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P
otential use of metal nanowires (NWs)
is rapidly growing. Earlier studies of
metal NWs were largely motivated by

fundamental studies of the effects of con-
strained dimensions on electrical and ther-
mal conductivities in one-dimensional (1D)
conductors1�3 and magnetic properties of
transition metals.4�6 The size-dependent
breakdowns of superconductivity in small
diameter NWs draw a particular interest
in the past decade.1�3 Other important
potential applications include sensors,7

ultra-high-density magnetic recording and
spintronics,8 interconnects,9 transparent
current collectors (charge collectors) for
touch screens and organic solar cells,10

catalysis,11,12 fuel cells,12 active anodes for
Li-ion batteries,13,14 hydrogen storage,15

current collectors for Li-ion batteries,16,17

supercapacitors,18,19 and capacitors.20

Currently, conductive carbon nanotubes
(CNTs) mass-produced by chemical vapor
deposition (CVD) are explored in some of
the discussed above applications. However,
the CNT structure suffers from the lack
of surface sites available for the formation
of chemical bonds with the deposited
functional layers (such as metal oxide
coatings).16�20 While surface oxidation of
multiwalled CNTs allows for the formation
of defects and carboxylic surface groups on
their outer walls, the concentration of the
functional groups on a CNT surface is sig-
nificantly smaller than what is available on
the metal surfaces. As a result, the quality of
a CNT/metal oxide interface is generally in-
ferior to that of a metal/metal oxide one.21

More importantly, due to the low concentra-
tion of free electrons in the CNT, the dc
electrical conductivity of the CNT is orders
of magnitude smaller than that of Cu, Al, Au,

or Ag. Therefore, for most applications re-
quiring high surface area conductors9,16�20

with low resistance and high concentration
of bonding cites on their surface, NWs of low-
cost lightweight highly conductive metals
(such as Al) may provide superior perfor-
mance than CNTs.
The most common route for synthesis of

metal NWs is electrodeposition.1�7,16,17 The
use of porous alumna templates attached to
the conductive substrate surface has be-
come a routine approach for the growth of
aligned NWs.1�3,16,17 The slow deposition
rate and the need of tubular templates, how-
ever, prevent large-scale commercial synthe-
sis of metal NWs using electrodeposition
approaches. Several promising wet chemistry
approaches have also been explored for
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ABSTRACT

Metal nanowires show promise in a broad range of applications, but many synthesis

techniques require complex methodologies. We have developed a method for depositing

patterned aluminum nanowires (Al NWs) onto Cu, Ni, and stainless steel substrates using low-

pressure decomposition of trimethylamine alane complex. The NWs exhibited an average

diameter in the range from 45 to 85 nm, were crystalline, and did not contain a detectable

amount of carbon impurities. Atomic layer deposition of 50 nm of vanadium oxide on the

surface of Al NW allows fabrication of supercapacitor electrodes with volumetric capacitance in

excess of 1400 F 3 cc
�3, which exceeds the capacitance of traditional activated carbon

supercapacitor electrodes by more than an order of magnitude.
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metal NW synthesis inside the pores of self-assembled
organic nanotubes.22,23 Yet, the lack of sufficient control
over the NW dimensions and limited yield prevented
successful commercialization of these synthesis routes.
Similar shortcomings are also present in another inter-
esting approach;a glancing angle deposition (GALD),
in which a metal is sputtered on a target at a large
incident angle.14 The random initial nuclei formed on
the substrate act as seeds for NW growth, while the
growth at other areas is restricted by the shadowing of
those initially grown nanocrystals.14

The rapid growth and large-scale synthesis capabil-
ity of CVD combined with a high precision in control-
ling the metal NW dimensions makes CVD one of the
most promising approaches for metal NW synthesis.
Surprisingly, in contrast to the significant progress
achieved in CVD growth of CNTs and semiconductor
nanowires, very limited studies report the template-
free CVD growth of metal NWs.24�29 The literature
search revealed only reports on CVD growth of Mo
NWs on Si, Al2O3, and steel;24 Pt NWs on SiO2, Ni alloy,
and SrTiO3(100);

