-
™
<
[
-l
wd
=
™

2044  wileyonlinelibrary.com

www.afm-journal.de

'a\
Me \Iii"§

www.MaterialsViews.com

Iron Oxide Nanoparticle and Graphene Nanoribbon
Composite as an Anode Material for High-Performance

Li-lon Batteries

Jian Lin, Abdul-Rahman O. Raji, Kewang Nan, Zhiwei Peng, Zheng Yan,
Errol L. G. Samuel, Douglas Natelson,* and James M. Tour*

A composite material made of graphene nanoribbons and iron oxide
nanoparticles provides a remarkable route to lithium-ion battery anode with
high specific capacity and cycle stability. At a rate of 100 mA/g, the material
exhibits a high discharge capacity of ~910 mAh/g after 134 cycles, which is
>90% of the theoretical li-ion storage capacity of iron oxide. Carbon black,
carbon nanotubes, and graphene flakes have been employed by researchers
to achieve conductivity and stability in lithium-ion electrode materials.
Herein, the use of graphene nanoribbons as a conductive platform on which
iron oxide nanoparticles are formed combines the advantages of long carbon
nanotubes and flat graphene surfaces. The high capacity over prolonged
cycling achieved is due to the synergy between an electrically percolating net-
works of conductive graphene nanoribbons and the high lithium-ion storage

capability of iron oxide nanoparticles.

1. Introduction

The advancement of environmentally acceptable anode mate-
rials for lithium-ion batteries (LIBs) with high energy and
power density and a long life-time is a key step for the develop-
ment of large-scale applications for portable electronics, renew-
able energy source and electrical vehicles.'”! To this end, iron
oxide as an anode material for LIBs has drawn much attention
because of its large reversible capacity (~1007 mAh/g), low cost,
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and non-toxicity.3®! However, the poor
intrinsic electrical conductivity and large
capacity decay caused by the large volume
expansion of iron oxide during lithiation
hinder its practical applications for LIBs.
There are different approaches to over-
come these problems; one solution is to
fabricate iron oxide nanostructures such
as nanoparticles (NPs),” nanoribbonsl!®l
and nanorods.®] Other solutions are to
confine the iron oxide nanostructures
with carbon®'? or to form a composite
of the iron oxide with the carbon host
matrix such that the carbon host acts as a
mechanical buffer to release strain during
cycling and to enhance lithium diffusion
into the electrode.*>13 Thus, the electro-
chemical performance of iron oxide-based
anode has been significantly improved.

Quasi 1D graphene nanoribbons (GNRs) with good electrical
conductivityl" and high aspect-ratio offer a suitable conductive
matrix and provide mechanical flexibility for the iron oxide to
accommodate volume changes during cycling. We demonstrate
here a facile route to prepare a nanocomposite from GNRs and
Fe,0; NPs. GNRs were coated with ~10 nm Fe,O; NPs. The
as-prepared Fe,O; NPs were predominately the maghemite
phase (y-Fe,O;). Fabricated electrodes made from the as-pre-
pared nanocomposite exhibit an enhanced reversible capacity of
>1100 mAh/g in the first 20 cycles and maintain >910 mAh/g
after 134 cycles at a current density of 200 mA/g. The elec-
trodes also have a high capacity performance of >540 mAh/g
at a charging rate of 2 A/g, still much larger than the capacity
of graphite (372 mAh/g). The superior electrochemical perfor-
mance of the as-prepared nanocomposite can be attributed to
the unique structure of the Fe,0O; NPs conformally coated with
conductive GNRs.

2. Results and Discussion

Figure 1a illustrates the synthesis procedure of the GNR/Fe,0;
NPs composite. The GNRs were produced from unzipping
multiwall carbon nanotubes (MWCNTS) that were treated with
K/Na alloy, producing K-intercalated MWCNTs.['*-10] FeCl; was
added and reduced by the K/Na to form Fe. This process par-
tially split MWCNTs on which Fe NPs were coated. The Na/K
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Figure 1. a) Scheme of the synthesis of the GNR/Fe,O; composites. b) Low magnification
SEM image of the GNR/Fe,O;-P composites. ¢) High magnification SEM image of the GNR/

Fe,03-P composites.

