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Abstract: The cyclic performance of flexible free-standing graphene-Fe; O3 hybrid sheet is considerably
improved and was fabricated by a novel one-step hydrothermal process. The X-ray diffraction (XRD),
X-ray photoelectron spectroscopy (XPS), thermogravimetric (TGA), scanning electron microscopy
(SEM), transmission electron microscopy (TEM), and electrochemical workstation are performed
to characterize the microstructure and electrochemical performance of the graphene-Fe,O3 hybrid
sheet. At a current density of 200 mA- g_l, the obtained product has a high initial discharge ca-
pacity of 1466 mAh-g~!. The nanohybrids also exhibited a considerably high reversible capacity
of 765 mAh- gfl and high Coulombic efficiency of 99.8% after 100 cycles, which benefited from the
open 3D laminated nanostructure constructed by layered graphene paper and Fe,O3 nanoparticles.
Therefore, the composite has excellent rate performance and stability and can be greatly extended as
the anode material of lithium-ion batteries.
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1. Introduction

Owing to the increasing demands for flexible energy, storing devices on account of
lithium-ion batteries (LIBs) have been used as green power resources, which have aroused
tremendous attention in the field of new electrochemical energy storage [1]. Graphene is a
special carbon material, which owns one layer of two-dimensional carbon atom structure,
and recently, it has become an area of current research focus due to its brilliant electrochem-
ical property [2], supreme electronic conductivity [3], extraordinary structural flexibility
and superhigh specific surface area [4], and it could be an ideal substrate for embedding
functional substances [5]. Graphene paper (GP) and its different kinds of derivatives have
been successfully prepared by filtrating graphene nanosheets and are directly used as the
electrode materials of flexible energy storage devices without any conductive additives and
binder [6]. The free-standing GP and its various derivatives electrodes can improve the elec-
trical conductivity and achieve higher active material-to-substrate mass ratios compared
with the traditional electrodes [7].

Graphene has remarkable properties, but the inevitable aggregation of individual
graphene layers impedes its application in high-performance energy because of the exis-
tence of the van der Waals attraction during graphene assemblies [8]. Plenty of methods
have been investigated to overcome the barrier by adding various types of hard or soft
pillars, such as carbon black [9], carbon nanotube [10], curly graphene nanosheets [11],
and solvent molecules [12]. Especially by using solvent molecules, a self-assembly, solvent
graphene (SS5G) paper can be prevented from restacking and show excellent electrochemical
performance [13].
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It is known that the GP with a sandwich structure displays a large specific area,
and the electrodes of LIBs may generate solid electrolyte interface (SEI) films, which
leads to a big irreversible capacity and worse cyclic stability [14]. For achieving high
capacity and excellent electrochemical performance, some other functional materials, such
as transition metal oxides, can be anchored on the surface of graphene sheets to form paper-
like flexible electrodes [15]. A flexible 3D network nanostructure constructed by graphene
sheets can not only serve as the skeleton for the integration of heterogeneous nanostructured
transition metal oxides but also provide a void space buffer for the volume changes of the
metal oxide nanoparticles during the Li* insertion and extraction of the charge-discharge
process [16]. Moreover, as the conductive substrate, the graphene network nanostructure
can promote the rate performance owing to its brilliant electric conductivity [17]. Thus,
flexible graphene/Fe3Oy4 papers [18], sandwich-like graphene/ZnO [19], graphene/MnO,
nanostructured paper [20], and graphene/Fe,O3 hybrid papers [21] as the electrochemical
capacitor electrodes and magnetic-controlled switches have been studied. On the other
hand, all these flexible graphene hybrid sheets mentioned above, which were generally
fabricated from graphene oxide (GO) and precursors of the transition metal oxide, showed
relatively low oxide loading on the graphene nanosheets and not optimal electrochemical
performance [22]. Therefore, it is difficult to prepare well-dispersed graphene solution
with the precursors of the transition metal oxide to form flexible paper-like hybrids [23]
because when the metal ion salts were added into the graphene solution, it caused instant
coacervation of the mixed solution [24].

