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ABSTRACT: We have fabricated CuO@TiO, nanocable arrays by a facile
method involving in situ thermal oxidation of Cu foil and coating of tetrabutyl
titanate solution. The structure of the nanocables has been investigated by
various techniques to comfirm that the cores are mainly crystalline monoclinic
CuO, and the shells are crystalline tetragonal anatase TiO,. When used as an
anode material for lithium-ion batteries, the nanoconfinement effect plays an
important role in improving the lithium-ion storage preformance: the lithiation
will be confined in one-dimensional space of TiO, nanotubes to limit the
pulverization of CuO, and the phase interface will cause an interfacial adsorption
to enrich more lithium ions at some level. Benefiting from the nanoconfinement
effect and interfacial adsorption, the reversible capacity does not fade, but
rather increases gradually to 725 mAh g™ after 400 cycles at a current density of

60 mA g, superior to the theoretical capacity of CuO.
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B INTRODUCTION

Due to their high theoretical capacities and low cost, transition
metal oxides have attracted continuous interest as anode
materials for lithium-ion batteries.' > However, the poor
electrical conductivity and large volume change result in bad
cyclic stability and low reversible capacity.” In order to solve
these problems, scientists usually use nanocrystallization and/or
composite processes to improve the lithiation performances
of transition metal oxides.”® Encapsulated nanostructures,”*’
carbon nanostructure loaded materials," ' and hollow nano-
structures ™ '* are the most widely used strategies, which have
enhanced the cyclic stability and reversible capacity of transition
metal oxides. In many cases, an interesting phenomenon was
observed that the specific capacities of some composite electrode
systems did not fade, but rather increased after the initial cycles
even higher than their theoretical capacities, for example Cu
nanowires@Fe304,13 MoO, nanospheres@C,140:—Fe203 nano-
platelets/N-doped graphene,” and MnO nanowire/graphene.”’
To explain the outstanding cyclic performances, several possible
mechanisms were proposed: (a) nanoconfinement will limit the
pulverization and destruction of the crystalline structure of anode
materials;**'* (b) interfacial interaction between the oxide and
matrix may enhance the intercalation reaction;*”'*™"® (c) the
irreversible Li,O will gradually decompose into oxide and lithium
ion in the presence of Ni in successive charge steps, >’ and
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(d) the growth of a polymer/gel-like film at low potential may
generate an extra capacity.21

As the nanoconfinement can prevent the pulverization and/or
aggregation of metal oxides during the cycle steps,'” it is only
applied to keep the cyclic stability, but not to explain the
anomalous capacity rise.” However, in some capacity increase
cases, in absence of the catalytic Ni nanoparticles or the matrix of
graphene or carbon nanotubes, only pure metal oxides or core/
shell nanostructures exist during the charge/discharge cycles, and
the final discharge capacity is even higher than the theoretical
capacity. Bai et al.”” fabricated a kind of porous Mn;0, nanorod
by a pyrolysis method, which showed a capacity increment of
ca. 100 mAh g™* from the 40 cycle to 150™ cycle. They attributed
the capacity increment to the surface lithium storage and de-
composition of some irreversible Li,O to active lithium and
manganese oxide, but no details were discussed to explain the
mechanism of the surface lithium storage and the decomposition
of irreversible Li,O. Yoon and Manthiram®* prepared TiO, core/
shell nanostructure anodes, which reached a discharge capacity
higher than 200 mAh g~' even after 100 cycles with excellent
cyclic stability. In this case, the high cyclic stability of TiO, was
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Scheme 1. Formation Procedure of CtO@TiO,—NCAs
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considered to be due to its small crystallite size and large surface
area. Also, for these cases, there is no obvious evidence for the
formation of polymer/gel-like film being observed. Therefore,
more research should be done to explore the reasons for the
excellent cyclic performance and extra lithium storage capacity.

