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Electrochemical Flow-based Solution-Solid Growth of
Cu,0 Nanorods Array: Potential Application to
Lithium Ion Batteries

w Jeong Ho Shin®, Sun Hwa Park®, Seung Min Hyun”, Jeong Won Kim*¢, Hyun Min
Park™“and Jae Yong Song™“*

The catalyzed solution-liquid-solid (SLS) growth has been well developed to synthesize semiconductor
nanowires with controlled diameters. The SLS growth occurs in the longitudinal direction of nanowires,
due to the directional anisotropy driven by the metal catalysts where chemical precursors are introduced.
15 In present study, we report a selective, template-free, and environment-friendly electrochemical flow-
based solution-solid (electrochemical flow-SS) growth of Cu,O nanorods array. The anisotropy for
directional growth without any catalysts is generated by the electrical field in a flowing electrolyte of

ultra-dilute CuSO,. The filamentary anisotropy originates from electric field enhancement on pyramidal
nanocrystals in the electrolyte of low ionic conductivity (13 pS-em™). The Cu,0 and Cu nanorods are
20 able to be selectively synthesized by controlling the electrolyte pH and oxygen dissolution into

electrolyte. The synthesized Cu,O nanorods array shows excellent electrochemical properties as an

anode material for lithium-ion batteries; the specific capacities increase from 323 to 1206 mA-h-g’

during 500 cycles. The capacity enhancement is due to the phase transformation from Cu,O to CuO,

nano-restructuring of nanorods into fragmented nanoparticles, and the progressive generation of an

25 electroactive polymeric gel-like layer on the surface of the nanoparticles. The electrochemical flow-SS
growth of Cu,0O nanorods is expected to contribute to further development of other functional nanorods.

1 Introduction

Catalyst-mediated growths of  one-dimensional
nanocrystals without templates, such as solution-liquid-solid
3 (SLS) and vapor-liquid-solid (VLS) methods, have been
intensively investigated [1-4]. The catalysts create a
directional anisotropy needed for one-dimensional growth,
analogously to template-guided growth. Recently, a flow-
SLS method, which utilizes the advantages of SLS and VLS
;s growth, has been developed to grow CdSe-ZnSe
heterostructured nanowires and the detailed characterization
of growth mechanisms was unveiled due to its slow growth
kinetics [4]. Previously, we reported an -electrically
filamentary growth of several nanorods such as Ag, Au, Cu
w» and Ag-Cu alloy using a template-free electrodeposition in
an ultra-dilute electrolyte [5]. In present study, we report an
electrochemical flow-based solution-solid (electrochemical
flow-SS) growth that Cu,O and Cu nanorods arrays
vertically aligned on substrate are selectively synthesized in
ssa flowing aqueous electrolyte, mimicking the flow-SLS
growth. The electric field generates a directional anisotropy
in the flow of dielectric electrolyte without any catalysts,
where the oxygen was supplied from the ambient.

This journal is © The Royal Society of Chemistry 2014

Cu,O was selected because, as a p-type semiconductor

so with a direct bandgap of 2.17¢V, it has potential applications
in energy conversion, photocatalysis, and gas sensors [6-8].
Until now, Cu,O nanowires have been synthesized by vapor
transport method, and liquid phase reduction method [9-11].
Generally, as Cu,0 is electrodeposited as thin films, due to
ss the crystallographic isotropy of its primitive cubic crystal
structure, nanotemplates are used for electrodeposition of
Cu,O nanowires [12]. And alkaline electrolytes including
lactic acid or tartaric acid have typically been used because
Cu,0 is stable in the pH range of 9 to 13, according to the
o Pourbaix diagram [13]. Therefore, it is a great challenge to
electrodeposit Cu,O nanorods in acidic electrolytes, without
the help of templates or surfactants. And the Cu,O has
attracted much attention as a candidate for the anode material
for lithium ion batteries (LIBs) due to several advantages,
e including its reversible mechanism with Li’, its relative low-
cost, and non-toxicity [14,15]. However, huge volume
expansion and shrinkage, accompanying Li" charge and
discharge processes, lead to poor charge-discharge cycle-life
due to the failure of the contacts between the anode material
70 and current collector [16,17]. Therefore, we were motivated
to evaluate the Cu,O nanorods array as an anode of LIBs
because the free-volume between the nanorods would
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Figure 1 Schematic diagram of electrochemical flow-based
solution-solid synthesis of Cu,O nanorods array.

s accommodate the huge volume changes. It was found that
the Cu,O nanorods were transformed to fragmented CuO
nanoparticles and electroactive polymeric gel-like layer was
generated. The nanostructures of Cu,O and CuO including
the polymeric gel-like layer had much higher

10 electrochemical capacities than Cu,O film structure.

