted Microalgae

Chlorella sp. KR-1 was used in this experiment. Its cultivation conditions are described in
reference [24]. After separating microalgae by centrifuging the culture medium at 5000 rpm for
15 min, lipid was extracted by using a mixed organic solution of chloroform (CHCl3, purity = 99%,
Junsei Chemical, Tokyo, Japan) and methanol (CH3OH, purity = 99.8%, Junsei Chemical, Tokyo,
Japan) at a volume ratio of 1:1. This organic solution allows the extraction of both fat-soluble and
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water-soluble lipid by chloroform and methanol, respectively. The amount of chloroform/methanol
solution was 100 mL for 5 g of centrifuged microalgae (wet), and this mixture had been vigorously
stirred at 800 rpm for 20 h for complete lipid extraction. Residual microalgae were separated from
the chloroform/methanol solution and washed with deionized water 3 times.

2.2. Synthesis of Fe3O4/C Composite Microspheres

Lipid-extracted microalgae were dispersed in 0.16 M of iron nitrate nonahydrate (Fe(NO3)3·9H2O,
97%, Sigma Aldrich, St. Louis, MO) aqueous solution. This solution was spray-dried by using
a mini spray dryer (B-290, BUCHI, Essen, Germany) with a feeding rate of 3 mL·min−1 and an inlet
temperature of 180 ◦C with air as a carrier gas. The outlet temperature was maintained between about
115 and 120 ◦C by regulating the aspirator. Spray-dried samples were further annealed in two steps:
first, pre-annealing at 300 ◦C in an air atmosphere for 1 h at a heating rate of 5 ◦C·min−1 followed by
cooling; second, post-treatment at 500 ◦C in a nitrogen atmosphere for 1 h with the same heating and
cooling procedure. For comparison, 0.16 M of iron nitrate solution was spray-dried without microalgal
templates, and the samples thus obtained were heat-treated identically.

2.3. Characterization

The morphology and crystal structure of the composite materials were investigated by
field-emission scanning electron microscopy (SEM, Magellan 400, FEI, Hillsboro, OR, USA) and
X-ray diffraction (XRD, D/MAX-2500, RIGAKU, Tokyo, Japan), respectively. The nitrogen gas
adsorption–desorption measurements were performed using a ASAP2420 (Micromeritics, Nocross,
GA, USA) at 77K and 10−5–0.99 of relative pressure range (P/P0). The specific surface area and pore
size distribution of the samples were determined by the Brunauer-Emmett-Teller (BET) method and
Barrett-Joyner-Halenda (BJH) methods, respectively. The micropore size distribution was evaluated
by Horvath-Kawazoe (H-K) method. Thermogravimetric analysis (TGA, TG 209 F3, NETZSCH,
Selb, Germany) was carried out under an air atmosphere to identify the remaining contents of
carbonaceous materials in the composite microspheres. X-ray photoelectron spectroscopy (XPS, Sigma
Probe, Thermo VG Scientific, Waltham, MA, USA) was used to determine the surface’s elemental
composition. The cross-sectional morphology of the synthesized composite microspheres was observed
with transmission electron microscopy/scanning transmission electron microscopy (TEM/STEM, Titan
cubed G2 60-300, FEI, Hillsboro, OR, USA) after preparing a thin-layered specimen with a focused ion
beam (FIB, Helios NanoLabTM, FEI, Hillsboro, OR, USA) at the National Nanofab Center (NNFC).
Before the FIB procedure, the composite microspheres were molded in epoxy resin to minimize
structural damage during the milling process. TEM observation of thin-layered composite anode
materials was also conducted after electrochemical measurements (50 charge/discharge cycles).

2.4. Electrochemical Measurements

The electrochemical properties were determined using a 2032-type coin cell. The electrode was
prepared by mixing 70 wt.% active material, 20 wt.% Super P, and 10 wt.% carboxymethyl cellulose
(CMC) binder. The loading level of the electrode was ~0.36 mg·cm–2. Li metal and polyethylene film
were used as the counter electrode and separator, respectively. Li hexafluorophosphate (LiPF6, 1.15 M)
in a mixture of ethylene carbonate (EC)/dimethyl carbonate (DMC) (3/7, v/v, Enchem Co., Ltd., Chunan,
Korea) was used as the electrolyte. The charge/discharge characteristics of the composite electrodes
were determined by cycling between 0.01 and 3.0 V vs. Li/Li+ at a constant current density of 1 A·g−1.