In-situ thermal oxidation is a mature technology to prepare
CuO nanowires;>* "¢ however, the electrochemical performance
of these CuO nanowires is very poor. Herein, we use a simple
composite process to synthesize a nanocable structure of TiO,-
encapsulated CuO nanowires to improve the electrochemical
performance of CuO nanowires prepared by in situ thermal
oxidation. The lithium insertion material TiO, is chosen as the
“shell” of the CuO@TiO, nanocable, and its tubular structure,
with a higher surface-to-volume ratio, may help to relieve the
stress and volume changes occurring during the processes of
intercalation and extraction of lithium to maintain its completion.””
Therefore, the TiO, nanotube structure will ensure the lithiation
reaction of CuO nanowires being confined in a one-dimensional
nanospace of the nanotube during the charge—discharge pro-
cesses. An interesting phenomenon was found in our experiment:
as the CuO@TiO, nanocables with long aspect ratios generate
a large CuO/TiO, phase interface area, the interfacial adsorp-
tion during the solid-phase diffusion will propitiously raise the
lithium ions’ storage capacity to some extent. The experimental
results showed that the nanoconfinement effect and the interfacial
adsorption have a synergistic effect on improving the lithiation
performance of CuO@TiO, nanocable arrays (CuO@TiO,—
NCAs).

B EXPERIMENTAL SECTION

Preparation of CuO Nanowire Arrays (CuUO—NWAS). A copper
foil (99.99% purity) with a thickness of 0.2 mm and a size of 20 X
15 mm? was first dipped into an aqueous solution of 1 mol L™ HCl for
10 min to purge the oxide layers on the surface; subsequently rinsed in
deionized water; cleaned by acetone under an ultrasonic bath for 5 min;
and dried in N, flow afterward. The copper foil was placed in an alumina
boat and loaded into a box furnace and annealed at 500 °C for 6 h in air
with a heating rate of ~10 °C min~". CuO—NWAs were formed by this
thermal oxidation of the Cu foil.

Preparation of CuO@TiO,—NCAs. As illustrated in Scheme 1; a
solution of tetrabutyl titanate (TBT) dissolving in ethanol (1:4 v/v) was
dropped onto the above thermally treated Cu foil at room temperature;
then quickly transferred the sample into a refrigerator; standing at a
temperature of less than 10 °C for 1 h. Subsequently, the sample was loaded
in a box furnace; and annealed at 300 °C for 4 h under air atmosphere
and ambient pressure. The heating rate was kept at ~10 °C min™". Finally,
the brown thin oxide scale was peeled off carefully and set aside.
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Characterization. The morphologies of CuO—NWAs and
CuO@TiO,—NCAs were characterized by field-emission scanning
electron microscopy (FE-SEM; Hitachi S-4700) and energy-dispersive
X-ray spectroscopy (EDS; attached to SEM). The phase determination
was performed by X-ray diffraction (XRD; Rigaku D/max-2500B2+/
PCX system with CuKaA = 1.5406 A; 20 = 5—90°). X-ray photoelectron
spectra (XPS) were recorded on a Thermo Electron Corporation
ESCALAB 250 XPS spectrometer. The detail of the microstructures was
identified by transmission electron microscopy (TEM; Hitachi H-800)
and high-resolution transmission electron microscopy (HRTEM; JEOL
JEM-3010F).

Electrochemical Investigation. Electrochemical performances of
the as-products were measured with two-electrode coin-type cell with
lithium foil as counter electrode. The working electrode was prepared by
smearing the slurry of 70% active matter, 20% acetylene black, and 10%
poly(vinylidene difluoride) in N-methylpyrrolidinone on nickel foam
sheets, and drying the working electrode in a vacuum oven at 80 °C for
4 h and then at 120 °C for 12 h. The assembling procedure of the cells
was performed in a recirculating argon glovebox, and the electrolyte was
a1 mol L™ LiPF, solution in a mixture of ethylene carbonate/dimethyl
carbonate (1:1 v/v). The galvanostatical charge—discharge tests were
carried out in a Land-CT2001A system within the potential range of
0.01—3 V vs Li/Li" at current densities of 60, 120, 240, 600, 1200, and
2400 mA g™, respectively. Electrochemical impedance spectroscopy
(EIS) and cyclic voltammetry (CV) measurements of the working
electrode were taken on an electrochemical workstation (CHI 660B).
AC impedance spectra were obtained by applying a sine wave with an
amplitude of 5.0 mV over a frequency range from 100 kHz to 0.01 Hz.
The cyclic voltammograms were obtained over the potential range of
0.01—-3 V vs Li/Li* at a scan rate of 0.1 mV s™%.

