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FeOOH nanorods (NRs) wrapped by reduced graphene oxide (rGO) were fabricated using a facile
solvothermal method. When used as anode materials for lithium-ion batteries (LIBs), the FeOOH
NRs/rGO composites show a higher capacity (490 mAh g~! after 100 cycles at a current density
of 100mA g~!) and better rate capability than pure FeOOH NRs. The enhanced electrochemical
performance can be ascribed to the hybrid structure of FeOOH and rGO. On one hand, the
introduction of rGO can improve electronic conductivity and reduce charge-transfer resistance
for electrode materials. On the other hand, the distinctive structure (FeOOH NRs surrounded by
flexible rGO) can effectively buffer large volume change during the LiT insertion/extraction
process. Our work provides a feasible strategy to obtain high-performance LIBs.
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1. Introduction

The emergence of new energy vehicles and portable
electronic products results in a great demand for
storage devices with high energy density. Currently,
lithium-ion batteries (LIBs) are the main type of
energy storage in most applications.' ™ Particularly,
the electrochemical performance of anode materials
plays an important role for LIBs. Thus, it is essen-
tial to develop the anode materials with high specific
capacity, good rate capability and long cycle life.
Over the past two decades, transition metal oxides
have been considered as potential candidates to re-
place traditional graphite due to their high capacity,
environmental friendliness and low cost.””” Due to
easy availability, natural nontoxicity, low cost and
high theoretical capacity, iron oxide materials

*Corresponding author.

(FesO3, Fez0,) are regarded as one kind of most
promising candidates for the next-generation LIB
anode materials.>’ Besides, FeOOH has attracted
great attention due to its high theoretical capacity
(905 mAh g~!), nontoxicity and environmental
friendliness.'’ However, similar to other metal oxide
materials with a high specific capacity, FeOOH
electrode also suffers from serious pulverization
problems caused by large volume change, resulting
in an inevitable damage of its structure and thus
poor capacity retention.!'™* Such structural col-
lapse and low electrical and ionic migration of
FeOOH lead to a rapid capacity fading in long-term
cycles. One approach to overcome this drawback is
to hybridize FeOOH with other materials which
possess large surface areas and good conductivity.
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For this purpose, carbon-based materials have
attracted intense interest.

Since the discovery of graphene in 2004, it has
attracted great research attention because of its
large surface area, good conductivity and stable
chemical properties.!*'® Benefiting from these
characteristics, graphene has been used widely in
energy-storage, such as supercapacitors'®?! and
batteries.?>?* Especially, graphene has been con-
sidered as an ideal conductive material for LIBs. In
recent years, metal oxide/graphene composites have
exhibited great improvement in electrochemical
applications, such as high reversible capacity, long
cycle life and good rate performance.'*?°" The
introduction of graphene can not only enhance the
conductivity of the electrode, but also serve as a
buffer substrate for the electrode material, which
could effectively mitigate the volume expansion and
prevent nanomaterials from crushing during the
charge/discharge process.'”*!*> Therefore, com-
bining FeOOH with graphene would be a good
strategy for high-performance LIBs.

In this work, FeOOH nanorods (NRs) wrapped by
reduced graphene oxide (rGO) were prepared via a
simple solvothermal method. When used as an anode
material for LIBs, the FeOOH NRs/rGO composites
exhibit a higher specific capacity and better rate
performance than pure FeOOH NRs. The discharge
capacity of FeOOH NRs/rGO composite electrode
can reach 490 mAh g~!, while pure FeOOH electrode
only delivers 120mAh g~! after 100 cycles at a cur-
rent density of 100mA g~!. The enhanced electro-
chemical performance can be attributed to the fact
that the introduction of rGO can alleviate the vol-
ume expansion, inhibit the agglomeration of nanor-
ods and improve the conductivity.

