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Electrochemical Nanowire Devices
for Energy Storage

Liqiang Mai, Qiulong Wei, Xiaocong Tian, Yunlong Zhao, and Qinyou An

Abstract—Green energy has been increasingly demanded with
the rapid development of economy and population. The electro-
chemical performance of energy storage devices could be improved
by using nanomaterials, but their fast capacity fading is still one of
the key limitations. The intrinsic reasons of capacity fading need
to be further understood. Here, we review some single nanowire
electrode devices designed as a unique platform for in situ probing
the direct relationship between electrical transport, structure, and
other properties of the single nanowire electrode before and after
cycling. It is found that the conductivity decrease of the nanowire
electrode and the structural change during electrochemical reac-
tion limited devices’ lifespan. Some strategies, such as prelithiation,
conductive coating and structural construction, are designed and
used to restrain the conductivity decrease and structural disor-
der/destruction, which improve the lifespan and rate capability
of energy storage devices. Further, the stand-alone rechargeable
nanobatteries built up by nanowires are able to meet the needs of
energy storage in self-powered nanosystems.

Index Terms—Energy storage, nanodevices, nanoelectronics,
nanowire, one-dimensional nanomaterials.

I. INTRODUCTION

THE demand for green energy has significantly increased
with the rapid development of economy and population

[1]–[3]. Most of fossil fuels are nonrenewable energy resources
and produce large amount of greenhouse gases, leading to the
global warming. Thus, there is a strong need to develop renew-
able energy such as solar energy, hydroenergy, and wind energy,
as well as safe and economic energy storage systems [4]–[6].
Rechargeable lithium batteries and supercapacitors have been
widely used for consumer electronics and are desirable for ap-
plications in efficient large-scale electrical energy storage, hy-
brid electric vehicles, and electric vehicles, due to their high

Manuscript received March 31, 2013; revised July 20, 2013; accepted July
29, 2013. Date of publication August 2, 2013; date of current version January 6,
2014. This work was supported the National Basic Research Program of China
(2013CB934103, 2012CB933003), National Natural Science Foundation of
China (51072153, 51272197, 50702039), the International Science and Tech-
nology Cooperation Program of China (2013DFA50840), the Program for New
Century Excellent Talents in University (NCET-10-0661), and the Fundamental
Research Funds for the Central Universities (2012-II-001, 2013-YB-001), and
the Independent Innovation Foundation of Wuhan University of Technology
(136601). The review of this paper was arranged by Associate Editor M. D.
Vittorio.

The authors are with the State Key Laboratory of Advanced Technology
for Materials Synthesis and Processing, WUT-Harvard Joint Nano Key
Laboratory, Wuhan University of Technology, Wuhan 430070, China (e-mail:
mlq518@whut.edu.cn; wql236@gmail.com; tianxiaocong@whut.edu.cn;
zhaoyunlong0502@126.com; anqinyou@163.com).

Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TNANO.2013.2276524

energy density and good environment compatibility [7]–[11].
Remarkably, as the highest energy density among the chemical
batteries, Li-air batteries have captured worldwide attention and
been regarded as next-generation energy storage devices.

The continuous development of energy storage devices is
requiring higher capacity, longer operating cycles and shorter
charge/discharge time. The key of achieving high-rate capability
is known to solve kinetic problems involving slow ion diffusion
and electron transport in the electrode materials. Based on the
t ≈ L2 / D [2] (where t is the diffusion time of lithium ion, L is
the diffusion length, and D is the diffusion coefficient), the most
effective method to improve the rate capability is reducing the
characteristic dimensions of the electrochemical active materi-
als. In this regard, numerous nanoscale materials have widely
been synthesized and demonstrated to improve electrochemical
performance [3], [11]–[16].

One-dimensional nanostructural materials, especially
nanowires whose widths are at nanoscale but length can be up
to hundred micrometer or even to centimeter, have attracted
intense interest in recent years, which leads to the development
of structures with rationally controlled geometry, composition,
and electronic properties [1], [17]–[20]. The rational controls
during synthesis processes have enabled nanowires to act
as powerful building blocks for the bottom-up assembly of
functional devices with application in photonics [1], energy
storage [8], [9], energy conversion [19], nanoelectronics [21],
and biosciences [22]. The nanowires can offer large electrolyte-
electrode contact area, short Li-ion diffusion distance, effective
electronic transport pathway, and facile strain relaxation
during cycling, which are able to improve both capacity and
rate performance of energy storage devices. Although the
electrochemical properties can be improved, the fast capacity
fading is still one of the key limitations and the intrinsic reasons
need be further understood.