B RESULTS AND DISCUSSION

In Figure 1, parts a and b, FE-SEM images show that the CuO
nanowires grown on the Cu film surface are very dense and of
high aspect ratio. The cross-sectional view of CuO—NWAs in
Figure 1a illustrates that the nanowires are relatively aligned and
almost perpendicular to the oxide scale surface. Most CuO NWs
have smooth surfaces and a uniform diameter along their
longitudinal axial direction. A statistical measurement shows
that the average length and diameter of the nanowires are 6.2 and
0.26 pm, respectively, and the growth density is ca. 5.13 per ym®.
The TEM image of a randomly selected nanowire illustrated
in Figure 1c shows an excellent straightness and a diameter of
ca. 175 nm, and no hollow structure is found in the nanowire.
Many reports have been focused on the mechanism of the growth
of CuO nanowires during the in situ oxidation of metal copper.”®
A cross-sectional view of the oxide layers has illustrated the
multilaminate morphology clearly in Figure 1a. The nucleation of

DOI: 10.1021/acsami.5b06204
ACS Appl. Mater. Interfaces 2015, 7, 22372—22379


http://dx.doi.org/10.1021/acsami.5b06204

ACS Applied Materials & Interfaces

Research Article

Figure 1. SEM images of CuO—NWAs and CuO@TiO,—NCAs: (a) a cross view and (b) a vertical view for CuO—NWAs, (d) a cross view and (e) a
vertical view for CuO@TiO,—NCAs; TEM images of CuO—NWAs and CuO@TiO,—NCAs: (c) a single CuO nanowire and (f) a single CuO@TiO,

nanocable.

the nanowires can be treated as a diffusional solid-state trans-
formation process, and its growth is determined by stress-
induced short-circuit diffusion.”

TBT has been extensively utilized as reactive titanium source
to prepare TiO, nanostructures by the methods of hydrolysis
and pyrolysis.””*" As the whole reaction is exposed in ambient
atmosphere, TBT solution forms liquid membrane around CuO
nanowire from tip to root slowly involving a series of complex
hydrolysis reaction.””** With the hydrolysis of TBT and the
evaporation of ethanol, the liquid membrane around nanowires
will solidify to form a solid shell surrounding the CuO nanowires
tightly as displayed in Scheme 1. After a calcination treatment,
the solid shell will turn into TiO, completely.”® The morpho-
logies and structures of CuO@TiO,—NCAs are displayed in
Figure 1d—f. A cross-sectional image in Figure 1d shows that
nanocables are still perpendicular to the oxide substrate
exhibiting an array-like morphology. The smooth surface is
kept, but the straightness is slightly decreased compared to CuO
nanowires. The morphologies of CuO@TiO,—NCAs are much
neater than those of composites in some other reports.”**° In
Figure 1d, we can see that the CuO nanowires are encapsulated
from tip to bottom completely. The average diameter of the
nanocables increases to 0.32 pm from the original 0.26 pm;
however, the growth density decreases to ca. 2.91 per um’.

The density decrease may be due to the flow of TBT solution on
the CuO—NWAs which will break some of nanowires. A TEM
image of a single CuO@TiO, nanocable is illustrated in Figure 1f,
the selected nanocable exhibits an obvious core/shell structure,
and the core is wrapped tightly by the outside shell that forms
a clearly continuous phase interface. The thickness of the shell is
uniform, scrolling into a ring pillar shape.

