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Among the candidates for cathode materials in lithium-based
batteries, the olivine-structured LiFePO,, as first proposed by
Goodenough and co-workers in 1997, has attracted much
interest owing to its significant advantages, including high
theoretical capacity (170 mAhg™'), acceptable operating
voltage (3.4V vs. Li*/Li), environmental benignity, high
safety, and low cost.>”

Notwithstanding the numerous advantages, the main
weakness of LiFePO, is its intrinsically sluggish mass and
charge transport,® % which was demonstrated by recent work
on LiFePO, single crystals."**l Therefore intensive attempts
have been made to overcome its ionic and electronic transport
limitations, for example, by doping.*'® Owing to the
opposite charge of the ionic (V) and electronic carriers
(h), the effect of doping on chemical transport is not expected
to be of massive impact.'¥ Rather, reduction of the effective
transport length!'**?!1 as well as assembly of clever con-
ductive networks is more promising. For that purpose, coating
of the LiFePO, particles with electronically conductive
materials such as carbon,”? silver,””! or polymers®
proved successful. Furthermore, particle coating by an ioni-
cally conducting glass®! or by highly mixed conducting
RuO,”” has been reported to be beneficial.

Besides network formation, morphology and shape of
LiFePO, itself is a key issue. Numerous studies have inves-
tigated the development of synthetic methods to prepare
nanometer-sized LiFePO, of different morphologies (e.g.
spherical nanoparticles,'**! nanoplates,*” nanoporous mate-
rials,®™ and nanowires™¥) and identified the most favorable
ones in terms of performance.

Among the wide range of morphologies, nanowires are in
principle promising, as they offer a better percolation
behavior than particles.® However, to date there are only a
few reports on the synthesis of LiFePO, nanowires: a hard
template method was used by Lim et al.,®¥ which is rather
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complicated since it includes postsynthesis treatment with HF
or NaOH, which can dissolve or chemically react with
LiFePO,™ After synthesis, bundles of nanowires are
obtained, and each wire is formed by agglomeration of
individual particles.®"

Another method is electrospinning, which is an inexpen-
sive, simple, and versatile technique to obtain nanofibers?*3"!
of different materials, such as polymers,®®! ceramic metal
oxides,*! or metals.*) Depending on the individual exper-
imental setup, a variety of porous, hollow, amorphous, and
polycrystalline nanowires can be prepared.”**! In contrast,
single-crystalline nanowires produced by electrospinning are
quite rare.[*4]

Recently, Hosono etal. synthesized -carbon-coated
LiFePO, nanowires as well as triaxial LiFePO, nanowires
with a carbon nanotube core and a carbon shell by the
electrospinning method.™! The thickness of the LiFePO,
nanowires (more than 500 nm up to 1pum in diameter)
constrains their performance, and much thinner nanowires
are needed for practical use in lithium batteries.

Herein we report on in situ carbon-coated LiFePO,
nanowires with diameters of around 100 nm produced by
electrospinning. These nanowires are single-crystalline and
show good electrochemical performance.

An aqueous precursor solution containing LiH,PO,, Fe-
(NO3);, and poly(ethylene oxide) was used for the electro-
spinning process. Figure 1a displays a schematic illustration of

a) © Fe(NOs):
@ LiH:PO4
PEO

"m Single-Crystalline
LiFePOs Nanowires

&
Ar/H:

Figure 1. a) Schematic illustration of the electrospinning process. SEM
images of b) as-prepared nanowires and c¢) SCNW-LFP heated at
600°C for 2 h.
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the typical electrospinning setup. Long and continuous nano-
wires of fibrous morphology were obtained with thin and
uniform diameters of about 100 nm, as shown by scanning
electron microscopy (SEM; Figure 1b). Heating these as-
prepared nanowires at 600°C for 2h in H, (5vol%)/Ar
(95 vol %) atmosphere leads to decomposition of the polymer
and the formation of carbon-coated LiFePO, nanowires with
the same diameter (ca. 100 nm, Figure 1c¢). X-ray diffraction
(XRD) analysis reveals crystalline, single-phase LiFePO,
without detectable impurity phases (all peaks could be
indexed according to ICDD card No. 01-081-1173, see the
Supporting Information, Figure S1). Energy-dispersive X-ray
(EDX) spectroscopy (Supporting Information, Figure S2)
and transmission electron microscopy (TEM; Figure 2) con-

