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Three-dimensional (3D) macroporous graphene aerogel-supported Fes(PO,),(OH);+2H,0 (iron(I11)
hydroxide phosphate dehydrate) microspheres (GA/IHPDs) has been fabricated by hydrothermal
mineralization of Fe*” and PO, ions with the presence of graphene oxide (GO). The resulting hybrids
own interconnected 3D macroporous frameworks with the IHPD particles (2 um in diameter)
encapsulated in flexible graphene sheets. Using as the cathode material in lithium ion batteries (LIBs), the
GA/IHPDs hybrids show excellent reversible specific capacity of 155 mAh g ' after 300 cycles at a
current density of 50 mA g™ and maintain the specific capacities of 80 and 56 mAh g at the ultrahigh
current densities of 2000 and 5000 mA g™, respectively. To our best knowledge, such electrochemical
performance of GA/IHPD:s is superior to the literature reported graphene and other carbon based LiFePO,
or FePO, hybrids. With a simple fabrication procedure and desirable electrochemical performance, this
method offers a highly promising candidate for commercialized cathode materials of LIBs.

1. Introduction

Owing to the low manufacturing cost, high energy density and
simple maintenance requirement, lithium ion batteries (LIBs)
have become a ubiquitous power source for various applications
such as portable electronic devices, electric and hybrid vehicles."”
* Among the three key components (cathode, anode and
electrolyte) of LIBs,*!® cathode material is usually the most
expensive one in the cell. For the advance of high performance
LIBs, the developments of novel cathode materials are thus
extremely crucial and deserve intensive attention. In the cathodes
of LIBs, carbon components can serve as the current collector
and hinder the agglomeration of active components during the
charge/discharge cycling, which in turn will effectively enhance
the rate performance and cycling stability of the electrode
materials.'"""7  Accordingly, the excellent conductivity, high
surface area, good thermal and mechanical stability of graphene
make it an excellent carbon support for the cathode materials in
LIBs."*® Especially, three-dimensional (3D) macroscopic
frameworks of graphene sheets such as graphene papers,
aerogels, and foams can provide continuously interconnected
macroporous structures for cathode materials with a large surface
area, low weight density, and high electrochemical
conductivity.?*** Therefore, such 3D hybrids not only possess the
intriguing properties of their components but also translate the
intrinsic features of the individual components into macroscopic
scale. Nevertheless, the research work on 3D graphene
frameworks supported cathode materials for LIBs remain rarely
studied.

Herein, we report the facile fabrication of 3D graphene aerogel
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supported Fes(PO,4)4(OH);*2H,0 microspheres (iron (III)
hydroxide phosphate dehydrate, GA/IHPDs) by a one-pot
hydrothermal approach. Structural characteriazations indicate that
the resulting hybrids own interconnected 3D macroporous
frameworks with the IHPDs well encapsulated in the flexible
graphene sheets. As recently reported for FePO,nH,0,**3*
FeVO,nH,0,* VOPO,nH,0,*” or MnO,xH,0,* the presence
of constitutional and/or surface water in these compounds does
not inhibit their electrochemical performances vis-a-vis lithium
insertion/extraction, because of the structural water nature.>

As the cathode material in LIBs, the GA/IHPDs showed
excellent reversible specific capacity of 155 mAh g ' after 300
cycles at a current density of 50 mA g' and maintained the
specific capacities of 80 and 56 mAh g at the ultrahigh current
densities of 2000 and 5000 mA g', respectively. The
electrochemical performance of GA/IHPDs hybrids is better than
the reported carbon coated LiFePOy," graphene based LiFePO,,*
carbon based amorphous FePO,,>*'** and graphene coated
amorphous FePO,.* The intriguing results can be attributed to
the synergistic interaction between IHPDs and graphene aerogel,
in which the interconnected 3D macroporous frameworks cannot
only provide a continuous pathway for the transportation of Li
ion and electrons but also reduce the damage caused by the
periodic volume changes of the IHPDs during the chare/discharge
cycles.

The overall synthetic procedure for GA/IHPDs is illustrated in
Scheme 1. First, aqueous dispersion of GO was ultrasonicated
with the presence of FeCl; to form a homogeneous suspension.
Subsequently, aqueous solution of NH4H,PO,4 was slowly added.
Finally the suspension was centrifuged with distilled water and
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the hydrothermal treatment of the resulting brown solids led to
the formation of GA/IHPDs as black sponge-like monoliths. As a
controlled reaction, IHPDs were prepared in similar way, except
that the GO suspension was not added.

