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ABSTRACT

We report the high capacity and rate capability of mesoporous Co 304 nanowire (NW) arrays as anodes in Li ion batteries. At a current of 1C,
the NW arrays maintain a capacity of 700 mAh/g after 20 discharge/charge cycles. When the current is increased to 50C, 50% of the capacity

can be retained. With their ease of large area synthesis and superior electrochemical properties, these Co 304 NW arrays will be interesting for
practical Li ion batteries.

Self-supported nanowire (NW) arrays growing directly on a previously reported approach was to attach them to metal
current-collecting substrate represent an attractive architectureNWs and form coreshell structure$® This will further

for Li ion battery electrodé=® The open space between increase the complexity of material processing and reduce
neighboring NWs allows for easy diffusion of electrolyte the specific capacity due to the additional weight of the metal
into the inner region of the electrode, resulting in reduced NWs.

internal resistance and improved high-power performance. |n this study, we utilized a mild template-free method for
Each NW has its own contact with the substrate at the |arge-area growth of self-supporteda NW arrays. CgOs
bottom. This can ensure every NW participates in the has been demonstrated to be a promising anode mafetal.
electrochemical reaction. Using NW arrays also saves theThe Nw arrays were synthesized by an ammonia-evapora-
tedious process of mixing active material with ancillary tjon-induced method modified from our previous repSrt.
materials such as carbon black and polymer. Moreover, NWs Specifically, 10 mmol Co(N§), and 5 mmol NHNO; were
share the same advantages as other nanostructured electrodggssolved in 15 mL of 30 wt % ammonia solution and 35
with r_]igh electrodeelec.trolyte contact area, fast™Lion mL of H,O. The homogeneous solution was magnetically
diffusion, and good strain accommodatfof. stirred for half an hour in air during which the original pink
Previously reported research on NW-array electrode hascojor gradually turned into black. This color change indicates
utilized the template-synthesis method. Martin and co- the oxidation from Cd{) to Co(lll) in solution by the uptake
workers have pioneered this method using porous membraneg;f oxygen. Then the solution was transferred to a covered
as the template and synthesized NW arrays made of carbonpetri dish and heated in an oven at@for 2 h. After that,
TiS,, LiMn20;, and LiFePQ. The electrode reactions involve 4 clean substrate such as a Ti foil fixed with a Teflon clamp
the insertion (or extraction) of Liions with the charge 55 introduced into the reaction solution. The solution was
compensated by the addition (or remoyal) of electrons. More paated for an additional 12 h at the same temperature for
recently, Taberna et al. extended the idea Deoperated o NW growth. Before battery testing, the NW arrays were

by the conversion reaction mechanishi which the metal  ye4ted at 256C for 2 h toremove the trapped and adsorbed
oxide (MOy) reacts with LT ions and forms metal nano- o

domains (I\ﬁ) dispersed in 14O matrix. High cqpacﬂy and The CaO, NW arrays have been successfully grown on
rate-capability have been demonstrated using these NW . . : .

. various substrates such as Si wafer, glass slide, Cu or Ti
arrays as electrodes. Despite these progresses, templat

synthesis is difficult to produce large-area NW arrays limited ]%"’ and polystyrene substrate. Here, we have chosen Ti foil

by the membrane template. Moreover, for electrode materials;Setgﬁ(;l?nned:f;lr?qir?i:bsséﬁiti)szcn%uzii;—;tlizr:/el?llj rrtizfrg\c/)?eto
with poor electric conductivity such as Ti&nd FgO,, the ' '

Ti does not alloy with metallic lithium at low voltage and
*To whom correspondence should be addressed. E-mail: wu@ ther_efore is a good current collector materlal_for battery
chemistry.ohio-state.edu. testing?® Figure 1a shows the photograph of a Ti foil coated
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Figure 1. Morphology and structural characterizations of the@adNW arrays. (a,b) Photographs of the 09 NW arrays on Ti foil (a)
and conductive plastic substrate (b); (c,d) SEM images aDgdIW arrays growing on Ti foil viewed from the top (c) and when tilted
by 4 (d). The inset of d shows the open tips of the NWs. (e) XRD patterns of standg@ gowder (bottom) and the as-prepareGp
nanowire arrays growing on Ti foil (top). The diffraction peaks can be indexed as spig®} €rclusively, and @) denotes diffraction
peaks from the Ti substrate. (f) HRTEM image of a;0pNW and the corresponding SAED pattern (inset).

