
lable at ScienceDirect

Carbon 119 (2017) 355e364
Contents lists avai
Carbon

journal homepage: www.elsevier .com/locate/carbon
Nanohole-structured, iron oxide-decorated and gelatin-functionalized
graphene for high rate and high capacity Li-Ion anode

Si-Hwa Lee a, Moumita Kotal a, Jung-Hwan Oh a, Palanichamy Sennu b, Sung-Ho Park b,
Yun-Sung Lee b, Il-Kwon Oh a, *

a Creative Research Initiative Center for Functionally Antagonistic Nano-Engineering, Department of Mechanical Engineering, School of Mechanical and
Aerospace Engineering, Korea Advanced Institute of Science and Technology (KAIST), 291 Daehak-ro, Yuseong-gu, Daejeon 34141, Republic of Korea
b Faculty of Applied Chemical Engineering, Chonnam National University, 77 Yongbong- ro, Buk-gu, Gwangju 500-757, Republic of Korea
a r t i c l e i n f o

Article history:
Received 9 February 2017
Received in revised form
11 April 2017
Accepted 17 April 2017
Available online 25 April 2017
* Corresponding author.
E-mail address: ikoh@kaist.ac.kr (I.-K. Oh).

http://dx.doi.org/10.1016/j.carbon.2017.04.031
0008-6223/© 2017 Elsevier Ltd. All rights reserved.
a b s t r a c t

Graphene hybrid nanostructures have emerged as potential candidates as efficient anode materials for
lithium-ion batteries. However, two-dimensional plate-like structures protect rapid transport of lithium
ions through the thickness direction, resulting in a long pathway of lithium ions and low rate perfor-
mances. Here, we report a nanohole-structured, iron oxide-decorated and gelatin-functionalized gra-
phene (D-N-GG) for high rate and high capacity lithium-ion anode. Initially, to produce effective path
way of lithium ions, physical nanoholes on the graphene layers were generated by microwave-irradiated
iron nanoparticles. And then, the gelatin was used to form nitrogen-doped graphene having more active
sites for lithium ion storage. Finally, D-N-GG was synthesized by two-step microwave irradiations shows
a three-dimensional interconnected mesoporous structure with a uniform decoration of iron oxide
nanoparticles on the nanohole-structured graphene, resulting in highly conductive networks and short
diffusion lengths for effective lithium ion transport. As a result, the obtained D-N-GG nanostructure
delivered a reversible capacity of 924 mAh g�1 even over 40 cycles along with a coulombic efficiency in
excess of 99%. Especially, even after 65 cycles with variable current density of 100e800 mA g�1, the
discharge capacity returned to 1096 mAh g�1, which indicated a very stable and high-rate cyclic
performance.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Rechargeable lithium ion batteries (LIBs) have been established
in the foremost position as universal power sources for portable
energy storage systems owing to their high gravimetric and volu-
metric capacity, high energy density, long cycle life, and relatively
low self-discharge [1]. Generally, graphitic materials are commer-
cially used as anode materials in LIB because of structural stability
during cycling and flat potential profile versus lithium. However,
since graphite as an anode material in LIBs has a theoretical limit of
the specific capacity (372 mAh g�1) due to restacking effect [2],
prospective further studies to develop new anode materials and
structures for the next-generation LIBs, more specifically having
high energy density, long life cycle, cost-effectiveness, and
environment-friendliness, still remain as a challenging issue [3].
Nanostructured transition metal oxides (TMOs) have been
considered as potential anode materials for LIBs because of their
diverse merits, such as high reversible capacity, excellent safety,
and long cycle life [4,5]. Among them, Fe3O4 and Fe2O3 have
attracted much attention due to their excellent characteristics such
as nontoxicity, high theoretical specific capacity (z1000 mAh g�1),
natural abundance, low cost, and environmental friendliness [6].
However, Fe3O4 and Fe2O3 particles having low intrinsic electrical
conductivity and strong agglomeration during the charge and
discharge processes show rapid capacity fading owing to large
volume changes [7] and subsequent particle pulverization [8].
Therefore, an optimized carbon matrix should be added to get both
high electrical conductive and mechanical robustness for reducing
volume changes and maximizing the structural stability of the
electrodes [9].

