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 ABSTRACT 

Metal oxide hollow structures with multilevel interiors are of great interest for

potential applications such as catalysis, chemical sensing, drug delivery, and

energy storage. However, the controlled synthesis of multilevel nanotubes remains

a great challenge. Here we develop a facile interface-modulated approach toward

the synthesis of complex metal oxide multilevel nanotubes with tunable interior

structures through electrospinning followed by controlled heat treatment. This

versatile strategy can be effectively applied to fabricate wire-in-tube and tube-

in-tube nanotubes of various metal oxides. These multilevel nanotubes possess

a large specific surface area, fast mass transport, good strain accommodation, and

high packing density, which are advantageous for lithium-ion batteries (LIBs) 

and the oxygen reduction reaction (ORR). Specifically, shrinkable CoMn2O4

tube-in-tube nanotubes as a lithium-ion battery anode deliver a high discharge 

capacity of ~565 mAh·g−1 at a high rate of 2 A·g−1, maintaining 89% of the latter 

after 500 cycles. Further, as an oxygen reduction reaction catalyst, these nanotubes

also exhibit excellent stability with about 92% current retention after 30,000 s, 

which is higher than that of commercial Pt/C (81%). Therefore, this feasible 

method may push the rapid development of one-dimensional (1D) nanomaterials.

These multifunctional nanotubes have great potential in many frontier fields. 

 
 

1 Introduction 

Because of their unique properties, hollow structures 

have been widely applied for catalysis, chemical 

sensing, drug delivery, and energy storage [1–12]. 

Hollow structures have experienced a structural 

Nano Research 2016, 9(8): 2445–2457 

DOI 10.1007/s12274-016-1130-x 

Address correspondence to Liqiang Mai, mlq518@whut.edu.cn; Xuefeng Guo, guoxf@pku.edu.cn 



 

 | www.editorialmanager.com/nare/default.asp 

2446 Nano Res. 2016, 9(8): 2445–2457

evolution from simple to complex during recent 

decades [13]. Compared with simple hollow structures, 

complex multilevel hollow structures show multilevel 

interior spaces and multiphase interfaces, which may 

change the physicochemical properties and enable 

many potential applications [14–19]. However, it is 

difficult to efficiently synthesize these multilevel hollow 

structures. Therefore, the development of a general 

synthesis strategy for multilevel hollow structures with 

a desirable composition and delicate morphology is 

challenging for both fundamental studies and practical 

applications. 

Intensive efforts have been made to synthesize 

multilevel metal oxide hollow structures. Lou et al. 

obtained double-shelled SnO2 hollow spheres and 

“nanococoons” by shell-by-shell deposition of SnO2 

on spherical and nonspherical silica [20, 21]. Dong et 

al. reported the synthesis of multishelled ZnO hollow 

microspheres by thermal decomposition of car-

bonaceous microspheres with adsorbed zinc ions [22]. 

The optimized sample has a large surface area and 

can reflect and scatter light, leading to a high energy 

conversion efficiency in dye-sensitized solar cells. Zhou 

et al. synthesized double-shelled CoMn2O4 hollow 

microcubes with enhanced lithium-ion battery (LIB) 

performance via a facile coprecipitation and subsequent 

annealing method [23]. Despite these great successes, 

an efficient strategy for general synthesis of one- 

dimensional (1D) multilevel hollow structures has 

seldom been reported owing to the anisotropic features 

and complex construction process [24–34]. 

Metal oxides, especially ternary transition metal 

oxides, are remarkably attractive candidates for use as 

LIB anodes and electrocatalysts owing to their low cost 

and high electrochemical activity [35–42]. However, 

the large volume variation is a major and catastrophic 

problem in LIBs. It leads to serious pulverization and 

aggregation, resulting in structural degradation and, 

eventually, in rapid capacity fading [43]. However, 

hollow structures overcome this problem by buffering 

the large volume change. Nevertheless, owing to their 

low packing density, hollow structures suffer from a 

relatively low volumetric energy, which still limits 

their practical application [44, 45]. On the other hand, 

multivalent metal spinels, especially Co3−xMnxO4, are 

considered to be attractive nonprecious oxygen electro-

catalysts [46–48]. Their electrocatalytic processes are 

strongly related to the number of available active sites 

[49]. Generally, these spinels are synthesized through 

traditional ceramic methods, which seriously limit 

their electrochemical properties because of the large 

particle size and low surface area [46]. 

Herein, we report a facile and versatile interface- 

modulated method of synthesizing multilevel metal 

oxide nanotubes with tunable interior structures. By 

controlling the polymer/metal oxide interface, solid 

electrospun nanofibers can be converted into shrinkable 

wire-in-tube and tube-in-tube nanotubes (Fig. 1). In 

this regard, it is highly desirable to design and obtain 

multilevel metal oxides with various compositions. 

Specifically, the synthesized shrinkable CoMn2O4 tube- 

in-tube nanotubes exhibit excellent electrochemical 

performance in LIBs and the oxygen reduction 

reaction (ORR). 