3. Results and Discussion

Figure 1 presents a schematic illustration in the form of SEM images of the process of synthesizing
Fe3O4/C composite microspheres from the harvested microalgae. First, lipid-extracted microalgae
(2–3 µm in diameter, Figure 1a) were mixed with an iron nitrate solution. The solution was spray-dried
to form the self-assembled and hierarchical microspheres (5–25 µm in diameter, Figure 1b). As indicated
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in Figure 1d, when the atomized droplets enter the drying chamber at 180 ◦C, necessitated evaporation
of solvent (water) leads to the surface enrichment of the microalgae and iron component owing to
the thermal gradient. Then, precipitation starts from the surface, and microalgal building blocks are
self-assembled into the hollow spherical structure (the first level of pores) upon the completion of
the drying process. The hollow and spherical particles can be synthesized by spray drying of colloidal
suspension with colloids as templates, microalgae in this case [25,26]. Figure 1b shows the raspberry-like
morphology of the spray-dried primary particles, which were obtained by the self-assembly of
microalgae into hierarchical microspheres. Note that the surface of the primary particle has no apparent
porous structure, because iron nitrate components fill the gap between the relatively large microalgae
when they are assembled.
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Figure 1. Scanning electron microscopy (SEM) images of (a) lipid-extracted microalgae, (b) spray-dried
primary particles before annealing, and (c) Fe3O4/C composite microspheres after annealing. (d)
Schematics of spray drying procedure and development of shell/skin formation during drying process.

The spray-dried particles were further annealed to Fe3O4/C composite microspheres through
two sequential heat treatments: 300 ◦C in an air atmosphere for 1 h followed by 500 ◦C in a nitrogen
atmosphere for 1 h. It is necessary to anneal the sample at 500 ◦C in order to fully decompose
the iron nitrate precursor. Just one-step heat treatment at 500 ◦C in air results in the oxidation of all
carbon contents, whereas just one-step heat treatment at 500 ◦C under nitrogen conditions produces
electrochemically inactive Fe crystal due to the carbothermic reduction. Therefore, the two-step heat
treatments were conducted, namely pre-annealing at 300 ◦C in air to decrease carbon contents and
prevent over-reduction at 500 ◦C in nitrogen, which maintained ~15 wt.% of carbon contents (Figure S1
in Supplementary Materials) with the electrochemically active Fe3O4 phase. As shown in Figure 1c,
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the annealed composite microspheres exhibited wrinkled and porous structures while maintaining
their hierarchical and spherical morphologies. The formation of the wrinkles and pores was attributed
to the generation of CO2 as carbonaceous materials were oxidized during annealing under the air
atmosphere. To evaluate the surface area and pore size distribution of the annealed composite
microspheres, BET, BJH, and H-K theories were applied (Figure S2 in Supplementary Materials).
The hysteresis in the adsorption–desorption isotherm indicates the presence of the mesoporous
structure (the third level of pores) with a bit of micropores in the composite microspheres, with
the pore sizes distributed within the mesopore range [27]. At a low P/P0 range of adsorption
isotherm, BET analysis gives surface area of 17.2 m2

·g−1. The mesoporous structure can enhance
the electrochemical performance of composite anode materials by providing a short diffusion length for
Li ions migration and a large surface area for direct contact with electrolytes. In addition, mesopores
can effectively alleviate the volume change during the charge/discharge process, having the spatial
room to accommodate the volume expansion and the synergetic effect with the surrounding carbon
matrix [17,28,29].

To investigate the hollow structure of the spray-dried composite microspheres, the cross-sectional
morphologies were identified by SEM (Figure 2a) and TEM (Figure 2b). First, the composite
microspheres were intentionally crumbled to observe their cross-section by SEM. Figure 2a shows
part of it, highlighting the area where the length scale is on the order of the size of microalgae, as
indicated by the red circles. This demonstrates that the individual microalgae each serve as a building
block for the formation of spherical and hollow structures. Notably, void spaces (the second level of
pores) within the highlighted region originate from the lipid-extraction and annealing processes. Thus,
composite microspheres consist of active materials of 100–200 nm thickness between every 2–3 µm
sized void. These structural features are expected to effectively buffer the pulverization of active
materials, since the extra space between the active materials can accommodate the volume change
during cycling.
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Figure 2. (a) Scanning electron microscopy (SEM) images of cross-section of Fe3O4/C composite
microspheres. The red dotted circles highlight each templated each microalga. (b) Transmission
electron microscopy (TEM) images of focused ion beam (FIB)-milled cross-section of Fe3O4/C composite
with inset showing TEM-observed part. (c) Scanning transmission electron microscopy (STEM) image
corresponding to Figure 2b. (d) Magnified STEM image of Figure 2c for energy-dispersive X-ray
spectroscopy (EDS) mapping of (e) Fe, (f) O, (g) P, and (h) S.

