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ABSTRACT: A uniform Fe;O, sheath is magnetron sputtered
onto aligned carbon nanotube (CNT) scaffolds that are directly
drawn from CNT arrays. The Fe;O,—CNT composite
electrode, with the size of Fe;O, confined to 5—7 nm, exhibits
a high reversible capacity over 800 mAh g™ based on the total
electrode mass, remarkable capacity retention, as well as high
rate capability. The excellent performance is attributable to the
superior electrical conductivity of CNTs, the uniform loading
of Fe;0, sheath, and the structural retention of the composite
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anode on cycling. As Fe;O, is inexpensive and environmentally friendly, and the synthesis of Fe;O,—CNT is free of chemical
wastes, this composite anode material holds considerable promise for high-performance lithium ion batteries.
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aterials for electrodes of lithium ion batteries (LIBs)
have been intensely explored due to the demand of
renewable energy sources for a wide spectrum of applications,
from portable electronics to electrical vehicles (EVs).'™* To
this end, LIBs available in the market use graphite as the anode
material.>° Practical graphite anodes exhibit theoretical lithium
storage capacities of around 370 mAh g' with an end
compound of LiCq4 in terms of an intercalation mechanism.’®
Efforts to exceed this value have been a pivot in the research of
anode materials. As a matter of fact, other potential candidates
such as Si,””® Sn,”'° tin-based alloys,u’12 and metal oxides'**
with superior capacities have been considered for the next
generation of LIBs. Among these materials, Fe;O, is low-cost,
biocompatible, and environmentally friendly.">'® The problem
of Fe;0, is its poor conductivity, which results in rapid capacity
fading and poor calendar life. Nanostructured Fe;O, with
carbon coating”’18 or nanosized metal current collectors'®*°
has displayed high capacities close to its theoretical value of 924
mAh g~' via a conversion reaction. Another solution is to
introduce conductive agents such as carbon nanofibers,
graphene, and carbon nanotubes (CNTs) to make composite
electrodes, which demonstrated both high capacity and good
capacity retention.”’™>* Using CNT as a lithium storage
material is yet satisfactory because the graphene layers in CNTs
are closed so that the insertion of a lithium ion is energetically
forbidden even for a single-walled CNT.>>?% However, the
expectation to turn CNTs into conductive additives and
mechanical supports for novel anode materials has been
nourished in light of their high aspect ratios and proved
superior mechanical and electrical properties.
The challenge of making Fe;0,—CNT composite was the
synthesis and the precise control on dimensions of nano-
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particles.”” Most of successful synthesis was based on the wet
chemistry, where a strong dependence on reaction conditions
was required and chemical wastes were inevitably generated.
Nanomaterials can also be fabricated via dry methods such as
magnetron sputtering. With this method, uniform deposition of
nanosized carbides, nitrides, and oxides with low dimensionality
on a variety of substrates was reported.zg’29 However, attempts
of conformal coating on CNTs were always prohibited by the
small pore sizes of the CNT matrix. Instead, nanoflakes were
formed on the top of the CNT array substrate.>® To tackle this
issue, Au nanoparticles could be initially sputtered into a room
temperature ionic liquid and then self-assembled onto already
dispersed CNTs.*>' Although a narrow size distribution was
obtained, the problems remained as the low loading of
nanoparticles and inevitable dependence of expensive ionic
liquids.

To develop magnetron sputtering as a synthetic method-
ology for Fe;0,—CNT nanocomposite, the key issue is how to
completely disperse CNT's from dense CNT arrays or mats into
a self-sustained nanostructure. Indeed, drawing CNT films from
superaligned CNT (SACNT) arrays is considered as one of the
best approaches. Such SACNT films are composed of only one
layer of parallel CNTs, formed as a result of end-to-end joining
of CNT bundles.**** Previously, we have demonstrated that
SACNT films can be assembled in a cross-stacked fashion and
then exploited as conductive agents for SnO,>* or as current
collectors® for graphite anodes to demonstrate remarkable
improvements in the battery performance. In this work, a single
layer of the SACNT film was introduced into the magnetron
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sputtering chamber to allow the controllable growth of Fe;O,
via a spontaneous oxidation step. This attempt explicitly
resulted in a core—sheath structure as a consequence of the
conformal deposition of Fe;O, nanoparticles on the SACNT
film. In this approach, the ordered SACNT films drawn from
SACNT arrays possess three important functions. First, the
SACNT film is composed of segregated and aligned CNTs. A
single layer SACNT film can be regarded as an ideal structure
to achieve a homogeneous coating by magnetron sputtering
since each CNT is exposed. Second, the superior mechanical
property renders SACNTSs as an excellent flexible scaffold to
host and confine Fe;O, nanoparticles and thus avoid the
agglomeration of nanoparticles caused by the volumetric
change in the electrochemical reaction. Third, SACNTs can
also be utilized as a conducting additive and serve as a current
collector to improve the poor conductivity of nano-Fe;O,.
Therefore, the Fe;O,—SACNT composite fabricated by a one-
step DC magnetron sputtering is expected as a promising
anode material for LIBs with excellent reversible capacity, cyclic
stability, and rate capability.