with a layer of black NWs. We would also like to point out pattern (Figure 1f and inset). In average;2mg NWs are
that the NW arrays can grow on conductive plastic substrates.grown on 1 cm Ti foil.
The mild growth process does not damage the conductivity  Figure 2a is the voltage-capacity profile of the first two
of the substrate. As shown in Figure 1b, the substrate with discharge/charge Cyc|es of our N\W array Samp|e at a current
the NW coating can be easily bent without damage to the of 1C (1C is defined as one lithium per formula in an hour,
NWs, making them interesting for flexible batteri&s’ that is 111 mA/g for CgD,). During the first discharge, it
The structural characterization of the as-preparegDzo  exhibits a distinct plateau at 1.0 V versusALii° for 7.6
NW arrays on Ti foil is shown in Figure 1. Each NW is Li* uptake, followed by a gradual slope equivalent to another
about 500 nm in diameter and about A in length. They 1.9 Li* uptake. The total capacity for the first discharge
grow almost vertically from the substrate. The X-ray reaches 1124 mAh/g. Subsequent charge curve shows a large
diffraction (XRD) pattern of the NW arrays shows unusually voltage hysteresis, which is a signature of conversion reaction
strong (111) diffraction peak in comparison with that of the mechanisn¥:!* Only 859 mAh/g was recovered after the first
powders (Figure 1e top versus bottom), indicating the [111] full charge. To find out the origin of this capacity loss, we
growth direction of the NWs. The NWs are tubular with open have used XRD and TEM to investigate the compositional
tips (Figure 1d, inset). As shown in our previous regdrt, and structural changes at different stages of the electrochemi-
the CaO, NWs are single-crystalline and mesoporous, cal reaction. When the cell was completely discharged, the
resulting from the topotactic transformation from Co(QH) diffraction peaks of CgD, disappeared in the XRD pattern.
to Co;0,4 during the growth process. The average pore size A peak at 32.6 and a broad weak peak at 42 &ppeared
is 3.3 nm. The single-crystalline nature of the NWs is shown instead, assigned to 40 (111) and Co (111), respectively,
in the high-resolution transmission electron microscopy (Figure 2b, middle). This is consistent with the conversion
(HRTEM) and the selected area electron diffraction (SAED) reaction mechanism in which @0, is reduced, forming
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Figure 2. (a) The charge/discharge curve of g NW arrays for the first 2 cycles at 1C. (b) XRD patterns of as-prepared sample
(bottom), discharged sample (middle), and recharged sample (@plefotes diffraction peaks from the Ti substrate. (c) SEM image of
discharged NW arrays with polymeric film on the top. (d,e) TEM images of discharged sample. The lattice fringes in (€) match the structure
of metallic Co. (f) SEM image of recharged NW arrays. (g,h) TEM images of recharged sample. The lattice fringes in (j-@a@h

metallic Co nanodomains embedded in theQ.imatrix!* chemical reactivity of CgDs powderst*1722 Despite the
The scanning electron microscopy (SEM) image of the compositional transformation, it is important to observe that
discharged sample shows that the NW morphology is the NW arrays maintained their structure integrity after
preserved except that the top of the arrays are coated withcharging the cell back as shown in the SEM image (Figure
polymeric films (Figure 2c). The organic nature of this film 2f). Our subsequent investigation has demonstrated that the
was verified by the Fourier transform IR (FTIR) transmission NW arrays can survive tens of cycles with only slight
spectrum (see Supporting Information, Figure SI-1). Laruelle deformation like bending due to the pressure applied by the
et al. proposed that the polymeric films result from the counter electrode during testing (see Supporting Information,
catalytically enhanced electrolyte reduction at low poteftial. SI-2). Retaining the structure integrity is a key factor to
TEM characterization reveals the formation of nanosized ensure the cycleability of our material. It is also noteworthy
metallic Co grains (dark regions in Figure 2d, domain size that the polymeric films were dissolved upon being charged
~3 nm). The lattice fringes in HRTEM match with the back. This reversible formation/dissolution process of the
structure of cobalt (Figure 2e). The small grain size explains polymeric film is consistent with a previous report by
the broad and weak Co peak observed in the XRD pattern.Laruelle?! TEM analysis reveals that the NWs after the first
When charging the cell back to 3.0 V, we observed that cycle are nanotextured, and the lattice fringes match the
the broad and weak Co peak vanished in the XRD pattern, structure of 3-CoO. Through the above results, we can
but no CgO, peaks reappeared. Instead, a weak peak at 34.2 conclude that the NW arrays can maintain their structural
appeared that can be assigne@1600 (111) planes. These integrity during the first electrochemical cycle with trans-
results indicate thgi-CoO is the recovered species after the formation of composition from the initial G&, to Co and
first full electrochemical cycle. The loss of 2 Li per &, then toS-CoO.
formula due to this CsD, — CoO transformation is the main After the first discharge/charge cycle, the subsequent
cause of the large capacity loss during the first cycle. This cycles showed high reversibility. The NW arrays maintain
is consistent with several previous reports on the electro- a stable capacity at 700 mAh/g after 20 cycles (Figure 3a,
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Figure 3. Measurements of capacity and rate capability. (a) Specific capacity of %@, G arrays on Ti foil (red), non-self-supported