The cross-sectional morphology and elemental distribution of the composite microspheres were
further investigated by focused ion beam (FIB) and TEM. Figure 2b represents the bright-field TEM
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image of the prepared specimen with the FIB cut, clearly showing the hollow structure of the composite
microspheres with a similar size of void as observed in Figure 2a. The elemental distributions of
the composite microspheres were identified by EDS mapping in the STEM mode. In Figure 2c–h,
the dark background is an epoxy resin used for molding, and therefore the qualitative presence of
carbon elements is not shown here, though the carbon contents had been determined by TGA to
be ~15 wt.% (Figure S1 in Supplementary Materials). Figure 2e–h show that the Fe3O4/C composite
microspheres contain Fe and O elements along with the homogeneously distributed P and S elements.
This confirmed the presence of microalgae-driven P and S elements in the Fe3O4/C composites. These
naturally doped ions are expected to enhance ionic conductivity during the charge/discharge process.
In our previous work, N atoms were found in microalgae-templated composite microspheres, but they
were absent from Fe3O4/C composite microspheres due to annealing in an air atmosphere [21,22].

In Figure 3a, the XRD pattern shows that the crystalline structure of the annealed composite
microspheres is well-matched with the diffraction peaks of Fe3O4 (JCPDS card #76-1849).
The well-defined peaks from the Fe3O4 lattice suggest a conversion of iron nitrate to electrochemically
active iron oxide. The average crystallite size (τ) ~20.6 nm is obtained from the Scherrer equation,
τ = Kλ

βcosθ , where K = 0.9 for Scherrer constant, λ = 0.154 nm for wavelength of X-ray source (Cu Kα),
β for full width at half maximum, and 2θ for the peak position. XPS further revealed the existing
elements and their bonding characteristics in the composite microspheres. In Figure 3b, the XPS spectra
of the composite microspheres exhibit clear peaks corresponding to the Fe 2p, O 1s, and C 1s peaks
with the minority P 2p peak from the naturally doped P elements. The bonding characteristics of
the S elements were not detected in the XPS analysis, due to the low concentration in the composite
microspheres, which is qualitatively identified in Figure 2h. As shown in Figure 3c, the Fe peaks at
710.6 eV and 724.4 eV correspond to the spin-orbit coupling of Fe 2p3/2 and Fe 2p1/2, respectively [30].
Since γ-Fe2O3 has a distinguishable satellite peak at around 718.8 eV, no satellite signal between
the two main peaks was the indication of Fe3O4 [30–32]. The binding characteristics of the O, C,
and P elements in the Fe3O4/C composite microspheres are represented in Figure 2d–f, respectively.
Among the deconvoluted peaks from O 1s, the strongest signal at 529.9 eV represents the oxygen
elements in the Fe3O4 phase, while the others at 531.6 eV and 533.1 eV correspond to the O atoms
bonded with C atoms in the composite microspheres. Accordingly, the C 1s spectra are comprised of
three peaks at 284.7 eV, 286.0 eV, and 288.5 eV for the C–C, C–O, and C=O bonds, respectively [33,34].
The peak at 132.8 eV with relatively low intensity was found to be associated with the binding energy
of P 2p3/2 in oxidized phosphorus, which suggests a presence of P atoms in the Fe3O4/C composite
microspheres [35].

Figure S3 shows an SEM image of the obtained particulates from the spray drying of the iron
nitration solutions without the microalgae. Even though the synthetic procedure was identical, it has
no features of hierarchical and porous structures, due to the absence of microalgal templates. Instead,
it is a bulky and shrunk sphere that is typically developed during the fast solvent evaporation of spray
drying. The XRD patterns of the spray-dried and annealed samples without the microalgae correspond
to α-Fe2O3, whereas the sample with microalgae had an Fe3O4 phase (Figure S4). The crystalline phase
difference is attributable to the absence of carbon, which provides for a reduction atmosphere during
heat treatment. Note that the theoretical capacity of α-Fe2O3 (1004 mA·h·g−1) is similar to that of Fe3O4