To find out the reasons of fast capacity fading, it was usually
studied ex situ after disassembling the devices. Recently, in situ
probing has been increasingly employed in the nanotechnology,
such as in situ XRD [23], NMR [24], or TEM [25]–[27], which
could provide some hint on material’s structural changes dur-
ing the electrochemical test, without being disturbed by other
components. In this review, we introduce some single nanowire
electrode devices designed as unique platforms for in situ prob-
ing the direct relationship between electrical transport, structure,
and electrochemical properties of the single nanowire electrode
before and after cycling [28]. Then, the intrinsic reason for elec-
trode capacity fading in Li-ion-based energy storage devices
is concluded, which may push the fundamental limits of the
nanowire materials for energy storage applications. Based on
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Fig. 1. Schematic of assembling a single nanowire electrode device.

these results, the conductivity decrease of the nanowire elec-
trode and the structural change during the electrochemical reac-
tion limit the lifespan of the devices. In order to overcome these
limitations, some strategies are designed and used to restrain the
conductivity decrease and structural disorder/destruction, which
largely improve the cycle life and rate capability of energy stor-
age devices.

II. SINGLE NANOWIRE ELECTROCHEMICAL DEVICES

A traditional electrochemical cell consists of two electrodes
(anode and cathode) separated by the electrolyte. Some recent
reports focused on the single nanowire electrochemical behav-
ior of Li ion or electron transport in the nanowire and aimed
to study the relationship between electrode material composi-
tion, structure, transport properties, charge/discharge status, and
electrochemical performance, revealing the intrinsic reason for
fast capacity fading at nanoscale.

To assemble the single nanowire electrochemical de-
vices [28], two different working electrodes, vanadium ox-
ide nanowire, and silicon nanowire, were taken as examples.
The PEO-LiClO4-PC-EC polymer was used as the electrolyte.
Binders or conductive carbon additives were not introduced into
the systems. So the insights of intrinsic reason for electrode ca-
pacity fading can be studied without any additional effect, which
the traditional battery test can not offer. The detailed steps of as-
sembling the single vanadium oxide nanowire electrochemical
devices are schematically shown in Fig. 1. First, highly ordered
pyrolytic graphite (HOPG) flakes were dry transferred onto a
marked substrate. Second, vanadium oxide nanowires were de-
posited onto the region close to the HOPG flake. Third, current
collector patterning was written by E-beam lithography, then

Fig. 2. (a) Schematic diagram of a single nanowire electrode device design.
(b) Optical images of a typical nanowire electrochemical device. (c–g) Sin-
gle vanadium oxide nanowire transport properties at different charge/discharge
states: (c) initial state, (d) after shallow discharge at 100 pA for 200 s, (e) after
shallow charge at −100 pA for 200 s, (f) after deep discharge with 100 pA for
400 s, and (g) after deep charge with −100 pA for 400 s. Adapted from [28]
(American Chemical Society, copyright 2009).

Cr/Au (10/100 nm) and Si3N4 layer (300 nm) were deposited
by thermal evaporation and plasma-enhanced chemical vapor
deposition, respectively. At last, the polymer electrolyte was
drop cast onto the marked region. Compared to single vanadium
oxide nanowire, the HOPG flake has much larger surface area,
on which the influence is little during the electrochemical test.

The optical image of a typical nanowire electrochemical de-
vice is shown in Fig. 2(b). The transport properties of the
vanadium oxide nanowire at different charge/discharge status
were characterized immediately after the electrochemical per-
formance test [see Fig. 2(c)–(g)]. During charge or discharge,
Li ions moved out of or into the cathode materials, along with
oxidizing or reducing reaction. Initially, the vanadium oxide
nanowire was highly conductive [see Fig. 2(c)], agreeing with
its original intact crystal structures. After discharge (Li-ion in-
sertion) at 100 pA for 200 s, the nanowire conductance de-
creased over two orders [see Fig. 2(d)]. And, the conductance
was restored to previous scale when charged (Li-ion deinsertion)
at –100 pA for another 200 s [see Fig. 2(e)]. However, when
deeply discharged at 100 pA for 400 s, the nanowire conduc-
tance dropped over five orders [see Fig. 2(f)]. The change was
permanent and could not be recovered even after deep charg-
ing at –100 pA for 400 s [see Fig. 2(g)]. The aforementioned
results indicated that structure change became permanent with
too many Li ions inserting into the vanadium oxide layered
structures.