Therefore, to overcome the shortcoming mentioned above, we provide a reliable
and novel ex situ way to fabricate the flexible free-standing graphene-Fe,O3 hybrid sheet
with a high mass loading of metal oxides. Specifically, wet graphene paper is fabricated
by filtrating the well-diversified graphene solution, immersing it into the precursor of
Fe, O3 solution, then Fe,Os is loaded into the GP to form a 3D open structure with good
flexibility and geometry. The obtained flexible graphene-Fe,O3 hybrid paper can be di-
rectly used as the anode materials of LIBs without adding any current collectors, binders,
or additives. Meanwhile, flexible graphene-Fe,O3 hybrid paper with 3D nanostructure
shows excellent physical and electrochemical performance as the paper electrode for new
energy-storing devices.

2. Materials and Methods
2.1. Materials Preparation

All reagents were analytical grade and were not further purified in the experiment.
The graphene-Fe,O3 hybrid sheet was synthesized as follows:

Natural flake graphite powder (Sigma-Aldrich, Shenyang, China) was used to pre-
pare the graphene solution, which was mentioned in our previous work [25], and 15 mL
sodium dodecyl sulfate (SDS)was added into the prepared graphene solution of 80 mL
(~0.09 g/L) under the ultra-sonication treatment (750 W, 66% amplitude, Sigma-Aldrich,
Shenyang, China) for 2 h. After that, the wet papers were obtained by filtrating the
above mixed solution. The precursor solution of Fe,O3 was prepared by mixing 3 mmol
FeSO4-7H;0, 5.4 g urea, 30 mL deionized water (DIW) (Sigma-Aldrich, Shenyang, China),
and 15 mL ethanol (Sigma-Aldrich, Shenyang, China) under the ultra-sonication treatment
for 30 min. Then, the wet papers were dipped into the precursor solution of Fe,O3 for 2 h.
The mixture was then transferred to a Teflon-lined autoclave and hydrothermal heated
at 160 °C for 10 h. The finally acquired hydrothermal product of graphene-Fe,O3 hybrid
paper was collected and washed with DIW and ethanol several times after cooling to
room temperature and then followed by vacuum drying overnight at 30 °C. The reference
Fe;Ozwas fabricated with the same process, and no graphene solution was added.

2.2. Materials Characterization

The microstructure and morphology of graphene-Fe,O3 hybrid sheet were character-
ized by various techniques. XRD (DMAX-Ultima IV, Rigaku Corporation, Tokyo, Japan)
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measurement was utilized to determine the crystal structure of the samples. The microstruc-
ture and morphology of the samples were acquired by using the TEM (JEM-ARM200F, JEOL,
Tokyo, Japan) and SEM (Ultra Plus, Zeiss, Oberkochen, Germany). To identify the Fe,O3
mass loading of the graphene-Fe,O3 hybrid sheet, the TGA (SDT 2960, TA Instruments,
New Castle, DE, USA) was employed with the temperature range from room temperature
to 900 °C with a heating rate of 20 °C/min. Furthermore, the functional groups of the
samples were determined by XPS (K-Alpha, Thermo Fisher Scientific, Waltham, MA, USA).