25 Ni NWs on SiO2;
28 Cu NWs on SiO2

and Si;26,27 and Fe NWs on SiO2.
29 However, for use of

metal NWs in energy storage devices,13,14,16�20 an
abundant, low-cost, highly conductive, corrosion-
resistant, and lightweight Al could be of higher demand.
Particularly, if Al NWs are grown on conductive metal
foil substrates in order to establish a good electrical
contact within an electrode. To the best of our knowl-
edge, however, there have been no reports on Al NW

growth by CVDon any substrate. Furthermore, wewere
unable to find reports on the patterned CVD growth of
metal NWs, needed for discrete device fabrication.20

In this article, we report for the first time a patterned
growth of freestanding Al NWs on Ni, Fe, and Cu sur-
faces using trimethylamine alane (TMAA) as an organ-
ometallic CVD precursor. We further demonstrate that
the deposition of metal oxides on the Al NW sur-
face allows one to achieve one of the highest specific
capacitances reported to date for supercapacitor ap-
plictions. In our proof-of-concept studies, we utilized
vanadium oxide (VOx) as a coating material due its
chemical stability, wide availability, and the large
potential window for oxidation/reduction reactions
to occur.30�37 In order to synthesize the Al NW�VOx

composite electrodes, we employed atomic layer de-
position (ALD) to uniformly deposit VOx onto Al NW
substrates. To the best of our knowledge, ALD tech-
nique has never been employed for supercapacitor
applications and the achieved gravimetric capacitance
of up to 887 F/g (based on the mass of Al nanowires
and a metal oxide) is higher than the specific capaci-
tance of 601 F/g recently demonstrated in the MnO2�
nanoporous gold nanocomposite.19 The VOx-coated Al
nanowire electrodes with 30�50% of the pore volume
available for electrolyte access show volumetric capac-
itance of 1390�1950 F/cc, which exceeds the volu-
metric capacitance of porous carbons and many
carbon�metal oxide composites by more than an
order of magnitude.14,38�44

Figure 1. Al NWs grown on a rough Cu foil at 125 �C: (a) opticalmicrograph showing uniform large-area deposition of Al NWs,
(b) SEM micrograph showing a high-resolution image of curved Al NWs produced, and (c) typical EDS spectrum taken at a
region containing Al NWs.

Figure 2. SEMmicrographs of CVD deposition of Al NWs onto rough Cu foils at different temperatures: (a) 100 �C, (b) 125 �C,
(c) 150 �C, (d) 200 �C, (e) 300 �C, and (e) 400 �C.
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RESULTS AND DISCUSSION

The uniform large area (tens of square centimeters)
deposition of Al NWs was successfully achieved on Ni,
steel, and Cu foils (Figure 1a) at temperatures as low as
125 �C. Most of the produced NWs had smooth surface
with no crystalline facets visible, were 20�120 nm in
diameter, and had multiple branches, as visible from
scanningelectronmicroscopy (SEM) analyses (Figure 1b).
The overall morphology of the NWs was highly tortuous
with frequent irregular bends (Figure 1b). The length of
the straight segments of the NWs rarely exceeded
300 nm. This wormlike structure of the NWs was observ-
ed in all experiments, independent of the substrate
employed. SEM image analysis revealed a high volume
of pores between the NWs (>93%). Energy-dispersive
spectroscopy (EDS) studies confirmed the composition
of Al NWs and detected a trace amount of oxygen
(Figure 1c), likely from the presence of a native oxide
on the Al surface. Importantly, no carbon contaminants
were detected at temperatures below 150 �C (Figure 1c).
Deposition temperature was found to have a pro-

found effect on the NW growth rate. CVD deposition at
100 �C was very slow with only isolated Al nuclei ob-
served on the metal substrates after 1 h synthesis
(Figure 2a). The successful growth of the NWs was
achieved on all substrates within the temperature
range of 125�300 �C (Figure 2b�e). However, increas-
ing synthesis temperature above 200 �C caused notice-
able co-deposition of carbon, likely due to the pyrolysis
of the trimethylamine component of TMAA. At the
highest synthesis temperature of 400 �C, the amount of
the deposited C reached∼50 atom%according to EDS
analysis, and the nonporous nanocrystalline film formed
instead of NWs (Figure 2f).
Themaximum growth rate was commonly observed

at temperatures between 100 and 200 �C (Figure 3a).
Temperature of 100 �Candbelowwas too lowtoprovide
thermal energy sufficient toovercomethe energybarrier
needed for the rapid nucleation and growth of Al from
the vapor phase. Significant decrease in the Al growth
kinetics at temperatures above 300 �C (Figure 3a) was
hypothesized to be linked to the C co-deposition.

