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ABSTRACT A facile and general method is developed to fabricate one-dimensional (1D) spinel
composite oxides with complex architectures by using a facile single-spinneret electrospinning

CoMnz04

technique. It is found that precursor polymers and heating rates could control the structures of the
products, such as 1D solid, nanotube and tube-in-tubes structures. Especially, the tube-in-tube structures
have been successfully fabricated for various mixed metal oxide, including CoMn,0,, NiCo,0,, CoFe,0,,
NiMn,0, and ZnMn,0,. Benefiting from the unique structure features, the tube-in-tube hollow

nanostructures possess superior electrochemical performances in asymmetric supercapacitors and

Li—0, batteries.
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he rapid development and ever-

growing demand in industry has

focused on various applications of
functional nanomaterials. The main interest
lies in rational control and precise design
nanomaterials with specialized morpholo-
gies and tailored properties.’ > Among
various structures, one-dimensional (1D)
nanostructure represents one of the most
attractive architectures, mainly owing to
their intriguing feature and great potential
in various applications including catalysis,
energy conversion and storage devices, gas
sensors, and many others.*”” Until now,
great success has been achieved in devel-
oping effective method to synthesize 1D
nanostructures, such as nanofibers, nano-
belts, and nanotubes.® Particularly, tubular
nanostructures can be taken as a special
1D structure because of possessing the
superiorities of both hollow and 1D struc-
ture. This fantasy feature endows them with
more competitive power in widespread
applications.’”®~'2 However, most of the
tubular 1D structures reported are relatively
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simple. Consequently, substantial efforts
have been devoted to facile synthesis of
complex tubular 1D structure, as these
complex structures are expected to offer
more opportunities to tailor the physical-
chemical properties for fundamental stud-
ies and practical applications."®'® As a case
in point, multishelled tubular 1D structure
have shown largely improved catalysis and
lithium storage properties compared with
simple tubular structures.'® Despite these
advances, the synthesis of complex tubular
structure is mostly based on templating
methods, which is a general method for
the fabrication of functional materials with
various nanostructures.'”’~'® By simple
filling (sequential) of porous templates,
many kinds of materials can be prepared
into 1D hollow structures for various appli-
cations. However, the template-directed
synthesis is usually tedious and costly, and
the quantity of the structures that can be
produced in each run of the synthesis is
relatively limited. Therefore, the development
of straightforward, but general approach for
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Scheme 1. Schematic illustration for the formation process of the ternary TMOs with complex 1D nanostructures including

tube-in-tube, nanotube, and solid 1D nanostructures.

controllable preparation of various functional nano-
materials with complex tubular 1D structure would be
highly desirable.

To satisfy the ever-growing energy demand, search-
ing for novel electrode materials for high-performance
energy storage devices is always one urgent task.
Spinel transition metal oxides (TMOs), especially
ternary and mixed oxides, have been intensively
investigated and presented promising electrochemical
properties as electrode materials for energy conversion
and storage systems.?°~2> However, due to the lack of
well-defined micro/nanostructures, the electrochemi-
cal performance for this kind of TMOs has been largely
unsatisfactory. With this in mind, the use of complex
tubular 1D nanostructured TMOs is expected to
address the above-mentioned issue. On the one hand,
complex tubular 1D structure of TMOs could efficiently
enhance their performance. On the other hand,
complex tubular 1D nanostructures could also found
promising applications in many fields, especially
energy conversion and storage devices.??” Currently,
the preparation of TMOs with complex tubular 1D
nanostructure on a large scale by a simple and general
approach is unrealized. Hence, the exploration of facile
and general strategy for the fabrication of desired
TMOs with complex tubular 1D nanostructure still
remains great challenge.