2.3. Electrochemical Analysis

The CR2032 coin cell structure was used to study the electrochemical properties of
the hybrid sheet. In the absence of binder and carbon black, the working electrode was
prepared from a graphene-Fe,Os hybrid sheet. The reference Fe,O3 anode was prepared
by commingling the as-prepared Fe; O3, polyvinylidene difluoride (PVDEF) (Sigma-Aldrich,
Shenyang, China) and carbon black (Sigma-Aldrich, Shenyang, China) in N-methylpyrrolidone
(NMP) (Sigma-Aldrich, Shenyang, China) at a proportion of 80:10:10 by weight. Lithium
metal foil was used as the counter electrode and 1 M LiPF6 as electrolyte; the CR2032 coin
battery was dissolved by volume in a mixture of 1:1 diethyl carbonate (DEC) (Sigma-Aldrich,
Shenyang, China) and ETH-alkyne carbonate (EC) (Sigma-Aldrich, Shenyang, China) in
Celgard separator 2340 and assembled in a glove box (Sigma-Aldrich, Shenyang, China)
filled with argon gas. All electrochemical tests were measured at room temperature.
The electrochemical performance of the anodes was tested in a LAND CT-2001A system
(Sigma-Aldrich, Shenyang, China) with voltages ranging from 0.01 to 3.0 V vs. Li*/Li.
The electrochemical impedance spectroscopy (EIS) and cyclic voltammetry (CV) curve
of the cell were acquired by an electrochemical workstation (PGSTAT100N, Autolab,
Helishaw, Swiss).

3. Results

Figure 1 displays the fabrication process of flexible free-standing graphene-Fe,;O3
hybrid sheet. Particularly, sodium dodecyl sulfate (SDS) was added in the solution of
graphene can not only act as a molecular template that controls nucleation and growth of the
Fe;O3 nanoparticles but also serve as prop to provide enough space between the graphene
layers to hold sufficient ferrous sulfate (Fe;SOy4), the precursor of Fe; O3, during the process
of dipping. The Fe;O3 nanoparticles were formed during the hydrothermal treatment and
evenly anchored on the surface of the graphene. Finally, five graphene-Fe,O3 hybrid sheets
were obtained for further investigation. The characterization and electrochemical analysis
proceeded to verify the potential application prospect of the samples.
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Figure 1. The schematic illustration of the synthesis process of graphene-Fe,;O3 sheet.
The XRD measurement is used to ascertain the crystallographic phases of the products.

The XRD pattern of the graphene-Fe,O3 sheet is shown in Figure 2. The diffraction peaks
located at 20 = 28.63°, 38.89°, 42.02°, 48.30°, 58.29°, 63.99°, 74.26°, 76.55°, 83.39°, and
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86.52° can correspond to (012), (104), (110), (113), (024), (116), (214), (300), (208), and
(1010) planes of the xx-Fe,O3 (JCPDS 33-0664). Meanwhile, the diffraction peaks located at
26 =24.06° can correspond to (105) planes of the y-Fe;O3 (JCPDS 25-1402). Therefore, both
maghemite y-FepO3 and hematite a-Fe; O3 crystal structures coexist in the products. The
sharp diffraction peaks indicate the good crystallization of Fe,O3 during the hydrothermal
process, and there is no obvious impurity [25].
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Figure 2. The XRD pattern of graphene-Fe, O3 sheet.

The weight ratio of Fe;O3 nanoparticles in graphene-Fe,O3 sheet is determined by ther-
mogravimetric (TGA) measurements. Figure 3 shows the TGA curves of graphene-Fe,O3
sheet. The TGA measurement identified the weight loss of TGA measurements from room
temperature to 800 °C. The 5% weightlessness of the samples below 250 °C is primarily due
to the removal of SDS and moisture on the surface of the graphene-Fe;O3 sheet. There is a
rapid weight loss evidently appearing at a temperature range of 250-400 °C for the reason
of the consumption of graphene and dehydration of oxides. After reaching 650 °C, the
loading of Fe,O3 in the graphene-Fe,O3 sheet resulting in 70.65% is stable with no further
weight loss, indicating the triumphant synthesis of the sheet with a high mass loading of
metal oxides [25].
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Figure 3. The TGA pattern of the hybrid graphene-Fe,O3 paper.