The choice of metal substrates was also found to affect
the Al NW growth kinetics. For example, the peak in the
Al NW growth rate on Cu and Ni foil substrates takes
place at slightly different temperatures, at 125 �C for Ni
and 150 �C for Cu (Figure 3a). The slight difference is
explained by the differences in the energies of the Ni/
gas, Ni/Al, Cu/gas, and Cu/Al interfaces, which should
affect the nucleation barrier. Additionally, we cannot
exclude a possible effect of the H2 absorption by Ni on
the NW nucleation and growth. Hydrogen desorption is
known to be the rate-controlling step in TMAA decom-
position, and the increased removal of surface H2 due to
its absorption by Ni may similarly explain the increased
growth kinetics observed at lower temperatures.45

In contrast to our initial expectations rationalized by
the higher mobility of surface atoms at elevated tem-
peratures, increasing the synthesis temperature did
not increase the average diameter of NWs. In contrast,
this temperature increase, in fact, reduced the average
diameter of NWs grown on metal substrates (Figure 3b).
The observed decrease in the diameter could be
related to the smaller size of stable nuclei, expected at
higher temperatures where the nucleation barrier is
lower. Figure 3c shows a typical NWdiameter distribution
with an average diameter of 63 nmand a standard devia-
tion of 17 nm, as measured using SEM image analysis.
Very similar distributions with average diameters of 45�
87 nm and standard deviations of 25%were observed in
all substrates and deposition parameters.
The virtually no dependence of the average NW

diameter on the length of the deposition process or
on the distance from the metal foil substrate suggests
that incorporation of Al takes place primarily on the
NW tips and not onto the sidewalls of theNWs. Thiswas
surprising because no metal catalyst was used and,
therefore, one may expect that a sticking coefficient of
atoms onto different Al surfaces should not demon-
strate very large differences. We propose two possible
explanations: either the growth process is self-catalytic
or there is a large TMAA concentration gradient at the
gas/Al NW forest interface. This concentration gradient
may arise if the decomposition of the TMAA on the Al

Figure 3. Diameter and deposition rate of Al nanowires onmetal foil substrates: (a) mass of Al nanowires deposited onmetal
foil substrates at different temperatures for 1 h; (b) average diameter of Al nanowires grown on several metal substrates as a
function of deposition temperature; (c) diameter distribution of Al nanowires deposited on Cu foil at 125 �C.
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NW surface is so fast that only a small fraction of the
TMAA molecules diffuse into the depth of the Al NW
forest. Alternatively, a self-catalytic growth may take
place when a freshly formed Al layer on the tip has
sufficiently lower energy barrier (in otherwords, it has a
higher surface energy because of the higher nanoscale
roughness or higher concentration of defects at the
NW tip) than the sidewalls of the NWs. We should
additionally note that the NW tips may have higher
local temperature because of the heat released upon
the exothermic decomposition of TMAA.45 This higher
temperature at the tips may significantly reduce the
energy barrier and support the tip-based growth.
The transmission electron microscopy (TEM) studies

showed the crystalline structure and dense (no voids)
morphology of the NWs (Figure 4a,b). In spite of the
tortuous shape of the NWs, TEM studies demonstrated
most of the NWs to be free from extended defects. This
indicates a stress relaxation (commonly by slipping of
extended defects to the NW surface) either during or
after the growth. We found only a few mirror-like twin
boundaries in Al NWs, commonly in those having larger
diameters (Figure 4a,b). Twinning directions are reported
in ref 46. Although twinning is an important and quite
common mechanism for plastic deformation in metals,
purebulkAl very rarelyundergoes twinningdue to its very
high stacking fault energy (SFE).42,47 According toWarner
et al.,47 twinningduringdeformationswasneverobserved
experimentally in Al and only happened at high strain
rates in computer simulations or in nanocrystals that
deform under very high stresses at low temperatures.48,49