(928 mA·h·g−1).
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Figure 4a,b show the charge/discharge profiles of α-Fe2O3 (without microalgae) and the Fe3O4/C
composite, respectively, at a current density of 1 A·g−1 in the voltage range of 0.01–3.0 V. In both α-Fe2O3

and Fe3O4/C, the voltage plateau at ~0.75 V during the first discharge corresponds to the reduction of
Fe ions to nanometer-sized Fe metal and Li2O, while the potential slope at 1.5–2.0 V during the first
charge cycle is the delithiation reaction from the active materials. For α-Fe2O3 (Figure 4a), the initial
discharge/charge capacity of the cell is 698/581 mA·h·g−1, suggesting a Coulombic efficiency of 83.2%
at the first cycling. In the 100th cycle, decreasing discharge/charge capacities to 495/481 mA·h·g−1

imply that there had been a significant capacity fading due to the formation of irreversible SEI layers
and polarization of electrodes in the early cycles. Upon cycling, charge capacities are increased and
stabilized up to 903 mA·h·g−1 at 700 cycles. Increasing capacity in iron-oxide-based anode materials
have been observed and attributed to a gradually increasing number of active sites for the lithiation
process and the stable formation of SEI layers [9,36–38]. In Figure 4b, the Fe3O4/C composite electrodes
exhibits a discharge/charge capacity of 819/720 mA·h·g−1 with the Coulombic efficiency of 87.9% at
the initial cycling and then gradually increasing discharge/charge capacity up to 1375/1365 mA·h·g−1 at
the 700th cycle. In addition, the voltage profiles of the initial and 100th cycles highlight the reversibility
of the Fe3O4/C composite electrodes at the early charge/discharge cycles, since there is no apparent
capacity decrease but rather, gradually increasing capacities. This indicates that the Fe3O4/C composite
exhibits growing active sites and stable formation of SEI layers over the charge/discharge cycles.
Figure 4c further compares the cycling performance of the Fe3O4/C composite and α-Fe2O3-based
electrodes up to 700 cycles at 1 A·g−1. The capacity of the α-Fe2O3 electrodes significantly drops at
the beginning of the cycles and exhibits 395 mA·h·g−1 of discharge capacity at the 50th cycle, as indicated
by the charge/discharge profiles. Notably, the discharge capacity of the Fe3O4/C composite electrodes
decreases only up to the 7th cycle, by ~3% of initial capacity. Thus, the enhanced electrochemical
performance of the Fe3O4/C composite electrodes can be attributed to the microalgae-driven carbon
matrices with the unique porous and hollow structural features. Due to the synergetic contribution
of these features to the buffering of volume change during the lithiation/delithiation process, there is
no apparent capacity decrease in the composite microspheres but instead, a stable and long-lasting
electrochemical reaction between Fe3O4/C and the electrolytes.
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Figure 4. Electrochemical performances ofα-Fe2O3 (without microalgae) and Fe3O4/C (with microalgae).
Charge/discharge profiles of (a) α-Fe2O3 and (b) Fe3O4/C composite. (c) Cycling performance and
coulombic efficiency of α-Fe2O3 and Fe3O4/C at current density of 1 A·g−1. (d) Rate capabilities of
α-Fe2O3 and Fe3O4/C at varying current densities for every 10 cycles.

In Figure 4d, the rate capability results demonstrate the superior electrochemical performance of
the Fe3O4/C composite electrodes for fast charge/discharge cycling. Following 10 cycles at the given
current densities, the Fe3O4/C composite electrodes exhibited a higher recovery of discharge capacity
than did α-Fe2O3. The improved rate capability of the Fe3O4/C composite electrodes can be attributed
to the naturally doped P and S atoms with conductive carbon matrices for fast Li ion and electron
transportation. In particular, P and S atoms can interact with Li ion because of their electronegativity,
facilitating the Li ion transportation [22]. It has been demonstrated that carbon networks with
heteroatoms (B, N, P, and S) exhibit improved performance relative to undoped carbons in LIBs [39,40].
For example, N- or B-doped graphene showed a higher rate capability than did pristine graphene at
a fast charge/discharge rate [41].

After 50 charge/discharge cycles, the cross-sectional morphologies and the elemental distributions
of the Fe3O4/C composite electrodes were identified by FIB and TEM. Interestingly, Figure 5a shows
that the hollow structures (the first level of pores) no longer exist in the composite and that the inner
part of the microalgal cell (the second level of pores) can be differentiated from the other parts. As
shown in Figure 5b, the inner part of the microalgal cell was not filled with the Fe elements, possibly
due to the pre-existing additives, which had been filled during the preparation of the electrode with
CMC binder, Super-P, and electrolytes. The line-scanned elemental-composition profiles in Figure 5c
show that more C atoms were positioned where the Fe atoms were absent, between the scanning
distances of around 0–1 µm and 4–5 µm. On the other hand, the hollow structures were occupied
by the Fe elements, which are active materials (Figure 5b,c). The distributions of the O and P atoms
qualitatively followed the composition profile of the Fe atoms. The volume taken up by the active
materials can be explained by the gradual activation of composite microspheres and the formation of
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stable SEI layers, as demonstrated by the increasing discharge capacities over the course of the cycling.
Furthermore, we speculate that, over the course of cycling, the inner part of the microalgal cell buffers
the volume change.
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Figure 5. (a) Cross-sectional STEM image and (b) Fe mapping of Fe3O4/C composite microspheres after
50 cycles. (c) Elemental-composition profiles for C, O, Fe, S, and P atoms. The composition is identified
along with the line shown in (a).