XPS measurement was employed to further investigate the elemental components of
graphene-Fe;O3 hybrid sheet. The full scanning spectrum of graphene-Fe,O3 hybrid paper
is shown in Figure 4a, which reveals Fe, O, and C elements existed in the graphene-Fe,O3
hybrid sheet. The atomic ratios of Fe, O, and C are 14.63%, 36.82%, and 48.54%, respectively.
It can be apparently observed that the strong signals of Fe 2p, O 1s, and C 1s were detected
on the products. The spectra of graphene-Fe,O3 hybrid sheet coincide with the binding
energies of Fe 2p are shown in Figure 4b. It shows that the photoelectron peaks at 710.8 and
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724.3 eV were assigned to the binding energies of Fe 2p; ,, and Fe 2p3,,, which is well
matched with previous literature and verifying the results of XRD. In the meantime, the
binding energy of O 1s is shown in Figure 4c, the peak at 532.1 eV is attributed to the
surface OH groups and chemisorbed oxygen, and the peak at 530.4 is relative to the oxygen
in an oxygen vacant environment. Meanwhile, the peak at 528.3 eV represents the O?~ in
the Fe;O3. The high-resolution XPS peaks of C 1s spectra of the graphene-Fe,O3 hybrid
sheet are shown in Figure 4d. The peaks at 284.2 eV and 285.6 eV confirm the presence of
C=C and C-OH. The peaks at 288.3 and 287.9 eV indicate the presence of C=0, which is
owing to the groups of carboxylic acids and carbonyl carbon [25]. All these results further
indicate the successful fabrication of graphene-Fe,O3 hybrid sheet.
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Figure 4. The XPS curves of hybrid flexible sheet (a) XPS spectra of the hybrid graphene-Fe;O3 sheet
and the homologous high-resolution spectra of (b) Fe 2p, (c) O 1s, and (d) C 1s.

The morphology and microstructure of graphene-Fe,O3 hybrid paper were investi-
gated by SEM and TEM. The cross-section of the graphene-Fe;O3 sheet and pure graphene
paper, which were prepared by filtering the same quantity of graphene solution, is shown
in Figure 5a,b, respectively. It is obviously observed that the thickness of graphene-based
sheets increased from about 3.75 to 12.6 pm owing to the insertion of Fe,O3 nanoparticles
between the layered graphene sheet [26]. The enlarged space of an open 3D laminated
structure of graphene-Fe;O3 hybrid sheet provides the electron transfer and ion transport
path, which is available for Li-ion insertion/extraction, even at high rates [27].
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Figure 5. The SEM pictures of the cross-section of (a) the pure graphene sheet and (b) the graphene-
Fe, O3 sheet.

The microstructure of graphene-Fe,O3 hybrid sheet was further studied by means of
TEM. Fe,O3 nanoparticles with a diameter of about 20 nm are diffused among the layered
graphene substrates were shown in Figure 6a. The high-resolution TEM (HR-TEM) image
of the graphene-Fe,O3 hybrid sheet, as shown in Figure 6b, displays lattice fringes with a
spacing of 0.221 nm and 0.184 nm separately, which correspond with the (113) and (024)
planes of Fe,O3 nanoparticles, respectively.

@ 9§
"‘.‘ (4 3 N

Fe,04 nanoparticles

grapheen nanosheets % )
& X
J By
7 ’ &
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Figure 6. TEM pictures of hybrid flexible paper (a) The TEM picture and (b) the high-resolution TEM
picture of graphene-Fe;O3 sheet.

The graphene-Fe,;O3 hybrid sheet with novel 3D laminated microstructure enhance the
cyclic stability and the rate of Li-ion insertion/extraction utilized as anodes for high-power
LIBs. To further verify the potential application of graphene-Fe,Os hybrid sheet electrodes,
the free-standing hybrid papers were directly used as the anodes of LIBs and assembled in
the coin cells.

