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ABSTRACT We report the single nanowire electrode devices designed as a unique platform for in situ probing the intrinsic
reason for electrode capacity fading in Li ion based energy storage devices. In this device, a single vanadium oxide nanowire
or single Si/a-Si core/shell nanowire was used as working electrode, and electrical transport of the single nanowire was recorded
in situ to detect the evolution of the nanowire during charging and discharging. Along with lithium ion intercalation by shallow
discharge, the vanadium oxide nanowire conductance was decreased over 2 orders. The conductance change can be restored
to previous scale upon lithium ion deintercalation with shallow charge. However, when the nanowire was deeply discharged,
the conductance dropped over 5 orders, indicating that permanent structure change happens when too many lithium ions were
intercalated into the vanadium oxide layered structures. Different from vanadium oxide, the conductance of a single Si/a-Si
core/shell nanowire monotonously decreased along with the electrochemical test, which agrees with Raman mapping of single
Si/a-Si nanowire at different charge/discharge states, indicating permanent structure change after lithium ion insertion and
extraction. Our present work provides the direct relationship between electrical transport, structure, and electrochemical
properties of a single nanowire electrode, which will be a promising and straightforward way for nanoscale battery diagnosis.
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athode and anode materials with high specific capacity are critical for high-energy lithium ion batteries
with more and more extensive applications.1,2 As the
two material systems with the highest theoretical capacities,1
vanadium oxide based materials for cathodes or silicon for
anodes are among the most promising materials for lithium
ion storage. Unfortunately, they have long suffered from
serious capacity fading issues upon cycling, which limits
their commercialization.2-5
Recently, nanostructured materials, especially nanowires,
have attracted increasing interest and have been used in
many energy related fields because of their unusual mechanical, electrical, optical, and piezoelectric properties
endowed by confining the dimensions of such materials and
because of the combination of bulk and surface properties
to the overall behavior.6-10 Among them, vanadium oxide
and silicon nanowire electrode materials have attracted
increasing interest because they can offer a range of unique
advantages over their traditional counterparts.6,11-18 Cui
and co-workers have developed an electrode platform that
uses silicon nanowires adhered to the current collector to
accommodate the large volume change and to avoid capacity loss during cycling due to the decrepitation.6,11-15 Whittingham and co-workers have studied the evolution of the
cycling ability of V2O5 with morphology changing from
micro- to nanocrystalline and found that the capacity and

cycling stability of V2O5 nanorods are obviously superior to
that of micro-V2O5.16
Single nanostructure devices have been exploited to
demonstrate a powerful diagnostic tool, which allows for the
direct correlation of the electrochemical property with the
structure on the same nanoscale particle.19 Until now,
however, the fundamental mechanisms of capacity fading
and the direct relationship between electrical transport,
structure and electrochemistry of vanadium oxide and
silicon nanowire electrode materials, remain largely unexplored. This limitation is particularly critical for the development and optimization of high-energy density Li ion battery
electrode materials. In the present work, we report fabrication of the smallest all-solid electrical energy storage devices
using a simple design with just one nanowire. We will take
it as a unique platform for in situ probing the direct correlation of electrical transport, structure, and electrochemistry
to push the fundamental limits of the nanowire materials for
energy storage applications.
We have employed a simple yet reliable design as schematically shown in Figure 1. It contains just one nanowire
as either cathode or anode and uses classical materials for
counter electrodes and electrolytes. No binders or conductive carbon additives were introduced into the systems. The
design is also very effective in that it can provide insights
on the intrinsic reason for electrode capacity fading which
traditional battery test strategies cannot offer. Single nanostructure transport study can be combined with an electrode
electrochemical performance test so that the relationship
between electrode material composition, structure, transport
properties, charge/discharge status, and electrochemical
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FIGURE 1. Schematic diagram of a single nanowire electrode device design. A single vanadium oxide nanowire or Si nanowire is the work
electrode, and HOPG or LiCoO2 nanofilm is the counter electrode. The electrolyte is the PEO-LiClO4-PC-EC polymer.