NWs (magenta), and commercial powders (blue) as a function of the cycle number. For each set of data, the upper curve is for discharge
and the lower curve is for charge. (b) Charge/discharge curves of the NW arrays at various current rates from 1 to 50C. (c) Capacity
retention percentage of the NW arrays (red), broken NWs (magenta), and powders (blue) as a function of the current rate based on the
discharge capacity during the second cycle. (d) Specific capacity of the NW arrays at 20C (violet) and 50C (orange) as a function of the
cycle number.

top curve). For the purpose of comparison, we have prepared We have also tested the performance of NW arrays at
two other samples made of non-self-supported NWs and higher currents varied from 2 to 50C (Figure 3b), because
commercial powders, respectively, mixed with carbon black the rate capability is an important parameter for many
and polymer binder (see Supporting Information). Under the applications of batteries such as electric vehicles and portable
same condition, commercial powders give a poor capacity power tools, which require fast discharge and/or charge rate.
of 80 mAh/g and non-self-supported NWs only have a If we compare the discharge capacity of the second cycle at
moderate 350 mAh/g after 20 cycles (Figure 3a, bottom and various currents, the NW arrays can retain 85% capacity at
middle curves, respectively). Carbon is the anode material 8C, 69% at 20C, and 50% at 50C relative to the capacity at
used in commercial Li ion batteries and can be considered1C (Figure 3c, top curve). In contrast, the capacity of non-
as the benchmark anode material. The theoretical capacityself-supported NWs or powders decays much more sharply
is 372 mAh/g for graphite. Therefore, the £a NW array with the increase of current (Figure 3c, middle and bottom
reported here shows a capacity close to twice of the graph-curves). For example, the powder sample has only 8%
ite. In previous literature references, there are only a few retention at 8C. Moreover, the NW arrays show good
papers about free-standing NW array anodes prepared bycycleability at high currents. Figure 3d shows the specific
the cumbersome template-synthesis method, including thecapacity of the first 20 cycles at 20 and 50C. After 20 cycles,
carbon nanotube membrane (490 mAH/dhe SnQ NW the NW arrays can still maintain a capacity of 450 mAh/g
arrays (700 mAh/g)? and the FgD,/Cu composite NW at 20C and 240 mAh/g at 50C. The rate capability of our
arrays (800 mAh/g)? In addition, there are papers about NW arrays surpasses most previously published results on
random nanowire/nanotube anodes, such as multiwall carbonC0;0,4.1112143031The only comparable report is from Nam
nanotubes (320 mAh/d§,TiO, (305 mAh/g)?* SnQ; (~400 et al. using Cg04,—Au hybrid NWs synthesized by the
mAh/g)?® Co;04 (~500 mAh/g)?¢ CuO (~500 mAh/g)?” genetically engineered virus-templating metiod.

Fe0s (510 mAh/g)?® and MoQ (150 mAh/g)?° By com- We believe the high capacity and rate capability of the
parison, it is easy to tell that our g0, NW arrays show NW arrays come from the unique hierarchical architecture.
one of the best capacities among the reported NW anodeFirst, the NW array configuration can ensure that every NW
materials. participates in the electrochemical reaction, because every
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thin film electrodes that had been directly coated on con-
ducting substrates without ancillary materi&ig?

In summary, self-supported g0, NW arrays growing on
Ti foil have been tested as the anode for lithium ion batteries.

—= > A mild template-free method has been developed for large-
= Co0, area NW growth, and the resulting NW arrays can be directly

m Co used for batteries without adding any ancillary materials. The

Li,0 NW arrays have shown high capacity, good cycleability and

high rate capability. We believe that their outstanding
performance comes from the unique hierarchical architecture
Figure 4. Schematic illustration of the electrochemical reduction Of the mesoporous NWs. With their ease of fabrication and

of Cos04 NW, starting from the NW root region and then gradually good performance, these NW arrays will hold promise in
propagating through the NW. The formed Co nanodomains are practical Li ion batteries.
interconnected.
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space between neighboring NWs allows for easy diffusion

of the electrolyte. This feature is particularly helpful for high  Supporting Information Available: The details of NW
power applications when the battery is charged or dischargedsynthesis, characterization and battery measurements, FTIR
at high current. Third, the NWs in this study are mesoporous spectrum of the completely discharged sample, and SEM
with an average pore size of 3.3 nm and a BET surface areaimage of the NW array electrode after 20 cycles. This
of 73.5 nt/g as shown in our previous investigati&hThe material is available free of charge via the Internet at http://
porosity will enhance the electrolyte/¢fy contact area,  pubs.acs.org.
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