The electrochemical behavior of graphene-Fe; O3 hybrid sheet as electrode for LIBs
was investigated by cyclic voltammograms (CV). The CV curve of graphene-Fe,O3 sheet
anode is exhibited in Figure 7a for the 1st, 2nd, and 3rd were investigated at a scan rate of
0.5 mV-s~! with a voltage range from 0.01 to 3.0 V. During the first cycle, peaks at 1.42 V,
0.75V, and 0.35 V are relevant to the stepwise reduction of Fe3* to Fe?* and Fe and the
formation of SEI film, respectively. During the delithium process, two oxidation peaks at
about 1.89 V and 2.01 V may be attributed to the oxidation of Fe back to Fe3* [27,28]. In
the following scans, the peaks at lower potentials vanish, indicating the generation of the
SEI appeared at the first cycle, and all other voltage peaks shift to higher potentials [27].
Furthermore, the CV curves anastomose with the following cycles perfectly after the second
cycle, manifesting the better electrochemical reversibility of the graphene-Fe,O3 hybrid
sheet electrode [27].
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Figure 7. The electrochemical property of the obtained samples as the anode for LIBs; (a) CV curves
of the graphene-Fe, O3 sheet electrode at a scan rate of 0.5 mV-s~1; (b) the charge-discharge voltage
curves of the graphene-Fe,O3 sheet electrode at the current density of 200 mA-g~! for the cycle
of 1st, 2nd, and 5th; (c) the rate capabilities of the graphene-Fe,O3 sheet anodes at the current
densities ranging from 0.2 to 4.0 A-g~!; (d) the cycle performance and Coulombic efficiency of the
graphene-Fe;O3 sheet and pure Fe,O3 anodes at the current density of 200 mA- g_1 for 100 cycles.

The charge/discharge voltage curves of graphene-Fe,O3 hybrid sheet electrode were
tested at a current density of 200 mA-g~!, as shown in Figure 7b. In the first cycle, the
discharge/charge capacity was 1466 mAh-g~! and 953 mAh-g~!. A high discharge capacity
of 1117 mAh-g~! can be attained in the second cycle, with a homologous charge capacity
of 893 mAh-g~1.

The rate capacities of graphene-Fe,O3 hybrid sheet electrodes at diverse current
densities are shown in Figure 7c. The graphene-Fe;O3 hybrid paper electrode displayed a
specific capacity of 495 mAh-g~! even at a high current density of 4 A-g~!. Surprisingly,
when the current density reset back to 200 mA-g~!, it still can deliver a stable capacity of
765 mAh-g~1. Therefore, the hybrid paper exhibits extremely complete structure and cycle
stability at different current densities.

Figure 7d displays the cyclic performance of graphene-Fe,O3 sheet and pure Fe,O3
anodes at a constant current density of 200 mA-g~! for 100 cycles. It is obviously observed in
the curve that graphene-Fe;O; sheets deliver a higher initial capacity of 1466 mAh-g~! than
that of pure Fe,O3 anodes (1054 mAh-g~!). Stabilized cyclic performance was obtained
from the third cycle. Various kinds of Fe,O3-graphene powder composites have been
shown in Table 1 as a comparison. All the Fe;O3-graphene powder composites mentioned
in the table are fabricated from the GO aqueous solution and precursors of the transition
metal oxide. It is easy to cause the aggregation of graphene during the reduction process
with the formation of iron oxide. Therefore, the loading of iron oxide is relatively low
(around 30%). Due to the addition of binder and carbon black, the energy density of
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the Fe,O3-graphene powder composites anode is less than the graphene-Fe,O3 sheet
anode. At the same current density of 200 mA-g~!, the initial capacity of graphene-Fe,O3
sheet is 1466 mAh-g~! higher than other references shown in Table 1. After 100 cycles of
test, the reversible capacity of graphene-Fe,O3 sheet electrode can steadily reach about
765 mAh-g~!, which is considerably higher than that of pure Fe,O3 (425 mAh-g~!) and
other graphene-Fe,O3 powder composites under the same current density of 200 mA-g~!.

Table 1. Anodes for LIBs based on graphene-Fe,O3 materials and their electrochemical performance.