FIGURE 2. Electrochemistry of single V3O7·H2O nanowire electrode device. (a) Cyclic voltammogram (C-V) of single vanadium oxide nanowire
from 1.0 to 3.5 V versus HOPG at 50 mV/s scan rate: black, control C-V using only Cr/Au pad against HOPG; red, C-V of a typical vanadium
oxide NW cathode/HOPG anode. Insets show the optical micrograph images of a typical HOPG (left) and a vanadium oxide nanowire (right)
device (scale bars are 5 µm). (b) Voltage profile of a single vanadium oxide nanowire cathode versus HOPG during charge and discharge
(charged at -150 pA and discharged at 50 pA).

We first dry transferred HOPG flakes onto a marked substrate and then deposit vanadium oxide nanowires onto the
region close to the HOPG flakes followed by current collector
patterning with e-beam lithography and deposition of Cr/
Au (10/100 nm) and Si3N4 layer (300 nm) with thermal
evaporator and PECVD, respectively. Finally, a polymer
electrolyte was drop cast onto the marked region to finish up
the device fabrications. Compared to single vanadium oxide
nanowire, the HOPG flake has much larger surface area, on
which the influence is little during electrochemical test. Therefore, the electrochemical test data are controlled by the cathode
nanowire, and the polarization of HOPG anode can be neglected. The cyclic voltammogram (C-V) of the vanadium
oxide nanowire electrode is shown in Figure 2a together with
a control C-V between HOPG and blank passivated Cr/Au
current collectors without nanowire. It is clear that the typical
oxidation and reduction peaks were only observed with the
vanadium oxide nanowire electrode with current around four
to five times that of the control, indicating that lithium ion is
intercalating and deintercalating into the nanowire.
For a battery performance test, a galvanostat is often
employed to apply a constant current to charge or discharge
a battery and meanwhile monitor the voltage between the
working and reference electrodes. A high precision measurements setup can determine Coulombic efficiency accurately and provide insight on battery parasitic reactions
and are thus of importance for research and development
of Li-ion batteries.24b In our case, because the very small

performance can be studied at a single nanowire level to
reveal the intrinsic reason for fast capacity fading.
For a nanowire cathode study, vanadium oxide
(V3O7·H2O) nanowire was chosen as an example. Vanadium
oxide nanowires were successfully prepared by hydrothermal reaction20,21 using V2O5 sol.22 Briefly, 1.3 mmol of the
as-prepared V2O5 sol, 3.6 µL of aniline, and 0.04 g of
poly(ethylene glycol) (PEG) (Mw ) 4000) were mixed by
stirring and then transferred into a Telfon-lined stainless
steel autoclave and kept at 180 °C for 2 days. The products
were collected and washed repeatedly with distilled water,
and finally dried at 80 °C in air for 12 h. Figure S1 in the
Supporting Information shows structure characterization of
the as-prepared V3O7·H2O nanowires. The X-ray diffrection
(XRD) pattern of the as-synthesized products can be assigned
to the phase of V3O7·H2O orthorhombic structure, which is
in good agreement with JCPDS card 85-2401. The vanadium
oxide nanowires are with length of 10-45 µm and diameter
of 20-100 nm. Electrochemical tests demonstrated that
vanadium oxide nanowires have high initial discharge capacity of ∼400 mAh/g although they suffer from fast capacity fading after the first several cycle tests,23 a typical
behavior for vanadium oxide based cathode materials.
Our vanadium oxide nanowire electrode device was
configured with one nanowire as cathode, one flake of highly
ordered pyrolytic graphite (HOPG) as anode, and polymer
(poly(ethylene oxide) (PEO), LiClO4, propylene carbonate
(PC)/ethylene carbonate (EC) 20 mol %)24a as electrolytes.
© 2010 American Chemical Society
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FIGURE 3. Single vanadium oxide nanowire transport properties at
different charge/discharge states: (a) initial state; (b) after Li+ ion
intercalation (shallow discharge with 100 pA for 200 s); (c) after Li+
ion deintercalation (shallow charge with -100 pA for 200 s); (d) after
deep discharge with 100 pA for 400 s; (e) after deep charge with
-100 pA for 400 s.