2 Experimental Section
Cu,0 nanorods array was synthesized by a
potentiodynamic electrodeposition process in a flowing
15 electrolyte without any templates or surfactants (Figure 1).
The electrodeposition was conducted using a two-electrode
system (Solartron 1280z) at room temperature. The working
electrodes were Cu foils or Au (100 nm)/Ti (10 nm) coated
Si substrates. The Au and Ti films were sputter-deposited on
20 Si substrates. The exposed area of the working electrode was
1.2 cm x 1.2 cm. Pt wire (Aldrich) was used as a counter
electrode. The distance between the electrodes was 3 cm.
The aqueous electrolyte was composed of 50 pM
CuSO4H,O (Junsei Co., Japan) in deionized water. The
»s electrolyte was injected into the rectangular bath (cross-
sectional area of 3 cm x 3 cm and length of 15 cm) at a
constant flow rate of 2 L-min™ by a peristaltic pump (GP 600,
Dongseo Science Co.) and flowed out of the bath. The pH
and ionic conductivity of the electrolyte were 5.6 and 13
» pS-em’, respectively. The frequency and duty of the
potentiodynamic reverse-pulse was 0.5 Hz and 50 %,
respectively. In the potentiodynamic mode, the reduction
potential (Vg) and oxidation potential (Vo) were set to be -14
V and 0.5 V, respectively. In order to electrodeposit Cu
s nanorods array, the pH was decreased to 4.3 by adding small
amount (100 pM) of H,SO, into the 50 uM CuSO,4 H,0O
electrolyte.

The electrochemical performance of Cu,O nanorods as an
anode of LIBs was investigated using a 2032-type coin cell.
s The Cu,O nanorods were directly grown on a Cu foil (18 pm
in thickness, 99.8 at%, Nippon Foil Mfg Co.). Li metal foil
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Figure 2 Cross-sectional and top-view SEM images of (a), (b)
Cu,O buffer layer, (c), (d) Cu,O nanorods grown for 4 hours,

ss and (e), (f) CuO nanorods grown for 10 hours, respectively.
The inset indicates the higher magnified image.

and microporous polypropylene (Celgard 2400) were used
as a counter electrode and a separator, respectively. The
electrolyte in the coin cell was 1 M LiPF¢ in a 1:1 (v/v ratio)
so mixture of ethylene carbonate and diethyl carbonate (Techno
Semichem Co.). The weight of the Cu,O nanorods was
measured using a microbalance (Satorius, model 3.6P)
before and after the electrodeposition. The electrochemical
measurements were carried out using a multi-channel
ss potentiostat/galvanostat (VMP3, Biologic) in the voltage
ranges of 0.001 to 3.0 V. The cells were charged and
discharged at a current rate of 0.1 A-g”"' (equal to 0.266 C, 1
C = 375 mA-g"' for Cu,0) in a galvanostatic mode. The
cyclic voltammetry (CV) measurements were carried out at a
« scan rate of 0.1 mV-s™.

