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The Fe doped and the Fe/N co-doped graphene composite materials were prepared from a graphene
oxide dispersion by a hydrothermal method. Fe?* was oxidized to be a-Fe20s, while graphene oxide
was reduced to be reduced graphene oxide (rGO) during the hydrothermal reaction. For the Fe/N co-
doped grapheme composite material, nitrogen atoms were incorporated into the graphene structures in
the form of C-N and C=N bonds. Both of the Fe doped and the Fe/N co-doped graphene composite
materials exhibited a 3D hierarchical porous frame and a large surface area, which facilitated ion and
electron transport. The results from electrochemical impedance spectroscopy (EIS) shows both of the
charge transfer resistance and the diffusion resistance of the Fe/N co-doped material are smaller than
that of the Fe doped material, which indicated that nitrogen played an important role in improving
conductivity, the ion and electron transport kinetics and the redox reaction activity in the Fe/N co-
doped graphene composites material.
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1. INTRODUCTION

Three-dimensional macroscopic graphene hydrogel and its composites with interconnected
pores have aroused continuous interests in energy storage field owning to its large surface area, rich in
hierarchical pore structure, low density, good thermal stability, high electrical conductivity and good
mechanical flexibility[1,2]. Once the graphene hydrogel is doped with some functionalized particles
and forms a composite, it can combine the advantages of both graphene and functionalized particles.
The graphene composites have widely application prospects in optoelectronic devices, energy storage,
environmental protection, biology, etc[3].

However, rGO is easy to accumulate and thus affects charge transport and ion transfer process.
It’s known that there are numerous defects, and many groups such as C-O-OH, -C-O- and -COOH, on
the surface of rGO. Metal ions might bond with those groups and support the graphene sheets. Iron
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ions facilitate to bond with the groups of graphene and might improve the conductivity of graphene.
Ferric oxide (Fe2Oz) has attracted attention in Ithium ion batteries owning to its non-toxicity, high
chemical stability, and high theoretical capacity[4]. A composite of Fe.O3 and single-walled carbon
nanohorns was developed via a simple hydrothermal method and the composite shows excellent
electrochemical performance and cycle stability, even at a high current density of 1000mA-g™[4].
However, the low electrical conductivity and poor capacity retention of Fe.Oz impede its application
somehow([5].

The nitrogen-doped graphene shows different properties compared with the pristine rGO
because the neighbor nitrogen atoms could influence the spin density and charge distribution of carbon
atoms[6,7] and provide more active and nucleation sites[8]. Investigations have shown that nitrogen-
doped graphene composite materials exhibited a high specific capacity at high current densities.
Nitrogen atom doping in the graphene structure could optimize the electrode-electrolyte wettability
and provide materials with good long-term stability. The hydrothermal method could provide the
synthesis of nitrogen-doped graphene for various practical applications. Chen et al. synthesized
macroscopic nitrogen-doped graphene hydrogels using organic amines as a nitrogen source and the
prepared supercapacitor performance of the nitrogen-doped graphene hydrogels was remarkably
enhanced[9]. Long et al. prepared nitrogen-doped graphene in the presence of hydrazine and ammonia
when pH = 10 through a colloidal dispersion of hydrothermally rGO[10].

Vanadium redox flow batteries (VRFBS), owing to their perfect combination of safety, long life
cycle, stable operation and high efficiency [11-12], were used as one of the relatively ideal storage
technologies and have made considerable and effective progress in the past few decades [13]. In order
to obtain a more optimized graphene-based composite material, the paper utilized the one-step
hydrothermal method to prepare three-dimensional macroscopic graphene composites materials doped
with a-Fe>O3 (named the Fe doped) or co-doped with a-Fe>O3 and nitrogen atoms (named the Fe/N co-
coped), and then investigated the electrochemical characteristic of the materials in the vanadium redox
flow batteries. Graphene oxide was reduced to rGO, while Fe?* was converted into a-Fe2Os and
deposited onto the graphene network during the hydrothermal process[14]. The prepared Fe/N co-
doped graphene composite material not only maintains the high specific surface area of the composite,
but also obtains excellent electrochemical performance.