current level (estimated at ∼tens of pica-amperes) and very
high internal impedance (estimated at ∼tens of gigaohms)
may be well beyond or close to the limits most galvanostats
can provide, we have assembled a setup for measurement
with a constant current source (Keithley 6220, with current
down to 100 fA) and an ultrahigh internal impedance
voltameter (Trek 800 Infinitron, with internal impedance
>1016 Ω) together with the probe station (Desert TTP4) by
BNC or triaxial cables. Figure 2b shows the voltage profile
of one charge/discharge cycle of a vanadium oxide nanowire
cathode versus HOPG anode. Along with charge using -150
pA, the cell voltage increases and is saturated at around 3.9
V. The voltage then dropped back with a sloping profile when
being discharged at 50 pA. The slope profile is an indication
that the cell has either a very high internal resistance or high
discharging rate.25
During battery charge or discharge, Li+ ions move out or
into the cathode materials, oxidizing or reducing it to different states. This process was usually studied ex situ after
disassembling the battery.6b So far, only in situ XRD26a or
NMR26b,c could provide some indirect hint on materials
structure changes during the battery test. Our single nanowire battery design provides a unique advantage to study
this in situ without disturbing the battery components.
Figure 3 shows the transport properties of the same single
nanowire at different charge/discharge status. Initially, the
© 2010 American Chemical Society

FIGURE 4. Single Si/a-Si core/shell nanowire electrode study. Optical
images of a typical Si/a-Si nanowire/LiCoO2 electrode device (a) and
control device (b) that has the same electrode design but without
Si/a-Si nanowires. Scale bar is 10 µm. Charge/discharge behavior and
equivalent circuits for each setup of (c) control with LiCoO2 electrode
verse blank passivated Cr/Au current collector and (d) LiCoO2
electrode verse single Si/a-Si nanowire electrode. The compliant
voltage for the constant current source is 10 V. (e) Transport property
evolution of Si/a-Si nanowire along with electrochemical test: red,
initial state/100; yellow, after first cycle; green, after 10 min, 400
pA charge; blue, after 10 min, -400 pA discharge.

vanadium oxide nanowire was highly conductive (Figure 3a),
agreeing with its original intact crystal structures. Along with
lithium ion intercalation by shallow discharge with 100 pA
for 200 s, the nanowire conductance was decreased over 2
orders (Figure 3b). The conductance change can be restored
to previous scale upon Li+ ion deintercalation with shallow
charge with -100 pA for 200 s (Figure 3c) indicating
reversible structure change. However, when the battery
device was deeply discharged with 100 pA for 400 s, the
nanowire conductance dropped over 5 orders (Figure 3d).
This change was permanent and could not be recovered
even after deep charging with -100 pA for 400 s, indicating
that permanent structure change happens when too many
lithium ions were intercalated into the vanadium oxide
layered structures. Here, the material electrical properties,
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crystal structure change, and electrochemical charge/discharge status are clearly correlated on the single nanowire
electrode platform.
For a silicon-based anode nanowire study, we are focusing on a Si/a-Si core/shell nanowire with the expectation that
the crystalline core will work as the conducting path while a
disordered a-Si structure can accommodate more strain than
ordered crystalline Si during Li diffusion in and out. The
counter cathode electrodes LiCoO2 thin films were deposited
onto the e-beam lithography patterned region by magnetron
sputtering with their position and spacing to the nanowire
precisely controlled (Figure 4a). The device fabrication was
carried out on a quartz substrate instead of silicon since we
hope to do some Raman characterization on silicon nanowire devices without worrying about the disturbance from
substrates. To single out the exact effect from the nanowire,
we also designed a control device (Figure 4b), for which
everything else is the same except that no nanowire was
used. The transport properties of both LiCoO2 cathode and
Si/a-Si nanowire anode were tested before and after applying
polymer electrolytes. Upon polymer electrolyte immersion,
the conductivity of a Si/a-Si nanowire decreased to onequarter as before (Figure S2a in the Supporting Information).
Conductivity of the LiCoO2 film is low compared to reported
data27 and might need further improvement in the future
(Figure S2b in the Supporting Information).
Si/a-Si nanowire anode performance was tested together
with careful control experiments. First, the control device
with LiCoO2 electrode verse blank passivated Cr/Au current
collector (Figure 4c) can be regarded as a RC circuit. The real