Graphene, a single-layer of sp2 carbon lattices, with excellent
charge carrier mobility, mechanical robustness, high thermal con-
ductivity, and chemical stability, has been recognized as one of the
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most common carbon matrices for TMO particles to enhance
buffering capability for reducing electrode pulverization [4,8,10,11].
Interestingly, Fe3O4/graphene systems [8,12] are found to exhibit
significant LIB performances owing to the different morphology,
porosity of nanostructured electrode materials, which can lead to
promote the electrochemical process and preserve the good
structural integrity. Furthermore, the assembly of 2D graphene
sheets into 3D architecture [13] can make graphene-based com-
posites with fast electron transport pathway, and robust mechan-
ical strength due to the synergy effects of the 3D interconnected
framework and the fascinating properties of graphene compared to
2D carbon matrix [14]. Mechanically stable and thermally cross-
linked reduced graphene oxide aerogels [15], chemically con-
verted graphene aerogel with superior electrical conductivity
[16,17], 3D hierarchical porous N-doped carbon aerogel for super-
capacitor electrodes [18], and multifunctional carbon aerogel [19],
and steam activated porous graphene aerogel [20] have been
recently investigated. Based on the structural features of graphene
oxide based aerogels, it can be considered as an ideal prototype for
the development of high-performance anode materials for LIBs
[21]. Furthermore, different hybrid aerogel structures, such as
hybrid of iron nitride and nitrogen-doped graphene aerogel [22],
MoS2/graphene aerogels [23], carbon nanotube-bonded graphene
hybrid aerogels [24], iron oxide aerogels [25], phase-controlled iron
oxide nanobox deposited on hierarchically structured graphene
networks [26] have been introduced as anodes for LIBs. In addition,
several graphene and polymer based composite aerogels with
significant mechanical robustness and electrical conductivity have
been also investigated [27].

Moreover, chemical doping is an efficient approach to tailor the
electronic properties of graphene and thereby offers very signifi-
cant impact in energy storage devices [28e31]. Extensive research
has revealed that nitrogen doping is effective among various het-
eroatom doping in graphene owing to its higher electronegativity
(c ¼ 3.04) compared to C (c ¼ 2.55), which could generate polar-
ization in the sp2 carbon network, thereby increases the electrical
conductivity, electron transfer rate and produces active sites in the
graphite lattice for Li ion storage to further promote the electro-
chemical performance of the electrode. For instance, Wang et al.
doped graphene nanosheets with around 2% nitrogen and observed
a drastic improvement in the capacity and rate capability of a LIB
[29].

However, the main criticism of the graphene-based hybrids and
aerogels as anode in LIBs was that large-area graphene sheets
protect the fast transport of lithium ions through the thickness
direction of the 2D graphene during charge and discharge pro-
cesses, resulting in a long pathway of lithium ions. This long
pathway limits the speed at which the Li-ions can travel during the
electrochemical cycling processes. Therefore, a nanohole-
structured N-doped 3D graphene framework can be chosen as
novel nanostructured anode materials due to their fast and
continuous pathway for ion and electron transports. Furthermore,
inspired by the synergistic effects of holey graphene, N-doping and
TMO nanoparticles, gelatin that is a denatured biopolymer with
sufficient N contents can be used for an effective green strategy for
the formation of cost-effective and ecofriendly composite anode
networked structures, based on gelatin-functionalized and holey
graphene oxide. It can be expected that chemical cross-linking
would be possible between gelatin chains and functional groups
of GO to form a 3D network (Fig. S1 and Fig. S2). The presence of
gelatin on graphitic materials is advantageous to form more
compact and thinner passive film compare to bare graphene [32].
Furthermore, the mixture of gelatin and graphene oxide during
microwave irradiation can be partially transformed to a nitrogen-
doped (N-doped) graphene, which can greatly enhance the
electrochemical reactivity and electronic conductivity, eventually
resulting in superior electrochemical anode performance [33e35].
To the best of our knowledge, a study on nanohole-structured, iron
oxide-decorated and N-doped graphene as anode materials for LIBs
has not yet been reported.

In this study, we have developed a fast and facile two-step mi-
crowave method to synthesize a novel D-N-GG nanostructure
consisting of nanoholes and iron oxide particles on N-doped gra-
phene. The resulting D-N-GG nanostructure, which demonstrates a
3D interconnected macroporous structure with a uniform decora-
tion of iron oxide particles on nanohole-structured GG, forms
highly conductive networks and short diffusion lengths for lithium
ion transport, resulting in a high-rate and high- capacity anode
electrode. Furthermore, the D-N-GG structure contains pyridic N
and pyrrolic N in N-doped graphene surfaces, as a result of the
carbonization of gelatin using microwave irradiation, which im-
proves electrical conductivity, current density as well as the sta-
bility of cycle performance. Consequently, the obtained D-N-GG
nanostructure exhibited remarkably high-rate capability and spe-
cific capacity as the anode electrode in lithium ion battery.

2. Experimental

2.1. D-N-GG nanostructure

For the first microwave step, the GG was dispersed in acetoni-
trile and 0.5 g of iron acetylacetonate were added and ultra-
sonicated for 20 min. To generate nanoholes on the surface of
gelatin-functionalized graphene (GG), this mixture was subjected
to microwave irradiation in microwave ovens (KR-H20MT, Daewoo
Electronics Co. Ltd., Korea and MAS-2 Microwave reactor, China) at
700 W for 120 s and 900 W, respectively. In the second microwave
step, for decorating iron nanoparticle on the surfaces of nanohole-
structured and gelatin-functionalized graphene (N-GG), the N-GG
was dispersed again in acetonitrile and 0.2 g of ferrocene and 0.02 g
of ADC were added and ultrasonicated for 20 min. Subsequent
microwave irradiations were performed again for each 30s.