As a remarkably simple and versatile technique,
electrospinning is believed to be one of the most
effective ways to generate 1D nanostructures with
different morphologies on a large scale. 32 Signifi-
cantly, although various TMOs nanofibers have been
prepared by electrospinning, TMOs with nanotubes or
tube-in-tubes architectures are rarely reported. Stimu-
lated by this, herein, we demonstrate a simple and
general approach to prepare many various desired
ternary TMOs, including CoMn,0,, NiCo,04, CoFe,0,,
NiMn,0,4 and ZnMn,0,, with complex tubular 1D nano-
structures based on an effective single-nozzle electro-
spinning technique combined with thermal treatment.
Remarkably, it is found that the precursor polymers play
a key role in forming the hollow structures. More
importantly, by rationally adjusting the heating rates,
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the structure of the as-prepared products can be tuned
from 1D solid, nanotubes to tube-in-tube structures.
Encouraged by the unique structure features, the appli-
cation of these tube-in-tube hollow nanostructures in
energy storage devices, such as asymmetric supercapa-
citors and Li—O, batteries, demonstrate exceptional
electrochemical performances.

RESULTS AND DICUSSION

As schematically illustrated in Scheme 1, the gen-
eral formation procedure of complex tubular 1D
nanostructures ranging from solid 1D structures,
hollow, to tube-in-tube structures mainly involves
two steps, electrospinning and thermal treatment
process. Briefly, the key of these processes is the
involvement of two types of polymers during electro-
spinning and accurate control of the heating rate
during thermal treatment. Specifically, in the electro-
spinning stage, by using different polymer composi-
tion, the core—shell precursor fibers, which are suitable
to produce tube-in-tube, hollow, and solid 1D nano-
structures, can be easily obtained. Initially, a certain
amount of different metal precursors (denoted as M),
polyvinylpyrrolidone (PVP), and polyacrylonitrile (PAN)
are first dissolved in N,N-dimethylformamide (DMF)
solution. Because of the strong coordination ability of
PVP to metal ions and the incompatibility of PVP and
PAN in DMF solution which is mainly due to the
intrinsic properties (e.g., viscosity and interfacial
tension),®*3** the PAN/PVP/M solution undergoes
phase separation, leading to the formation of highly
stretched PAN core surrounded by PVP/M shell con-
figuration during electrospinning process, as shown in
Scheme 1. Besides, the phase separation phenomenon
is well supported by Figure S1 (Supporting Infor-
mation) and also has been demonstrated in previous
literature.3>3® Next, tube-in-tube, nanotube, and solid
1D nanostructure can be obtained after rational
controlling nonequilibrium thermal treatment pro-
cedure.®” At a relatively low heating rate, the core—
shell electrospun fibers might play a structural direct-
ing template role for ensuring the formation of hollow
structures. Hereby, the PAN cores would be gradually
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Figure 1. FESEM (a) images of Co—Mn precursor nanofibers; FESEM (b and c), TEM (d and e) and HRTEM (f) images of CoMn,0,;
elemental mapping (g) showing the uniformly distributed Co, Mn, and O element in CoMn,0, tube-in-tube nanostructures.
The inset shows the corresponding enlarged views.

eliminated, meanwhile the PVP/M shells are homoge-
neously heated from the surface to the center and
shrink into a rigid shell structure together with mass
loss of organic component, hence resulting in the
hollow tubular structures (as shown in Scheme 1 1I).
However, with an increasing heating rate, a rigid layer
would first form on the outside of PVP/M shell due to
the existence of a large temperature gradient (At). In
the subsequent calcinations, owing to the loss of
organic components, the inner gel-like viscoelastic
core would continue to undergo intensive shrinkage.
Reasonably, the rigid layer would be believed to act as
a framework to against the contraction of the outer
layer. Spontaneously, it can be imaged that two forces
from opposite directions simultaneously act on PVP/M
shell. One is the contraction force (F.), which is induced
by the decomposition of organic species and promotes
the shrinkage of the PVP/M shell. The other is the
adhesive force (F,) derived from the rigid surface which
inhibits its inward contraction.?>?® By applying a suffi-
ciently high temperature and an appropriate heating
rate, namely F, > F., PVP/M shell could be split into two
layers because of the interaction between contraction
force and adhesion force, as well as the influence of
the kinetic diffusion of metal cations. After complete
removal of all the organic components, tube-in-tube
structures of phase-pure TMOs can be generated, as
shown in Scheme 1 (I). In addition, if the heating rate is
so fast, the rigid shells do not have so much time to
form. Although the hollow structure might be gener-
ated with the decomposition of PAN, the outer layer of
precursor electrospun fibers are too viscous at this time
and could not retain their hollow structures; thus, the
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hollow structure would collapse into solid 1D nano-
structure, with relatively large diameter compared to
the above-mentioned nanotubes and tube-in-tube
sturcutres, as shown in Scheme 1 (lll). Additionally,
Ostwald ripening, which leads to the in situ formation
of the rigid layer, as well as the kinetics of diffusion of
the metal cations, might also be responsible for the
generation of tube-in-tube structures. All of these
influential factors play an indispensable and important
role for the formation of unique hollow tubular struc-
tures. In this work, our strategy can be extended to
synthesize a relatively wide range of spinel complex 1D
tubular nanostructures, which further demonstrate the
generality and feasibility of this method.