2. EXPERIMENTAL

2.1 Preparation of the composite materials

2mg-mlt GO dispersion was prepared by the ultrasonic dispersal technique. 0.24 ¢
FeC204-2H,0 was added into 50 mL of the dispersion slowly. After stirred for 6 hours with a magnetic
stirring apparatus, the above mixture became a uniform suspension. Then, the suspension was added
with 0.6 g urea and was stirred for another 2 hours again. Subsequently, the suspension was
transferred to a Teflon autoclave reactor and heated for 10 hours at 180°C. Finally, the macro-
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composite hydrogels, being obtained after the reaction mixture was cooled to room temperature, were
freeze-dried and formed the Fe/N co-doped graphene composite material.

The Fe doped composite material was prepared for comparison in the same procedure as the
above but without the steps that the uniform suspension was added into urea and was stirred for
another 2 hours.

2.2 Materials characterization

The structural information of the Fe/N co-doped and the Fe-doped graphene composite
materials as prepared were identified via the X-ray diffraction (XRD, Shimadzu XRD-7000, Japan)
and Fourier Transform Infrared Spectrometer (FTIR, Nicolet iS5, USA). Morphological observation of
the materials was carried out by using a field-emission scanning electron microscope (SEM, Hitachi S-
4800, Japan). Thermogravimetry (TG) analysis was performed by using a STA-449F3 simultaneous
thermal analyzer (Netzsch, Germany) in air at a heating rate of 10°C-min™* from 10°C to 800°C. Liquid
nitrogen adsorption-desorption isotherm analysis was performed on an automatic surface area and
porosimetry adsorption system (ASAP2020, USA).

2.3 Electrochemical tests

Cyclic voltammetry and electrochemical impedance spectroscopy (EIS) tests were carried out
in a conventional three-electrode cell using a Parstat 4000+ potentiostat (Princeton Applied Research,
USA) electrochemical workstation.

The solution (0.1mol/L VOSO4+2.5mol/L H2SO4) for the electrochemical test were supplied by
Liu’s research group [13].

3. RESULTS AND DISCUSSION

3.1 Structural and morphological characterization

The structural and the compositional characteristics of the materials were investigated by XRD.
Fig. 1 exhibits the XRD patterns of the Fe/N co-doped and the Fe-doped graphene composite
materials. The diffraction peaks at 26=24.2°, 33.1°, 35.6°, 40.8°, 49.4° 54.0°, 57.5°, 62.4°, 64.0°, 69.5°,
71.9° 75.4° and 77.7° in Fig.1(a) and (b) were ascribed to (012), (104), (110), (113), (024), (116),
(122), (214), (300), (208), (1010), (220) and (306) crystal planes of a-Fe.O3 (PDF 24-0072)
respectively.
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Figure 1. XRD patterns of the Fe/N co-doped and the Fe doped graphene composite electrolyte
materials.

Those sharp peaks of a-Fe;Os in Fig. 1 indicate that a-Fe;Os was well crystallized in the
composites and demonstrate that Fe?* provided by FeC.04-2H,0 in the suspension was oxidized to
Fe3* by the graphene oxide (GO). Simultaneously, the GO was reduced to the reduced graphene oxide
(rGO), which main diffraction peak is at 20=24.08° [15] and is overlapped by the peaks of (012) plane
of a-Fe>03 in Fig. 1(a) and (b). Notably, no characteristic peak of graphene oxide is observed, which
indicated the graphene oxides were totally reduced.