Fabrication of GA/IHPDs Hybrids
GO Nanosheet

rGO Enwrapped IHPDs

@ @ @' IHPD Precursors

Adapting of GA/IHPDs during Lithiation-Delithiation Processes
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3D Macroporous GA/IHPDs Hybrids
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Scheme 1 Schematic illustration of synthesis of GA/IHPDs hybrids. The
fabrication process mainly includes (I) hydrolysis of metal salt on GO and

10 (II) co-assembly and hydrothermal reduction to form GA/IHPDs hybrids.
The resulting hybrids can transform from an expanded state to a
contracted state during lithiation—delithiation cycles, thus enabling the
stabilization of the cathode material.

s 2. Experimental

2.1. Preparation of GA/IHPDs hybrids

Graphene oxide (GO) was prepared from natural graphite flakes
using a modified Hummers method.** 200 mL graphene oxide
(GO, 250 mg L) aqueous dispersion was ultrasonicated with the
existence of 600 mg Iron(IIT) chloride (FeCl;, Aldrich) for 30 min
to form a homogeneous suspension. Subsequently, 430 mg
ammonium phosphate monobasic (NH4H,PO,, Aldrich) was
dissolved in 50 mL of distilled water and stirred at 25 °C for 10 h.
Then, the resulting brown solid products were centrifuged,
»s washed with distilled water for three times to remove the
uncombined ions in the final product. The stable suspension was
sealed in a Telfon-lined autoclave and hydrothermally treated at
180 °C for 12 h. After cooling to room temperature, the as-
prepared sample was freeze-dried for 35 h.
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30 2.2. Preparation of IHPD microspheres

600 mg FeCl; was dissolved in 100 mL of distilled water and
ultrasonicated for 30 min to form a homogeneous suspension.
Subsequently, 430 mg NH,H,PO, was dissolved in 50 mL of
distilled water and added slowly to the suspension solution. The

35 following method is the same as mentioned above.

a

2.3. Characterization

The morphology and structure of the samples were characterized

by scanning electron microscopy (SEM, Sirion 200, 25 kV),
transmission electron microscopy (TEM, JEOL JEM-2010, 200
kV), and polycrystalline X-ray diffraction (XRD, Rigaku Bruker
D8 advance) with Cu Ka A =1.5418 A. Raman spectra was
recorded on a SENTERRA with excitation from the 532 nm line
of an Ar—ion laser with a power of about 5 mW. Fourier transform
infrared (FTIR) was carried out on a NICOLET 6700 Fourier
transform infrared spectrophotometer from 4000 to 400 cm ' by
KBr sample holder method. The thermal properties of the
samples were investigated using a thermogravimeter (Pyris 1,
measured from room temperature to 800 °C at a heating rate of
5°C min"" in air).
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s0 2.4. Electrochemical measurements

The obtained GA/IHPDs hybrids was mixed with carbon black
(Super-p), and polyvinylidene fluoride binder with 8:1:1 weight
ratio in N-methyl-2pyrrolidone solvent (Aldrich, 99.5%) until
homogeneously. The slurry was dried in a vacuum oven at 60 °C
for 12 h after casting onto aluminium foil with a thickness of 100
pm, and then punched into disks with diameter of 13 mm as the
test electrode. The total material loading was 0.94 mg cm™. Pure
lithium foil was used as the counter electrode. The electrolyte
consisting of a solution of 1 M LiPF¢ in ethylene carbonate
(EC)/dimethyl carbonate (DMC) (1:1 by volume) was obtained
from Ube Industries Ltd. CR2016-type coin cell was assembled
in an argon-filled glove box with the concentrations of moisture
and oxygen below 1 ppm. Electrochemical test was performed
using battery cycler (LAND-CT2001A) with current rates from
50 to 5000 mA g’ at voltage range of 1.5-4.5 V. Cyclic
voltametry and electrochemical impedance spectroscopy (EIS)
measurements of the electrodes were carried out on an
electrochemical workstation (PARSTAT 2273). The cyclic
voltammograms were obtained over the potential range of 1.5-4.5
V at a scanning rate of 0.1 mV s™. The impedance spectra were
recorded by applying a sine wave with amplitude of 5.0 mV over
the frequency range from 100 kHz to 0.01 Hz. Fitting of the
impedance spectra to the proposed equivalent circuit was
performed by the code Z view.
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3. Results and discussion