alloy was quenched with CH3;OH, generating H, that induced
efficient unzipping of the MWCNTs into GNRs. In the above
procedures, generated impurities such as KCl, NaCl, CH;0K
and CH;OH are water-soluble and were removed during
washing. Next, the obtained GNRs/Fe composite was washed
with deionized water, oxidizing the Fe NPs to iron oxide NPs,
or GNR/Fe,05-P where “P” stands for pre-annealing (for
details, see the Supporting Information). Subsequently, the
composite was annealed in air at 250 or 300 °C for 14 h. The
samples were denoted as GNR/Fe,03-250 and GNR/Fe,0;-300,
respectively. The morphology of the GNR/Fe,0;-P is shown in
Figure 1b, in which the well dispersed GNRs, with widths of
~200 nm and lengths up to a 100 um, form an interconnected
web as observed with field emission scanning electron micros-
copy (SEM). The enlarged SEM image in Figure 1c shows that
the GNRs are well covered by Fe,0; NPs. This structure facili-
tates charge transfer between the Fe,O; NPs and the current
collectors.

To analyze the crystal structure of the GNR/Fe,05-P, GNR/
Fe,05-250, and GNR/Fe,05-300, X-ray diffraction (XRD) meas-
urements were performed (Figure 2). The characteristic peak
at 20 = 26.3° confirms the existence of graphene layers in all
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of the composites. Furthermore, the as-
prepared composite shows a predominance of
the maghemite phase of iron oxide (y-Fe,053).
From XRD analyses, when annealed at 250 °C
for 14 h, the more stable hematite iron oxide
(0-Fe,03) begins to appear in the GNR/
Fe,03-250. As the annealing temperature was
increased to 300 °C, the stronger character-
istic peaks of the hematite phase appeared,
indicating the higher concentration of o-
Fe,0; in the GNR/Fe,03-300. The different
phases of the composites greatly impact the
electrochemical performance.

The morphology and crystal structure
of the composite were also investigated by
transmission electron microscopy (TEM,
Figure 3). Figure 3a, taken from GNR/Fe,0;-
P, shows well-distributed Fe,O; NPs along
the GNRs. Figure 3b shows that the sizes of
the NPs are ~10 nm and the lattice spacing
between graphene layers is 0.34 nm. Further
inspection of the y-Fe,O; by high resolution
TEM (HRTEM) shows different domains
with clearly observed lattice fringes in each
domain (Figures 3c), indicative of the poly-
crystalline nature of the as-prepared y-Fe,0;
NPs. The uniform distance between the lat-
tice fringes is 0.25 nm, in good agreement
with the spacing between (311) planes of
v-Fe,03. Normally, the synthesis of y-Fe,0;
involves an aqueous pathway that results in
metal cation vacancies induced by the water
being incorporated into the material.l'7 18]
When annealed at 250 °C or higher, some

900-{ GNRs/Fe203-300
i * ¢ 1-Fe20;3
750- . & a-Fe203
- A aA* A M *A
S 6004
& {GNRs/Fe203-250 o
2 4504 .
7] * 6 ¢ ’ 3
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o—_
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Figure 2. XRD spectrum of GNR/Fe,O3; composite at different annealing
temperatures. Bottom: The sample GNR/Fe,O3-P shows a predominance
of the maghemite phase of iron oxide (y-Fe,O;). Middle: Annealed at
250 °C, hematite iron oxide (o-Fe,O3) appears in the GNR/Fe,03-250.
Top: As the annealing temperature increased to 300 °C, the stronger char-
acteristic peaks of hematite phase indicate the higher concentration of
o-Fe, O3 in the GNR/Fe,03-300.
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Figure 3. TEM characterizations of GNR/Fe,O3; composite. a) TEM image of synthesized
GNR/Fe,O3 composite showing uniformly distributed Fe,O; NPs on GNRs. b) HRTEM image
showing graphite structure of GNRs. ¢) HRTEM image of a representative y-Fe,O3 NP. The
well-defined diffraction pattern indicates the high crystallinity of y-Fe,O3 NPs. d) HRTEM image
of a representative a-Fe,O3 NP. €) An STEM image of the GNR/Fe,O3; composite and the corre-
sponding elemental mapping of f) carbon, g) oxygen and h) iron, suggesting the homogeneous
dispersion of C, O and Fe in the composites.

of the y-Fe,0; NPs are converted to more thermodynamically
stable o-Fe,03,1 as shown in Figure 2d taken from GNR/
Fe,05-250. The distance of 0.47 nm between the uniform lat-
tice fringe is the spacing of plane Fe,0; (012). To confirm the
composition of GNR/Fe,0;, a TEM elemental mapping by was
performed. As shown in Figure 2e-h, carbon, oxygen and iron
were homogeneously distributed in the GNRs.