single nanowire anode device, as modeled in Figure 4d, can
be regarded as an ideal battery in parallel with a RC circuit.
A closer examination of parts c and d of Figure 4c reveals
the sloping behavior of both discharge curves. This linear
behavior is representative of a typical capacitive discharge.
Generally, the total stored charge in a Li-based electrochemical device can be separated into three components: the
Faradaic contribution from diffusion controlled Li+ insertion,
the Faradaic contribution from electrosorption and surface
redox processes (so-called pseudocapacitance), and the nonFaradaic contribution from the double-layer capacitance.1f,28
The CV curve of real Si/a-Si single nanowire anode device
(yellow curve in Figure S3 in the Supporting Information)
reveals broad peaks. This is characteristic of a surfaceconfined charge-transfer process, which indicates that the
stored charge is mainly pseudocapacitive in nature. Notably,
the slope profile in discharge curve (Figure 2b) and broad
peak characteristics of CV curve (Figure 2a) for single
vanadiumoxidenanowirecathodealsoshowcertainpseudocapacitive discharge. Similar behavior has also been reported
for other host materials with layered crystalline structure.29,30
Considering the present single nanowire device design and
performance, we believe that optimizing the passivation
layer, reducing the contact area of electrolyte and passivated
current collectors, and improving LiCoO2 cathode thin film
conductivity will probably be effective ways to increase the
ratio of Faradaic contribution to non-Faradaic contribution
and gain better battery performance.
The transport properties of the Si/a-Si core/shell nanowire
at different charge/discharge status were characterized im-

FIGURE 5. Raman mapping of Si/a-Si nanowire electrode device before and after electrochemical cycling. (a) Optical image of nanowire device,
Raman mapping before (b) and after (c, d) electrochemical cycling. The Raman spectra of the three spots denoted in (b-d) are displayed in
(e) and (f). The shaded area is the region employed for respective Raman mapping.
© 2010 American Chemical Society
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mediately after the electrochemical performance test. Interestingly, instead of reversible change, the conductance
of the nanowire monotonously decreased along with electrochemical cycling (Figure 4e). After the initial charge/
discharge cycle, the conductance of the nanowire decreased
for over 2 orders. This observation agrees with what has
been reported in literature,6a,31 indicating similar permanent
structure change, such as silicon amorphization31 after
lithium insertion and extraction. Our result on transport
degradation is in excellent agreement with the capacity
decrease along with electrochemical test indicated by CV
investigation (Figure S3 in the Supporting Information).
To further reveal the structure change at the single
nanowire level, we characterized the nanowire anode with
confocal Raman microscopy (WITec CRM-200). Figure 5
shows the Raman mapping results of single nanowire anode
together with the Raman spectra of highlighted spots at
different charge states. Before electrochemical performance
test, the nanowire has identical Raman spectra with characteristic Si peaks at ∼520 cm-1 at different spots (Figure
5b,e). After electrochemical cycling, the Raman mapping
became not uniform any more with a threadlike region
developed from one current collector contact (Figure 5c,d).
The corresponding Raman spectra showed clear red shifts
(514, 503, 493 cm-1) and broadening (fwhm, 7, 13, 19
cm-1) because crystalline silicon lost its order and became
metastable amorphous LixSi alloy.6b This observation clearly
explained the conductance degradation discussed in Figure
4e.
In conclusion, we have reported a study of vanadium
oxide based cathode and silicon based anode at the single
nanowire level and demonstrated that a single nanowire
electrode can work as a versatile platform to study the
correlation between material structure changes, transport
property, and electrochemical property. The insight gained
from this study could help understand the intrinsic mechanism of battery capacity fading of these two promising
material systems. It was found that conductivity of the
nanowire electrode decreased reversibly (for vanadium
oxide nanowire by shallow discharge/charge) or irreversibly
(for vanadium oxide nanowire by deep discharge/charge, or
silicon nanowire) during the electrochemical reaction, which
limits the cycle life of the devices. A key issue for improving
the performance of lithium ion batteries is to restrain the
conductivity decrease of the electrode materials, such as
prelithiation in our previous work.32,33 Meanwhile, a single
nanowire energy storage device is promising for nanoscale
battery diagnosis and has the potential to provide the power
needs of nanodevices to build self-powered nanosystems.

Supporting Information Available. Figures showing structure characterization of vanadium oxide nanowires, typical
I-V curves of Si/a-Si nanowire anode and LiCoO2 cathode
before and after applying polymer electrolytes, and cyclic
voltammogram evolution of Si/a-Si nanowire along with
electrochemical test. This material is available free of charge
via the Internet at http://pubs.acs.org.
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