Meanwhile, single silicon nanowire device was assembled
with a Si/a-Si core/shell nanowire (as anode) and LiCoO2 thin
film (as counter cathode) [see Fig. 3]. As shown in Fig. 3(c),
the silicon nanowire expanded after Li-ion insertion and be-
came LixSi alloy, along with a layer of SEI forming at the sur-
face of the silicon nanowire [10]. After Li-ion deinsertion, the
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Fig. 3. (a) Optical images of a typical Si/a–Si nanowire/LiCoO2 electrode
device. (b) Transport property evolution of Si/a–Si nanowire along with an
electrochemical test: red, initial state/100; yellow, after first cycle; green, after
400 pA charge 10 min; blue, after −400 pA discharge 10 min. (c) Schematic of
silicon naonwire changes during charge and discharge. (d) Optical image of Si/a–
Si nanowire. Raman mapping (e) before and (f) and (g) after electrochemical
cycling. The Raman spectra of the three spots denoted in (e–g) are displayed
in (h) and (i). The shaded area is the region employed for respective Raman
mapping. Adapted from [28] (American Chemical Society, copyright 2009).

silicon structures shrank leading to structural cracking and dete-
rioration [29]. Instead of reversible conductive change in vana-
dium oxide [see Fig. 2(c)–(g)], the conductance of the silicon
nanowire monotonously decreased along with charge/discharge
process [see Fig. 3(b)], which was accorded with the previ-
ous ex situ electrode conductive test [10]. Raman spectra were
measured to reveal the structure change at the single nanowire
level [see Fig. 3(d)–(i)]. It showed clear red shifts and broad-
ening because crystalline silicon lost its order and a metastable
amorphous LixSi alloy forms, along with the nanowire conduc-
tance degradation and the capacity fading. Notably, the sin-
gle nanowire electrochemical device was also a stand-alone
rechargeable nanobattery, which could meet the needs of micro-
/nanodevices to build self-powered nanosystems.

Recently, in situ transmission electron microscope (TEM)
has been largely developed, which enabled direct real-time

visualization of electrochemical reaction, inducing structural
changes, phase evolution, fracture behavior and atomic-level
variations during lithiation/delithiation. Huang et al. constructed
a nanoscale electrochemical device inside a TEM and in situ
observed the Li-ion insertion and diffusion in SnO2 nanowire
during electrochemical charge [25]. It was clearly observed that
a reaction front propagated progressively along the nanowire,
causing the nanowire to swell, elongate, and spiral upon charg-
ing. The dislocations were continuously nucleated in the crystal
regions, and then, moved away from the highly stressed re-
gion. After charge, the initially straight SnO2 nanowire became
highly distorted, with a total elongation of 90% and a total vol-
ume expansion of 250%. Further, the surface crack formation
in ZnO nanowire was clearly observed during the electrochem-
ical cycles [26]. Recently, Cui and his coworkers [30] used in
situ TEM to observe the lithiation/ delithiation of amorphous Si
nanospheres and revealed that the first lithiation occurred via a
two-phase mechanism.

III. NANOWIRE ELECTROCHEMICAL DEVICES WITH

ENHANCED PERFORMANCE

Based on the in situ measurements, the nanowire electrode
conductivity decrease and the structural disorder/destruction
caused by phase transformation and volume change during the
electrochemical reaction limit the cycle lifetime of the devices.
The key of improving the electrochemical performance is to con-
currently optimize electrical and ionic conductivity, and maxi-
mize the active material utilization, as well as minimizing the
strain induced damage.