The morphological and structural changes of the Cu,O
nanorods were analyzed using X-ray diffraction (XRD, Cu-
Ko, Bruker D8), a field emission scanning electron
microscope (SEM, Hitachi S4800), field emission
os transmission microscope (TEM, FEI Tecnai F30). For the
TEM characterization, the Cu,O nanorods were dispersed in
ethanol using a sonication and a droplet containing the
nanorods were dropped and dried on the lacey carbon TEM
grid.
70
3 Results and discussion
Figures 2(a) and 2(b) show typical cross-sectional and top-
view SEM images of a Cu,O layer of 70 nm thickness
(hereafter, called a Cu,O buffer layer) electrodeposited on
»sthe Au/Ti coated Si substrates using a reverse-pulse
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potentiodynamic process for 30 minutes. The triangular
pyramid Cu,O grains were densely deposited on the
substrate. The uniform-sized grains were formed by the
repeated generation and dissolution of Cu,O nuclei during
s the periodic application of Vi and Vo, as discussed in the
previous work [5]. A high reduction potential (Vi of -14 V)
was used to overcome the low electrical conductivity (13
uS-cm™) of the dilute electrolyte. Figures 2(c) and 2(d) show
the typical cross-sectional and top-view SEM images of the
10 Cu,O nanorods electrodeposited for 4 hours. Cu,O nanorods
with a length of 1 um and an effective diameter of about 150
nm grew perpendicular to the substrate. The Cu,O nanorods
had the shape of a triangular column with a triangular
pyramid on the top. The inset of Figure 2(d) shows a higher
1s magnified SEM image of the triangular vertex on the top.
The further growth of Cu,O nanorods, up to 4 um in length,
was observed with further deposition time up to 24 hours in
the cross-sectional SEM image of Figure 2(e), while the
lateral growth was effectively suppressed, as shown in the
» top-view SEM images of Figure 2(f). To investigate the
effects of electrolyte pH and concentration on the growth of
Cu,0O nanorods, sequential experiments were performed in
two electrolytes; one (pH of 13.4) with a higher
concentration of 0.2 M CuSQy, 0.2 M tartaric acid, and 3 M
»s NaOH, and the other (pH of 12.2) with a lower concentration
of 2 uM CuSO,, 2 puM tartaric acid, and 30 uM NaOH,
respectively, at the reduction potential of -1 V for one hour.
Results showed that Cu,O dense films were deposited in the
pH range of 12.2 to 13.4 regardless of the electrolyte
s concentration (see Figure S1(a) and S1(b)), implying that the
growth of the nanorods might be related to the high reduction
potential in the ultra-dilute electrolyte. Figure 3 shows the
typical XRD patterns of the Cu,O buffer layer and Cu,O
nanorods grown on Au/Ti coated Si substrate, respectively.
s The buffer layer had a strong [111]-preferred orientation, as
the only strong peak was indexed to be the (111) plane of
cubic Cu,O with a lattice constant of a =b = ¢ = 4.267 nm
(JCPDS #78-2076). The other peaks came from the Si
substrate and Au layer. For the Cu,O nanorods, three
w0 diffraction peaks were indexed to be Cu,O (111), (200) and
(220) planes, in sequence. The strongest peak intensity of the
(111) plane indicated the [111]-preferred orientation of the
buffer layer and nanorods normal to entire substrate.
Similarly, the Cu,O nanorods with [111]-longitudinal
ss direction were grown on Cu foil, according to the SEM and
XRD analyses (See Figure S2).

It should be noted that the Cu,O nanorods array was
deposited in acidic electrolyte (pH 5.6), as shown in Figure 2
and Figure 3. The formation of Cu,O phase in acidic

so electrolyte was contradictory to what is expected from the
Pourbaix diagram of the Cu-water system [13]; Cu,O is
favorably deposited in alkaline electrolyte, according to the
following reactions,

2Cu*" + 20H + 2¢” — 2Cu(OH) Eq.(1a)

This journal is © The Royal Society of Chemistry 2014
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Figure 3 XRD patterns of Cu,O buffer layer and Cu,O
nanorods.
2Cu(OH) — Cu,0 + H,0 Eq.(1b)

In alkaline electrolyte, copper hydroxide is initially formed
« by the reaction of Eq.(la) and subsequently undergoes a
dehydration process via Eq.(1b) [18]. Since the formation of
Cu,0 cannot in principle occur in the acidic electrolyte, the
resulting growth of Cu,O might be due to the local increase
of pH near the cathode [19]. That is, the following two
reactions are reasonably supposed to occur near the cathode.

o
S

0, + 2H,0 + 4¢ — 40H Eq.(2a)