2.2. Gelatin-functionalized graphene oxide (GG)

Graphene oxide (GO) was prepared from natural graphite
powder using modified Hummer's method [36]. For the prepara-
tion of gelatin-functionalized graphene oxide, initially, 10 mL
(5 mg mL�1) of GO aqueous solution was prepared by ultra-
sonication followed by slowly addition of 100 mg gelatin to the GO
solution. After stirring for 12 h at 50 �C, the resulting mixture
dispersion was cooled to room temperature for 10 h. The as-
obtained gelatin-functionalized graphene oxide hydrogel was
repeatedly washed with cold water to remove unreacted gelatin
followed by keeping in the refrigerator for one day. After that,
gelatin-functionalized graphene oxide hydrogel was freeze dried
for two days to remove thewater entrapped in the hydrogel to form
spongy gelatin-functionalized graphene oxide.

2.3. Measurements

SEMmicrographs were recorded using a Nova NanoSEM 230 FEI
at 1 kV in gentle-beam mode without any metal coating. TEM mi-
crographs were recorded on a JEM-3011 HR microscope using a
holey-carbon-coated copper grid. For TEM studies, a drop of very
dilute dispersion after settling was placed on respective substrates
and dried under ambient conditions. Raman spectra were recorded
on a LabRAM HRUV/vis/NIR (Horiba JobinYvon, France) using a CW
Ar-ion laser (514.5 nm) as an excitation source focused through a
confocal microscope (BXFM, Olympus, Japan) equipped with an
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objective lens (50�, numerical aperture¼ 0.50). High-resolution X-
ray photoelectron spectroscopy was carried out with a Multilab
2000 system (VG, UK) spectrometer using non-monochromatic Mg
Ka X-ray sources. The XPS spectra were curve-fitted with a mixed
GaussianeLorentzian shape using the XPS peak analysis software,
PEAK.

2.4. Anode performance test

The electrode for lithium ion coin cells was prepared by mixing
accurately weight of active materials (~72 wt %, 5 mg) along with
ketjen black as a conducting additive (KB, ~14 wt %, 1 mg), and
Teflonized acetylene black (TAB, ~14 wt %, 1 mg) as a binder. The
materials finally pressed on 200 mm2 stainless steel mesh used as
anode and subsequently dried at 160 �C for 4 h in a vacuum oven.
The CR2032 coin-type test cells are fabricated in an argon-filled
glove box, the anodes are coupled with lithium foil act as both
counter and reference electrode and separated by polypropylene
separator (Celgard 3401) in 1 M LiPF6 in an ethylene carbonate
(EC)/dimethyl carbonate (DMC) (1:1 by v/v., Techno Semichem Co.,
Ltd, Korea) mixture. The cyclic voltammetry and electrochemical
impedance of cells are measured in a Bio-Logic electrochemical
work station (SP-150, Biologic, France). The electrochemical cycling
tests are performed in a computer-controlled multi-channel bat-
tery tester (WBCS 3000, Won-A-Tech, Korea).

3. Results and discussion

3.1. Synthesis and mechanism

The microwave-based self-assembly process for the synthesis of
the nanohole-structured, iron oxide-decorated and gelatin-
functionalized graphene (D-N-GG) is illustrated in Fig. 1,
Figs. S1eS3. The graphite oxide (GO) was synthesized from natural
graphite powder by following a modified Hummers method.34
After that, gelatin-functionalized graphene oxide (GG) was made
from the mixture of gelatin powder and GO using hydrothermal
sol-gel transition method as shown in Fig. S1. There are reactions of
abundant functional groups of GO like carboxyl, epoxy groups with
eNH2 of gelatin via amide formation and ring opening reaction of
epoxy groups of gelatin in GG, as depicted schematically in Fig. S2.
The GG was dispersed in acetonitrile and subsequently iron ace-
tylacetonate [Fe(C5H7O2)3] were added and ultrasonicated. This
mixture was subjected to microwave irradiation in a microwave
reactor to generate nanoholes on the surface of GG. During mi-
crowave irradiation, iron acetylacetonate decomposed into Fe2O3
and Fe3O4 and started to agglomerate on GG surfaces through
attachment of oxygen containing groups. However, as microwave
irradiation was running for long time with high power about
900 W, agglomerated iron oxides with larger diameter
(80e100 nm) penetrated into few-layered GG along the C-axis
influencing by the high-temperature at a time. As a result, the big
iron oxides formed nanoholes on GG (N-GG) as depicted in Fig. 1a.
Simultaneously, amide and amine functional groups of GG along
with unreacted amine of decomposed gelatin releasing ammonia.
Ammonia can react with the oxygenated functional groups of GG at
the edges and in the planar surfaces of GG to form pyrrolic N,
pyridinic N and pyridinic N-oxide in GG as shown in Fig. S3a. In the
second microwave step, for decorating iron oxide nanoparticle on
the surfaces of nanohole-structured GG (N-GG), the N-GG was
again dispersed in acetonitrile with ferrocene [Fe(C5H5)2] and
azodicarbonamide (ADC). Under microwave irradiation with lower
power (700 W), as shown in Fig. 1a, several processes occur during
the synthesis of the D-N-GG heterostructure. First, the NeGG is to
further expand along thickness direction to form the layered and
partially exfoliated N-GG due to the several gaseous by-products
generated from the microwave decomposition of ADC. The ADC
under the microwave irradiation will be transformed into large
amounts of carbon dioxide and nitrogen gas, resulting in further
expansion along the C-axis of the N-GG. Second is the formation of
urea as a by-product of ADC decomposition; urea further reacts by
using its amine groups with remaining oxygen moieties, such as
carbonyl, carboxyl, and hydroxyl groups of the N-GG to form
further N-doping in the graphene surfaces. Third is to separately
form iron nanoparticles as catalysts and to release hydrocarbon
molecules via the decomposition of ferrocene under microwave
irradiation. The decomposed iron nanoparticles are anchored on
the oxygenated functional groups of the N-GG, as shown in Fig. 1a
and Fig. S3b.