The successful integration of CNT drawing and magnetron
sputtering was implemented in a lab-designed apparatus as
shown in Figure la. SACNT arrays on Si substrates were fixed

Figure 1. (a) Schematic illustration of the sputtering synthesis of
Fe;0,—SACNT composites. (b) A photograph taken in the
magnetron sputtering process. The black line in the middle indicates
the CNT film. (c) A photograph of the Cu cylinder wrapped with
CNTs after sputtering. (d) A photograph of a free-standing Fe;O,—
SACNT sample peeled off from the Cu cylinder.

on one end of the sputtering chamber. The sputtering was
carried out in Ar atmosphere. The chamber was first evacuated
to a dynamic vacuum of 2 X 1072 Pa for 15 min. Then Ar was
backfilled to 1 Pa. The SACNT film was pulled through two
opposite magnetron sputtering guns with Fe targets at a
separation of ca. 15 cm (Figure 1b). The magnetron sputtering
was performed at SO W (500 V and 100 mA). At the other end
of the chamber, the SACNT film was rolled on a Cu cylinder
(Figure 1c). The sample was then shrunk with ethanol and
taken off from the Cu cylinder. Due to the mechanical strength
of CNTs, the sample was self-sustained and can be arranged
into any sizes for further characterization. A typical photograph
of a 200-layer SACNT film after the deposition was shown in
Figure 1d. No further processes were applied. We note that all
parameters except for the spinning speed of the Cu cylinder
were fixed during the sample preparation step. The deposition
started as the SACNT film entered the region of sputtered
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plasma and stopped as soon as the film was drawn out.
Therefore, the speed of film drawing was the only variable to
adjust the thickness of the deposit. Hence, we arranged all
samples into four categories, Fe;O,—SACNT-1, Fe;0,—
SACNT-2, Fe;O,—SACNT-3, and Fe;O,—SACNT-6, where
the Arabic number denoted the drawing speed of films in cm
s

The formation of iron oxides might be due to the
spontaneous oxidation in the sputtering step. The reactive
sputtering method has been widely adopted to grow Fe;O, film
on SiO, substrates for magnetic applications.*® Unlike
established reactive sputtering methods, we did not intention-
ally introduce the O, into the reactor, but took advantage of the
oxygen impurity. In this work, this strategy directly led to the
formation of iron oxides. As shown in Figure 2a, Fe;O, was

(a)

—— Experiment
| Bragg peak positions for Fe,O,

20 40 60 80
20

(b)
m = Fe2p
!
I
!
[
]

704 706 708 710 712 714 716
B.E.(eV)

Figure 2. (a) An XRD pattern of Fe;O,—SACNT. Red lines are
calculated peak positions according to the crystal structure information
of Fe;0,. (b) Plot of a narrow scan of the Fe 2p;,, XPS spectrum.