A. Prelithiation

From the inherent characteristic of materials, Mai et al. used
prelithiation to restrain the conductivity decrease and improve
the cycling performance of electrochemical devices [31]. The
conductivity of the lithiated MoO3 nanowire was evidently in-
creased and exhibited enhanced cycling capability [see Fig. 4].
Moreover, ultralong LiV3O8 nanowires were synthesized by
topotactic Li intercalation in H2V3O8 nanowires [32]. The
LiV3O8 nanowires cathode displayed decreased charge trans-
fer resistance and excellent high-rate performance. Also, the
lithiated silicon [33] and graphene [34] anode were investigated
with remarkably improved the electrochemical performance.
The prelithiated technology opens up new avenues of pairing
Li-free electrodes for the next-generation high-energy lithium
ion batteries [31]–[34].

B. Coating Technology

The conductive coating technique is another effective way to
increase the electronic conductivity, such as coating carbon, con-
ductive polymers, metal, or metal oxides. Coating other material
on the backbone nanowires is the most facile and common way
to synthesize coaxial nanowires [14]. Coaxial MoO3 /PTh [35],
MnO2 /CNT [36], and Polymer/Si [37] nanowires have exhib-
ited superior advantages in terms of electrical conductivity, me-
chanical stability, and electrochemical performance. Moreover,
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Fig. 4. (a) I–V transport measurements of single nanobelt fabricated devices
using the samples before and after lithiation. (b) Cycle performance for the
MoO3 nanobelts cathode before and after lithiation. Adapted from [31] (Wiley-
VCH, copyright 2007).

triaxial nanowires with conductive coating and increased ac-
tive sites may further improve the cycling and rate performance
[38]. Silver vanadium oxides/polyaniline triaxial nanowires [see
Fig. 5(a) and (b)] [39] were synthesized by combining in situ
chemical oxidative polymerization and interfacial redox re-
action, demonstrated as an effective and facile technique for
improving the electrochemical performance and stability of
nanowire electrodes.

C. Structural Construction

The enhanced electrochemical performance of electrodes de-
pends on not only the material intrinsic characteristics, but also
the designed morphologies. Owing to the high surface energy,
nanomaterials are often self-aggregated, which reduces the ef-
fective contact areas of active materials. Ultralong hierarchi-
cal vanadium oxide nanowires constructed from attached short
vanadium oxide nanorods with length up to several millimeters
were synthesized by electrospinning [40]. The self-aggregation
in the unique “nanorod-in-nanowire” structures [see Fig. 5(c)
and (d)] could be reduced because of the attachment of nanorods
in the ultralong nanowires, which kept the effective contact
areas of active materials and fully realized the advantage of
nanomaterial-based cathodes. The ultralong hierarchical vana-
dium oxide nanowire cathode exhibited an initial capacity of
390 mAh g−1 .

The volume changes during cycles lead to the structural dam-
age. Nanostructure with some buffered section in the interior

Fig. 5. Nanowire electrochemical devices with enhanced performance.
(a) and (b) Silver vanadium oxides/polyaniline triaxial nanowires from [39].
(c) and (d) Utralong herarchical vanadium oxide nanowires from [40]. (e)
and (f) Nanoscroll buffered hybrid nanostructure vanadium dioxide from [41].
(g) and (h) Hierarchical MnMoO4 /CoMoO4 heterostructured nanowires from
[42]. (i) and (j) Hierarchical mesoporous perovskite La0 .5 Sr0 .5 CoO2 .91
nanowires from [45].

of structure could promptly accommodate the volume changes
during rapid ion insertion/deinsertion, which may enhance the
structure stability. Nanoscroll buffered hybrid nanostructural
vanadium dioxides composed of nanobelts and nanowires were
synthesized through hydrothermal-driven splitting and self-
rolled method [see Fig. 5(e) and (f)] [41]. The hybrid nanos-
tructure with buffered section was able to offer facile strain
relaxation and shorten the lithium ion diffusion distances. Ex-
cellent cycle life with capacity retention over 82% after 1000
cycles at ∼9 C was achieved.