In order to investigate the potential application of the D-N-GG
nanostructure as an anode material for lithium ion batteries, gal-
vanostatic charge-discharge studies were carried out as depicted
schematically in Fig. 1b. In a conventional Li-ion battery, the cath-
ode electrodes are typically inorganic compounds, such as transi-
tion metal oxides, characterized by layered or tunneled structures.
The extracted lithium ions from the lithium metal oxide cathodes
are moving into a graphitic carbon anode during the charge pro-
cess. In the discharge cycle, lithium ions inserted into the carbon
layers can be readily extracted and transported back to the cathode.
Fig. 1b shows that the ideal crystal structure of layered LiMO2

(M ¼ Co, Ni) has a close-packed oxygen array which is slightly
distorted from ideal cubic close packing. In our anode electrode
system,we expect that the reduction of Fe2þ or Fe3þ ions tometallic
Fe0 and the formation of amorphous Li2O will occur during the
charging process. Large amounts of Li ions can therefore be stored
and released in the Fe2O3 or Fe3O4 structure through the formation
and decomposition of Li2O respectively, accompanied by the redox
reaction of metallic iron during the anodic process.

Especially, the D-N-GG composite electrode has an excellent
rate capability with high anode capacity due to the synergistic ef-
fects among holey grapheme, gelatin-functionalization, decoration
of iron oxide, and 3D interconnected porous conductive framework
as follows: 1) accessing more electrolytes and significantly
reducing the diffusion length of lithium ions through physical
nanoholes, 2) making multidimensional conductive pathways for
electron transport form 3D conductive frameworks of D-N-GG, 3)
suppressing the particle aggregation and volume expansion by the
encapsulation of graphene sheet, 4) providing more active sites for
Li storage by N doped surface from gelatin, and 5) binding the
graphitic particles with gelatin.

3.2. Morphological analysis

In order to characterize the morphology changes of the carbon
nanostructure during the synthesis process, SEM and TEM images
of the GG, N-GG, and D-N-GG nanostructures are provided in Fig. 2.
The structure of gelatin-functionalized graphene oxide (GG) is
shown in Fig. 2a and Fig. S4. The microstructures exhibit randomly
oriented porous structures and the presence of the fibrous gelatin
chains. During microwave irradiation in the first step, the decom-
posed iron nanoparticles agglomerate with oxygenated functional
groups of the GG surface and then the heated bigger iron nano-
particles produce nanoholes on the graphene surfaces after the
additional microwave radiation with much higher power (900 W).
And, the heated and agglomerated big iron particles having me-
chanical kinetic and thermal energies penetrate into few-layered
GG along the C-axis. As a result, the big iron nanoparticles with
larger diameter (50e100 nm) generate nanoholes on the GG and
are embedded into the GG (N-GG) as shown in Fig. 2b. The physical
nanoholes with a diameter of 50e100 nmwill play a key role in an



Fig. 1. Two-step synthesis of D-N-GG nanostructure and its application to anode material in lithium ion battery. (a) Step 1, microwave reaction for generating nanohole on the
sulfate of gelatin functionalized graphene (N-GG) and Step 2, iron nanoparticle decoration on N-GG. (b) Schematic diagram for charge and discharge in D-N-GG anode material. (A
colour version of this figure can be viewed online.)
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efficient path way and short diffusion lengths of lithium ions along
C-axis of the layered graphene during charge and discharge pro-
cesses, greatly contributing to superior high rate capability of the
anode electrode.