Five different types TMOs with complex 1D nano-
structures, such as CoMn,0, NiCo,0, CoFe,0,,
NiMn;04, and ZnMn;,0,4, have been successfully pre-
pared in this work. CoMn,0, was taken as an example
to demonstrate the unique synthesis procedure. The
typical field emission scanning electron microscope
(FESEM) images of Co—Mn as-spun precursor nano-
fibers in Figure 1a and its inset display a smooth surface
and continuous uniform features with an average
diameter of around 300 nm. After calcination at
600 °C for 2 h, CoMn,0, 1D nanostructure can be
easily generated. Figure 1b—g shows the FESEM and
transmission electron microscope (TEM) images of
tube-in-tube structures of CoMn,O, obtained at a
heating rate of 3 °C min~", respectively. As observed,
the 1D nanostructure can be perfectly maintained and
the interesting tube-in-tube structure can be clearly
identified from Figure 1b. Obviously, the surface of
CoMn,0, tube-in-tube structures is quite rough and the
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Figure 2. FESEM (a, b, d, and e) and TEM (c and f) images of CoMn,0, with the nanotube structure (a—c) and solid 1D
nanostructure (d—f), respectively.

diameter decreases to around 227 nm, which might be
caused by the decomposition of metal precursor and
removal of polymer composition (Figure 1c). Besides,
the inset of Figure 1c shows that many nanoparticles
constitute the unique tubular structure. The TEM
images in Figure 1d and e further confirm the dual
tubular structure of CoMn;0,. It can be clearly seen
that the tubular structures possess well-separated
walls along nearly their entire length. The average
diameter of the outer tubes and inner tube is around
227 and 96 nm, respectively (Figure 1e). The high-
resolution TEM (HRTEM) image of CoMn,0, tube-in-
tube structures in Figure 1f shows a distinct lattice
fringes with an interplanar spacing of 0.489 nm, match-
ing well with the (101) planes of CoMn;0,. The ele-
mental mapping analysis of a single tube-in-tube
structure in Figure 1g further certifies the successful
preparation of hollow double-wall of the product, and
meanwhile proves the coexistence and homogeneous
dispersion of Co, Mn, and O elements in the tube-in-
tube structures.

More significantly, decreasing the heating rate to
1°C min~" yields CoMn,0, hollow structure with only
single wall (Figure 2a—c). Compared to CoMn,0, tube-
in-tube structures, the diameter of these CoMn,0, nano-
tube reduce to around 188 nm. Nevertheless, further
increasing the heating rate to 5 °C min~' leads to the
collapse of hollow structure and result in the solid 1D
nanostructure with average diameter of around 252 nm,
which looks quite like colon (Figure 2d—f). In addition,
Powder X-ray diffraction (XRD) (Figure S2, Supporting
Information) confirmed that all of the above as-prepared
samples can be readily assigned to crystalline CoMn,0,
(JCPDS card no. 77—0471) without any other detectable
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phase, indicating the phase purity of the as-prepared
samples. As described above, the CoMn,0, complex
1D nanostructures can be easily fabricated in large
scale with high purity.