The CuO—NWAs and CuO@TiO,—NCAs were peeled off
from the annealed copper foil and directly used in XRD analysis.
It can be seen that CuO—NWAs in Figure 2a exhibit the
characteristic peaks of cubic Cu,O phase (JCPDS No. 77-0199)
and monoclinic CuO phase (JCPDS No. 80-0076). All the peaks
of CuO—NWaAs are in good conformability with characteristic
peaks of Cu,0 and CuO. After transforming into CuO@TiO,—
NCAs, the peaks of the CuO phase become stronger and sharper
than that of Cu,O, indicating that the amounts of CuO layer and
nanowires are greater than that of Cu,0. An XPS measurement
was also performed to confirm that the valence state of Cu
in CuO@TiO,—NCAs (Supporting Information, SI, Figure S1).
The Cu 2p;, peak is composed of two components at 931.7 and
933.9 eV, corresponding to Cu,O and CuO, respectively.26 In the
XRD pattern of CuO@TiO,—NCAs, two small peaks at 25.3°
and 47.9° can be distinguished corresponding to the (101) and
(200) planes of TiO, (anatase). Due to its small amount and low
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Figure 2. (a) XRD patterns of CuO—NWAs and CuO@TiO,—NCAs. The inset image is an enlarged view of the area in azure circle on the pattern of
CuO@TiO,—NCAs. (b-1) The electronic image of a single nanocable and its EDX line-scan profiles of (b-2) Tj, (b-3) Cu, and (b-4) O.
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Figure 3. (a) Galvanostatic charge—discharge curves of CuO@TiO,—NCAs electrode at the 1%, 2", and 50% cycles; (b) cycling performance of
CuO—NWAs and CuO@TiO,—NCAs at 60 mA g'; and (c) capacity retention of CuO@TiO,—NCAs at various current and a continuous long-term

cycle performance at 60 mA g~".

oxidation temperature (300 °C), the diffraction peaks of TiO, are
so weak that only the two strongest characteristic peaks can be
seen in the XRD pattern. A visualized image on the distribution
of each element along the diameter of a nanocable was set up by
performing a line-scan profile on a random selected nanocable.
The analysis data in Figure 2b show that the nanocable consists
of three elements: Ti, Cu, and O. As illustrated in Figure 2(b-2),
the distribution of the Ti element shows a typical tubular nano-
structure, and the spatial distribution of Cu displaying by blue
dots exhibits a cylinder shape. We can conclude that the line-scan
results also confirm the CuO core/TiO, shell nanocable structure.

The lithiation properties of the obtained products were
tested by galvanostatical charge—discharge method under various
charge rates. The lithiation reaction of CuO as anode is a complex
process, which usually can be expressed by three steps.”® And
the lithiation process and properties of anatase have also been
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studied widely, and the intercalation reaction can be described
as follows®”**

TiO, + xLi* + xe” - Li,TiO, 0<x<06
For anatase, x is the mole fraction of Li in TiO,, which typically
do not exceed 0.5 during electrochemical insertion,*® whereas the
upper limit is 0.6 for chemical intercalation with butyllithium.”

Figure 3a shows the discharge/charge curves of CutO@TiO,—
NCAs anode in the first, second, third and 50th cycle at a current
density of 60 mA g~". A large specific capacity of 1183 mAh g™'
was achieved at the first discharge process (Li-insertion process)
with two sloping potential ranges. The potential ranges at
1.31-1.01 V and 0.91—0.01 V are related to the Li intercalation
reactions of CuO and Cu,O crystallites, respectively.'”'® The
CV curves of the CuO@TiO,—NCAs anode also confirmed the
electrochemical reactions in accordance with the discharge/charge
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Figure 4. (a) AC impedance spectra of CuO@TiO,—NCAs electrode at different cycles (using the same cell in Figure 3c) and (b) the Randles
equivalent circuit for the EIS spectra and fitting kinetic parameters for the corresponding components in the circuit.