2. Experimental Methods
2.1. Synthesis of FeOOH NRs

2mmol FeCl;-6H,O was dissolved in a mixture of
30mL deionized water and 30mL ethanol, and
stirred for 10 min. Then, 20 mL. NH4F aqueous so-
lution (0.47 mol-L ') was added into the above so-
lution to form a homogeneous solution under
vigorous stirring. Subsequently, 110 pl. ammonia
(NH3-H,0O) was added into the above mixed solu-
tion, and stirred vigorously for 15 min. Finally, the
resulting solution was transferred to a 100 mL au-
toclave and maintained at 180°C for 1 h. After the

autoclave was cooled to room temperature, the final
precipitates were washed with deionized water for
three times and vacuum dried for 6h to obtain
FeOOH NRs.

2.2. Synthesis of FeOOH NRs/rGO
composites

Graphene oxide (GO) was prepared using natural
graphite by a modified Hummers’ method.'” 2mL
GO dispersion (10mg/mL) was added into 20 mL
deionized water, and then subjected to ultrasonic
treatment  for 1h.  Subsequently, 2mmol
FeCl;-6H5;0 was dissolved in a mixed solution con-
taining 30 mL deionized water and 30 mL ethanol,
and stirred for 20 min. Afterward, the mixed solu-
tion was added into the graphene suspension to
form a uniform solution, accompanied by the addi-
tion of 110 uL. ammonia (NH;3-H50O). Then, 0.34¢
NH,F was added to the suspension, and stirred for
10 min. Finally, the resulting solution was trans-
ferred to a 100 mL autoclave and maintained at
180°C for 1h. After the autoclave was cooled to
room temperature, the precipitate was washed with
deionized water for three times and dried in vacuum
for 6h to obtain FeOOH NRs/rGO composites.

2.3. Materials characterization

The crystal structure of the products was charac-
terized by X-ray diffraction (XRD) using a Rigaku
SmartLab X-ray diffractometer with Cu-Ka radia-
tion (A = 1.5406A). The morphology of the samples
was characterized by field-emission scanning electron
microscope (FESEM, Hitachi S-4800) at an acceler-
ation voltage of 15 kV. Bright-field (BF) images
and high-resolution transmission electron microscopy
(HRTEM) images were obtained on a JEOL
JEM2100F transmission electron microscope (TEM)
operated at 200 kV. Thermogravimetric analysis
(TGA) was conducted on a Netzsch TG 209 appa-
ratus under an air flow from room temperature to
600°C at a heating rate of 10°C/min.

2.4. Flectrochemical measurements

The CR2025-type coin cells were assembled in
a high-purity argon-filled glove box, where the
moisture and oxygen concentration are less than
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0.1 ppm, using a lithium foil as a counter electrode.
The anodes were prepared by mixing the active
material (FeEOOH NRs and FeOOH NRs/rGO
composites), carbon black and polyvinylidene fluo-
ride (PVDF) in a weight ratio of 70:15:15 (wt.%)
onto a pure copper foil. N-methylpyrrolidone
(NMP) was used as the solvent. The mass loading of
the active materials for the cell testing was 0.72 mg
cm 2. The electrolyte was composed of 1 M LiPFg
solution of ethylene carbonate (EC)/dimethyl car-
bonate (DMC)/diethyl carbonate (DEC) (1:1:1 in
volume). The electrochemical performance was
tested on a LAND CT2001 battery test system in a
voltage range from 0.01V to 3.00V. Cyclic vol-
tammetry (CV) measurements (over the potential
range from 0.01 V to 3.00 V at a scan rate of 0.3 mV
s71). and electrochemical impedance spectroscopy
(EIS) tests (at a frequency range from 100 kHz to
0.01 Hz with a disturbance amplitude of 5 mV) were
performed on a Metrohm Autolab electrochemical
workstation (PGSTAT 302N).

3. Results and Discussion

Figure 1 presents the XRD patterns of FeOOH NRs
and FeOOH NRs/rGO composites. Both patterns
exhibit diffraction peaks at 26.8°, 34.1°, 35.3°,
39.3°, 46.6° and 56.1°, corresponding to (130),
(400), (211), (301), (411) and (251) planes of the
tetragonal FeOOH phase (JCPDS no.: 75-1594).'%
In the pattern of FeEOOH NRs/rGO composites, a
weak peak observed at about 24° could be attrib-
uted to the (002) reflections of the graphene
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Fig. 1. XRD patterns of the FeOOH NRs and FeOOH NRs/

rGO composites.