FTIR spectroscopy experiment was used to further analyze the structural properties of the Fe/N
doped electrolyte materials. As depicted in Fig. 2, the characteristic bands at approximately 3600 cm
and about 1382 cm™ are attributed to the stretching vibration of the hydroxyl group (-OH) [16]. The IR
peak at around 1620 cm™ is ascribed to the stretching vibration of the carbonyl group (C=0)[17]. The
band at approximately 1550cm is attributed to the stretching vibration of C=N group [18]. The bands
at approximately 1195 cm™ and about 1105 cm™ are assigned to the stretching vibration of C-N and C-
O-C respectively. The bands concerning with C-N and C=N in Fig. 2 testify that nitrogen element from
urea was doped into the composite material chemically by the hydrothermal method at 180°C.
Integrating the above analysis, the Fe/N co-doped graphene composite material was successful doped
with both of a-Fe2O3 crystals and nitrogen element and named as the a-Fe;Os/nitrogen co-doped
graphene composite material (abbreviated as the Fe/N co-doped material), while the other as the Fe
doped graphene composite material (abbreviated as the Fe doped material).
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Figure 2. FTIR spectroscopy of the Fe/N co-doped composite material.

The surface information of the Fe-doped and the Fe/N co-doped materials was examined by
using SEM (Fig. 3). It can be seen from Fig. 3 that the prepared composite materials are composed of
the crumpled and aggregated multilayer nanosheets, which is consistent with the observation from
Reference [17]. For both of the prepared materials, the nanosheets wrinkled and overlaid to each other
and formed good three-dimensional framework structures, and then a great number of micron-sized
pores were developed.

Figure 3. SEM images of the Fe-doped (a) and the Fe/N co-doped (b) materials.
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3.2 Thermal characterization

Thermal stabilities of the doped composite materials were explored by thermogravimetric and
differential scanning calorimeter (TG-DSC) in the air atmosphere with a heating rate of 10°C- min!
from 10°C to 800°C, as shown in Fig. 4.
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Figure 4. Simultaneous TG-DSC curves of the Fe/N co-doped material in air. The temperature was
controlled from 10°C to 800°C and the heating rate is programmed at 10°C-min.

A great weight loss at the temperature between 428.4°C~576.4°C can be observed. Notably, the
sharp weight loss is accompanied by a strong exothermic peak at 508.4°C, which illustrates the
decomposition of a component of the Fe/N co-doped material. According to the results of Fig. 1 and
Fig. 2, the Fe/N co-doped material is composed of graphene, a-Fe2Oz and organic components
containing the C-N and the C=N bonds. Therefore, the strong exothermic peak at 508.4°C should be
attributed to the decomposition of graphene, and the mass loss is corresponding ascribed to removal of
small molecules resulting from the decomposition of graphene. The slight weight loss at the
temperature from 60°C to 110°C is assigned to the removal of the small molecules, such as adsorbed
water and carbon dioxide.

The mass and the exothermic curves are near constant and when the temperature is over
576.4°C, which indicated the remnant is a-Fe;Os. It can be observed from Fig. 4 that the mass
percentage of a-Fe,Oz in the Fe/N co-doped material was approximately 32.7wt %.

3.3 Electrochemical characterization

To gain an insight into the electrochemical characterization, the electrochemical behaviors of
the prepared materials were studied in 0.lmol/L VOSO4+2.5mol/L H>SO4 by using the cyclic
voltammetry (CV) technology in a conventional three electrode cell. Fig. 5 shows the CV curves of the
Fe doped and the Fe/N co-doped materials obtained at a scan rate of 10mV-S* through the voltage
range from 0~0.8 Vsce. It is obvious that the CV curves of the two doped materials are symmetric
pseudo-rectangle, which indicates both of the materials exhibiting high capacity characteristics [19].
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Figure 5. Cyclic voltammetry curves of the Fe doped and the Fe/N co-doped materials in 0.1mol/L
V050,+ 2.5mol/L H,S0, solution at a scan rate of 10 mV s,

It can be seen from Fig. 5 that there are a pair of redox peaks in each curve. The peak current of
the Fe/N co-doped electrode is greater than the Fe doped electrode, which implies that the redox
reactions of the VO,*/VO?" at the electrode surface were enhanced by the nitrogen atoms doped into
the graphene composite material, and thus enhance the reaction activity and the reaction current. It can
be observed that the redox potential difference of the Fe/N co-doped electrode reduced approximately
0.12 V than that of the Fe doped electrode, which suggests the doped nitrogen atoms raised the redox
reversibility of the electrode.