2 Experimental 

2.1 Materials synthesis 

2.1.1 Preparation of shrinkable metal oxide wire-in-tube 

nanotubes 

The preparation of shrinkable CoMn2O4 wire-in-tube 

nanotubes is presented as an example. First, low- 

molecular-weight (98%–99% hydrolyzed), medium- 

molecular-weight (86%–89% hydrolyzed), and high- 

molecular-weight (98%–99% hydrolyzed) polyvinyl 

alcohol (PVA) in a weight ratio of 3:2:1 (9.5 wt.%) were 

dissolved in 20 mL of deionized water. 1.5 mmol 

Co(CH3COO)2·4H2O and 3 mmol Mn(CH3COO)2·4H2O 

were added to the prepared PVA precursor. After the 

mixture was stirred at 80 °C for 5 h, a viscous, uniform, 

transparent solution was obtained. Subsequently, 

the precursor solution was electrospun (SS-2534H, 

UCALERY Co., Beijing, China) at a constant flow rate 

and a high voltage of 12 kV. The composite nanowires 

were collected on revolving aluminum foil. After 

drying at 80 °C for 12 h, the composite nanowires were 

heated to 280 °C at 10 °C·min−1 and held at 280 °C for 

1 h in air. Then, the primary product was heated to 

500 °C at 1 °C·min−1 and kept at that temperature for 

3 h in air. Shrinkable CoMn2O4 wire-in-tube nanotubes 

were obtained. Shrinkable wire-in-tube nanotubes  
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of other metal oxides were synthesized by a similar 

process. 

2.1.2 Preparation of shrinkable metal oxide tube-in-tube 

nanotubes 

The preparation of shrinkable CoMn2O4 tube-in-tube 

nanotubes is presented as an example. Electrospun 

nanofibers were obtained by the processes described 

above. After drying at 80 °C for 12 h, the composite 

nanowires were heated to 280 °C at 1 °C·min−1 and held 

at 280 °C for 1 h in air. Then, the primary product was 

heated to 500 °C at 10 °C·min−1 and kept at that tem-

perature for 3 h in air. Shrinkable CoMn2O4 tube-in- 

tube nanotubes were obtained. Shrinkable tube-in-tube 

nanotubes of other metal oxides were synthesized by 

a similar process. 

2.2 Characterization 

The crystallographic characteristics of the final pro-

ducts were measured using a Bruker D8 Discover 

X-ray diffractometer equipped with a Cu Kα radiation 

source; the samples were scanned over a 2θ range  

of 10° to 80° at room temperature. Scanning electron 

microscopy (SEM) images were collected using a JEOL- 

7100F scanning electron microscope, and transmission 

electron microscopy (TEM) images were collected 

using a JEM-2100F transmission electron microscope. 

The Brunauer–Emmett–Teller (BET) surface area 

was calculated from nitrogen adsorption isotherms 

measured at 77 K using a Tristar-3020 instrument. 

2.3 Electrochemical measurements 

For the lithium-ion battery, 2,016 coin cells were 

assembled in a glovebox filled with pure argon gas. 

Lithium foil was used as the anode, and a solution of 

LiPF6 (1 M) in ethylene carbonate/diethyl carbonate 

(1:1 v/v) was used as the electrolyte. The cathode was 

composed of a ground mixture of 70% active material, 

25% acetylene black, and 5% graphene oxides (gra-

phene oxides were synthesized through a modified 

Hummers’ method). After coating onto copper foil, 

the electrode film was uniformly cut into round 

slices ~0.5 cm2 in area weighing a total of ~1.2 mg; the 

corresponding areal mass loading was 2.4 mg·cm−2. 

Galvanostatic charge–discharge measurements were 

performed using a multichannel battery testing system 

(LAND CT2001A). Cyclic voltammograms (CVs) and 

electrochemical impedance spectra were collected  

at room temperature using an Autolab potentiostat/ 

galvanostat.  

For the oxygen reduction reaction, the electrocatalytic 

activities of shrinkable CoMn2O4 tube-in-tube nano-

structure catalysts toward ORR were measured in 

O2-saturated 0.1 M KOH aqueous solution, with a 

saturated calomel reference electrode (SCE), a Pt wire 

counter electrode, and a working electrode. An ink of 

the catalyst was prepared by mixing 5 mg of catalyst 

powder and 5 mg of Vulcan XC72R (VXC72R) with 

50 μL of a 5 wt.% Nafion solution, 200 μL of deionized 

water, and 750 μL of isopropanol, and placing the 

resulting mixture in an ultrasonic bath. CVs at a 

sweep rate of 5 mV·s−1 were recorded in the potential 

range of 0.1 to −0.8 V versus SCE. Linear sweep 

voltammetry (LSV) was performed in O2-saturated 

0.1 M KOH. ORR polarization curves were recorded 

at a scan rate of 5 mV·s−1 under various electrode 

rotation rates (400, 625, 900, 1,225, and 1,600 rpm). The 

Pt ring potential was set at 0.5 V versus SCE to 

monitor the formation of peroxide species. All the 

potentials were transferred to the reversible hydrogen 

electrode potential scale. 