Active Material Current Rate (mA-g—1) Initial Capacity (mAh-g-1) Reversible Capacity (mAh-g-1) Cycle No. Ref.
Graphene-Fe; O3 sheet anode 200 1466 765 100 B
of our work
Micro-sized Fe;O3 spheres
doped with graphene 160 1800 660 100 [28]
«-Fe;03 /graphene with 3D 100 1719 742 50 [29]
quasilaminated architecture
ocFe;05/graphene 200 1029 570 20 [30]
nanocomposites
Fe; O3 particles enwrapped 50 1544 626 50 [31]
by graphene .
Hierarchically nanospherical 100 1442 1024 50 [32]

«-Fe;O3/graphene

For investigating the electrochemical properties of electrodes, the EIS measurement
was carried out. All Nyquist plots are shown in Figure 8 show two partially overlapping
semicircles and a slanted line. The first semicircle in the high-frequency region is in
connection with the diffusion of lithium ions through the SEI layer, the second semicircle in
the middle-frequency region corresponds to the charge transfer resistance of electrochemical
reactions, and the slant line in the low-frequency region is in connection with the solid
state diffusion of lithium ions in the bulk electrode [25,33]. After simulation through the
equivalent circuit, which is inset in t Figure 8, where Rs represents electrolyte resistance,
R; and CPE; are SEI layer resistors and corresponding capacitors, Ry and CPE; are charge
transfer resistors and double layer capacitors, and Ry, is volume diffusion resistance [25,34].
As shown in Table 2, the graphene-Fe;O3 sheet anode shows a much lower resistance
(45.36 Q1) than the reference pure Fe,Oj3 electrode (67.58 (1), indicating that 3D layered
graphene sheets can enhance the electric conductivity [35]. Meanwhile, the results illustrate
that the open 3D laminated structure of graphene-Fe,O3 hybrid paper exhibits splendid
storage capabilities under high current density, attributing to the open layered structure of
graphene to cushion the volume changes during the electrochemical process [36]. The EIS
results agree fairly well with the electrochemical behaviors.

100
80
E60}
3
Naol
—®&— Graphene-Fe O, paper
20 —e—Fe,0,
0 " 1 " 1 " 1 " 1 " 1
0 100 200 300 400 500
Z'/ohm

Figure 8. The EIS of the hybrid graphene-Fe,O3; sheet anode and Fe,O3 anodes before cycling
(0.01-100 kHz). Embedded is the modeled equivalent circuit of the EIS.
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Table 2. The Nyquist diagram is fitted by the equivalent circuit.

Sample Rs (O)) Ry () CPE; R, () CPE,
- - - Y n - Y n
graphene-Fe, O3 paper 2.54 22.89 9.6 x 107° 0.84 45.36 4.6 x 107 0.65
Fe, O3 458 89.26 1.1 x 1074 0.92 67.58 5.4 x 107> 0.67

4. Conclusions

A novel synthetic route was developed to successfully achieve free-standing graphene-
Fe;O3 hybrid paper with brilliant electrochemical properties as the anode for LIBs. Fe;O3
nanoparticles could be anchored on layered graphene nanosheets used as the pillar to form
an open 3D laminated structure. The novel structure is constructed by graphene paper and
Fe,O3 nanoparticles, which prevent the integration of Fe;O3; nanoparticles and provide
a void space buffer for the volume changes of Fe,O3; nanoparticles during the charge-
discharge course. Thus, graphene-Fe;O3 hybrid paper electrode shows excellent lithium
storing properties and improved cycling properties due to the 3D flexible architecture
and the structural integrity. The graphene-Fe,O3 hybrid paper electrode can deliver a
large reversible capacity of 765 mAh-g~! and high Coulombic efficiency of 99% even after
100 cycles, which indicates the graphene-Fe,O3 hybrid paper electrode has a huge potential
as the anode for LIBs.
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