Impressively, many other ternary TMOs with complex
1D nanostructures have been successfully synthesized
using the described electrospinning technique com-
bined with accurate thermal treatment. All of these
provide powerful evidence for the generality of the
present synthesis method. Figure 3 displays typical
SEM and TEM images of NiCo,0, (Figure 3a and b),
CoFe,0, (Figure 3c and d), NiMn,O, (Figure 3e and f),
and ZnMn,04 (Figure 3g and h) tube-in-tube structures.
As can be seen, these four different ternary metal oxides
can be obtained in large scale and all of these present
almost identical tube-in-tube structures. Similarly, as an
example, the elemental mapping analysis of NiCo,0,4
tube-in-tube structures also confirm the unique double-
wall structure with uniformly distributed Ni, Co, and O
elements and HRTEM image indicates the highly crystal-
line nature of the NiCo,0, nanoparticles (Figure S3,
Supporting Information). However, it is worth pointing
out that the surface roughness of different materials
exhibit slight difference. Apparently, a large amount of
pores can be discerned on the surface of NiCo,0, and
NiMn,O,, whereas CoFe,04 and ZnMn,0, appear to be
relatively rough surface with dense feature, respectively.
It is believed that the distinct crystal growth habits and
crystallization behavior of different materials during
calcination process might give rise to the diversity in
surface.'® Aside from the tube-in-tube structures, the
aforementioned four different materials with nanotube
or solid 1D structure can be readily prepared using the
same electrospinning procedure as that for CoMn,0,
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Figure 3. FESEM and TEM images of (a and b) NiCo,0,,
(cand d) CoFe,0y,, (e and f) NiMn,0,, and (g and h) ZnMn,0,
with tube-in-tube nanostructure (The inset shows the
corresponding large-area view).

complex 1D nanostructures (Figure S4 and Figure S5,
Supporting Information). As anticipated, taken NiCo,0,4
nanotubes as an example, the elemental mapping
results further attest uniformly distributed Ni, Co, and
O elements in NiCo,0,4 nanotubes (Figure S6, Support-
ing Information). Meanwhile, all the as-prepared sam-
ples are correspondingly pure spinel TMOs (Figure S7,
Supporting Information). Additionally, the evolution of
the complex 1D tubular structure from nanotube, tube-
in-tube to 1D solid architectures have also been inves-
tigated by employing different heating rates (Figure S8,
Supporting Information). These results corroborate our
proposed formation mechanism in Scheme 1. All these
results confirm the feasibility of our strategy for the
construction of complex 1D nanostructure for many
different TMOs, which is highly desirable to find broad
application in many fields.

In view of that mixed metal oxides have always been
regarded as promising functional materials for various
applications. Meanwhile, the tube-in-tube structures
are expected to dramatically benefit energy-related
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applications, such as lithium ion batteries (LIBs), super-
capacitors (SCs), and lithium-air batteries. Herein,
NiCo,0, tube-in-tube structures were used as example
to demonstrate the superiority of these tube-in-tube
structures as electrode for SCs applications. Next, we
first performed the electrochemical characterization in
a three-electrode configuration using 2.0 M KOH elec-
trolyte. Figure 4a shows the typical cyclic voltammetry
(CV) curves of NiCo,0, tube-in-tube structures at
different scan rate ranging from 1—20 mV s~". Clearly,
the shape of the CV curves confirms the psedocapaci-
tive behavior. Two pairs of poorly defined redox peaks
are observed within the potential range of 0—0.4 V
(vs SCE), which originates from Faradaic redox reac-
tions related to M—O/M—0—OH, where M refers to
Ni or Co.*® Basically, with the increasing scan rate,
the peak position shifts slightly, implying the good
electrochemical reversibility and excellent high-rate
performance. Figure 4b reveals the nonlinear charge/
discharge profiles of NiCo,0, tube-in-tube structures.
The voltage plateaus are in good agreement with the
peaks observed in the CV curves. In addition, the
specific capacitance derived from the discharge curves
is calculated using the formula, C = IAt/mAV, where [ is
the discharge current, At represents the discharge
time, AV is the voltage range and m refers to the mass
of active materials. Specifically, the specific capacitance
as high as 1756 1697, 1610, 1511, and 1457 F g~ can
be obtained at current density of 1, 2, 5, 10, and
20 A g ', respectively. To further illustrate the super-
jority of tube-in-tube structures, the electrochemical
properties of NiCo,04 with nanotube and solid 1D
structures were also examined. Similar energy storage
mechanisms can be observed from Figure 4c, indicat-
ing that the different morphologies make no difference
on the faradaic redox reactions. As predicted, NiCo,0,4
tube-in-tube structures demonstrate a better specific
capacitance than that of the other samples (Figure 4d).
Even at high current density of 20 Ag ™", NiCo,0,4 tube-
in-tube structures still maintain 83% of the capaci-
tances, suggesting the outstanding rate capability.
This is reasonable considering the relatively high
specific surface areas of the unique tube-in-tube hol-
low structures, which is determined to be as high
as 47.3 m? g ' by Brunauer—Emmett—Teller (BET)
analysis compared to 28.0 and 129 m? g~ for the
NiCo,0,4 nanotubes and solid 1D structures, respec-
tively (Figure S9, Supporting Information). In addition,
there is a wide pore size distribution for the NiCo,0,
samples (inset in Figure S9, see the Supporting
Information) verifying the porous structure. All of
these ensure the electrode/electrolyte contact areas
and supply more active sites for fast faradaic redox
reactions, thus leading to the superior electrochemical
performance. It is well-known that the cycle stability of
electrode materials is important parameters for the
practical application. As shown in the Figure S10 (see
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Figure 4. Electrochemical characterizations of NiCo,0, nanostructures as electrodes for supercapacitors: CV curves (a) of