curves (Figure S2). It can be noticed that the discharge curve with
a rapid fall after 3 V experiences a occurrence of inflection around
1.5V, this may be attributed to the lithiation of anatase.” The next
cycles, even to the 50" cycle, show narrow sloping potential ranges
that emerge in the same voltage scales, respectively, compared to
the first cycle, suggesting a high reversibility of lithiation reaction.
Figure 3b illustrates the cycle performances of CuO—NWAs
and CuO@TiO,—NCAs electrodes at 60 mA g~'. The CuO—
NWaAs electrode has almost no fading during the first 50 cycles,
and the discharge capacities of second cycle and 50 cycle
are 268.3 and 267.5 mAh g, respectively. As an advanced
structure, CuO@TiO,—NCAs gives a higher reversible capacity
0f 663.7 mAh g"'. For comparison, the CutO@TiO,—NCAs were
also acidified to get the pure TiO, shell, which shows a reversible
capacity of 166 mAh g~ after 50 cycles (Figure S3). We can
obtain the initial Coulombic efficiencies of CuO—NWAs and
CuO@TiO,—NCAs are 35.2% and 72.2%, respectively, indicates
that the CuO@TiO,—NCAs electrode can provide a much
higher reversible capacity and lithium utilization efficiency. For
both electrodes, the capacity loss in the first cycle can be ascribed
to the decomposition of the electrolyte and the subsequent
formation of an SEI layer on the electrode surface.”” All these
reactions will generate irreversible Li,0."" 1t is interesting to
find that the reversible capacity of CutO@TiO,—NCAs does not
always fade but increases gradually after the preceding several
cycles. However, this capacity increase phenomenon does
not appear in the cycle process of CuO—NWAs. We will give a
further investigation by prolonging the cycle number later.
Furthermore, the capacity retention of CuO@TiO,—NCAs
was measured at different current densities of 60, 120, 240, 600,
and 1200 mA g™, to evaluate its rate performance, and the results
are shown in Figure 3c. The CuO@TiO,—NCAs electrode
exhibits a good rate capability. When the high current density is
reversed back to low current density, the original capacity can be
recovered, implying excellent reversibility. The same cell shown
in Figure 3c was further tested by a long-term cycle at 60 mA g™/,
and the capacity continuously increases up to the 190" cycle with
a discharge capacity of 543 mAh g~". Here, we set the 190" cycle
as an evaluated basic point of the long-term cycle performance.
The capacity remains at 716 mAh g~' after 170 cycles, cor-
responding to a capacity retention of 131.8%, this means a
capacity increase of 0.163% per cycle up to the 190" cycle. Then
the rising trend slows down and comes into a flat-lined period.
The increasing rate has reduced to 0.0046%, correspondingly,
the capacity increment is 8 mAh g™' from 360™ cycle to 600"
cycle. The EDS data showed that the mass ratio of CuO, Cu,O,
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and TiO, in CuO@TiO,—NCAs is 14.4:1:1.8. Accordingly, the
theoretical contributions of CuQ, TiO,, and Cu,O are 560, 18,
and 44 mAh g, respectively, and the theoretical capacity of
CuO@TiO,—NCAs is 622 mAh g~'. However, the experimental
results showed a reversible capacity of 633 mAh g~', and the
value even raised to 716 mAh g after 170 cycles. This sign
suggests an additional mechanism of lithiation reaction to store
more lithium ions, which will be discussed in more details below.
From the above results, it is demonstrated that the CutO@TiO,—
NCAs electrode shows excellent long-term cyclability and rate-
stability performance.