Figure 2. a) Overview TEM micrograph showing nanowires with a
diameter of around 100 nm. b) Corresponding high-resolution (HR)
TEM image from the marked region, inset: SAED pattern, region of
500 nm in diameter. The SAED pattern demonstrates that the growth
direction is along the ¢ axis (space group Pnma). c) TEM image of
SCNW-LFP after 25 charge—discharge cycles. d) Corresponding
HRTEM image from the marked region showing that the single-
crystalline structure is maintained. Inset: SAED pattern, region of
500 nm in diameter.

firm the presence of carbon, the content of which amounts to
6 wt %, as detected by elemental analysis.

The LiFePO, nanowires (denoted as SCNW-LFP) are
uniform (Figure 2a) and single-crystalline, with the growth
direction along the c axis (in the space group Pnma; Fig-
ure 2b). A preferred growth along the caxis was also
observed for platelike LiFePO,*! and thumblike LiMPO,
(M=Mn, Fe, Co, Ni)*! nanocrystals. However, the main
growth direction of large single crystals obtained by optical
floating zone growth was along the b axis.*! With the
maximum diameter of the selected-area aperture being
500 nm, selected area electron diffraction (SAED) allowed
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us to acquire a pattern over the whole diameter of a single
nanowire. It demonstrates entire single-crystallinity of the
nanowire, as well as growth of the nanowire along the
¢ direction (Figure 2b, inset). Note that inorganic nanowires
produced by the electrospinning technique are usually
polycrystalline. Only recently were single-crystalline metal
oxide nanowires reported (V,0s*! and Nb,O4!), and to our
knowledge, there are no reports about single-crystalline
nanowires of multielement materials such as LiFePO, pre-
pared by this method. Even after repeated Li extraction and
insertion during battery cycling, SCNW-LFP remains single-
crystalline (Figure 2c,d).

The growth of SCNW-LFP along the c axis (Figure 2b)
leads to short transport pathways along the b and a directions.
As ion and electron transport along the b direction is much
faster than for the a direction,'**= rapid lithium diffusion,
namely along the b axis, is expected. (Whether or not
transport in the b direction is perceptibly faster than along
the c axis seems to depend on the degree of Li/Fe antisite
disorder.F") Together with the well-ordered single-crystalline
structure of the nanowires, this situation promotes fast Li
insertion and extraction.”"

Each nanowire is coated with an amorphous carbon layer
of 2-5 nm thickness (Figure 2b), which suppresses aggrega-
tion®>" and is thin enough not to block Li transport.
Individual SCNW-LFP nanowires are loosely connected
with each other to form a three-dimensional network. Both
the uniform carbon layer and the 3D connection ensure a
continuous electronically conductive network, which together
with the liquid electrolyte provides fast Li transport.

The electrochemical performance of SCNW-LFP is illus-
trated in Figure 3. Usually, 20 % conductive carbon (Super-P)
was used to prepare the electrode. For comparison, the rate
capability of an electrode containing only 10% carbon is
shown as well (Figure 3c,e). The cyclic voltammetry curve of
the initial cycle reveals redox peaks centered at 3.52 (anodic
peak) and 3.35V (cathodic peak) and additionally a small
shoulder™>% in the voltage range between 3.5 and 4.3 V.
However, the shoulder gradually disappears in the subse-
quent cycles. The redox peaks correspond to Li* extraction
and insertion from the LiFePO, framework, respectively.