-1,

NiCo,0, tube-in-tube nanostructures at various scan rates ranging from 1-20 mV s~ '; galvanostatic charge/discharge
profiles (b) of NiCo,0, tube-in-tube nanostructures at various current densities; discharge profiles (c) of NiCo,0, tube-in-
tube, nanotube, and 1D solid nanostructures at a current density of 1 A g™ '; the specific capacitance (d) at various current
density of NiCo,0, tube-in-tube, nanotube, and 1D solid nanostructures.

the Supporting Information), it can be found that
around 92.4% of the initial specific capacitance still
can be delivered even after 5000 cycles at a relatively
high current density of 5 A g~', hence indicating
the remarkable long-term electrochemical stability of
NiCo,0,4 tube-in-tube structures.

To evaluate the feasibility of such NiCo,0, tube-in-
tube electrode, an asymmetric supercapacitors (ASCs)
device is assembled by using NiCo,0, tube-in-tube
structure as a positive electrode materials and acti-
vated carbon (AC) as the negative electrode. Besides, to
achieve the optimized performance of NiCo,0, tube-
in-tube//AC ASCs device, the optimal mass ratio of
positive and negative electrode is fixed to around 0.41,
which is based on the charge balance between the two
electrodes (Figure S11, Supporting Information). A
series of CV measurements in different voltage win-
dows at 20 mV s~ " were carried out to estimate the best
operating potential of NiCo,0, tube-in-tube//AC ASCs
device (Figure 5a). With an increase of the operating
potential to 1.6 V, no obvious increase of anodic current
can be observed, meaning that the electrolyte is stable
under such condition. Therefore, 1.6 V is used as the
devices potential to further investigate the electroche-
mical performance of the NiCo,0, tube-in-tube//AC
ASCs device. Then, CV curves of the ASCs devices at
different scan rates ranging from 1—20mV s~ are given
in Figure 5b. A combination of both pseudocapacitive
and electric double-layer types of capacitance can be
clearly seen at all scan rates. Figure 5c reveals the
galvanostatic charge/discharge profiles at different cur-
rent densities. The discharge curves are almost symme-
trical to the corresponding charge curves, suggesting
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excellent capacitive behavior for the ASCs device.
Figure 5d shows the specific capacitance calculated
from the discharge curves (based on the total mass
both positive and negative electrode). Significantly, the
NiCo,0, tube-in-tube//AC ASCs device achieves a rela-
tively high specific capacitance of 168 F g~ at the
current density of 1 A g™, which is substantially larger
compared to that of recently reported.3**° Moreover,
the ASCs device exhibits good rate capacitance, with
75% of capacitance retained even at the current density
of 20Ag .