Therefore, our observation of twin boundaries in Al NWs,
in fact, suggests significant stresses during their synthesis.
We postulate that these stresses were caused by the local
temperature variations caused by the exothermic nature
of the trimethylamine alane precursor surface decom-
position process.50 EDS performed on individual NWs
(Figure 4c) showed spectra identical to that of the NW
forest (Figure 1c), confirming high purity and uniform
oxide content in the produced NWs.
In support of our hypothesis on the negative effect

of carbon on theNWnucleation and growth (Figure 2f),
we found various carbon and polymer coatings on the
metal foils' surface to efficiently prevent formation and
growth of Al NWs. Due to the low synthesis tempera-
ture and the absence of oxygen in our system (Ar is
used as a carrier gas), most polymers remain intact or
carbonize during the NW deposition. In contrast to
native oxide-coated metal surfaces, polymers' pres-
ence prevents formation of the stable Al nuclei,
emphasizing the importance of the substrate�Al inter-
actions. Using this simple polymer coatingmethod, we
successfully produced a patterned Al NW forest on Cu
foils (Figure 5). We expect the patterned growth to be
important for some of the future device applications.
X-ray diffraction (XRD) analysis was used to indepen-

dently investigate the crystallinity of the synthesized

Al NWs on the variety of substrates and to confirm the
lack of crystalline aluminum oxide and aluminum
carbide impurities (Figure 6). A brief Williamson�Hall
analysis estimated the grain size to be in the range of
40�100 nm, which agrees well with the values for
the NW diameters observed in SEM and TEM studies
(Figures 2�4). This analysis also suggested microstrain
of up to 9%. The intensity profile for Al NW diffrac-
tion pattern matches that for powder diffraction, as
expected from the unaligned nature of the synthesized
Al NW forests (Figures 1b and 2b�e).
To evaluate the electrochemical activity of the

grown Al NWs, we compared cyclic voltammetry ex-
periments performed on the NWs with that on 17 μm
Al foil samples. The experiments were performed with-
in the voltage range of 1 to 0.01 V vs Li/Liþ at a scan rate
of 1mV/s. These results showed an order of magnitude
higher Li-ion insertion and extraction current densities
for theNWsample than that for theplainAl foil (Figure 7),
confirming the significantly higher electrochemically
active surface area of Al NWs.
Electrodes produced by the atomic layer deposition

(ALD) of vanadiumoxide (VOx) on the surface of Al NWs
were evaluated for supercapacitor applications to pro-
vide an experimental demonstration or a proof-of-
concept for the Al NW application. In our view, the
1D geometry of nanostructured NWs may offer some
unique advantages, including higher thermal and elec-
trical conductivity and higher power density of the
NW-based energy storage devices.51 In an ideal case of
perfectly straight and aligned NWs (Figure 8a), the
pores between them would allow for the shortest ion

Figure 4. (a) Low- and (b) high-resolution TEMmicrographs
showing a twin boundary within an Al NW grown on the Cu
surface at 125 �C; (c) EDS spectra taken from a single Al NW.
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transport distancewithin the electrode, thus contribut-
ing to minimizing the charging or discharging time. In
fact, in our prior studies on pure carbon supercapaci-
tors, we demonstrated that changing the pores within
individual porous carbon particles from tortuous to
straight can reduce the charging time by 3 orders of
magnitude.39 When nanopores are not straight but rel-
atively large (>2 nm) (Figure 1f), very high rate per-
formance can still be achieved.41,44

Both SEM and TEM studies of the VOx ALD deposited
on the surface of the selected Al NW samples showed a
high degree of coating uniformity (Figure 8b,c). TEM
studies additionally showed the highly disordered na-
ture of the deposited oxide, while SEM analyses de-
tected reduction of the remaining VOx-coated Al NW
electrode porosity to below 50% (Figure 8b). EDS studies,
in turn, confirmed the high purity of the deposited VOx

layer (Figure 8d). TEM studies as well as SEM image
analysis before and after VOx depositions were used to
estimate the coating thicknesses.
An electrochemically active VOx offers some of the

highest capacitance ever demonstrated in organic
electrolytes30�37 (also Figure 8e) but suffers from very
low electrical conductivity. The use of lightweight
highly conductive Al NW (Figure 8a) overcomes this
key limitation. At a very slow slew rate of 0.01 mV 3 s