sheets.?® Moreover, FeOOH NRs/rGO composites
exhibit broader diffraction peaks than FeOOH NRs,
suggesting that FeOOH NRs/rGO composites have
smaller particle size**

To investigate the surface morphology and mi-
crostructure of FeOOH NRs and FeOOH NRs/rGO
composites, extensive SEM and TEM examinations
were carried out. Figure 2(a) presents a typical SEM
image of pure FeOOH NRs, from which it can be
seen that FeOOH NRs are composed of numerous
nanoparticles. Figure 2(c) shows a typical SEM
image of FeEOOH NRs/rGO composites, from which
it can be found that the composites consist of fine
nanoparticles, and obvious wrinkles are present on
their surfaces. These wrinkles result from the
stacking of graphene sheets. TEM observations
[Fig. 2(b)] of FeOOH NRs indicate that the FeOOH
NRs are rod-shaped. The average length and width
of FeOOH NRs are measured to be about 35nm
and 10nm, respectively. TEM observations of
FeOOH NRs/rGO composites [Fig. 2(d)] show that
FeOOH NRs are wrapped by membrane-like rGO.
The introduction of graphene is beneficial to the
formation of continuous conductive network. In
addition, the rGO sheets can efficiently prevent
agglomeration of FeOOH NRs. Such a composite
structure can facilitate the electron transport inside
the materials, thus leading to the high electronic
conductivity.

To study the microstructure of the as-prepared
FeOOH NRs/rGO composites in detail, TEM
examinations were performed. Figure 3(a) displays
a typical BF TEM image of FeOOH NRs/rGO,
from which it is observed that FeOOH NRs are
surrounded by flexible rGO layer. Figure 3(b) shows
a typical HRTEM image of FeOOH NRs/rGO
composites, and the lattice spacing is measured to
be 2.24 A, corresponding to (301) crystal plane of
FeOOH. TEM examinations suggest that FeOOH
NRs/rGO composites are composed of FeOOH
NRs and graphene layer. This wrapping design
contributes to the formation of continuous con-
ductive networks that promote rapid transport of
electrons.

To estimate the content of rGO in FeOOH NRs/
rGO composites, TGA measurement was carried
out. Figure 4 shows the TGA curves of FeOOH NRs
and FeOOH NRs/rGO measured in air from 30°C
to 600°C. For the FeOOH NRs, a weight loss is
found between 200°C and 430°C, while no weight
loss is observed between 430°C and 600°C. The
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Fig. 2. Typical SEM images of FeOOH NRs (a) and FeOOH NRs/rGO composites (c). Typical BF TEM images of FeOOH NRs

(b) and FeOOH NRs/rGO composites (d).

TGA curve of FeOOH has a weight loss of 12.9%,
which is close to the theoretical value of FeOOH
thermogravimetric loss (10%). For the FeOOH
NRs/rGO composites, the small weight loss below
300°C is caused by the thermal decomposition of
FeOOH, while the obvious weight loss between
300°C and 500°C results from the oxidation of rGO
to COs in air. The whole process shows a total mass
loss of 37.5%. The TGA results indicate that the
mass proportion of rGO in the composites can be
calculated to be about 24.6%.

To explore the lithium storage performance of
FeOOH NRs and FeOOH NRs/rGO composites,
the assembled half-cells were tested. Figures 5(a)
and 5(c) show the first five CV curves of FeOOH
NRs and FeOOH NRs/rGO electrodes within a
voltage range between 0.01V and 3.0V at a scan
rate of 0.3mV s~!, respectively. As observed in

Fig. 5(a), in the first cathodic scan, there is a peak
near 1.25V, which corresponds to the formation of
intercalated lithium compound by inserting Li™ into
FeOOH.*" The strong reduction peak near 0.5V is
related to the formation of Fe® and a solid electrolyte
interphase (SEI) film.”'' The oxidation peak at
1.86V is attributed to the reverse conversion of Fe’
and LiyO.'** In the following cycle, the oxidation
and reduction peaks move towards a low current,
and the area surrounded by CV curves decreases
gradually, indicating that the reversibility of FeOOH
NRs electrode is poor. In Fig. 5(c), three reduction
peaks and two oxidation peaks can be observed in the
first scan. The reduction peaks at 2.0V and 1.25V
correspond to the process of Li™ intercalation into
FeOOH step by step. The reduction peak at 0.44 V
corresponds to the formation of Li,O, Fe’ and a SEI
film.?%" In the first anode scan, the peak near 1.2V