After the second microwave step, the N-GG surfaces are deco-
rated by small iron oxide nanoparticles. Fig. 2c and d exhibit the
existence of the nanoholes (shown in yellow color) comprising of
big iron nanoparticles (shown in purple color) together with ho-
mogeneous distribution of small-sized iron oxide nanoparticles
(shown in orange color) on the surface of the graphene sheets in D-
N-GG. HR-TEM analysis was carried out to further characterize the
microstructures, as shown in Fig. 2d. The higher magnification of
the HR-TEM image in Fig. 2d (inset) clearly reveals the lattice planes
of iron, indicating its crystalline nature. The HR-TEM images of the
iron nanoparticles show that the spacing of the lattice fringes is
0.29 nm, which corresponds to the Fe crystalline planes.
3.3. Chemical structure analysis

The Raman spectra of GG, N-GG, and D-N-GG are shown in
Fig. 3a. In the case of a pure graphene, the characteristic G band due
to the emission of zone-centered optical phonons is detected at
~1580 cm�1 and the disorder-induced D mode is observed at
~1350 cm�1. The G bands for GG, N-GG, and D-N-GG are detected at
1600 cm�1, 1606 cm�1, and 1590 cm�1 and the peaks corresponding
to the D band are observed at 1355 cm�1, 1414 cm�1, and 1373 cm�1,
respectively. Compared to GG and N-GG, the D peak is slightly
shifted and the intensity of G Peak is dramatically decreased. The
intensity ratios (ID/IG), which are the measures of the disorder or of
defects, as expressed by the sp3/sp2 carbon ratios, of GG, N-GG, and
D-N-GG, were 0.99, 1.23, and 1.19, respectively. The intensity ratios
of D-N-GG and N-GG is slightly higher than that of GG. The increase
of intensity ratio indicates that physical nanoholes produced on the
graphene surfaces increase the value of D peak.



Fig. 2. Morphology of gelatin functionalized graphene (GG) and generation of nanohole and decoration of iron oxide on GG (D-N-GG). Scanning electron microscopy (SEM)
images of (a) GG, (b) Big iron oxide particles and decorated small iron oxide particle in D-N-GG, Transmission electron microscopy (TEM) images of (c) large scale D-N-GG het-
erostructure, (d) colored D-N-GG (yellow:nanohole, purple:big iron oxide, orange: small iron oxide). (A colour version of this figure can be viewed online.)
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Another impressive finding is the existence of three kinds of
iron-oxide peaks in the N-GG and D-N-GG samples. The N-GG
shows the hematite peak (a-Fe2O3) located at 704.5 cm�1, the
maghemite (g-Fe2O3) peaks located at 350.3, and 503.4 cm�1, and
the magnetite (Fe3O4) peak located at 661.6 cm�1, respectively. The
D-N-GG also has the hematite peaks (a-Fe2O3) located at
502.1 cm�1 and 704.5 cm�1, the maghemite (g-Fe2O3) peak located
at 347.7 cm�1, and the magnetite (Fe3O4) peak located at
660.3 cm�1, respectively. Therefore, The Raman spectra imply that
the three kinds of iron oxide nanoparticles exist in the N-GG and D-
N-GG.

In order to verify the structural changes from GO to D-N-GG,
FTIR spectra were investigated. GO shows various kind of oxygen-
ated functional groups. When GO reacted with gelatin, the peak
related to eC]O disappeared through amide formation by the
reaction of eCOOH of GO with eNH2 of gelatin in GG as confirmed
by the presence of stretching of amide-I at 1641 cm�1, amide-II at
1542 cm�1, amide-III at 1229 cm�1 and amide-VI at 610 cm�1,
respectively as depicted in Fig. 3b [37]. Also, the ring opening of
epoxy groups of GO took place by gelatin as confirmed by the
appearance of CeNH bending (1430 cm�1) and eNH stretching
(3290 cm�1) in GG. Interestingly, those aforementioned peaks
associated with gelatin functionalization disappeared and concur-
rently the peaks for CeN stretching at 1145 cm�1 appeared in N-GG
and D-N-GG indicating formation of efficient N-doping after mi-
crowave irradiation. Additionally, the absorption of FeeO at
580 cm�1 in N-GG indicates the big iron nanoparticle, which gen-
erates the nanoholes on GG by the 1st step microwave irradiation
[38]. And the absorption bands of the oxygen functionalities of GG
mostly disappear in N-GG [39]. Interestingly, after the 2nd step
microwave irradiation, the hydroxyl group (eOH) was almost
reduced in D-N-GG. Furthermore, the FeeO absorption peaks of
hematite at 630 cm�1 and 560 cm�1 were more intense upon 2nd
step of microwave irradiation, suggesting the decoration of small
iron nanoparticles on N-GG.