To gain further insight into the composite, X-ray photoelec-
tron spectroscopy (XPS, Figure S1) was done on GNR/Fe,0;-P.
Carbon, oxygen and iron were detected in the XPS spectrum,
(Figure S1), consistent with the result from the elemental map-
ping. The XPS atomic percentage of 54.8% for carbon cor-
responds to 36.6 wt% carbon. This result is consistent with
the thermogravimetric analysis data (TGA, Figure S2). The
Raman spectrum of the GNR/Fe,0;-P reveals strong peaks at
223 (Aqg), 290 (Ey), 408 (Eg), and 1321 cm™', a weaker peak at 607
(Eg) cm™, and very weak peaks at 242 (E,) and 497 (A;) cm™
(Figure S3). These vibrational modes are in good agreement
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with the characteristic peaks of o-Fe,0;.2
The broad peak at 660 cm™ could be attrib-
uted to the maghemite residues in the
sample.?% The reason for this major a-phase
result by Raman when the XRD pattern of
the GNR/Fe,03-P showed a predominance
of the y-phase (Figure 2), could be because
o-Fe,O3 has a larger Raman cross-section
than 7y-Fe,O; as previously suggested.?’!
Another reason could be the induced irre-
versible transformation to the o-phase by
laser power.[?!]

The electrochemical lithium storage
properties of the GNR/Fe,0; composites as
anode materials for LIBs were investigated
by cyclic voltammetry (CV) measurements,
galvanostatic charge/discharge measure-
ments and electrochemical impedance spec-
troscopy measurements. Figure 4a shows the
CV curves of an electrode made from GNR/
Fe,03-P. The CV curves of the initial three
cycles were obtained from 0.01 Vto 3 V ata
scan rate of 0.5 mV/s. In the first cycle, unlike
the ordinary o-Fe,0; electrode, there are no
peaks at 1.0 V and only a minuscule peak at
1.5 V,®! both of which correspond to the for-
mation of hexagonal o-Li,Fe,0; and phase
change from o-Li,Fe,O; to cubic Li,Fe,Os;.
This result agrees with the XRD result, sug-
gesting that the predominant phase of the
iron oxide NPs is maghemite (y-Fe,O;). The
profound cathodic peak at 0.5 V corresponds
to the formation of a solid electrolyte inter-
face (SEI) and the complete reduction to
Fe(0). This peak disappears in subsequent
cycles and evolves into a peak at 0.73 V,
which is thought to be the reversible lithium
insertion and complete reduction of FeO to
Fe(0).>!31 The broad anodic peak at ~1.8 V
corresponds to the reversible oxidization of
Fe(0) to Fe(IlI). The reproducible cathodic
and anodic peaks at 0.73 V and 1.8 V, respectively, in the
second and third cycles agree well with the plateau voltages in
the galvanostatic charge-discharge curves at a current density
of 100 mA/g, with a cut-off potential window of 0.01-3.0 V
(Figure 4b). The composite electrodes deliver an initial dis-
charge capacity of 1586 mAh/g, with a reversible charge
capacity of 1117 mAh/g. The relatively low 29% irreversibility
can be attributed to the formation of SEI or the decomposi-
tion of electrolyte, which is quite common in lithium-ion bat-
tery electrodes.??2Y1 In the second cycle, the discharge and
charge capacities of 1224 mAh/g and 1110 mAh/g indicate
the high reversibility. The lithium storage capacity is more
than the theoretical value of iron oxide (~1007 mAh/g). This
enhanced storage capability occurs in some metal oxide nano-
structures.”>?7] Recent solid-state NMR study reveals that the
excessive lithium storage in metal oxides is due to the genera-
tion of LiOH and its subsequent reversible reaction with Li to
form Li,O and LiH.!?®!
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Figure 4. Electrochemical properties of GNR/Fe,O; composite anode electrodes. All of the capacities shown here are based on the weight of iron oxide
NPs. a) Cyclic voltammetry of the GNR/Fe,03-P composite anode. b) The first and second charge-discharge curves of the composite GNR/Fe,O;-P
anode. ¢) Comparison of the cyclability of GNR/Fe,O3-P, GNR/Fe,03-250, and GNR/Fe,03-300 at a rate of 0.2 A/g. d) Comparison of rate performance

of GNR/Fe,O;-P, GNR/Fe,05-250, and GNR/Fe,03-300.