Fig. 3. Typical BF TEM image (a) and HRTEM image (b) of FeOOH NRs/rGO composites.
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Another oxidation peak at 1.87V represents the
conversion process of Fe’ to Li,FeOOH.'"' In the
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following cathodic scan, the reduction peaks move to
1.3V and 0.56 V, slightly higher than those in the
first cycle, indicating that the electrode polarization
decreases. The CV curves remain unchanged after
four cycles, because a stable SEI film has not formed
in the FeOOH NRs/rGO composite electrode in the
first three cycles.*® The electrochemical reactions of
both anodes during the charge/discharge process can
be described by the following equations.”

FeOOH + zLi™ + ze~ < Li,FeOOH, (1)
Li,FeOOH + Li* + e~ « Li;. ,FeOOH,  (2)
Li;,,FeOOH + (2 — z)Lit + (2 — x)e™ )
o Fel + Li,O + LiOH.

Figures 5(b) and 5(d) display the galvanostatic
charge/discharge curves of FeOOH NRs and FeOOH
NRs/rGO electrodes after the first, second, fifth and
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(a) CV curves at 0.3 mV s'and (b) voltage versus capacity curves at 100mA g~! of FeOOH NRs. (c) CV curves at 0.3 mV

s~1 and (d) voltage versus capacity curves at 100mA g~! of FeOOH NRs/rGO.
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NRs/rGO electrodes.

100th cycle at a current density of 100mA g~!, re-
spectively. As shown in Fig. 6(a), the voltage plat-
form of FeOOH electrode becomes shorter with an
increase of cycle number. Correspondingly, its spe-
cific capacity suddenly drops. At the 100th cycle, the
capacity is only 84 mAh g~!, indicating that FeOOH
electrode possesses poor reversibility during the
electrochemical process. As shown in Fig. 5(d), there
are three voltage platforms in the first discharge
curve of FeOOH NRs/rGO composite electrode. The
platforms at 2.1V and 1.35V are attributed to the
formation of Li,FeOOH and Li;,,FeOOH lithium
intercalation compounds, respectively. The voltage
platform at 0.75V represents the formation of Fe’
and a SEI film.?* In the subsequent discharge curves,
three platforms are not obvious, suggesting that the
three lithium intercalation reactions are partially ir-
reversible during cycling.*’* The first discharge and
charge specific capacities of the composites are 1010
mAh g~'and 515mAh g~!, respectively. The irre-
versible capacity loss can be ascribed to the decom-
position of electrolyte and the formation of a SEI
ﬁlm.32’37

Figure 6(a) illustrates the cycling performance of
FeOOH NRs and FeOOH NRs/rGO electrodes at a
current density of 100mA g~!. FeOOH NRs elec-
trode delivers the first discharge capacity of
1214mAh g'and its discharge capacity drops to
120 mAh g~! after 100 cycles. It is worth noting that
the first discharge capacity of FeOOH NRs/rGO
electrode is 1010mAh g~!, and its discharge
capacity maintains around 490 mAh g~ lafter
100 cycles. Compared to pure FeOOH, FeOOH
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(a) Cycling performance at 100 mA g~!, and (b) rate performance at various current densities of FeFOOH NRs and FeOOH

NRs/rGO electrode delivers a capacity improve-
ment of 370mAh g=! at a current density of
100mAg~! after 100 cycles. This is ascribed to the
following three points: (i) With the increasing
cycles, the electrode material is gradually pulver-
ized, providing more active sites for Li* storage. (ii)
The rGO sheets increase the conductivity of the
electrode. Hence, the charge transfer rate can be
increased. (iii) The introduction of flexible rGO can
relieve volume expansion during the Li* insertion/
extraction. Without the rGO coating, the discharge
capacity of FeOOH NRs is much lower due to their
poor electronic conductivity and severe aggregation
upon cycling.