The unique structure of SCNW-LFP results in fair
discharge capacities and rate performance, for example, 169
(0.1 C), 162 (0.5 C), 150 (1 C), 114 (5 C), 93 mAhg™' (10 C) at
room temperature (Figure 3b). Note that the capacity at 0.1 C
is close to the theoretical one of 170 mAhg™'. Furthermore,
SCNW-LFP exhibits excellent rate capability (Figure 3 ¢) and
capacity retention (Figure 3d). For instance, as much as
146 mAhg™" can still be obtained after 100 cycles at 1 C
discharge rate, which is 86% of the theoretical capacity
(Figure 3d). During cycling, the morphology of SCNW-LFP is
maintained (Figure 2¢,d), thus promoting a good capacity
retention. SCNW-LFP electrodes containing only 10 % addi-
tional conductive carbon show a capacity drop of only 15-
20mAhg™' compared to electrodes with 20% of carbon at
each C rate, even at the highest rate of 10 C (Figure 3c¢). For
comparison, commercially available LiFePO, (1 wt % carbon
content) is shown to exhibit in general worse performance
than SCNW-LFP (Figure 3c). The performance loss of
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low Crate (0.5C), SCNW-
LFP with both 10 and 20%
additional conductive carbon
delivers almost the theoretical
capacity (170mAhg™'), and
even at 10 C, capacity values
of 134 (20% carbon) and
123mAhg™ (10% carbon)
were still obtained (Fig-
ure 3e). Furthermore,
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SCNW-LFP shows excellent
cycling stability at elevated
temperature (Figure 3d). For
instance, almost the theoret-
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for the carbon-coated
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Hosono et al. also produced
by electrospinning. Even their
triaxial LiFePO, nanowires
with a carbon nanotube core,
which improves the conduc-
tive network as well as the
performance, show lower dis-
charge capacities (160
(0.06 C), 130 (0.6 C),
80mAhg™? (6C)*! than
SCNW-LFP, which we attri-
bute to the smaller thickness
| and well-ordered structure of
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Figure 3. a) Cyclic voltammetry of SCNW-LFP, scan rate 0.1 mVs™". b) Charge and discharge profiles of
SCNW-LFP at different C rates. c) Rate performance of SCNW-LFP and commercial LiFePO, with 10 and
20% additional conductive carbon. d) Cycling stability of SCNW-LFP at 1 C rate at room temperature and at
60°C. ) Rate performance of SCNW-LFP with 10 and 20% additional conductive carbon at 60°C.

commercial LiFePO, with 10 % conductive carbon instead of
20% is much more severe than for SCNW-LFP, and at 10 C
rate, the capacity becomes negligible (Figure 3¢). The results
show very clearly that in case of SCNW-LFP the amount of
additional conductive carbon is of less impact on the
performance than for the commercial carbon-coated
LiFePO, particles. Therefore we think that in our nanowires
an effective electronic wiring by the carbon coating of the
active material is provided. However, as demonstrated by
cyclic voltammetry, polarization of the SCNW-LFP electrode
increases with decreasing carbon content as expected, owing
to the reduction of electronic pathways to the current
collector (Supporting Information, Figure S3).

We also examined the effect of elevated operating
temperature on the electrochemical performance of SCNW-
LFP. In general, the discharge capacity of the electrode
increases at 60°C owing to improved kinetics. At a relatively
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our nanowires. (Our compar-
ison is based on the reported
discharge capacities, whereas
parameters such as electrode
thickness and loading were
not given in the report by
Hosono etal.®! Note that
these parameters can largely effect the battery performance.)
Similar electrochemical behavior was observed in selected
carbon-coated nanoparticles of 100 nm diameter™ for which
decisive parameters such as carbon content, thickness of the
carbon layer, and transport lengths are comparable to our
SCNW-LFP. However, the overpotentials of oxidation and
reduction as derived from cyclic voltammetry are significantly
higher for the nanoparticles (AV~0.9 V&) than for SCNW-
LFP (AV=0.23V, Figure 3a and Supporting Information,
Figure S3).

In general, comparisons of LiFePO, electrodes are
difficult, since parameters such as electrode thickness, load-
ing, or carbon and electrode microstructure are not always
reported or known. Beside a varying carbon content, these
parameters influence the battery performance./®*®!