Fig. 3c shows the XRD patterns of GG, N-GG, and D-N-GG. For
GG, the peak at 2q ¼ 10.92� (d ¼ 8.08 Å) [40] indicates that the
presence of GO stacking is unaltered even after functionalization
with gelatin. The broad peak at 2q¼ 20.0�(d¼ 4.4 Å) is attributed to
the presence of both gelatin [41] and functionalized graphene ox-
ide. The XRD pattern of N-GG is associated with the magnetite
(Fe3O4) peaks at 2q ¼ 30.24� and 2q ¼ 43.27�, the maghemite (g-
Fe2O3) peaks at 2q ¼ 35.6�, 2q ¼ 53.71�, 2q ¼ 57.25�, and
2q ¼ 62.88�, and the hematite (a-Fe2O3) peak at 2q ¼ 35.6�. In case
of the D-N-GG, the magnetite (Fe3O4) peak observed at 2q ¼ 30.2�,
the maghemite (g-Fe2O3) peaks located at 2q ¼ 43.26�, 2q ¼ 57.23�,
and 2q ¼ 63.98�, and the hematite (a-Fe2O3) peaks situated at
2q ¼ 24.1�, 2q ¼ 33.12�, 2q ¼ 35.59�, 2q ¼ 43.26�, 2q ¼ 57.23� and
2q ¼ 62.86�. These results are consistent with the XRD pattern of
hematite (JCPDS no. 33-0664), maghemite (JCPDS no. 39-1346), and
magnetite (JCPDS no. 65-0731). As the elevated temperature of iron
oxide increases under the repeated microwave irradiation, the
Fe3O4 phase was transformed into Fe2O3 phase as documented in
the literature [42].

Fe3O4 0
>200�C

g� Fe2O3 0
>400�C

a� Fe2O3

Therefore, Fe2O3 peaks appear in the D-N-GG more than in the



Fig. 3. Chemical structure of 3D carbon nanostructures (GG, N-GG, and D-N-GG). (a) Raman spectra, (b) FT-IR spectra, (c) XRD patterns, deconvoluted Fe2p (d) and C1s (e) XPS
spectra of iron, (f) Thermogravimetric analysis. (A colour version of this figure can be viewed online.)
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N-GG as shown in Fig. 3c.
The binding state and the quantitative chemical composition of

GG, N-GG and D-N-GG were further investigated by X-ray photo-
electron spectroscopy (XPS). The existence of N1s in GG infers the
successful amide functionalization of GG. And the spectra of N1s
and Fe 2p in both N-GG and D-N-GG along with C1s and O1s
indicate N-doping through the decomposition of gelatin by mi-
crowave irradiation together with nanohole formation and iron
oxide decoration in N-GG and D-N-GG.

It is well kwon that C1s peak of GO is deconvoluted into four
sub-peaks: CeC (284.8 eV), CeOH or CeOeC (286 eV), C]O
(287.0 eV) and eCOOH (289.7 eV) [43,44]. After the functionaliza-
tion of GO with gelatin in GG, the peak corresponding to eCOOH
vanishes and amide (eCONH) peak appears at 287.58 eV as shown
in Fig. 3e. The functionalization is further been reaffirmed by the
deconvolution of N1s XPS spectra of GG, which exhibits eCONH
peak at 400.5 eV and eNH (or unreactedeNH2 of gelatin) at 400 eV
as depicted in Fig. S5d. During the nanohole formation in N-GG by
irradiation, the atomic percentage of nitrogen is reduced from 12.33
(GG) to 3.18 and simultaneously iron appears (4.47%). Interestingly,
the deconvoluted N1s XPS spectra of N-GG as shown in Fig. S5e
indicate the presence of three forms of nitrogen: pyrrolic N and
amide N (400.8 eV), pyridinic N (398.6 eV) and pyridinic oxide N
(403 eV), all of which have been served as active sites due to N-
doping to facilitate nanohole formation of iron oxide in N-GG. In
addition, the intensities of amide peak (287.31 eV) and eCeNH or
CeOH (286 eV) are significantly reduced due to the decomposition
of functional groups through microwave irradiation as shown in
Fig. 3e. Further, Fe2p deconvolution exhibits the presence of Fe2p3/
2 for Fe2O3 (less hematite and moremaghemite) at 711.1 eV, Fe2p3/
2 for Fe3O4 at 712.9 eV and two satellite peaks for Fe3þ and Fe2þ at
719.8 eV and 715.8 eV, respectively [45]. Furthermore, the existence
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of iron oxide at 530.25 eV for O1s deconvolution spectra of N-GG as
depicted in Fig. S5b suggests the successful nanohole formation by
using heated big iron particles in N-GG.

Similar to N-GG, D-N-GG shows the presence of Fe2p3/2 for
Fe2O3 (both hematite and maghemite) at 710.6 eV, Fe2p3/2 for
Fe3O4 at 712.8 eV with much higher intensity than N-GG as shown
in Fig. 3d. In particular, the intensity of Fe2O3 in D-N-GG is much
higher than that of Fe2O3 in N-GG due to the phase transition of iron
oxide [42]. Theses transformations are irreversible under ambient
conditions and have beenwell studied. Moreover, D-N-GG contains
iron oxide more than N-GG by adding ferrocene to N-GG as 2nd
metallic catalyst and decorating it as iron oxides on the graphene
surfaces of N-GG. As a result, the intensity of iron oxide nano-
particles in D-N-GG increased compared with that in N-GG, as
depicted by Fig. S5b and S5c in harmony with XRD and FTIR results.
Especially, in D-N-GG, the amide peak for C1s and oxygenated
functional groups are almost reduced due to the repeated irradia-
tion as shown in Fig. 3e. And there is the formation of N-doping by
the appearance of pyrrolic-N (399.8 eV), pyridinic N (398.6 eV) and
pyridinic N-oxide (403 eV) as depicted in Fig. S5f.