Figure 6(b) shows the rate performance of pure
FeOOH and FeOOH NRs/rGO electrodes. The
average discharge capacities of FeOOH NRs at
current densities of 0.1, 0.2, 0.4, 0.8 and 1 A g~! are
208.4, 125, 81.3, 74.9 and 54.7mAh g~!, respec-
tively. By contrast, FeOOH NRs/rGO composites
deliver an average discharge capacity of 429.2,
328.4,241.9,173.1 and 159.2mAh g~!, respectively.
When the current density drops back to 0.1 A g—1,
the reversible capacity of FeOOH NRs/rGO com-
posites can be restored to 402.5mAh g~!, higher
than that of FeOOH (156.5 mAh g~!). This implies
that the FeOOH NRs/rGO composites exhibit im-
proved rate capability compared to FeOOH NRs
electrode during the electrochemical process, in
agreement with strong structural stability and
conductivity of FeOOH NRs/rGO composites.

To further investigate the capacitive behavior of
the FeOOH NRs/rGO electrodes, their reaction ki-
netics was analyzed by CV measurements, which
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fitting. (c) Contribution rate of capacitance at a scan rate of 0.3 mV s~1. (d) Contribution rate of capacitance at different scan rates.

were collected after 30 cycles of the charge/dis-
charge process. As illustrated in Fig. 7(a), the CV
curves display similar trends at different scan rates
from 0.1mV s~ 'to 1.0mV s~!. Normally, the scan
rate (v) and the measured current (i) obey the fol-
lowing relationship.*’

i=av’, (4)

where a and b are adjustable parameters. The value
of b is determined by the slope of the logi versus
logv. When the b value is close to 1, the system is
mainly controlled by the capacitance process.
However, when the b value approaches to 0.5, the
diffusion-controlled process dominates the charge
transfer. Figure 7(b) shows the b-values at peak
currents. The b value is determined to be 0.68 for the
reduction process and 0.73 for the oxidation process,

which reveals that charge storage partially arises
from surface capacitive effect.

To clearly elucidate the capacitance contribu-
tion, the total storage of Li™ can be divided into two
parts. The capacitance contribution is calculated
according to the following equation.*!

i = klv+k21}1/2. (5)

k,v and kyv1/2 represent the surface-capacitive effect
and diffusion-controlled redox process, respectively.
The values of k; and k, can be obtained by plotting
i(V)/v'/? versus v'/2, and thus the capacitive cur-
rent i.(V) = kyv could be extracted from the total
one. Figure 7(c) shows a typical CV profile for the
capacitive current (blue region) compared to the
total current. It is observed that 79% of the total
Li*t storage in the electrode is quantified as
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capacitive at the scan rate of 0.3 mV s~!, indicating
that most capacity results from the interface of the
electrode. The results suggest that the good Li™
storage performance of FeOOH NRs/rGO electrode
can be ascribed to the surface-controlled capacitive
behavior. Figure 7(d) illustrates contribution rate of
capacitance at different scan rates. It can be found
that the contribution rate of capacitance for
FeOOH NRs/rGO electrode increases with in-
—=—FeOOH/rGO creasing scan rate.

—*— FeOOH To further clarify the reasons for the different
) . . electrochemical performances between pure FeOOH
400 600 800 NRs and FeOOH NRs/rGO composites, EIS mea-
Z' (ohm) surements were performed. Figure 8 shows the EIS
plots of FeOOH NRs and FeOOH NRs/rGO com-
posite electrodes before cycling. It can be clearly
seen from Fig. 8 that the EIS spectra consist of a
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Fig. 8. EIS plots of FeOOH NRs and FeOOH NRs/rGO
composite electrodes.
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Fig. 9. Bode phase angle diagram (a), and bode magnitude diagram (b) of FeOOH NRs/rGO electrode. (c) EIS of FeOOH NRs/
rGO electrode. The inset is the equivalent circuit model. (d) Graph of Z,. plotted against w=07.
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Fig. 10. Typical TEM image (a) and HRTEM image (b) of FeOOH NRs/rGO composite electrode after 100 discharge cycles at a

current density of 100 mA g1

semi-circle and an inclined line, corresponding to
high and low frequency region, respectively. The
half-circle diameter of FeOOH NRs/rGO electrode
is smaller than that of the FeOOH NRs electrode,
implying that FeOOH NRs/rGO electrode has
lower contact and charge-transfer resistance.’®*?
Furthermore, in the low-frequency region, the slope
of FeOOH NRs/rGO is larger than that of FeOOH,
which means FeOOH NRs/rGO electrode possesses
better diffusion ability.