Future work will focus on optimizing the electrospinning
process to obtain nanowires with diameters of less than 50 nm

Angew. Chem. Int. Ed. 201, 50, 6278 —6282
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as well as nanoporous fibers with high surface area to further
increase their performance.

In summary, we report on single-crystalline carbon-coated
LiFePO, nanowires synthesized by the -electrospinning
method. These nanowires not only differ from reported
analogues in crystallinity, but they are also substantially
thinner. The nanowires grow along the ¢ direction and feature
a uniform and continuous carbon coating of moderate
thickness. In this way, an efficient conductive network is
formed, with very short diffusion lengths along the b axis
leading to very good rate performance and cycling capability.

Experimental Section

Synthesis: LiH,PO, (0.63 g, 6.1 mmol, Aldrich, >99%) and Fe-
(NO5);9H,0 (2.42 g, 6 mmol, Aldrich, >99.99 %) were dissolved in
water (30mL, 6=02pScm™'), and poly(ethylene oxide) (0.6 g,
Aldrich, M,=600000, CAS: 25322-68-3) was added. The resultant
precursor solution was poured into a syringe connected to a blunt
cannula of 1.6 mm in diameter. The flow rate was approximately
10 uLmin"!, and a grounded stainless steel plate was placed 15 cm
below the spinneret to collect the nanowires (Figure 1a). A high
voltage of 15 kV was applied by a high-voltage power supply (Model
HCE35-35000, FUG DC power source, Germany). The as-collected
electrospun fibers were calcined in an Al,Oj; crucible in a tube furnace
at 600°C for 2 h under H, (5vol%)/Ar (95 vol%) atmosphere to
obtain SCNW-LFP (heating rate 2°Cmin~’, cooling rate 5°Cmin™").
Commercial carbon-coated LiFePO, (particle size around 200 nm,
carbon content about 1 wt % ) was purchased from Advanced Lithium
Electrochemistry Co., Ltd, Taiwan.

Structural and electrochemical characterization: XRD measure-
ments were carried out with a Philips PW 3020 diffractometer using
Cug, radiation. SEM was performed using a JEOL 6300F microscope
operated at 5keV. HRTEM and SAED were performed using a
JEOL 2010F transmission electron microscope operated at 200 ke V.
The interpretable resolution defined by the contrast transfer function
of the objective lens is 0.19 nm. EDX analysis was carried out using an
Oxford system attached to a JEOL 2010F microscope. Carbon
content was measured by combusting the material in a stream of
oxygen with subsequent IR spectroscopic detection of the evolved
CO,.

SCNW-LFP or the commercial carbon-coated LiFePO, (70
(80) wt. %), carbon black (20 (10) wt.%, Super-P, Timcal), and
poly(vinylidene fluoride) binder (10 wt. %, Aldrich) in N-methylpyr-
rolidone were mixed into a homogeneous slurry (grounding with
mortar and pestle for 10 min and subsequent magnetic stirring
overnight in a closed beaker). The obtained slurry was pasted on Al
foil using the doctor blade technique and was then dried in a vacuum
oven for 12 h at 80°C. Finally, round disks of 1 cm in diameter were
cut; the loading of each was approximately 1.3 mgem ™2 with an
electrode thickness of around 50 um. Electrochemical test cells
(Swagelok-type) were assembled in an argon-filled glove box (O, <
0.1 ppm, H,0O <3 ppm) with the coated Al disk as working electrode,
lithium metal foil as the counter and reference electrode, and 1m
solution of LiPFy in a 1:1 vol/vol mixture of ethylene carbonate and
diethyl carbonate as the electrolyte (Novolyte technologies). Celgard
2400 film was used as separator. The batteries were charged and
discharged galvanostatically in the fixed voltage window between 2.5
and 4.3 V on an Arbin MSTAT battery tester at room temperature
(charge and discharge rate were the same). Cyclic voltammetry was
performed with a Voltalab system (D21V032, Radiometer Analytical
SAS, France) on Swagelok-type cells.
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