4. Conclusions

Hierarchical porous Fe3O4/C composite microspheres were prepared as Li-ion battery anode
materials by a microalgae-templated spray-drying method. The subsequent two-step annealing
procedure developed electrochemically active and mesoporous Fe3O4/C composite microspheres with
homogeneously doped microalgae-originated phosphorus and sulfur atoms within. The high-reversible
capacity with good cyclability was attributed to the synergetic contribution of microalgal carbon
matrices, porous structures, and doped ions, which together can buffer volume change and facilitate
ion transport during fast charge/discharge cycling. Characterization of the composite electrodes after
cycling further confirmed the structural integrity of the microalgal networks in correspondence with
the superior electrochemical performance. The microalgae-templated spray-drying method shown
here may provide new and promising strategies for recycling of biomass and the development of
advanced structural composite materials for high-performance electrodes.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/10/10/2074/s1:
Figure S1: TGA results of Fe3O4/C composite materials, measured in an air atmosphere. The weight increases up to
300 ◦C due to the oxidation of Fe3O4 under air. Figure S2: (a) N2 adsorption–desorption isotherm, (b) low pressure
range of adsorption isotherm, (c) BJH pore size distribution, and (d) H-K micropore size distribution curves of
Fe3O4/C. Figure S3: SEM image of spray dried iron nitrate solutions (0.16 M) without microalgae after annealing.
Figure S4: XRD patterns of spray dried iron nitrate solutions (0.16 M) without microalgae after annealing.

Author Contributions: J.P. and J.K. both conducted and equally contributed to the experiments and writing
the manuscript. D.S.J. and H.-S.B. were involved in Fe3O4 active materials synthesis and microscopic analysis (SEM,
TEM). J.H., S.K., and I.P. were involved in electrode preparation and electrochemical evaluation of the 2032-type
cell system. Y.-G.L., M.-H.R., and K.L. supervised the work, contributed to the discussion of the experimental
data, and wrote the manuscript. All authors have read and agree to the published version of the manuscript.

Funding: This work was supported by Electronics and Telecommunications Research Institute (ETRI) grant
funded by the Korean government [20ZB1200, Development of ICT Materials, Components and Equipment

http://www.mdpi.com/2079-4991/10/10/2074/s1


Nanomaterials 2020, 10, 2074 10 of 12

Technologies]. This work was supported also by the “Next Generation Carbon Upcycling Project” (Project No.
NRF-2020M1A2A6079063) through the National Research Foundation (NRF) funded by the Ministry of Science
and ICT, Republic of Korea.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Armand, M.; Tarascon, J.-M. Building better batteries. Nature 2008, 451, 652–657. [CrossRef] [PubMed]
2. Manthiram, A. An outlook on lithium ion battery technology. ACS Cent. Sci. 2017, 3, 1063–1069. [CrossRef]

[PubMed]
3. Goodenough, J.B.; Park, K.-S. The Li-ion rechargeable battery: A perspective. J. Am. Chem. Soc. 2013, 135,

1167–1176. [CrossRef] [PubMed]
4. Cabana, B.J.; Monconduit, L.; Larcher, D.; Palacín, M.R. Beyond Intercalation-Based Li-Ion Batteries: The State

of the Art and Challenges of Electrode Materials Reacting Through Conversion Reactions. Adv. Mater. 2010,
22, 170–192. [CrossRef] [PubMed]

5. Taberna, P.L.; Mitra, S.; Poizot, P.; Simon, P.; Tarascon, J.M. High Rate Capabilities Fe3O4-Based Cu
Nano-Architectured Electrodes for Lithium-Ion Battery Applications. Nat. Mater. 2006, 5, 567–573.
[CrossRef] [PubMed]

6. Zhang, L.; Wu, H.B.; Wen, X.; Lou, D. Iron-Oxide-Based Advanced Anode Materials for Lithium- Ion Batteries.
Adv. Energy Mater. 2014, 4, 1–11. [CrossRef]

7. Chen, J.S.; Zhu, T.; Yang, X.H.; Yang, H.G.; Lou, X.W. Top-Down Fabrication of r-Fe2O3 Single-Crystal
Nanodiscs and Microparticles with Tunable Porosity for Largely Improved Lithium Storage Properties. J.
Am. Chem. Soc. 2010, 132, 13162–13164. [CrossRef]