Figure 5e presents the outstanding cycling stability of
the device at current density of 5 A g~' up to 10000
cycles. It should be noted that the specific capacitance
increases gradually during the first 2000 cycles, which is
normally related to the presence of the possible activa-
tion process. Remarkably, after 10000 cycles, NiCo,0,4
tube-in-tube//AC ASCs device demonstrates excellent
cycling stability and shows around 87% of the specific
capacitance retention. Moreover, the charge/discharge
curves for the first ten cycles are almost identical, further
confirming the outstanding electrochemical reversibil-
ity of the device (inset in Figure 5e). Generally, energy
density, E = (CAU%/2) and power density, P = (E/t) are
two critical factors for real use of ASCs device.
The Ragone plots of NiCo,0,4 tube-in-tube//AC ASCs
device derived from the discharge curves are shown
in Figure 5f. Impressively, a high energy density of
59.7 Wh kg™' can be obtained at a power density of
800 W kg ' and still retains 449 Wh kg~' even at
high power density of 16002 W kg™, which is superior
to previously reported systems such as NiCo,0,4//
AC*' NiCo;_, oxide//AC*® and Ni(OH),-CNT//AC.*
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Figure 5. Electrochemical characterizations of NiCo,0, tube-in-tube//AC ASCs device: (a) CV curves (a) in various potential
window; CV curves (b) at different scan rates; galvanostatic charge/discharge profiles (c) at various current densities; the
specific capacitance (d) at various current density and the corresponding capacitance retention; cycling stability (e) of
NiCo,0, tube-in-tube//AC ASCs device (The inset shows the charge/discharge curves of the first 10 cycles for the ASCs device);

Ragone plot (f) of NiCo,0, tube-in-tube//AC ASCs device.

Obviously, the exceptional energy density property of
NiCo,0, tube-in-tube//AC ASCs device might be related
to the advantageous tube-in-tube structure. Apparently,
the hollow interior of doubly tube structures not only
server as “ion-buffering reservoirs” for OH™, substan-
tially reducing diffusion path of electrons and ions, but
also provide sufficient space to buffer the volume
variation arising from the high-rate insertion and
extraction of OH™, thus increasing the cycling stability
of the electrode. Moreover, the porous feature provides
large amount of electroactive sites for fast faradaic
reactions, which result in enhanced specific capaci-
tance. Furthermore, 1D structure ensures the rapid
transport of electrons and ions, undoubtedly contribut-
ing to excellent rate capability of the devices. Combin-
ing the above-mentioned superiority, the electrode
design of NiCo,0, tube-in-tube offers a promising route
for high-performance ASCs device.

Next, the CoMn,0,; with tube-in-tube structures
were explored as a typical cathode catalyst in Li—0O,
cells. The discharge and charge curves of the Li—0O,
batteries with CoMn,0, mixed with Super P (SP)
electrodes are displayed in Figure 6a. It can be
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observed that the discharge and especially the charge
voltage platforms were significantly decreased with
the help of the CoMn,0, catalyst under a restricting
capacity of 1000 mAh g™ carbon. The discharge plateau
of CoMn,0,/SP is higher than that of bare SP by 50 mV,
while the charging plateau is found to be much lower
than that of SP by about 550 mV. The discharge
and charge platforms are among the lowest reported
values, indicating its high catalytic activity toward both
oxygen reduction reaction (ORR) and oxygen evolution
reaction (OER) processes.**** The effect of current
densities on the discharge capacities of Li—O, batteries
with CoMn,0, and SP were further investigated.
As described in Figure 6b, the CoMn,04-based Li—0,
cell exhibited specific capacities of 5355, 3972, 3074,
and 2502 mAh g ' caon at 100, 200, 400, and 600
MA g ' carbors Which are much higher than those with
bare SP at all current densities. Furthermore, the CoM-
n,0,4 with the tube-in-tube structure presented higher
gspecific capacities than CoMn,0,4 with tube and 1D
solid structure at a current density of 200 MA g™ carbon
(Figure S12, Supporting Information). The obtained
much improved specific capacity and rate capability of
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Figure 6. Discharge/charge curves (a) with a restricting capacity of 1000 mAhg 'c.bon at a current density of 200
mMA g cavon; discharge specific capacity (b) of Li—O, cells with the CoMn,0,/SP and SP electrodes at different
current densities; cycling response (c) and voltage of the terminal discharge vs cycle number (d) of the Li—0O, cell with the
CoMn,0,/SP electrode under specific capacity limit of 1000 mAh g~ .;,onat a current density of 200 mA g~ carbon.