TGA was used to determine the composition ratio of each con-
tent of gelatin, iron oxide, GG and D-N-GG as shown in Fig. 3f. All
the materials show a little mass loss around 100 �C due to the
moisture present on the surface. It is well known that GO is ther-
mally unstable and suffers a weight loss around 200e300 �C due to
the decomposition of oxygen-containing groups [46]. And gelatin
exhibits weight losses in the region of 300 �Ce680 �C. Therefore,
the main mass loss is ascribed to the two parts in GG: 200e300 �C
(due to the decomposition of labile oxygen functional groups) and
300e610 �C (due to the pyrolysis of functionalized gelatin chains
with GO). Meanwhile, iron oxide is almost unchanged until 800 �C
in the TGA response. In D-N-GG case, there is no dramatic changes
in weight loss between 200 and 300 �C as the functional group on
GG was already removed by the 2nd step microwave radiations.
There are two decomposition steps: 300 �Ce610 �C (due to the
pyrolysis of carbon structure of GG and gelatin), and 610 �Ce680 �C
(due to the additional decomposition of gelatin). Therefore, the iron
oxide nanoparticles in the D-N-GG are approximately 30 wt%,
calculated from the weight residue of GG and D-N-GG.

Porous features of GG and D-N-GG were investigated by N2
adsorption-desorption isotherm measurements as presented in
Fig. S6. Fig. S6 shows IV type isotherms with distinct hysteresis loop
at a relative pressure P/P0 ranging from 0.43 to 1 signifying the
existence of mesoporous features (size> 2e50 nm). The calculated
Brunauer-Emmett-Teller (BET) surface area of D-N-GG is
25.80 m2 g�1, higher than that of GG (4.53 m2 g�1). The average
pore width of the D-N-GG and GG are 12.13 and 5.08 nm, respec-
tively. The increase of average pore width and BET value is due to
the creation of nanoholes inside the GG layers as a result of the
perforation of the GG by the big iron oxide nanoparticles along the
C-axis and the decoration of small iron oxide nanoparticles into the
GG layers.

3.4. Electrochemical analysis

The Galvanostatic charge and discharge measurement of D-N-
GG, N-GG and GG were carried out within the voltage range of
0e3 V at the current rate of 100 mA g�1 shown in Fig. 4a. The first
cycle discharge capacities of D-N-GG, N-GG and GG are ~2518, 1199
and 461 mAh g�1 and the charge capacities are ~1106, 554 and
102 mAh g�1, respectively. The first cycle capacity of D-N-GG from
the complete reduction of iron oxide [FexOy (x,y ¼ 2,3,4)] to iron
(Fe) and the solid-electrolyte interface (SEI) layer formation are
observed. The lithium ion insertion profile could be divided into
three stages. At the early stage (plateau I), a small amount of lithium
ions inserted into the iron oxide crystal structure and the hexagonal
close packed anionic array are transformed to the cubic stacking
structure. During the following stage of lithium insertion (plateau
II), a similar profile as plateau I was found. And a long plateau (III)
was appeared at approximately 0.79 V, corresponding to the
reversible reaction of cubic Li2FexOy (x,y ¼ 2,3,4) to Fe. The initial
irreversible capacity loss was observed by the formation of the SEI
layers below 0.5 V on the electrode surface.

The plateau voltages are clearly reflected from the differential
capacity versus voltage plot peaks shown in Fig. 4b. The voltage
plateau around ~0.79 V represents the destruction of iron oxide
crystal structure by the reduction of iron ions (Fe2þ or Fe3þ) to the
metallic iron (Fe�) and amorphous Li2O with polymeric gel type SEI
layer on the metal nanoparticle surface. On long cycling process,
the crystal structure of iron oxide was distracted and the plateaus
shifted to the higher potentials ~0.79 Ve0.93 V and 1.65 V to 1.92 V
for reduction and oxidation peaks observed in the 50th cycle.

To investigate the primary electrochemical performance of D-N-
GG, cyclic voltammetry (CV) was analyzed between 0 and 3 V at
0.05 mVs�1 scan rate represented in Fig. 4c. The first cycle cathodic
scan shows an irreversible peak at ~0.63 V and anodic scan shows a
pair of peak at ~1.65 and 1.84 V. The first peak is attributed to the
formation of Li2O species, which result from the conversion reac-
tion of Liþ intercalation. The latter indicates the redox reaction of
iron oxides (Fe2O3 and Fe3O4) and the formation of SEI layers from
the side reaction of electrolytes. In the subsequent CV scan, curves
are quite different from that of the first cycle and a pair of reversible
peak is shifted more positively to the higher potential [47e50].
According to the CV studies, the possible conversion mechanism
was represented in equations (1)e(3),