8. Liu, H.; Wang, G.; Wang, J.; Wexler, D. Magnetite / Carbon Core-Shell Nanorods as Anode Materials for
Lithium-Ion Batteries. Electrochem. Commun. 2008, 10, 1879–1882. [CrossRef]

9. Wang, L.; Yu, Y.; Chen, P.C.; Zhang, D.W.; Chen, C.H. Electrospinning Synthesis of C/Fe3O4 Composite
Nanofibers and Their Application for High Performance Lithium-Ion Batteries. J. Power Sources 2008, 183,
717–723. [CrossRef]

10. Piao, Y.; Hyeon, T. Direct Synthesis of Self-Assembled Ferrite/Carbon Hybrid Nanosheets for High
Performance Lithium-Ion Battery Anodes. J. Am. Chem. Soc. 2012, 134, 15010–15015.

11. Wu, H.B.; Chen, J.S.; Hng, H.H.; Lou, X.W. Nanostructured Metal Oxide-Based Materials as Advanced
Anodes for Lithium-Ion Batteries. Nanoscale 2012, 4, 2526–2542. [CrossRef] [PubMed]

12. Reddy, A.L.M.; Gowda, S.R.; Shaijumon, M.M.; Ajayan, P.M. Hybrid Nanostructures for Energy Storage
Applications. Adv. Mater. 2012, 24, 5045–5064. [CrossRef] [PubMed]

13. Lai, X.; Halpert, E.; Wang, D. Recent Advances in Micro-/Nano-Structured Hollow Spheres for Energy
Applications: From Simple to Complex Systems. Energy Environ. Sci. 2012, 5, 5604–5618. [CrossRef]

14. Koo, B.; Xiong, H.; Slater, M.D.; Prakapenka, V.B.; Balasubramanian, M.; Podsiadlo, P.; Johnson, C.S.; Rajh, T.;
Shevchenko, E.V. Hollow Iron Oxide Nanoparticles for Application in Lithium Ion Batteries. Nano Lett. 2012,
12, 2429–2435. [CrossRef]

15. Xiong, Q.Q.; Tu, J.P.; Lu, Y.; Chen, J.; Yu, Y.X.; Qiao, Y.Q.; Wang, X.L.; Gu, C.D. Synthesis of Hierarchical
Hollow-Structured Single-Crystalline Magnetite (Fe3O4) Microspheres: The Highly Powerful Storage versus
Lithium as an Anode for Lithium Ion Batteries. J. Phys. Chem. C 2012, 116, 6495–6502. [CrossRef]

16. Wang, B.; Wu, H.B.; Zhang, L.; Lou, X.W. Self-Supported Construction of Uniform Fe3O4 Hollow Microspheres
from Nanoplate Building Blocks. Angew. Chem.-Int. Ed. 2013, 52, 4165–4168. [CrossRef]

17. Li, X.; Gu, M.; Hu, S.; Kennard, R.; Yan, P.; Chen, X.; Wang, C.; Sailor, M.J.; Zhang, J.; Liu, J. Mesoporous
Silicon Sponge as an Anti-Pulverization Structure for High-Performance Lithium-Ion Battery Anodes. Nat.
Commun. 2014, 5, 1–7. [CrossRef]

18. Lv, Y.; Gan, L.; Liu, M.; Xiong, W.; Xu, Z.; Zhu, D.; Wright, D.S. A Self-Template Synthesis of Hierarchical
Porous Carbon Foams Based on Banana Peel for Supercapacitor Electrodes. J. Power Sources 2012, 209,
152–157. [CrossRef]

19. Zhou, H.; Fan, T.; Zhang, D. Hydrothermal Synthesis of ZnO Hollow Spheres Using Spherobacterium as
Biotemplates. Microporous Mesoporous Mater. 2007, 100, 322–327. [CrossRef]

http://dx.doi.org/10.1038/451652a
http://www.ncbi.nlm.nih.gov/pubmed/18256660
http://dx.doi.org/10.1021/acscentsci.7b00288
http://www.ncbi.nlm.nih.gov/pubmed/29104922
http://dx.doi.org/10.1021/ja3091438
http://www.ncbi.nlm.nih.gov/pubmed/23294028
http://dx.doi.org/10.1002/adma.201000717
http://www.ncbi.nlm.nih.gov/pubmed/20730811
http://dx.doi.org/10.1038/nmat1672
http://www.ncbi.nlm.nih.gov/pubmed/16783360
http://dx.doi.org/10.1002/aenm.201300958
http://dx.doi.org/10.1021/ja1060438
http://dx.doi.org/10.1016/j.elecom.2008.09.036
http://dx.doi.org/10.1016/j.jpowsour.2008.05.079
http://dx.doi.org/10.1039/c2nr11966h
http://www.ncbi.nlm.nih.gov/pubmed/22460594
http://dx.doi.org/10.1002/adma.201104502
http://www.ncbi.nlm.nih.gov/pubmed/22740354
http://dx.doi.org/10.1039/C1EE02426D
http://dx.doi.org/10.1021/nl3004286
http://dx.doi.org/10.1021/jp3002178
http://dx.doi.org/10.1002/anie.201300190
http://dx.doi.org/10.1038/ncomms5105
http://dx.doi.org/10.1016/j.jpowsour.2012.02.089
http://dx.doi.org/10.1016/j.micromeso.2006.11.020