3.1. Structural properties

The morphologies and structure of IHPDs and GA/IHPDs hybrids
were first investigated by scanning electron microscopy (SEM)
and transmission electron microscopy (TEM). The pure IHPDs
are sphere-like particles with average diameters of 5 um (Fig. Ic).
In contrast, GA/IHPDs had interconnected macroporous
frameworks (Fig. 1a). The sizes of the macropores are in the
range of submicrometer to several micrometers, and the walls of
the pores consist of several layers of graphene. The partial
overlapping or coalescing of flexible graphene sheets resulted in
the formation of cross-linking sites of the 3D macroporous
frameworks. As shown in Fig. 1b, the particles of IHPDs in the
GA/IHPDs were encapsulated in the winkles of graphene sheets
and they showed a uniform spherical morphology with average
o0 diameters of 2 um. Compared with the pure IHPDs, the smaller

size of IHPDs in GA/IHPDs hybrids can be attributed to the
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restrained growth of IHPD microspheres caused by graphene. The
TEM image (Fig. 1d) confirmed that IHPD particles in
GA/IHPDs were enwrapped by graphene sheets. Such a core-
shell structure of GA/IHPDs is capable of restricting the

s agglomeration of ITHPDs and increasing the interface contact
between graphene and IHPDs, when the hybrids are used as the
cathode materials in LIBs (see below).

Fig. 1 Representive SEM and TEM images of GA/IHPDs hybrids: (a)
overall morphology of the products; (b) high-magnification SEM images
of the products; (c) pure IHPDs without reduced graphene oxide (rGO);
(d) overview of an ensemble of nanoparticles at the edge of a microsphere
coated with carbon.

o

Subsequently, powder X-ray diffraction (XRD) experiment was
carried out to gain insight into the internal structure of IHPDs and

GA/IHPDs. Apparently, both hybrids exhibit similar patterns (Fig.

20 2a), and all intensive peaks can be well indexed to rutile
Fes(PO,)4(OH);2H,0 (JCPDS No. 45-1436),**7 indicating
that the crystallization of IHPDs during the hydrothermal
treatment was not interfered by the addition of GO sheets. The
structures of GO, IHPDs and GA/IHPDs were further
characterized by Fourier transform infrared spectra (FTIR) and
Raman spectra. In the FTIR spectrum of GO (Fig. 2b), absorption
bands at 1732, 1385 and 1262 cm' can be ascribed to C=0, C=0
and C-O stretching vibration, respectively. However, the
intensities of these absorption decrease in the GA/IHPDs hybrids,
30 which indicate the reduction of GO after the hydrothermal
treatment.*® HIPDs show strong absorption band at 1024 cm™,
943 cm’!, 760 cm! and 605 cm™!, which are associated with the
stretching of Fe-O-P bond, O-P-O bond and Fe-O bond,
respectively.”*” And these absorption bands remain in the spectra
of GA/IHPDs hybrids, confirming the successful formation of
GA/IHPDs by a one-pot hydrothermal approach. In the Raman
spectra of HIPDs and GA/IHPDs (Fig. 2¢), peaks at 450, 577, and
1000 cm™ are well matched with the vibration spectra of the
PO,* polyanion in HIPDs. On the other hand, D and G bands
w0 near 1340 and 1584 cm' are related to the bonding nature of
carbon in the graphene core.
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Fig. 2 (a) XRD patterns of IHPDs and GA/IHPDs; (b) FTIR spectra of

4s IHPDs, GA/IHPDs and GO; (c) Raman spectra of IHPDs, rGO, and
GA/IHPDs under an excitation laser wavelength of 532 nm; (d) TGA
curves of IHPDs and GA/IHPDs.

Thermogravimetric analysis (TGA) was carried out to
so determine the chemical composition of the GA/IHPDs (Fig. 2d).
The global analysis revealed that IHPDs loses 11% of its weight
in three steps: at first between 200 and 300 °C, then between 300
and 570 °C, and finally between 570 and 650 °C. Assuming that
the weight loss is associated to 2.0 H,O and 3.0 -OH corresponds
ss to per Fes(PO,)4(OH);22H,0 formula unit, the final product
contains only F >, 0%, and PO, for example as in a mixture of
FePO, and Fe,0:.* The decomposition temperature of
GA/IHPDs hybrids is around 270 °C, indicating that graphene
could improve the thermal stability of IHPDs by encapsulating
0 them. Determined by residual content of IHPD and GA/IHPDs at
800 °C in TGA spectra, GA/IHPDs hybrid contained ~6 wt% of
graphene.