identified as the major phase as almost all reflection peaks on
the X-ray diffraction (XRD) pattern agreed well with the
theoretical peak positions (magnetite, space group Fd3m, a =
0.8396 nm).*” The only exception occurs at ca. 26°,
corresponding to the reflection by the adjacent graphene layers
of CNTs. The analysis of X-ray photoelectron spectroscopy
(XPS) confirmed oxidation states of Fe (Figure 2b). The peak
position of Fe 2ps, at 711 eV corresponded to iron oxides.”®
Importantly, the absence of any XPS component at 707 eV,
corresponding to elementary Fe, indicated the complete
oxidation of Fe. Indeed, on a variety of bulk metals, the
exposure to oxygen always led to an oxide layer of several

dx.doi.org/10.1021/n13046409 | Nano Lett. 2013, 13, 818—823
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Figure 3. SEM images in (a) low magnification and (b) high magnification, and TEM images in (c) low magnification and (d) high magnification for

the precycle Fe;O,—CNT composite anode.
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Figure 4. (a) Statistical size distributions of Fe;O, particles deposited on CNTs at different film drawing speeds. Note that the size distribution
becomes narrower as the speed decreases. (b) Comparison between the average particle diameter and the mass fraction of Fe;0,. (c) Comparison
between the average particle diameter and the discharge capacity at 20th cycle, at different CNT film drawing speeds.

nanometers thick. In this sense, even if there were unreacted
sputtered Fe clusters with sizes comparable to the thickness of
the oxide layer, they would be oxidized completely as soon as
we opened the sputtering chamber. Thus, this one-step and
liquid-free procedure was effective to make Fe;O,—SACNT
composites, and no postannealing process was required.

The microstructures of such composites were analyzed with
scanning electron microscopy (SEM) and transmission electron
microscopy (TEM). Figure 3a showed an SEM image of the
top surface of a rolled 200-layer Fe;O,—SACNT-2 film after the
deposition. Almost all SACNTs were aligned. There were also
curved SACNTs in the sample. We note that this kind of
SACNTs will bridge those paralleled ones and facilitate the
electron transfer between layers. The diameter of the SACNT
bundles can be estimated as around 30 nm from high
magnification SEM images, in which the rough surface,
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corresponding to the Fe;O, deposition, was also appreciable
(Figure 3b). The variation in the diameter can be attributed to
the number of SACNTs in each of SACNT bundles. As an
ordered scaffold, the SACNT film not only hosted Fe;O,
nanoparticles but also regulated their growth. Note that the
Fe;0, coating only occurred on CNTs, leaving spaces between
SACNTs still available. These pores as shown in the SEM
images will enable the easy electrolyte infiltration. The analysis
of TEM images revealed that the Fe;O, sheath was actually
composed of discrete Fe;O, nanoparticles with diameters less
than 10 nm, which orderly arranged along each of SACNTSs
(Figure 3c,d). Only Fe, O, and C were found in the element
analysis (Figure S1). The TEM image clearly demonstrated the
complete dispersion of Fe;O,. The Fe;O, sheath only consisted
of one layer of Fe;O, nanoparticles, suggesting the preferential
growth on the SACNTs. In comparison with a typical TEM

dx.doi.org/10.1021/nl13046409 | Nano Lett. 2013, 13, 818—823
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Figure S. (a) Reversible specific capacity and (b) rate capability of Fe;O,—SACNT. Values based on the Fe;O, mass and the total anode mass are in
black and red colors, respectively. The empty black square in a illustrates the Coulombic efficiency. Inset in a: photograph of a Fe;O,—SACNT
electrode before sealed in a CR 2016 cell. (c and d) Postcycle SEM and TEM images. (e and f) Corresponding SEM and TEM images in high

magnifications, respectively.

image of a pristine SACNT (Figure S2), we only observed little
structural damage on the graphene layer of SACNT after the
sputtering process, indicating that the integrity of SACNT was
preserved. The diameters of Fe;O, particles were statistically
analyzed from the TEM images (Figure 4a). It turned out that
the average diameter and Fe;O, wt % were a function of the
speed of film drawing. Both the average size and the mass
fraction of Fe;O, increased as the speed of CNT drawing
decreased. For example, the Fe;O,—SACNT-1 samples
possessed the largest average diameter of Fe;O, of 10.8 nm
and a corresponding mass fraction of 74%, while the Fe;O,—
SACNT-6 samples showed the smallest diameter of 3.6 nm and
a mass fraction of 38% (Figure 4b). The size distribution of
Fe;0, also became narrower with slower CNT drawing speeds,
suggesting the growth of Fe;O, was more homogeneous.
Therefore, we conclude so far that this magnetron sputtering
method has led to a conformal and controllable coating of
Fe;0, on the CNT scaffold. In the Fe;O,—SACNT composite,
it is rational to expect that the continuous SACNT' will behave
as an ideal conductor to promote the electron transfer.