Li—O, cells could be attributed to synergistic effect of
the high ORR and OER catalytic activity and the unique
porous tube-in-tube hollow structure of the CoMn,0,.

The cycling performance of the CoMn,0, cathode
was tested at a current density of 200 mA g™ ' caron
under specific capacity limit of 1000 mAh g™ c;rpon- The
CoMn;0, electrode could be discharged and charged
stably for at least 110 cycles, as shown in Figure 6c and d.
No significant changes in the discharge—charge
profiles were observed during cycling. On the other
hand, the Li—O, cell with bare SP electrode can only
keep the discharging voltage less than 30th cycle. The
improved cycling performance of CoMn,0, cathode
can be ascribed to the unique tube-in-tube structures of
CoMn,0, with a relatively high surface area (Figure S13,
Supporting Information). The CoMn,0, tube-in-
tube structures can makes the configured electrode
highly porous. Such high porosity can not only provide
many electrocatalytic sites and pore volume for nu-
cleation or accommodation of Li,O, discharge pro-
ducts, but also promote the flow of gases and
infiltration of the electrolyte, and eventually, improve
the capacity and cyclability greatly.*>~*” Furthermore,
the cathodes after the first discharge and subsequent
charge were analyzed to get valuable information
on reaction products formed in Li—O, batteries.
The X-ray photoelectron spectroscopy (XPS) spectra

EXPERIMENTAL SECTION

Synthesis of Complex 1D Nanostructures. The preparation of
ternary TMOs with complex 1D nanostructures involves two

PENG ET AL.

demonstrate that Li,O, is the main discharge product
(Figure S14, Supporting Information). Upon the first
discharging, insoluble species precipitate on the sur-
face of the cathode, which are considered as aggre-
gates comprised of nanocrystalline Li,O,. After the first
charging, the porous structure is essentially regained
for the CoMn,0,4/SP electrode (Figure S15, Supporting
Information). These results again indicate the superior
activity of CoMn,0, in catalyzing the oxidation of Li,O,
during the recharging process and contribute to en-
hanced cyclability of the assembled Li—0O, batteries.

CONCLUSIONS

In summary, we have developed a facile and con-
trollable single-spinneret electrospinning technique to
synthesize 1D spinel composite oxides with complex
architectures, including CoMn,0,, NiCo,0,4, CoFe,0,,
NiMn,0,4 and ZnMn,QO,. In this method, the 1D solid,
tube and tube-in-tube structures could be easily ob-
tained only by adjusting the precursor polymers and
heating rates. This method is quite universal which
holds the potential to be further extended to other
materials. Encouragingly, we have demonstrated their
promising application of the tube-in-tube structure of
spinel mixed oxides as electrochemical active materials
for asymmetrical supercapacitors and catalysts for
Li—O, batteries.