2H,0 +2¢ — H, + 20H" Eq.(2b)
As the oxygen solubility in a deionized water is
approximately 1 mM at room temperature, sufficient oxygen
7 might be reduced to OH™ on the cathode, according to the O,
gas dissolution of Eq.(2a) [20]. Thus, the generation of OH"
can contribute to increasing the local pH near the cathode
and as a source for forming the copper hydroxide. In
addition, water decomposition may enhance the local pH
s increase by increasing OH™ concentration on the cathode
according to Eq.(2b) at a Vy of 14 V [21]. However, the
oxygen dissolution reaction might be the more dominant
contribution to the formation of the Cu,O phase because
water decomposition could occur even in the formation of
so the Cu phase (see Figures S3 and S4). On the other hand,
water decomposition (Eq.(3)) can occur at the anode [21].

Eq.(3)

The competition of water decompositions on both the
cathode and anode leads to a pH decrease for the whole
electrolyte due to charge equalization, which agrees with our
experimental results, that the pH of the electrolyte decreased
from 5.6 to 4.9 after the growth of Cu,O NRs.

2H,0 — O, + 4H" + 4¢

%0
a5

In order to suppress oxygen dissolution (Eq.(2a)) into the
electrolyte, the same electrodeposition was performed in a

J. Name., 2014, 00, 1-6 | 3
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Figure 4 (a) Bright-field TEM image of a single Cu,O
nanorod, (b) electron diffraction pattern of Cu,O nanorod
corresponding to the whole nanorod shown (a), (c) high-

s resolution TEM image of a Cu,0 nanorod, and (d) FFT image
of the square-marked area shown in (c)

glove box filled with N, gas. It was observed that vertical Cu
nanorods with the lattice constant of a =b = ¢ = 3.615 nm
(JCPDS #4-836) were grown (Figure S3). The Cu nanorods
10 grew along the [111]-longitudinal direction, as confirmed by
XRD analyses. The results indicate that sufficient dissolution
of oxygen is necessary for the growth of Cu,O nanorods.
And when the pH of the electrolyte was decreased to 3.8 by
adding 100 pM H,SO, into the 50 uM CuSO, electrolyte,
15 only Cu nanorods were vertically grown on the substrate in
ambient atmosphere (Figure S4). The Cu nanorods had the
[111]-longitudinal direction, as confirmed by XRD analyses,
which agreed with our previous results [22]. Thus, Cu,O and
Cu nanorods were selectively synthesized by controlling the
» pH and the oxygen dissolution in the electrolytes. Figures
4(a) and 4(b) show a typical bright field (BF) TEM image,
and a corresponding selected area electron diffraction
(SAED) pattern, respectively, of a Cu,O nanorod shown in
Figure 2(c). The sharp tip on the edge indicated a triangular
»s pyramid on the top of the triangular column shown in Figure
2(c). The SAED pattern shows that the single crystalline
Cu,0 nanorods grew along the [111]-longitudinal direction
with a [110]-zone axis. This result was in good agreement
with the XRD analysis that Cu,O nanorods had a strong
s [111]-preferred orientation. Figure 4(c) shows a typical high-
resolution (HR) TEM of a Cu,O nanorod with an amorphous
layer of approximately 3 nm thickness at the surface.
According to XPS analysis of O Is and Cu 2p binding
energies, Cu,O and CuO phases co-existed at the surface of
35 the nanorods (Figure S5). As the Gibbs free energy change
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Figure 5 (a) Variations of specific capacity of 200 nm -thick
Cu,O film and Cu,O nanorods with the cycle number of
discharge/charge cycling, (b) cyclic voltammogram of Cu,O

4 nanorods during 100 cycles, (¢) discharge/charge profiles of
CuZO nanorods during 500 cycles.

for the solid state reaction of Cu,O, + 1/20, — CuOy, is
given as -95.9 kJ/mol at room temperature [23], the
spontaneous surface oxidation of Cu,O nanorods might
ss occur. Figure 4(d) shows the Fast Fourier Transform (FFT)
image of the square-marked area shown in Figure 4(c). The