3.2. Electrochemical properties

To evaluate the electrochemical reactivity of GA/IHPDs hybrids,
6s cyclic voltammetry (CV) was investigated, as shown in Fig. 3a.
The CV curves observed from GA/IHPDs clearly show redox
peaks of Fe?'/Fe*" at a scan rate of 0.1 mV s”, including a
reduction peak at 2.4 V and an oxidation peak at 2.8 V, which are
typical features for rechargeable batteries. The anodic peak at 2.8
70 V corresponds to the oxidation of F e*" to Fe*', and the reduction
of Fe’ to Fe’" appears at 2.4 V, where the potential interval
between the two redox peaks is 0.4 V.*°
The electrochemical properties of GA/IHPDs were then
evaluated by galvanostatic charge/discharge cycling in a cell
75 using lithium metal as the counter electrode at a current density
of 50 mA g' (0.28C, the theoretical capacity of IHPD is 180 mAh
g )’ between 4.5 and 1.5 V (Fig. 3b). The initial small plateau
in the potential range of 3.2 to 2.4 V (versus Li'/Li) associated
with the Fe** to Fe** redox process for both electrodes. This is in
s0 accordance with the cathodic peak at around 2.4 V in the CV
curves. The 1% cycle charge capacity was 280 mAh g ' and the
corresponding 1 cycle discharge capacity was 195 mAh g/,
which corresponded to an irreversible capacity loss (ICL) of 30%.
The 2™ cycle charge and discharge capacities were 210 and 180
ss mAh g ', respectively, indicating a reduced ICL of only 14%. The
2" cycle charge curve displayed a similar shape as the first one,

This journal is © The Royal Society of Chemistry [year]
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suggesting that the charge-discharge process was highly
reversible. In general, it is hard to achieve the theoretical capacity
in a bulk or submicrometre sized particle due to its low electronic
conductivity and slow Li ion diffusion rate. Facile Li ion
diffusion through graphene and fast electron transport through the
interconnected 3D macroporous frameworks are thus responsible
for the observed high Li-storage capacity.>* It is interesting to
note that the phenomenon of the increased capacity, by
comparing charge curves in 100", 200" and 300™ cycles with that
in 50 cycle, is attributed to the reversible growth of a polymeric
gel-like film resulting from kinetically activated electrolyte
degradation.*® '

The long cycling performance of the GA/IHPDs electrode was
investigated at room temperature and at a constant current density
of 50 mA g (0.28 C), as illustrated in Fig. 3c. The capacities of
the GA/IHPDs electrode in the 50™ and 100™ cycles were 150 and
160 mAh g, respectively. Meanwhile, the specific capacity of
the cathode after 300 cycles still maintains 155 mAh g '. The
Coulombic efficiency (CE) of the GA/IHPDs electrode was
above 98% when it started from the 6th cycle (Fig. S1). In
contrast, in the 1% cycle, the charge capacity of the bare IHPDs
electrode was about 120 mAh g'. However, the capacity
continuously decreased and reached 60 and 30 mAh g at 300"
and 900™ cycles, which was only about 50% and 25% of the
initial capacity, respectively, indicating poor capacity retention.
The cycle performance of pure graphene electrode was poor and
showed low capacity (13.4 mAh g at 50 mA g").>> Given that
GA/IHPDs hybrids only contained 6 wt% graphene, the

contribution of capacity from GA in the hybrids can be negligible.

The high-rate performance of the GA/IHPDs electrode was
investigated to examine the possibility for the battery applications
(Fig. 3d). Based on the total weight of GA/IHPDs electrode at the
current rates of 50 (0.28 C), 100 (0.56 C), 500 (2.8 C), and 1000
mA g (5.6 C), the reversible capacities were 158, 145, 110, and
95 mAh g, respectively. Even at ultrahigh current densities of
2000 (11.1 C) and 5000 mA g' (27.8 C), the corresponding
recharge capacities of GA/IHPDs electrode retained 80 and 56
mAh g"'. The GA/IHPDs hybrids had a wonderful rate capacity,
showing a reversible capacity of 165 mAh g, which was a little
higher than the first 20 cycles, demonstrating that IHPDs in a
superior conducting matrix can be tolerant to high charge and
discharge currents. For comparison, the capacity of IHPDs
electrode dropped dramatically to onlyl5 and 8 mAh g ' at the
current densities of 2000 (11.1 C) and 5000 mA g (27.8 C),
respectively. To our best knowledge, such electrochemical
performance of GA/IHPDs is superior to the literature reported
carbon coated LiFePO, (79 mAh g at 3400 mA g),"* graphene
blended with LiFePO, (60 mAh g™’ at 2550 mA g™),*’ and carbon
nanotube based amorphous FePO, core—shell nanowires (80 mAh
g at 1000 mA g).2