As the lithium storage of Fe;O, is accounted for by the
conversion reaction mechanism, the actual capacity and
reversibility would be affected by the size and the morphology
of the material. The galvanostatic tests in a voltage window of
0.1-3 V were performed in a 2016 coin-cell arrangement where
Li foils were always used as counter electrodes. Twenty
conditioning cycles at a current density of 0.09 A g~' were
applied to all cells to reach a Coulombic efficiency over 90%
before the following tests. The reversible capacity correlated
with the preparation condition. Figure 4c compiles the average
size of Fe;O, nanoparticles and the reversible capacity of all
kinds of Fe;O,—SACNT composites at various speeds of film
drawing. At the 20th cycle, Fe;O0,—SACNT-2 and Fe;0,—
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SACNT-3 samples showed high specific capacities of 1461 and
1312 mAh g™', respectively, based on the mass of Fe,O,
(Figure 4c). In contrast, Fe;0,—SACNT-1 displayed a fast
capacity fading and only delivered 919 mAh g™" after 20 cycles
(Figure S3). Even though Fe;0,—SACNT-6 also showed a
high specific capacity of 1470 mAh g™', we did not take it into
further consideration, as the mass fraction of Fe;O, is less than
40%.

Therefore, the evaluation of cycling and rate capability of
Fe;0,—SACNT composite anodes was narrowed to Fe;O,—
SACNT-2 and Fe;O,—SACNT-3 samples with mass fractions
of 50—60% and particle diameters of 5—7 nm. The character-
ization of cycling stability was performed at 0.1 A g~' (Figure
Sa) after the conditioning cycles (resulting in a kink in the
figure). The first discharge/charge capacities of a Fe;O,—
SACNT-2 sample in Figure Sa were 1814 mAh ¢! and 1117
mAh g™/, respectively. The poor Coulombic efficiency of only
61.6% for the first cycle is ubiquitous for electrochemical
reactions with lithium through a conversion reaction.”® From
the 10th cycle, the specific capacity kept increasing until the
80th cycle, at which a maximum was reached. We note that this
increase may stem from a reversible nanogel formation on the
Fe;0, particles that has been observed and reported in similar
systems.** After 80 cycles, the discharge capacity started to
decrease, and a high specific capacity of 1670 mAh g™" can still
be delivered at the 100th cycle. The Coulombic efliciency
increased to over 90% rapidly and then slowly increased to
95%, as shown in Figure Sa. In contrast to the Fe;0,—SACNT
electrodes, a Fe;O,—Super P electrode made with the
traditional slurry casting method only revealed a rapid capacity
fading and a poor capacity of 200 mAh g™" after 10 discharge/
charge cycles (Figure S4).

dx.doi.org/10.1021/nl3046409 | Nano Lett. 2013, 13, 818—823
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Since SACNTs account for ca. S0 wt % in Fe;O,—SACNT-2
and Fe;O,—SACNT-3 samples, it is more reasonable to
reevaluate the specific capacity based on the total mass of the
composite anodes. After such conversion, the specific capacity
for the above Fe;O,—SACNT-2 sample can still reach 836 mAh
g~! after 100 cycles. This value far outperformed graphite. For
high rate applications, the battery was discharged at 0.09 A g™*
but was charged at a variety of current densities with a stepwise
manner. As shown in Figure Sb, the specific capacity for a
Fe;0,—SACNT-3 sample can still reach 1250 mAh g™' or 716
mAh g_1 based on the total mass of the electrode, as the
charging current density increased to 0.9 A g™'. The feature of
capacity increasing disappeared at this current density. The
reversible specific capacity was investigated at current densities
up to 9 A g”', almost equivalent to 25 C of graphite electrodes
(1C =0.37 A g™* for graphite). At this high current density, the
Fe;0,—SACNT-3 sample can still deliver 340 mAh g™, or 194
mAh g~ based on the total mass. What we should emphasize is
the great reversibility and capacity retention. After such high
current density test, the reversible capacity can still recover to
1550 mAh g~ (or 885 mAh g™') at 0.09 A g™' and 923 mAh
g™ (or 529 mAh g7') at 1.8 A ¢! based on the mass of Fe;0,
(or total mass). A rough comparison indicated that the
reversible capacity obtained in the rate capability tests is better
than previously reported data, such as graphene-wrapped Fe;O,
that only delivered 520 mAh g™ at 1.75 A g™'.*' We note that
all of the Fe;0,—SACNT-2 and Fe;O0,—SACNT-3 samples
performed almost equally and hence briefly summarize that the
performance of Fe;O,—SACNT composite electrodes can be
optimized by the condition of synthesis due to its strong
correlation to the size of the Fe;O, nanoparticles.