This journal is © The Royal Society of Chemistry 2014
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FFT image is consistent with the SAED result of Figure 4(b).
The three surfaces of the triangular column are composed of
{110} planes and the three surfaces of the triangular pyramid
on the top comprised the {100} planes. At the moment, it is
not clear why the triangular pyramidal growth occurs.
According to the thermodynamic equilibrium model of the
Cu,O crystal, the surface energies (y) are in the order of
(100) > (110) > (111) [24]. Tt was previously reported that
four-faced pyramid Cu,O films had the [100]-preferred
orientation because the (111) plane, with its lowest surface
energy, is the most stable and that the growth direction of the
Cu,O film was kinetically controllable by the deposition
parameters such as deposition current, reduction potential
and pH of electrolyte [25-27]. Thus, it is presumed that the
triangular growth of [111]-longitudinal Cu,O might be
related to the nonequilibrium kinetics caused by the high
reduction potential. The one-dimensional growth of Cu,O
nanorods was closely related to the electric field
enhancement on the sharp tips (Figure 4(a)) which served as
an anisotropic growth site, as discussed in the previous work
[5]. \Thus, the electrochemical flow-SS growth mechanism of
Cu,0 nanorods is schematically described in Figure 1. When
triangular pyramid Cu,O grains are densely deposited on the
substrate during the periodic application of Vi and Vg
(shown in Figure 2(a)), the electric field in the flow of
dielectric electrolyte generates a directional anisotropy on a
triangular pyramid of the top, playing a role of catalyst in
SLS growth. The electric field directs the Cu cations toward
the pyramidal tips and the cations react with OH" anions in
the electrolyte to form Cu,O phase. And the oxygens from
the ambient are supplied to the electrolyte. With further
deposition time, the Cu,O triangular nanorods grow longer
with the inflow of precursor source in the dilute electrolyte.
The present electrochemical flow-SS growth is similar to the
flow-based SLS synthesis reported in the literature [4],
except that the electric field between the anode and the
cathode replaces the role of the catalysts in flow-based SLS
growth.

The electrochemical properties of Cu,O nanorods array as
an anode of LIBs were investigated by measuring the
discharge and charge capacities during 500 cycles; two types
of anode were prepared; Cu,O nanorods array with a length
of 1 um (Figure 2(c)) and Cu,O films with thicknesses of
200 nm (Figures S1(a)). The charge capacity of the 200 nm-
thick films was 145 mA-h-g" for the first cycle and gradually
increased up to 479 mA-h-g” after 500 cycles, as shown in
Figure 5(a). The increase of charge capacity might be
presumed to be due to the reversible phase transformation of
Cu,0 to CuO during the discharge and charge cycles. And it
was reported that Cu,O nanoparticles reversibly stored the
Li" and the extra charge capacity was generated by the