To gain insight into the prominent electrochemical behavior of
GA/IHPDs with respect to the HIPDs electrode, alternating
current (AC) impedance measurements were performed before
charging-discharging and after 140 charging-discharging cycles,
as shown in Fig. 4a. The equivalent circuit model of the studied
system is also shown in Fig. 4b to represent the internal resistance
of the test battery according to literature.”’> An intercept at the
7’ axis at high frequency corresponds to the sum of ohmic
resistance (Ry), including the ohmic resistance of the electrolyte,
the electrode and the interface. The semicircle indicates the
charge transfer resistance (R.), constant phase element (CPE)
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represents the double layer capacitance and the SEI film
capacitance, and W, is associated with the Warburg impedance
corresponding to the lithium-diffusion process.

Before charging-discharging, it can be seen that the ohmic
resistance R, and charge-transfer resistance R, of the GA/IHPDs
electrode were 4.1 and 91.3 Q, which were a little higher than
those of the IHPDs electrode (3.4 and 53.9 Q). However, after
140 charging-discharging cycles, the Ry, 23.9 Q and R, 280.1 Q
of the IHPDs electrode were significantly higher than the
corresponding value of 6.7 and 91.3 Q of the GA/IHPDs
electrode. It is interesting that, after 140 charging-discharging
cycles, the R, of the GA/IHPDs electrode decreased. This result
validates that the electrode-electrolyte interface became more
compact and homogeneous during charging-discharging process,
allowing the easier and faster Li ion de-intercalation/charge
transfer.

3.3. Morphologies after cycles

The morphologies of the HIPDs and GA/IHPDs electrodes after
140 discharging-charging cycles were also investigated by SEM
to further understand the excellent electrochemical performance
of latter sample. Apparently, the HIPD spheres were broken into
small piece under the impulsion of charge (Fig. S2a), which
would be attributed to the poor electrochemical stability of the
HIPDs electrode. In contrast, the particles of HIPDs in the
GA/IHPDs electrode were still encapsulated in the flexible
graphene after 140 charging-discharging cycles. The morphology
of HIPDs was almost as same as that of as-prepared hybrid (Fig.
S2b). Thereby, the remarkable performance of the GA/IHPDs
hybrids in LIBs could be assigned to the efficient interaction
between the IHPDs and graphene in the geometric confinement,
where the graphene networks functioned as spacers between the
individual IHPDs, thus inhibited the size and fracture formation
of IHPDs. On the other hand, graphene was highly flexible,
which could strain at the IHPDs surface, during periodic volume
changes. Moreover, the interconnected 3D macroporous
frameworks provided a continuous pathway for Li ion even at
high current rates.

Ci
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Fig. 3 Electrochemical performance of GA/IHPDs hybrids. (a) Cyclic
Voltammetry (CV); (b) Discharge-charge profiles of the GA/IHPDs
electrode at a current densitie of 50 mA g between 4.5 and 1.5 V: the
discharge curves in the 1st, 2nd, 50th,100th, 200th and 300th cycles; (c)
Cycling performance of the GA/IHPDs and IHPDs electrodes at the
current density of 50 mA g'; (d) Rate capacities of the GA/IHPDs and
IHPDs electrodes between 4.5 and 1.5 V at various rates.
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Fig. 4 (a) Nyquist plots of the GA/IHPDs and IHPDs electrodes obtained
by applying a sine wave with amplitude of 5.0 mV over the frequency

s range from 100 kHz to 0.01 Hz; (b) equivalent circuit model of the
studied system.

4. Conclusions

In summary, interconnected 3D macroporous GA/IHPDs hybrids

10 have been prepared by a one-pot hydrothermal approach.
GA/IHPDs hybrids possessed interconnected 3D macroporous
frameworks with the particles of IHPDs well wrapped by
graphene sheets. When they were used as the cathode materials in
LIBs, such hybrids showed the enhanced rate capability and

15 excellent cycle stability even at ultrahigh current density. This
facile and environment-friendly approach may provide benefits to
the scale-up synthesis of graphene-based cathode materials for
LIBs in the near future.
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