To further characterize the lithium storage properties of
the composite electrodes with various annealing conditions,
capacity retention tests were performed at a current density of
0.2 A/g (Figure 4c). The as-prepared GNR/Fe,03-P electrodes
exhibited an initial discharge capacity of 1190 mAh/g that
increased to 1259 mAh/g after 26 cycles. Such capacity rise
could be due to transformation of the crystalline structure to an
amorphous-like structure during cycling, thus enhancing the
lithium insertion kinetics.*”! In the following cycles the capacity
was slowly decreased then stabilized at ~850 mAh/g after ~90
cycles. This stabilization can be attributed to the stably trans-
formed phase and structure of the host materials. Finally, the
capacity remained ~910 mAh/g after 134 cycles. However, when
annealed at elevated temperature, the initial capacity is not only
less than that in the as-prepared sample, but the capacity reten-
tion decays much faster. In the case of GNR/Fe,03-250, the ini-
tial capacity was ~1003 mAh/g and was at ~745 mAh/g after
128 cycles. The electrodes prepared with GNR/Fe;03-300 had
an initial capacity of 1291 mAh/g. However, the capacity quickly
decayed to ~400 mAh/g after 50 cycles. The decreased capacity
could be due to a number of reasons. The polycrystalline struc-
ture of the as-prepared Fe,0; NPs (y-Fe,03), containing cationic
vacancies, could enhance lithium storage kinetics.>'73% In
addition, the y-Fe,0; phase of iron oxide does not possess the
phase transition that o-Fe,O3 has during lithium insertion; this
phase transition induces irreversible lithium storage.”! As the
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annealing temperature increased, the concentration of a-Fe,04
in the composite increased, leading to irreversible lithium
storage. In addition, when annealed at 300 °C, GNR layers start
to oxidize, thus losing electrical conductivity. To investigate
the major contribution of the lithium storage capacity, control
experiments were performed. Figure S4 shows the capacity
retention of bare GNRs at a rate of 0.2 A/g. The low revers-
ible capacity of ~245 mAh/g from bare GNRs suggests that
the major contribution of lithium storage capacity is from iron
oxide NPs. To demonstrate the superior performance of the
GNR/Fe,0; composite, the cycling performance of Fe,O; NPs
without GNRs at a current density of 0.2 A/g was investigated
(Figure S5). The capacity quickly degraded to ~180 mAh/g
after 50 cycles, indicative of the important role of GNRs in the
cycling performance of the electrodes.

The rate capability is an important parameter in evaluating
the lithium storage performance of the electrodes. Here, the
GNRs/Fe,03; composites prepared using different annealing
conditions were investigated. Figure 4d compares the capacity
performance when applying current densities from 0.1 A to 2 A.
The representative cycling data at different current densities
are shown in Figure S6. The rate capacity strongly depends
on the annealing temperature. The GNR/Fe,03-P shows high
reversible capacity of 1201, 1123, 930, 740 and 544 mAh/g at
current densities of 0.1, 0.2, 0.5, 1 and 2 A/g, respectively. And
the GNR/Fe,03-250 exhibits only slightly smaller capacities at
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the same current densities, with a capacity of 520 mAh/g at a
current density of 2 A/g. Furthermore, the reversible capacity
for both GNR/Fe,0;-P and GNR/Fe;03-250 can be recovered
to the value close to the original value when the current den-
sity was returned to 0.1 A/g (Figure S6), indicative of the good
rate performance. However, when the annealing temperature
was increased to 300 °C, the rate performance was significantly
degraded. The sample of GNRs/Fe;03-300 shows a capacity of
only 68 mAh/g at the current density of 2 A/g.

3. Conclusion

A facile and scalable synthesis route to GNR/Fe,O; com-
posite was developed. The as-prepared composite anode mate-
rial for LIBs had a reversible capacity as high as 1190 mAh/g
and retained ~910 mAh/g after 134 cycles at a rate of 0.2 A/g.
In addition, the anode exhibited good rate performance of
544 mAh/g at a rate of 2 A/g. The unique structures of GNRs
with high electrical conductivity and the enhanced vacancy of
iron oxide NPs leads to excellent electrochemical performance.
It is also noteworthy that the annealing conditions of the com-
posite greatly impact the lithium storage performance. As the
annealing temperature increased to 300 °C, both the cycling
retention and rate capacity were significantly degraded. This
straightforward, accessible method for preparation of anode
materials for LIBs could pave the way to a new route for
achieving high-performance energy storage devices.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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