In order to reveal the kinetics of the electrode process,
electrochemical impedance spectroscopy (EIS) measurments are
carried out. As shown in Figure 4a, the Nyquist plots consist of
two semicircles and a linear area. The first depressed semicircle in
the high frequency range can be interpreted as the formation
of a solid electrolyte interface (SEI) film and migration of
lithium ions through the surface films at the electrode/electrolyte
interface. The second semicircle appearing at lower frequencies
is attributed to the double layer capacity and charge transfer
resistance at the electrodes. Semi-infinite diffusion processes in
the active material or solid phase of the electrode appear at the
low frequency end, exhibiting typical Warburg behaviors in the
linear region.”” A modified Randles equivalent circuit was set up
to be the model for EIS analysis to quantify the experimental
results,*” as illustrated in Figure 4b. R, represents bulk resistance
of the cell; C; and R; represent the capacitance and resistance of
the surface film, respectively; Cyq and R are the double-layer
capacitance related to the nonfaradaic process and the charge-
transfer resistance related to the faradaic process, respectively;
W is the Warburg impedance related to the diffusion of lithium
ions into the bulk electrode. The obtained fitting kinetic
parameters of the CuO@TiO,—NCAs electrode are summarized
in Figure 4b. It can be seen that both Riand R, gradually decrease
with the cycle process, implying that the diffusion of lithium
ions into the solid phase becomes smoother, and the lithiation
reactions of the active material become more facile. The AC
impedance spectrum of the CuO—NWAs electrode is also
performed, which shows higher impedances than those of the
CuO@TiO,—NCAs electrode (Figure S4). The lower R, of
the CuO@TiO,—NCAs electrode implies that the diffusion of
lithium ions into the bulk electrode is much more convenient.

The as-produced CuO@TiO,—NCAs in this work show a
capacity increase during a long-term cycle, demonstrating a
superior cyclability and higher specific capacity than normal
CuO—NWAs by in situ thermal oxidation and most other pure
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CuO nanostructures.** We used TEM measurement to investi-
gate the role of the nanoconfinement effect on improving the
electrochemical performance of the CuO@TiO,—NCAs. As
illustrated in Figure 5, randomly selected nanocables are in the

Figure S. TEM images of three typical nanocables after 50 cycles: (a)
partial open end type, (b) closed end type, and (c) open end type (scale
bars, 500 nm); (a-1), (b-1), and (c-1) are enlarged images of the selected
areas in (a), (b), and (c), respectively.

full deintercalation state after cycling. As mentioned earlier,
nanocrystalline TiO, is an insertion material, which means the
crystal will not pulverize that easily during the discharge—charge
cycle.”” This is also confirmed in Figure 6, that the TiO, shell

Li2Ti204 (222)
AN

Figure 6. HRTEM images of (a) a randomly selected nanocable in a full
lithium insertion state and its local features at (b) the interior part near
the internal interface, (c) the internal interface, and (d) the external
interface of the shell.

remains complete after cycling. We have chosen three typical
nanocables: (i) partial open end type, (ii) closed end type, and
(iii) open end type. The enlarged images of their end parts are
displayed in Figure S, parts (a-1), (b-1), and (c-1), respectively.
CuO is still trapped in TiO, nanotubes, which hinders CuO from
the volume expansion effect and nanocrystalline pulverization,
and prolongs the reaction time by preventing the separation of
the CuO component from the current collector dispersing into
the electrolyte. During the discharge process, the CuO core will
be reduced to Cu gradually, which leads to a shrinkage of the
core with the formation of a large number of defects in different
dimensions (Figure SS). The lithium concentrated reaction
mainly focuses on the interfacial side of the TiO, shell, which
may generate numbers of voids.