Fe2O3 þ 2Liþ þ 2e� / Li2(Fe2O3) þ 4Liþ þ 4e� / 2Fe� þ 3Li2O(1)

Fe3O4 þ 2Liþ þ 2e� / Li2(Fe3O4) þ 6Liþ þ 6e� / 3Fe� þ 4Li2O(2)

2Fe� þ 2Li2O 4 2FeO þ 4Liþ þ 4e� (3)

During the charging process, the reduction of Fe2þ or Fe3þ ions
to metallic Fe0 and the formation of amorphous Li2O occur. The
corresponding discharge process is given as expressed in Eq. (3). It
is clear from the above equations that large amount of Li ions can be
stored in the iron oxides (Fe2O3 and Fe3O4) structure through the
formation and decomposition of Li2O accompanied by the redox
reaction of metallic iron during the anodic process.

The electrochemical impedance analyses of D-N-GG, N-GG and
GG are represented in Fig. 4d. The semicircle at high-medium fre-
quency region for D-N-GG nanostructure was much smaller than
the N-GG and GG nanostructures. It can be seen that the solution
resistance (Rs) and charge-transfer resistance (Rct) of the D-N-GG
nanostructure are 4.44 and 94.038 U, respectively, which are
significantly lower than those of N-GG (4.62 and 104.5 U) and GG
(4.74, 186.8 U), respectively. The 3D architecture of graphene in D-
N-GG can accommodate more electrolytes, significantly improves
the conductivity of electrodes and further reduces the charge-
transfer resistance at electrode-electrolyte interfaces. The highly
conductive path of 3D D-N-GG nanostructure greatly enhances the
electrochemical activities of electrode during the long-term
cycling.

Fig. 4f shows the cycle profile of D-N-GG, N-GG and GG.
Generally, the irreversible reaction leads to electrolyte decompo-
sition, which causes the decrease of the Coulombic efficiency dur-
ing the first few cycles regarded as a general problem in transition
metal oxide anodes. As a results, the columbic efficiencies of three
samples were obtained 94, 93 and 78%, respectively at the 1st cycle.
At the 40th cycle, the reversible discharge capacities were retained



Fig. 4. Anode performances of D-N-GG nanostructure. (a) First discharge curves of a Liþ/D-N-GG cell recorded at current density of 100 mA g�1 in potential range of 0e3 V, (b)
Differential capacity, (c) C-V response of D-N-GG nanomaterial, (d) Impedance responses of GG, N-GG and D-N-GG, (e) Rate performance, and (f) Specific anode capacity and
coulombic efficiency of GG, N-GG and D-N-GG. (A colour version of this figure can be viewed online.)
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as high as 924, 503 and 81mAh g�1 with the columbic efficiency are
99, 97 and 96%, respectively. The rate capability of D-N-GG nano-
structure measured at different current densities in the range of
100e800 mA g�1 from 0 to 3 V depicted in Fig. 4e. The observed
discharge capacities were measured as 996, 863 and 634 mAh g�1

at the current rates of 200, 400 and 800 mA g�1, respectively. If the
current density recovers the original current rate of 100 mA g�1

again, the average discharge capacity returns to approximately
1096 mAh g�1, indicating a very stable and high-rate cycle
performance.

The D-N-GG composite electrode provides a very high anode
capacity with excellent high-rate capability and very stable cyclic
stability due to the synergistic effects among the N-doped gra-
phene, iron oxide nanoparticles and three-dimensionally inter-
connected porous and conductive nanostructures. First, the three-
dimensional (3D) nanostructure of D-N-GG provides large surface
areas that can access more electrolytes and significantly reduces
the diffusion length of lithium ions, resulting in an efficient
pathway for fast ion transport. Second, the 3D conductive frame-
works of D-N-GG serve as multidimensional conductive pathways
for electron transport. Third, the big iron oxide nanoparticles make
holey graphene and are embedded into the few-layered graphene,
while small iron oxide nanoparticles are decorated on each surface
of the graphene sheets. As a result, the porous conductive frame-
work can accommodate volume expansion and suppress the par-
ticle aggregation during long cycling. Fourth, 3D carbon
nanomaterials with a pyridinic N and a pyrrolic N-doped surface
from the gelatin decomposition can provide more active sites for Li
storage and facilitate the transfer of Li ions and electrons between
the electrodes.
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4. Conclusions

In this study, we report a nanohole-structured, iron oxide-
decorated and gelatin-functionalized graphene (D-N-GG) for high
rate and high capacity Li-ion anode. The obtained D-N-GG nano-
structure that was synthesized by multi-step microwave radiations
demonstrates 3D interconnected macroporous structure with a
uniform decoration of iron oxide particles on nanohole-structured
GG, which provides highly conductive networks and short diffusion
lengths for lithium ion transport. Furthermore, 3D carbon nano-
materials with N doped surface from gelatin can provide more
active sites for Li storage. As a result, the obtained D-N-GG nano-
structure exhibits remarkably high anode capacity and excellent
rate capability and can be used to meet the high-end requirements
of the next-generation lithium ion batteries.
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