EIS analysis was further carried out to reveal the electrochemical reaction kinetics of the
electrolytical ions into/out of the Fe doped and the Fe/N co-doped electrodes. The Nyquist plots of the
two electrodes are shown in Fig. 6 and the charge transfer resistance during the redox reactions and the
resistance of diffusion during the reaction processes.

It is obvious from Fig. 6 that each curve was comprised of a semicircle in the high-frequency
region and a straight line in the low-frequency, which are corresponding to the charge transfer process
and the mass transfer process respectively[17,19-20]. The charge transfer resistance, illustrated by the
radius of the semicircle, of the Fe/N co-doped eclectrode is approximately 45.9Q, which is much
smaller than that of the Fe doped electrode (around 133.2Q0). The smaller charge transfer resistance
toward positive and negative redox reactions, meaning a better VO**/VO,* and V?*/V®* redox Kinetics,
is favorable for the charge transfer and the electrochemical reaction for the Fe/N co-doped electrode.

The slope of the straight line in the low-frequency region is associated with the Warburg
impedance and related to the diffusion of electrolytical ions in electrodes. The slope of the Fe/N doped
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electrode is greater than that of the Fe doped electrode, which indicates a better conductance with a
smaller ion transfer resistance in the Fe/N doped electrode than in the Fe doped electrode. From the
high-frequency and the low-frequency information of the EIS curves in Fig. 6, it can be drawn that the
Fe/N co-doped electrode performed higher electrochemical activity and conductivity than the Fe doped
electrode owing to the doped nitrogen atoms increased the charge mobility[8, 21] and rendered a
favorable conductivity of the electrode.
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Figure 6. EIS diagrams of the Fe/N co-doped and the Fe doped electrodes in 0.1mol/L
VOSO4+2.5mol/L H2SO4electrolyte at a test frequency range of 0.1~100kHz.

The graphene hydrogel exhibits fine adsorbability. The adsorbed Fe?* ions were further
oxidized to be Fe®*", which bonded with oxygen atom to be a-Fe,Os crystals during the following
hydrolysis and freeze-dried procedures. a-Fe2Os disperses uniformly in the graphene hydrogel and
help support the 3D frame of the rGO nanosheets.

It can be seen from Fig. 3, there are numerous pores in the rGO, which not only were diffusion
channels and beneficial for the access of an electrolyte but also provided a larger reaction contact area
for the electrolyte ions. Furthermore, the doped a-Fe>Os3 crystals provided more reactive sites for the
rGO, and hence improved the catalytic activity and the efficiency of the electrode.

For the Fe/N co-doped material, owing to the doped nitrogen atoms, there were many crystal
defects in the graphene and increased the numbers of the unsaturated carbon atoms, and thus favored
for their bonding with oxygen [22]. On the other hand, the nitrogen atoms doped into the carbon cyclic
can change the spin density of the charges of the adjacent carbon atoms[6,7], which can adsorb oxygen
atoms and the reaction intermediates and hence enhance the redox catalytic activity of the electrode,
which can be seen in Fig. 5 and 6.
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4. CONCLUSIONS

The Fe doped and the Fe/N co-doped graphene composite materials were synthesized by using
the spontaneous redox reaction between Fe?* and graphene oxide by one-step hydrothermal procedure.
Iron atoms are doped as a-Fe>Oz3 in the graphene composite materials and nitrogen in the form of C=N
and C-N bonds.

Both of the charge transfer resistance and the diffusion resistance of the Fe/N co-doped
graphene composite material are smaller than that of the Fe doped graphene composite material, which
indicated that the nitrogen atoms play an important role in improving the ion and electron transport
kinetics and improving the redox reaction.
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