Heterogeneous materials with the synergistic contribution
from different active materials have the advantages of fur-
ther improving the electrochemical performance. Hierarchi-
cal MnMoO4 /CoMoO4 heterostructures were successfully pre-
pared on the backbone material MnMoO4 by a simple reflux-
ing method under mild conditions [see Fig. 5(g) and (h)] [42].
The asymmetric supercapacitors based on the hierarchical het-
erostructured nanowires showed a high specific capacitance and
good reversibility with a cycling efficiency of 98% after 1000
cycles. Similarly, heterogeneous Co3O4 nanowire at MnO2 ul-
trathin nanosheet core/shell arrays [43] and Graphene/MnO2
nanostructured textiles [44] exhibited excellent electrochemi-
cal performance, much better than the individual parts. Fur-
ther, the design of some desirable interfaces was able to build
multifunctional nanostructures, which would be promising for
a large spectrum of device applications.

Li-air battery theoretically offers very high specific energy
because oxygen (the cathode active material) is not stored in
the battery, but can be accessed from the environment. To en-
hance the performance, one method for enhancing the mobility
of oxygen ions is to provide disorder-free channels of oxygen
vacancies. To provide continuous oxygen channels, hierarchi-
cal mesoporous perovskite La0.5Sr0.5CoO2.91 nanowires were
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synthesized by a facile multistep microemulsion followed slow
annealing [see Fig. 5(i) and (j)] [45]. Li–air batteries fabricated
by using hierarchical mesoporous nanowires exhibited an ultra-
high capacity of more than 11000 mAh g−1 .

IV. CONCLUSION AND PROSPECTS

In situ methods have been developed for understanding the
mechanisms governing battery performance and the properties
change of electrode during Li-ion insertion/deinsertion. Single
nanowire electrode devices are designed as unique platforms
for in situ probing the direct relationship between electrical
transport, structure, and electrochemical properties of the elec-
trode before and after cycles. Based on the research, the key of
improving the electrochemical performance is to concurrently
optimize electrical and ionic conductivity, and maximize the ac-
tive material utilization, as well as minimize the strain-induced
damage.

The design and synthesis of structurally stable materials with
high electron and ion conductivity have the potential to im-
pact both small- and large-scale applications. Further, the con-
cept of a stand-alone rechargeable nanobattery using individual
nanowires as electrodes is quite appealing, while the self-power
nanosystem or nanorobot needs an extreme miniaturization of
power supply [4]. The ultimate advantages of the nanoscale
in rechargeable energy storage devices are the formation of
nanoarchitectured cells, in which electrons and ions can trans-
port rapidly and effectively. Nanoarchitectures will be important
research features in the future years, which may lead to energy
storage devices with high energy density and power density.

ACKNOWLEDGMENT

The authors would like to thank C.M. Lieber of Harvard
University, D.Y. Zhao of Fudan University, and Z.L. Wang of
Georgia Tech for their kind help, supervision, discussion, and
support.

REFERENCES

[1] T. J. Kempa, R. W. Day, S.-K. Kim, H.-G. Park, and C. M. Lieber, “Semi-
conductor nanowires: A platform for exploring limits and concepts for
nano-enabled solar cells,” Energy Environ. Sci., vol. 6, pp. 719–733, 2013.

[2] J. B. Goodenough and K.-S. Park, “The Li-ion rechargeable battery: A
perspective,” J. Amer. Chem. Soc., vol. 135, pp. 1167–1176, 2013.

[3] P. G. Bruce, B. Scrosati, and J.-M. Tarascon, “Nanomaterials for recharge-
able lithium batteries,” Angew. Chem. Int. Ed., vol. 47, pp. 2930–2946,
2008.

[4] Z. L. Wang and W. Wu, “Nanotechnology-Enabled energy harvesting
for self-powered micro-/nanosystems,” Angew. Chem. Int. Ed., vol. 51,
pp. 11700–11721, 2012.

[5] B. Dunn, H. Kamath, and J. M. Tarascon, “Electrical energy storage for
the grid: A battery of choices,” Science, vol. 334, pp. 928–935, 2011.

[6] J. Lim, K. Hippalgaonkar, S. C. Andrews, A. Majumdar, and P. Yang,
“Quantifying surface roughness effects on phonon transport in silicon
nanowires,” Nano Lett., vol. 12, pp. 2475–2482, 2012.

[7] M. S. Whittingham, “Lithium batteries and cathode materials,” Chem.
Rev., vol. 104, pp. 4271–4302, 2004.

[8] L. Q. Mai, F. Yang, Y. L. Zhao, X. Xu, L. Xu, B. Hu, Y. Z. Luo, and
H. Y. Liu, “Molybdenum oxide nanowires: Synthesis & properties,”
Mater. Today, vol. 14, pp. 346–353, 2011.