steps. Take the preparation of CoMn,0,4 tube-in-tube structures
as an example. Briefly, a mixture of 0.5 g of polyvinylpyrrolidone
(PVP) and 0.5 g of polyacrylonitrile (PAN) was dissolved in 10 mL
of N,N-dimethylformamide (DMF) solution with stirring to
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obtain a homogeneous solution followed by addition of 1 mmol
of Co(CH5COO0), and 2 mmol of Mn(CHsCOO),. Subsequently,
the mixture was vigorous stirred at room temperature for 24 h,
and then a viscous solution can be obtained. Next, the precursor
solution was loaded into a plastic syringe with a stainless steel
nozzle, which was connected to a high-voltage power supply. A
high voltage of 18 kV was applied between the needle tip and
aluminum foil collector with a distance of 16 cm and the
spinning rate was controlled at 1 mL h™". Finally, to obtain
crystallized CoMn,0,4 with tube-in-tube nanostructure, the
obtained as-spun fibers were calcinated at 600 °C for 2 h with
a heating rate of 3 °C min~". By simply changing the heating
rate from 1 °C min~" to 5 °C min~', the structures of CoMn,0,
can be tuned from nanotube to solid 1D structures, respectively.
The synthesis of other ternary metal oxide with complex 1D
structure, such as tube-in-tube, nanotubes, and solid 1D struc-
tures, is similar to the synthesis of CoMn,0, complex 1D
structure, by using the respective metal precursors.

Materials Characterization. The morphology of products were
characterized using field-emission scanning electron micro-
scope (FESEM; JEOL JSM-7600F), transmission electron micro-
scope (TEM; JEOL JEM-2100F). Investigation of the crystal
structure was examined by X-ray diffraction (Shimadzu XRD-
6000, Cu Kot radiation, 4 = 1.5418 A). The composition of the
Product was analyzed using energy-dispersive X-ray spectro-
scope (EDX) attached to the TEM instrument. The surface area
analysis was carried out using an Autosorb 6B instrument. X-ray
photoelectron spectroscopy (XPS) was conducted by Kratos
Axis Ultra DLD electron spectrometer at an accelerating voltage
of 13 kV and a pass energy of 35.75 eV (PHI, PHI5300 system).

Supercapacitive Measurements. The electrodes were prepared
by mixing the electroactive materials (complex 1D NiCo,04
nanostructures or activated carbon), conductive carbon
(Super—P-Li), and polyvinylidene fluoride (PVDF) in a mass
ration of 75:15:10 to obtain slurry. Then, the slurry was pasted
onto nickel foam and dried at 80 °C for 10 h under vacuum
condition. The electrochemical measurement of the individual
electrode were carried out using a three-electrode cell in an
aqueous KOH electrolyte (2.0 M), where a standard calomel
electrode (SCE) served as reference electrode and a platinum
foil as counter electrode. The electrochemical tests of the
asymmetric supercapacitor were performed on a two-electrode
cell based on NiCo,0, electrode as positive electrode and
activated carbon (AC) as negative electrode in 2 M KOH aqueous
electrolyte solution. The mass loading of active materials is
around 1.17 mg cm 2 All of the electorchemical measurements
were carried out on Solartron 1470E multichannel potentiostat/
cell test system. To assemble an asymmetric supercapacitor, the
loading mass ratio of positive and negative electrode was
estimated to be 0.41 from the specific capacitance calculated
from their CV curves.

Li—0, Batteries Measurements. The nonaqueous Li—O, cells
were prepared using 2032-type coin cell, consisting of an air
electrode, a metallic lithium anode, a glass filter separator
(What-man), and a 1 M LiTFSi in TEGDME (tetraethylene glycol
dimethyl ether) electrolyte. The cathodes were prepared by
coating a mixture of catalysts, Super P, and poly(vinylidene
fluoride) (PVDF) with weight ratio of 30:60:10 using N-methyl-2-
pyrrolidinone(NMP) as a dispersing agent onto a circular nickel
foam current collector. The total amount is around 0.8 mg cm 2.
It should be noted that all the electrodes mass is the same and
the active catalyst is about 0.24 mg cm ™2 The coated electrode
was dried for 12 h at 80 °C under a vacuum to remove any
residual solvent. The batteries were then assembled in a glove-
box filled with pure argon. The positive top cover was machine-
drilled to create 13 evenly distributed 1.5 mm-diameter holes to
enable oxygen flow. The Li—0O, cells were tested in a drybox
with desiccants added and O, or air was continuously fed into
the box. Electrochemical tests were conducted by a LAND-
CT2001A battery-testing instrument. The specific capacity and
current density were based on the amount of carbon used into
the catalysts. The cyclic voltammograms (CVs) were carried out
within 2.0—4.6 V at room temperature on parstat 263A work-
station (AMETEK).
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