�1,
the specific (gravimetric) capacitance of the 50 nm
coating approaches 964 F 3 g

�1, but it drops to 836

F 3 g
�1 and further to 483 F 3 g

�1 at 0.1 and 1mV 3 s
�1, re-

spectively. The obtained values aremoderately high as
compared to 620�2150 F 3 g

�1 reported in aerogels
and xerogels when measured with a “sticky carbon”
technique needed to overcome their low electrical con-
ductivity during measurements.34 In spite of the rela-
tively large oxide thickness, gravimetric capacitance
advantage over activated carbon used in commercial
devices can be maintained even at high sweep rates
(Figure 8f) and even when the mass of Al is taken into
account. Indeed, assuming a density of 3.3 g 3 cc

�1 for
VOx and 2.7 g 3 cc

�1 for Al, we can easily calculate that
the relative weight of Al in a core�shell NW (Figure 8a)
composed of a 45 nmdiameter Al core and a 50 nmVOx

shell is only 8 wt %. This is a typical contribution of
either a binder or conductive carbon additives in com-
mercial activated carbon-based supercapacitors. The
key advantage of the proposed technology over con-
ventionally used porous carbons, however, is signifi-
cantly higher density and thus volumetric capacitance.
Indeed, assuming the true density of the discussed
above core�shell NW to be 3.2 g 3 cc

�1 and the remain-
ing electrode porosity to be 30�50 vol % (Figure 8b),
the volumetric capacity of the NW electrode reaches
1390�1950 F 3 cc

�3, which is 10�100 times higher
than the volumetric capacitance of various porous
carbon electrodes.14,38�44 This demonstrates the high

Figure 5. Patterned Al nanowire growth: (a) schematic of the process, (b) SEMmicrograph of a patterned Al nanowire growth
on a rough Cu foil at 125 �C. In this case, the growth on a portion of the Cu foil was prevented by the deposition of a thin layer
of a methylmethacrylate-based polymer.

Figure 6. XRD pattern of Al nanowires grown on a rough Cu
foil at 125 �C.

Figure 7. Electrochemical activity of Al nanowires in Li half-
cells: cyclic voltammetry recorded at 1 mV/s showing re-
versible electrochemical interaction of Liþ ions with Al
nanowire electrodes and flat Al sheets.
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potential of the Al NW technology for supercapacitor
and other energy storage applications. We expect that if
wemaintain the samecore�shell ratio anddecrease the
shell thickness while optimizing the VOx microstructure
and electrolyte composition, we will increase both the
rate capability and the overall capacitance of the super-
capacitor electrodes. Similar techniques of the Al NW
growth and ALD oxide deposition could be applicable
for the fabrication of electrolytic and regular capacitors
as well as electrodes for regular and 3D Li-ion batteries.

CONCLUSIONS

A catalyst-free, low-temperature method of producing
high-purity Al NWs on various metal foil substrates using

low-pressure CVD technique has been demonstrated. The
lack of droplet at the tip suggested a vapor�solid growth
mechanism. The presence of twin boundaries in the
formed NWs suggested significant plastic deformation
during growth. Various factors affecting and explaining
the NW growth have been discussed including substrate
material and temperature. Thin polymer coatings were
found to be highly effective in suppressing the NW
growth, thus opening multiple opportunities to pro-
duce controlled patterns of Al NWs. The ALD technique
experimentally demonstrated the opportunity to form
uniform oxide coatings on the NW surface for use in
various energy storage devices. Our future studies will
be directed toward the size-controlled growth of
aligned Al NWs using catalyst-assisted deposition.