Nanomaterials 2020, 10, 2074 11 of 12

20. Li, B.X.; Fan, T.; Zhou, H.; Chow, S.; Zhang, W.; Zhang, D.; Guo, Q.; Ogawa, H. Enhanced Light-Harvesting
and Photocatalytic Properties in Morph -TiO2 from Green-Leaf Biotemplates. Adv. Funct. Mater. 2009, 19,
45–56. [CrossRef]

21. Song, D.; Park, J.; Kim, K.; Seol, L.; Yoon, J.; Oh, Y.; Kim, Y.; Ryou, M.; Min, Y.; Lee, K. Recycling Oil-Extracted
Microalgal Biomass Residues into Nano/Micro Hierarchical Sn/C Composite Anode Materials for Lithium-Ion
Batteries. Electrochim. Acta 2017, 250, 59–67. [CrossRef]

22. Seo, J.; Umirov, N.; Bin, S.; Lee, K.; Kim, S. Microalgae-Derived Hollow Carbon-MoS2 Composite as Anode
for Lithium-Ion Batteries. J. Ind. Eng. Chem. 2019, 79, 106–114. [CrossRef]

23. Chakravarty, R.; Banerjee, P.C. Mechanism of Cadmium Binding on the Cell Wall of an Acidophilic Bacterium.
Bioresour. Technol. 2012, 108, 176–183. [CrossRef] [PubMed]

24. Praveenkumar, R.; Kim, B.; Choi, E.; Lee, K.; Cho, S.; Park, J.H.J. Mixotrophic Cultivation of Oleaginous
Chlorella Sp. KR-1 Mediated by Actual Coal-Fired Flue Gas for Biodiesel Production. Bioprocess Biosyst. Eng.
2014, 37, 2083–2094. [CrossRef] [PubMed]

25. Nandiyanto, A.B.D.; Ogi, T.; Wang, W.N.; Gradon, L.; Okuyama, K. Template-Assisted Spray-Drying Method
for the Fabrication of Porous Particles with Tunable Structures. Adv. Powder Technol. 2019, 30, 2908–2924.
[CrossRef]

26. Bayu, A.; Nandiyanto, D.; Okuyama, K. Progress in Developing Spray-Drying Methods for the Production of
Controlled Morphology Particles: From the Nanometer to Submicrometer Size Ranges. Adv. Powder Technol.
2011, 22, 1–19.

27. Bohström, Z.; Lillerud, K.P. Preparation of Chabazite with Mesopores Templated from a Cationic Polymer.
Microporous Mesoporous Mater. 2018, 271, 295–300. [CrossRef]

28. Yuan, S.M.; Li, J.X.; Yang, L.T.; Su, L.W.; Liu, L.; Zhou, Z. Preparation and Lithium Storage Performances of
Mesoporous Fe3O4@C Microcapsules. ACS Appl. Mater. Interfaces 2011, 3, 705–709. [CrossRef]

29. Chen, Y.; Song, B.; Li, M.; Lu, L.; Xue, J. Fe3O4 Nanoparticles Embedded in Uniform Mesoporous Carbon
Spheres for Superior High-Rate Battery Applications. Adv. Funct. Mater. 2014, 24, 319–326. [CrossRef]

30. Sun, G.; Dong, B.; Cao, M.; Wei, B.; Hu, C. Hierarchical Dendrite-Like Magnetic Materials of Fe3O4, γ-Fe2O3,
and Fe with High Performance of Microwave Absorption. Chem. Mater. 2011, 23, 1587–1593. [CrossRef]

31. Yamashita, T.; Hayes, P. Analysis of XPS Spectra of Fe2+ and Fe3+ Ions in Oxide Materials. Appl. Surf. Sci.
2008, 254, 2441–2449. [CrossRef]

32. Wang, J. A Platinum Anticancer Theranostic Agent with Magnetic Targeting Potential Derived from
Maghemite Nanoparticles. Chem. Sci. 2013, 4, 2605–2612. [CrossRef]

33. Cheng, Y.; Guang, R.; Jun, M.; Cheng, H.; Kwan, C.; Dan, Q.; Yang, Y.; Antonio, J. Scalable Synthesis of Fe3O4

Nanoparticles Anchored on Graphene as a High-Performance Anode for Lithium Ion Batteries. J. Solid State
Chem. 2013, 201, 330–337.