The excellent rate capability could be attributed to the
nanosized Fe;O, particles and low resistance benefited from
SACNTs. The as-prepared Fe;O,—SACNT-2 and Fe;O,—
SACNT-3 with 200-layer SACNT films displayed resistances of
27.3 Q/sq and 26.8 €/sq, respectively. The postcycle values
remained almost unchanged. Further insights as to the effect of
SACNTSs on the electrochemical performance can be gained
from postcycle SEM and TEM images (Figure S). There is no
significant difference between precycle and postcycle SEM
images at low magnifications (Figure Sc), revealing that the
porous structure was highly preserved (Figure Se). However, as
shown in the TEM images, the microscopic morphology of
Fe;0, sheath was varied. In contrast to Figure 2d, the boundary
between Fe;0, particles after cycling was smeared out (Figure
5f). We attribute this observation of the structural change to the
reduction of Fe;O, into Fe and Li,O in the lithiation process
and the oxidation of Fe in the delithiation process. The
thickness of the Fe;O, sheath became slightly thicker in
comparison with that of the precycle samples. Nevertheless, the
porous structure and the flexibility of SACNTs would cushion
this volumetric change. As a result, little cracks on Fe;O, sheath
were observed in the high magnification images (Figure Sf).
Accordingly, the Fe;O,—CNT composite has exhibited
advantages in reversible capacity, capacity retention, and rate
capability for rechargeable LIBs.

Finally, the magnitudes of reversible specific capacity of
Fe;0,—SACNT will be discussed. In theory, Fe;O, can uptake
8 Li* per chemical formula and result in a reversible capacity of
924 mAh g_l, as suggested in the following reaction equation,

Fe,O, + 8Li" + 8¢~ « — 4Li,O + 3Fe
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The Fe;0,—SACNT composite anodes always showed
capacities higher than this theoretical value. One possibility is
the contribution from the SACNT matrix. Chemically or
mechanically modified CNTs were reported to have reversible
capacities exceeding 1000 mAh g~'.** However, after the Fe;O,
coating was dissolved in HC], the bare SACNT only showed
reversible capacities of 200 mAh g~', with good capacity
retention for at least 80 cycles (Figure SS). The surface of
SACNT may be affected by the collision of high energy
sputtered atoms, but this mild functionalization is still incapable
to remarkably enhance the reversible capacity of SACNT.
Another possibility may lie in the interfacial Li storage in the
nanomaterial. Extra storage capacity can be achieved by under
potential deposition such as a Li monolayer bonded on the
surface, reaction with electrolyte, or a charge separation at the
SEI or phase boundaries.*> These interfacial effects somehow
disappeared when Fe;O, was dissolved and therefore were not
observed in the sole SACNT. Actually, the origin of extra
storage capacity has been investigated both experimentally and
theoretically.** *® The investigation and the utilization of
interfacial storage in nanomaterial would be an interesting topic
for the ongoing research.

In conclusion, we have integrated CNT film drawing and
magnetron sputtering toward a one-step synthetic approach of
Fe;0,—CNT composites. Electron microscopy studies reveal
that this is a simple but effective fabrication method to achieve
a uniform coating of metal oxides with controllable sizes and
mass fractions. The ordered SACNT scaffold manifests itself as
an excellent structure to host electrode materials for LIB
applications. The free-standing Fe;O,—CNT composite is a
promising anode material with superior specific capacities over
800 mAh g~! based on the total electrode mass as well as
excellent rate capabilities. The high overall specific capacity
results from the removal of binder and metal current collectors.
Furthermore, this sputtering synthesis can be expected to
interface with available industrial production methods such as
the roll-to-roll process in a large scale, and its potential
applications to other transition metal oxides could be
envisaged.
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