This journal is © The Royal Society of Chemistry 2014
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decomposition of the Li-electrolyte, which makes an
electrochemically active polymeric gel-like film [28]. As
shown in Figure 5(a), the Cu,O nanorods array exhibited
much more excellent cycle performance of charge capacity
up to 500 cycles; the charge capacity increased from 323 to
1206 mA-h-g”' during 500 cycles. The capacity value is
approximately several times higher than the theoretical
capacity (375 mAh-g') of Cu,0 and that (674 mAh-g") of
CuO. To further understand the enhanced results, the cyclic
voltammetry (CV) profiles of the Cu,O nanorods were
analyzed, as shown in Figure 5(b). During the first cycle, two
cathodic reaction peaks appeared at 0.7 V and 1.1 V, while
two sharp cathodic peaks were observed at 0.8 Vand 1.5 V
during the following cycles. The peaks corresponded to the
growth reaction of the electrochemically active polymeric
gel-like film, which might comprise LiF, Li,COs, alkyl
carbonates lithium salts (ROCO,Li), and the decomposition
reaction of Cu,O nanorods into Cu-Li,O composites,
respectively [28-31]. After the first cycle, higher shifts of the
cathodic reaction potentials from 1.1 to 1.5 V were
associated with the structural fragmentation of the crystalline
Cu,0O nanorods [28]. Since the Cu,O nanorods were
transformed to Cu/Li;0 nanocomposites during the
lithiation, the electrochemically driven fragmentation of
Cu,0 nanorods into nanoparticles enhanced the reactivity
with Li’. In addition, two anodic reaction peaks appeared at
1.5 and 2.5 V with further cycles. This reflected the
decomposition of the polymeric gel-like film and the
transformation of Cu-Li,O composite to Cu,0, respectively.
Li,COs; and alkyl carbonate lithium salts were known to be
reversibly decomposed during the charge process [30].
During the 100th cycle, a new anodic reaction peak appeared
around 2.8 V, and a cathodic reaction peak newly appeared
around 2.2 V. The peaks were attributed to the redox reaction
of CuO and Cu,O [31,32]. Therefore, it is presumed that
Cu,0 was gradually converted into a CuO phase during the
further discharge and charge cycling. Figure 5(c) shows the
galvanostatic discharge/charge profiles of the Cu,0O NRs
during 500 cycles. With the cycle number increasing up to
500, the three discharge slopes (2.5to 1.6 V, 1.6 to 1.0 V, and
1.0 to 0.001 V) clearly appeared, which were in good
agreement with the CV results shown in Figure 5(b). It was
noted that, below 1.0 V, the discharge capacity, which was
closely related to the polymeric gel-like film, increased more
than that in the ranges of 1.0 to 1.6 V and 1.6 to 2.5 V,
respectively, which was attributed to the reactions of CuO to
Cu,O as well as Cu,O to Cu and LiO. The discharge
capacity above 2.2 V increased gradually when the cycles
were more than 100. It agreed with the CV results that a new
peak appeared at 2.8 V, due to the redox reaction of CuO and
Cu20.

J. Name., 2014, 00, 1-6 | s
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Figure 6 Morphological changes of Cu,0 nanorods with the discharge/charge cycling, after (a) the first discharge process, (b) 200"
discharge process, (c) 200" charge process, (d) 400" discharge process. All insets of (a)-(d) indicate higher-magnified images. (¢) BF
TEM image after 400™ charge process, (f) high-magnified BF TEM image of Figure 4(e), (g) SAED pattern of Figure 4(f).

Figure 6 shows the typical morphological changes of the
nanorods anode with discharge/charge cycling up to 400
cycles. In Figure 6(a), the cross-sectional SEM image shows
that, after the first discharge, polymeric gel-like layers with a
few hundred nanometers in thickness formed at the top of the
nanorods as well as between the nanorods, and that the
surfaces of the Cu,O nanorods became nanoporous, as
shown in the highly magnified SEM image in the inset. As
discussed above, the morphological changes of Cu,O
nanorods supported the increase of cathodic reaction
potentials shown in Figure 5(b) because the nanoporosity
was able to enhance the reactivity with Li'. Figure 6(b)
shows cross-sectional SEM images of the nanorods after the
200th discharge, and illustrates that the free volume between
the nanorods was filled with a polymeric gel-like layer, and
that a thicker polymeric gel-like layer formed on the top of
the nanorods. Although the nanorod structures were
apparently maintained, the nanorods were composed of
nanoparticles with a size of 30 to 50 nm, as shown in the
inset. In Figure 6(c), it was noted that the thickness of the
polymeric gel-like layer at the top of the nanorods
remarkably decreased after the 200th charge. This implies
that the formation and decomposition of the polymeric gel-
like film reversibly occurred during the discharge-charge
processes and contributed to the increase of the
electrochemical capacities, as shown in Figure 5(a). The
components of the polymeric gel-like films during the
discharge and charge processes after 200-cycles were
analyzed and determined to be Li,CO;, Li;PO,4, and LiF by
XPS depth profiles (see Figure S6). For the surface of the
200th discharge sample (Figure S6(a)), the single C 1s peak,
corresponding to Li,COs, was detected at 289.8 eV. An Ar’
ion milling process was performed to analyze the depth
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profile of composition, although the milling time was not
calibrated to the depth. F 1s and P 2p emission lines,
corresponding to LiF and Li;PO,, appeared at the Ar' ion
milling time of 60 and 150 minutes, respectively. In contrast,
the P 2p emission line was not detected after the 200th
charge process (Figure S6(b)), while the C 1s and F Is
spectra appeared continuously with the ion milling times.
Therefore, it is reasonably supposed that the thick polymeric
layer at the top surface as well as between the NRs was
mainly composed of Li,CO; including a small amount of LiF
after the 200th discharge process, and that the Li;PO, existed
only between the NRs after the discharge process. The
thinner polymeric layer after the 200th charge process
indicated that a large amount of Li,CO; at the top surface
was decomposed. When comparing the F 1s emission lines
after discharge and charge processes, the LiF, most of which
was not decomposed, existed at the bottom of the thick
polymeric layer as well as between the NRs. It was noted
that Li;PO,4 between the NRs was completely decomposed
during the charge process. Thus, it is reasonably presumed
that the formation and decomposition of Li;POy, is reversible
while those of LiF are irreversible. However, some Li,CO;
was irreversibly formed on the top surface of the NRs.
Figure 6(d) shows the cross-sectional SEM image of the NRs
after 400th charge. The length of NRs increased up to 4 um
from the initial length of 1 um. The nanorod structures were
composed of fragmented nanoparticles (10 to 20 nm in size).
The polymeric gel-like layers fully penetrated in between of
the NRs and become thicker on the NRs surface, to
approximately 1 pm, in comparison to the thickness (several
hundred nanometers) shown in Figure 6(c). In Figure 6(e),
the typical bright field (BF) TEM image of NRs after the
70 400th charge process shows that the nanoparticles were
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fragmented and embedded in a polymeric gel-like matrix. As
shown in the highly-magnified BF TEM image of Figure
6(f), the NRs completely transformed to nanoparticles
(approximately 10 nm in size) within the polymeric matrix.
The nano-sized fragmentation of the NRs proceeded with
repeating of the discharge and charge processes. Figure 6(g)
shows the SAED pattern corresponding to the image of
Figure 6(f). The polycrystalline ring patterns were indexed to
be Cu,O and CuO. This supports the gradual phase
transformation of Cu,O to CuO phase during longer
discharge and charge cycling.