34. Zhang, W.; Li, X.; Liang, J.; Tang, K.; Zhu, Y.; Qian, Y. One-Step Thermolysis Synthesis of Two-Dimensional
Ultrafine Fe3O4 Particles/Carbon Nanonetworks for High-Performance Lithium-Ion Batteries. Nanoscale
2016, 8, 4733–4741. [CrossRef] [PubMed]

35. Zheng, R.; Lin, L.; Xie, J.; Zhu, Y.; Xie, Y. State of Doped Phosphorus and Its Influence on the Physicochemical
and Photocatalytic Properties of P-Doped Titania. J. Phys. Chem. C 2008, 112, 15502–15509. [CrossRef]

36. Hao, S.; Zhang, B.; Wang, Y.; Li, C.; Feng, J.; Ball, S.; Srinivasan, M.; Wu, J.; Huang, Y. Hierarchical
Three-Dimensional Fe3O4@porous Carbon Matrix/Graphene Anodes for High Performance Lithium Ion
Batteries. Electrochim. Acta 2018, 260, 965–973. [CrossRef]

37. Liu, L.; Zhang, H.; Liu, S.; Yao, H.; Hou, H.; Chen, S. Hollow Carbon Nanosphere Embedded with Ultra
Fine Fe3O4 Nanoparticles as High Performance Li-Ion Battery Anode. Electrochim. Acta 2016, 219, 356–362.
[CrossRef]

38. Zhou, Z.; Xie, W.; Li, S.; Jiang, X.; He, D.; Peng, S.; Ma, F. Facile Synthesis of Porous Fe3O4@C Nanospheres as
High-Performance Anode for Lithium-Ion Battery. J. Solid State Electrochem. 2015, 19, 1211–1215. [CrossRef]

39. Paraknowitsch, J.P.; Thomas, A. Doping Carbons beyond Nitrogen: An Overview of Advanced Heteroatom
Doped Carbons with Boron, Sulphur and Phosphorus for Energy Applications. Energy Environ. Sci. 2013, 6,
2839–2855. [CrossRef]

http://dx.doi.org/10.1002/adfm.200800519
http://dx.doi.org/10.1016/j.electacta.2017.08.045
http://dx.doi.org/10.1016/j.jiec.2019.05.046
http://dx.doi.org/10.1016/j.biortech.2011.12.100
http://www.ncbi.nlm.nih.gov/pubmed/22261660
http://dx.doi.org/10.1007/s00449-014-1186-5
http://www.ncbi.nlm.nih.gov/pubmed/24719225
http://dx.doi.org/10.1016/j.apt.2019.08.037
http://dx.doi.org/10.1016/j.micromeso.2018.05.049
http://dx.doi.org/10.1021/am1010095
http://dx.doi.org/10.1002/adfm.201300872
http://dx.doi.org/10.1021/cm103441u
http://dx.doi.org/10.1016/j.apsusc.2007.09.063
http://dx.doi.org/10.1039/c3sc50554e
http://dx.doi.org/10.1039/C5NR06843F
http://www.ncbi.nlm.nih.gov/pubmed/26859122
http://dx.doi.org/10.1021/jp806121m
http://dx.doi.org/10.1016/j.electacta.2017.12.078
http://dx.doi.org/10.1016/j.electacta.2016.10.023
http://dx.doi.org/10.1007/s10008-015-2742-x
http://dx.doi.org/10.1039/c3ee41444b


Nanomaterials 2020, 10, 2074 12 of 12

40. Liu, Y.; Liu, P.; Wu, D.; Huang, Y.; Tang, Y.; Su, Y.; Zhang, F.; Feng, X. Boron-Doped, Carbon-Coated
SnO2/Graphene Nanosheets for Enhanced Lithium Storage. Chem.-A Eur. J. 2015, 21, 5617–5622. [CrossRef]

41. Wu, Z.-S.; Ren, W.; Xu, L.; Li, F.; Cheng, H.-M. Doped Graphene Sheets As Anode Materials with Superhigh
Rate and Large Capacity for Lithium Ion. ACS Nano 2011, 5, 5463–5471. [CrossRef]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1002/chem.201406029
http://dx.doi.org/10.1021/nn2006249
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Preparation of Lipid-Extracted Microalgae 
	Synthesis of Fe3O4/C Composite Microspheres 
	Characterization 
	Electrochemical Measurements 

	Results and Discussion 
	Conclusions 
	References