EXPERIMENTAL SECTION
Our choice of solid TMAA (H3AlN(CH3)3, >95% purity, Gelest,

USA) as an Al precursor52 was motivated by prior studies of CVD
deposition of aluminum films for applications in the semicon-
ductor industry, where other organoaluminum precursors, such
as trimethylaluminum, triisobutylaluminum, and dimethylalu-
minum hydride showed tendencies for aluminum carbide
contamination.50,53 For CVD synthesis, we used a low-pressure
(2 Torr) hot-walled horizontal quartz tube reactor having 44mm
inner diameter. Ultra-high-purity Ar (99.999%, Air Gas, USA) was
used to carry the TMAA vapors to the reaction zone by flowing
through a packed bed of TMAA powder at the flow rate of
50 cc/min. The low pressure in the reactor wasmaintained using
a mechanical pump and monitored using a convection gauge.
CVD deposition experiments were performed at 100, 125, 150,
200, 300, and 400 �C for 1 h periods. Substrateswere prepared of
Ni, Cu, and 304 stainless steel foils (Alfa Aesar, USA). In addition,
rough Cu foil with the coarse surface produced by electrode-
positing Cu on Cu (Fukuda, Japan) was employed to study the
effects of surface roughness on Al nanowire deposition rate and
morphology. Similarly, the surface chemistry was studied using
smooth Cu foils with a 10 nm layer of thermally evaporated

ultrahigh purity (99.999%) Fe. The mass of these samples was
measured before and after deposition using an analytical
balance having 0.01 mg precision.
ALD deposition was done in a custom-built ALD system con-

sisting of a quartz tube heated in a furnace to 200 �C through
which precursor vapors were introduced alternatively. Vanadium
tri-n-propoxide oxide (Gelest, Inc., USA) and 18 MΩ deionized
H2O were used as precursors and were heated to 100 �C during
the deposition. High-purity Ar (99.999%, Air Gas, USA) was used
as both carrier and purging gas, and the residence and purging
periods were 12 and 1 s, respectively, for the H2O precursor and
2 s each for the vanadiumprecursor. All of the precursor gas lines
were maintained at 100 �C during the deposition process. The
pressure of the system was maintained at 4 Torr throughout the
deposition by means of a rotary vacuum pump.
X-ray diffraction (XRD) experiments using Cu KR radiation

were performed with a X'Pert PRO Alpha-1 diffractometer
(Panalytical, USA) equipped with a monochromator. Scanning
electron microscopy (SEM) and energy-dispersive spectroscopy
(EDS) measurements of the nanowire morphology, diameter,
and composition were performed using a LEO 1550microscope
(LEO Electron Microscopy Group, DE). ImageJ software was
employed for the SEM image analysis to determine the

Figure 8. Al nanowire-based supercapacitor: (a) simplified schematic of the electrode; (b) SEM and (c) TEM micrographs of
VOx-coated Al nanowires; (d) EDS spectrum of VOx-coated Al nanowires; (e) cyclic voltammetry recorded at 0.1 mV/s for VOx-
coated Al nanowire electrode in comparison to that of porous carbon (capacitance is normalized by the active mass); (f)
average capacitance as a function of a slew rate for 50 nm VOx coatings in comparison to that of activated carbon.
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nanowire diameter distributions.54 Transmission electron mi-
croscopy (TEM and STEM) experiments were done on a FEI Titan
80-300 microscope with a field emission gun equipped with a
CEOS probe-side aberration corrector, HAADF detectors, Gatan
Tridiem system, and an energy-dispersive X-ray (EDX) system.
Point-to-point resolution of this microscope is 2.45 Å in TEM
mode and 0.8 Å in STEMmode. All TEM experiments were done
at 200 kV.
For electrochemical testing, the working electrodes were

spot-welded to 2016 coin cells and assembled in an Ar drybox
(<2 ppm H2O) using a 2325 Celgard (Celgard, USA) separator.
The counter and reference electrode was 0.75 mm thick battery
grade metallic Li (Alfa Aesar, USA). We selected 1 M LiPF6 salt
solution in dimethyl, diethyl, and ethylene carbonate solvents
1:1:1 by volume (Novolyte Technologies, USA) as an electrolyte.
Electrodes of 17 μmAl foil were cleaned by acetone and ethanol
before assembly, while Al NW and VOx-coated Al NW electrodes
were used as produced. Commercial carbon electrodes were
produced using 90 wt % activated carbon (Sanwa Components,
USA) and 10wt%PVDF binder (Kureha, Japan). Cyclic voltammetry
was performed using a Solartron 1480A (Solartron Analytical, UK)
with the potential being swept from the open circuit potential
(OCV) to 0.01 V vs Li at a scan rate of 1�0.01 mV/s. Capacitance
measurements were performed on as-produced VOx-coated Al NW
using cyclic voltammetry with the potential being swept from 3 to
1 V vs Li at a scan rate of 100�0.01 mV/s.
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