The mechanism of gradually increasing electrochemical
capacity of Cu,O nanorods is summarized; during the first
discharge process, the nanorods are transformed to a porous
nanorod structure and the thick electroactive gel-like
polymer layer is formed on the top surface of the nanorods as
well as between the nanorods. During the following charge
process, the electroactive polymeric layers are reversibly
decomposed at the top surface. With repeating cycles of
discharge-charge processes, the nanorods are structurally
transformed to fragmented nanoparticles, the phase of which
are transformed from Cu,O to CuO, -causing the
enhancement of surface activity and increasing the charge
capacity [33]. Simultaneously, the thickening of the top
electroactive polymer layer and the penetration of the
electroactive polymer into the inbetween of the fragmented
nanoparticles contribute to the more enhancement of the
electrochemical capacity. The remarkable enhancement of
life cycle is attributed to the electroactive polymeric gel-like
matrix which serves as a buffer against the large volume
expansion related to the lithiation of fragmented
nanoparticles [34].

4 Conclusions

The electrochemical flow-SS growth of single-crystalline
Cu,O nanorods array was successfully realized under the
electrochemical flow of dielectric electrolyte. The nanorods
growth originated from the directional anisotropy caused by
the electric field enhancement on the triangular pyramidal
grains in the ultra-dilute aqueous electrolyte. The selective
growth of Cu,O and Cu nanorods in the acidic electrolyte
was demonstrated by controlling the pH and the oxygen
dissolution into the electrolyte. The Cu,O nanorods array
was proved to be a potential candidate as an anode material
for LIBs with electrochemical capacities gradually increasing
from 323 to 1206 mA-h-g’ during 500 cycles. The
outstanding enhancement of the capacities was attributed to a
phase transformation from Cu,O to CuO, accompanying a
nano-restructuring ~ from  nanorods to  fragmented
nanoparticles and the progressive generation of electroactive
polymeric gel-like films. The electrochemical flow-SS
growth in dielectric electrolyte is expected to be utilized as a
facile, environment-friendly, mass production, and low-cost
method for developing other functional nanorods array.

This journal is © The Royal Society of Chemistry 2014
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