Although the nanoconfinement from the encapsulated TiO,
shell can prevent the capacity fading, it cannot explain the extra
capacity in the long cycling process. However, there is no obvious
evidence for the formation of commonly indicated polymer/
gel-like films. Therefore, it is necessary to reveal some other
reasons for the phenomenon of capacity increase. As is known,
plenty of defects exist in dispersing solid—solid interfaces, thus
forminsg enhanced chemical activity sites located at the inter-
faces,"*® which will cause a high interfacial energy.”’~*
According to the theory of interfacial adsorption, the heteroatoms
will diffuse to the defects provided by the interfaces to reduce the
high interfacial energy.50 In the case of CuO@TiO, nanocables,
the interfaces between CuO and TiO, separated from the
electrolyte will maintain a much higher interfacial energy.**® As
the lithiation reaction continues, the lithium ions diffuse from the
external surface of nanocables to the internal core, there will be
an extra amount of lithium ions reacting and anchoring at the
CuO/TiO, defect-rich interfaces with chemical activity sites due
to the interfacial adsorption effect.* It is already known that the
intrinsic defect structure of the anatase is dominated by reduction
involving the formation of Ti*" and Ti** polarons, especially at
the interfaces there will forms plenty of defect clusters which is
helpful to store much more lithium ions.***” XPS also pro-
vided the confirmation of the existence of Ti** and Ti** defects
(Figure S1). We used HRTEM to investigate the interfacial
adsorption effect and the formation of new phases. A randomly
selected nanocable in a full lithium intercalation state is chosen
to be the research subject, as illustrated in the inset image in
Figure 6a. Fast Fourier transform (FFT) analysis of the HRTEM
image showed that the Li-rich phase is mainly constructed of
Li,Ti,0, at the internal interface in Figure 6¢, the areas in yellow
circles corresponded to Li, Ti,0, (222) fringes with a interplanar
spacing of 0.242 nm, and the red circles are LiTi,0, (220) fringes
with an interplanar spacing of 0.296 nm. The interior part near
the internal interface is displayed in Figure 6b, as can be seen in
the FFT results, a new phase Li, Ti;0, appears in the areas marked
by yellow circles, and is the dominant component in this region.
The HRTEM image of a selected area at the external interface
illustrated in Figure 6d shows a polycrystalline situation. We
directly measured the distances of the fringes in the picture, then
texted and verified the results in the FFT pictures, there are four
kinds of interplanar spacings, 0.209, 0.255, 0.192, and 0.244 nm,
corresponding to the crystal planes (400), (311), (331), and
(222) of LiTi,O,, respectively. No other phase was observed, but
LiTi,0, at the external interface of the shell. It is found that the
internal interface of the TiO, shell will store more lithium ions
by forming Li-richer phases Li,Ti,0, and Li,Ti;0,, while the
external interface will form LiTi,0,, which is generally regarded as
the maximum insertion phase for electrochemical intercalation.
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This may be explained by the interfacial adsorption model
aforementioned in this paragraph, which is caused by the high
interfacial energy related to the defect structure at the interface.

Other evidence may provide an explanation for the capacity
increase. Usually, peaks in the differential dQ/dV curves are
indicative of “plateaus” in the charge/discharge curves cor-
responding to the electrochemical reactions in cells.”” Here, we
chose a series of discharge curves from the long cycle process
to investigate their dQ/dV curves, as shown in Figure 7.

200 th
—— 250th
300 th
—— 350 th
400 th
—— 450 th
500 th
—— 550 th
—— 600 th

dQ/dv

T T T T T T T T T T T
00 05 10 15 20 25 30
Voltage/ V vs. Li*/Li

Figure 7. Differential capacity vs voltage plots for discharge curves in
different cycles of the cell in Figure 3c.

The peaks located above 1.5 V can be regarded as the formation
of LiTi,0,*”"" and the peaks at this voltage still existed in the
next cycles, which indicated a reversible electrochemical reaction.
However, during the following cycles, the left side of the peaks
became wider and flatter, and finally gave shoulders, indicating
that some other new reactions had widened the peaks. The
electrochemical formation of Li,Ti;O; and Li,Ti,O, occur in
the range 1.0—1.5 V,>"*? and with the increase of cycle numbers,
these reactions became stronger and stronger to make the left
side of the peaks at above 1.5 V into shoulders. These results can
also be verified by their excellent conformity with the HRTEM
images in Figure 6. Therefore, the extra reversible electrochemical
reactions may produce extra capacity.

B CONCLUSIONS

In this work, CuO@TiO, nanocable arrays were prepared by a
simple thermal method and were used as an electrode material
for lithium storage. The nanoconfinement effect of CutO@TiO,
nanocables is beneficial for the enhancement of both the cyclabi-
lity and rate-stability during the long-term charge—discharge
process, leading to the excellent electrochemical performance
of CuO@TiO,—NCAs with superior reversible capacity of
725 mAh g™! after 400 cycles at a current density of 60 mA g™
For the first time, experimental evidence of interfacial adsorption
during the diffusion of lithium ions in a lithiation process was
observed, and the interfaces separating from the electrolyte with
high interfacial energy will capture more Li-ions and provide
extra capacity, which plays a constructive role in lithium storage.
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