[9] L. Q. Mai, X. Xu, L. Xu, C. H. Han, and Y. Z. Luo, “Vanadium oxide
nanowires for Li-ion batteries,” J. Mater. Res., vol. 26, pp. 2175–2185,
2011.

[10] H. Wu, G. Chan, J. W. Choi, I. Ryu, Y. Yao, M. T. McDowell, S. W. Lee,
A. Jackson, Y. Yang, L. Hu, and Y. Cui, “Stable cycling of double-walled
silicon nanotube battery anodes through solid-electrolyte interphase con-
trol,” Nat. Nanotech., vol. 7, pp. 310–315, 2012.

[11] H. Zhang, X. Yu, and P. V. Braun, “Three-dimensional bicontinuous
ultrafast-charge and-discharge bulk battery electrodes,” Nat. Nanotech.,
vol. 6, pp. 277–281, 2011.

[12] J. Yan, A. Sumboja, E. Khoo, and P. S. Lee, “V2 O5 loaded on SnO2
nanowires for high-rate li ion batteries,” Adv. Mater., vol. 23, pp. 746–
750, 2011.

[13] T. Zhai, H. Liu, H. Li, X. Fang, M. Liao, L. Li, H. Zhou, Y. Koide, Y. Bando,
and D. Golberg, “Centimeter-Long V2 O5 nanowires: From synthesis to
field-emission, electrochemical, electrical transport, and photoconductive
properties,” Adv. Mater., vol. 22, pp. 2547–2552, 2010.

[14] A. L. M. Reddy, S. R. Gowda, M. M. Shaijumon, and P. M. Ajayan, “Hy-
brid nanostructures for energy storage applications,” Adv. Mater., vol. 24,
pp. 5045–5064, 2012.

[15] J. J. Li, Y. W. Ma, X. Jiang, X. M. Feng, Q. L. Fan, and W. Huang,
“Graphene/Carbon nanotube films prepared by solution casting for electro-
chemical energy storage,” IEEE Trans. Nanotech., vol. 11, no. 1, pp. 3–7,
Jan. 2012.

[16] S. Yang, Y. Gong, Z. Liu, L. Zhan, D. P. Hashim, L. Ma, R. Vajtai,
and P. M. Ajayan, “Bottom-up approach toward single-crystalline
VO2 -Graphene ribbons as cathodes for ultrafast lithium storage,” Nano
Lett., vol. 13, pp. 1596–1601, 2013.

[17] G. Yu and C. M. Lieber, “Assembly and integration of semiconduc-
tor nanowires for functional nanosystems,” Pure Appl. Chem., vol. 82,
pp. 2295–2314, 2010.

[18] B. Tian, P. Xie, T. J. Kempa, D. C. Bell, and C. M. Lieber, “Single-
crystalline kinked semiconductor nanowire superstructures,” Nat. Nan-
otech., vol. 4, pp. 824–829, 2009.

[19] A. I. Hochbaum and P. Yang, “Semiconductor nanowires for energy con-
version,” Chem. Rev., vol. 110, pp. 527–546, 2010.

[20] P. Yang, R. Yan, and M. Fardy, “Semiconductor nanowire: What’s next?,”
Nano Lett., vol. 10, pp. 1529–1536, 2010.

[21] W. Lu and C. M. Lieber, “Nanoelectronics from the bottom up,” Nature
Mater., vol. 6, pp. 841–850, 2007.

[22] L. Xu, Z. Jiang, Q. J. Qing, L. Q. Mai, Q. J. Zhang, and C. M. Lieber,
“Design and synthesis of diverse functional kinked nanowire structures
for nanoelectronic bioprobes,” Nano Lett., vol. 13, pp. 746–751, 2013.

[23] W. S. Yoon, K. Y. Chung, M. Balasubramanian, J. Hanson, J. McBreen,
and X. Q. Yang, “Time-resolved XRD study on the thermal decomposition
of nickel-based layered cathode materials for Li-ion batteries,” J. Power
Sources, vol. 163, pp. 219–222, 2006.

[24] B. Key, R. Bhattacharyya, M. Morcrette, V. Seznéc, J.-M. Tarascon, and
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