EIS measurement was conducted to further un-
derstand the electrochemical performance of
FeOOH NRs/rGO electrode. From Fig. 9(a), it can
be observed that the phase angle is nearly 71° at the
low frequency region, which demonstrates a pseudo-
capacitive feature of the FeOOH NRs/rGO elec-
trode. As shown in Fig. 9(c), the Nyquist plots are
composed of a semicircle at high-frequency region
and a straight line at low-frequency region. R, and
R, represent solution resistance and charge transfer
resistance, CPE is double-layer capacitance, C is a
Faradaic capacitance and Z, is the Warburg im-
pedance associated with the lithium diffusion. The
R, of FeOOH NRs/rGO electrode is 139 Q. Fur-
thermore, the inclined line at the low-frequency re-
gion indicates that the capacitive-like behavior
dominates in the FeOOH NRs/rGO electrode. The
diffusion coefficient (Dy;) was calculated using the
following equations.*!

R2T?2
D =S gapipicrgr (6)
n m/M
C=—=—1" 7
o=t (7)
Zre = Rs + Rct + Uw70.5 ) (8)

where the constant values of F' and R are 96485 C
mol ! and 8.314 J K—! mol !, respectively. A is the
electrode area (1.54 x10~* m?), n is the number of

the electrons per molecule attending the electronic
transfer reaction, 71" is 298.17 K, and C is calculated
to be 1.5 x10*mol m~— from formula (3).
Figure 9(d) shows the graph of Z,, plotted against
w95, The o value of FeOOH NRs/rGO electrode is
determined to be 54.8 Q s70%. The corresponding
Li* diffusion coefficient of FeOOH NRs/rGO elec-
trode is calculated to be 2.73 x 106 cm® s 1.

To elucidate the electrochemical process more
clearly, a detailed microstructure examination of
the FeOOH NRs/rGO electrode (after 100 dis-
charge cycles at 100mA g~!) was performed. After
repeated insertion/extraction of lithium ions, it is
still observed that the FeEOOH NRs/rGO compo-
sites keep a rod-shaped structure [Fig. 10(a)]. TEM
observations reveal that the FeOOH NRs/rGO
composite structure exhibits superior structural
stability, proving that the structure can effectively
buffer volume expansion and alleviate strain.
Figure 10(b) shows typical HRTEM image of
FeOOH NRs/rGO electrode after 100 discharge
cycles at 100mA g~!. The lattice spacing is mea-
sured to be 2.03 A from Fig. 10(b), which corre-
sponds to the lattice spacing of (110) plane of Fe.
TEM results suggest that FeOOH is reduced to Fe
during the electrochemical process, which is sup-
ported by CV curves as shown in Fig. 5(c).

4. Conclusions

In summary, FeOOH NRs/rGO composites were
prepared by a facile solvothermal method. The
composites are composed of FeOOH nanorods and
graphene layer. The average length and width of
FeOOH NRs is 36 nm and 10nm, respectively.
When used as an anode material for LIBs, FeOOH
NRs/rGO composite electrode exhibits superior
lithium storage performance and cycle stability.

After 100 cycles at a current density of 100mA g1,

2150005-9



M. Sun et al.

its reversible specific capacity maintains at 490 mAh
g1, higher than that of pure FeOOH electrode. On
one hand, the addition of graphene improves the
conductivity of electrode material, and reduces
the charge-transfer resistance. On the other hand,
the flexible rGO can support FeOOH NRs and
relieve large volume change in the process of Li™
insertion/extraction, which could help to enhance
the cycling stability of the electrode. The FeOOH
NRs/rGO composite can be considered as a prom-
ising candidate for the anode materials of high-
performance LIBs.
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