Before each measurement, 0.1 M KOH electrolyte 

was bubbled with O2 for more than 30 min. Rotating 

ring-disk electrode (RRDE) measurements were per-

formed at 1,600 rpm using a CHI 760 E electrochemical 

workstation with an RRDE-E7R9 rotator (Pine Co., 

Ltd.). 

The ORR kinetics was analyzed using the Koutecky– 

Levich (K–L) equation [49] 

2

0 2 3 1 6 1 20
k d O

1 1 1 1 1

0.62i i i nFAkC nFAD C 
    

υ
  (1) 

where i, ik, and id 
correspond to the measured, kinetic, 

and diffusion-limiting current, respectively; n is the 

overall transferred electron number; F is the Faraday 

constant; A is the geometric electrode area (cm2); k is 

the rate constant for oxygen reduction; 0C  is the 

saturated concentration of oxygen in 0.1 M KOH; 
2O

D  

is the diffusion coefficient of oxygen; υ is the kinetic 

viscosity of the solution; and ω is the rotation rate 
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(rad·s−1) of the electrode. Further, the percentage   

of peroxide species (HO2
−) with respect to the total 

generated oxygen reduction products and the electron 

reduction number (n) were calculated as 

r
2

d r

/
HO 200

/

I N

I I N
 


             (2) 

d

d r

4
/

I
n

I I N



                 (3) 

where 
d

I  is the disk current, 
r

I  is the ring current, 

and N is the current collection efficiency (0.37) of the 

RRDE. 

3 Results and discussion 

3.1 Controlled interface-modulated mechanism 

In the initial stage, low-, medium-, and high-molecular- 

weight PVA are dissolved in deionized water with 

moderate inorganic salts (denoted as S in Fig. 1), 

forming a homogeneous precursor solution (Table S1 

in the ESM). As we reported previously, the PVAs 

with different molecular weights tend to separate 

into three layers instead of mixing together under 

the strong electrostatic tension force [50]. As a result, 

the inorganic salts are uniformly dispersed in coaxial 

nanofibers after electrospinning (Fig. 1 and Fig. S1 in 

the ESM). According to the thermogravimetric (TG) 

curves, low-, medium-, and high-molecular-weight 

PVA successively pyrolyze as the temperature increases 

(Fig. S2 in the ESM). Therefore, the pyrolysis direction 

of composite nanofibers is from the center to the 

outside, which is different from the traditional pyrolysis 

direction (from the outside to the center) [6, 23, 30]. 

In the subsequent heat treatments, two opposite forces 

exist in the electrospun fibers, namely, the contraction 

force (Fc) due to pyrolysis of PVA and the adhesive 

force (Fa) from the outer shell. During the heat 

treatment, the temperature gradient determines the 

strength of Fc and Fa, and thus the radial interface- 

contract direction. 

When electrospun nanofibers are sintered to 280 °C 

at a high heating rate of 10 °C·min−1 in air, Fc exceeds 

 

Figure 1 Schematics of the formation processes for shrinkable metal oxide wire-in-tube (I) and tube-in-tube nanotubes (II). I: Electrospun 
nanofibers are (a) heated to low temperature (280 °C, 10 °C·min−1) and (b) held at 280 °C for 1 h in air; then (c) the sample is annealed at 
high temperature for 3 h in air (500 °C, 1 °C·min−1). II: Electrospun nanofibers are (d) heated to low temperature (280 °C, 1 °C·min−1), (e) held
at 280 °C for 1 h in air, and (f) finally sintered for 3 h in air (500 °C, 10 °C·min−1). 
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Fa (Fig. 1(a) and Fig. S3(a) in the ESM). The inner 

low-molecular-weight PVA decomposes rapidly and 

contracts inward along with the inorganic salts, forming 

wire-in-tube nanotubes (Fig. 1(b) and Fig. S4(b) in the 

ESM). Then, when the sample is sintered at 280 °C for 

1 h, the outer nanotubes tend to shrink inward owing 

to the softness of the outer polymer shells (Fig. 1(c) 

and Fig. S4(c) in the ESM) [51]. Subsequently, as  

the product is heated to 500 °C at 1 °C·min−1 for 3 h, 

shrinkable composite nanotubes slowly pyrolyze, 

forming outer inorganic shells, because Fc is smaller 

than Fa. Finally, shrinkable wire-in-tube nanotubes 

are obtained (Fig. S4(d) in the ESM). 

On the other hand, when electrospun nanofibers 

are presintered to 280 °C at a low heating rate of 

1 °C·min−1 in air, Fc is smaller than Fa (Fig. 1(d) and 

Fig. S3(b) in the ESM). The radial pyrolysis direction 

of electrospun nanofibers is from the inside to the 

outside, so hollow nanotubes form (Fig. S5(b) in the 

ESM) [50]. After the sample is held at 280 °C for 1 h, 

shrinkable nanotubes are also obtained (Fig. 1(e) and 

Fig. S5(c) in the ESM). The internal surface of the 

shrinkable nanotubes aggregates more inorganic salts, 

and the outer surface forms a relatively rigid shell. 

When the sample is heated to 500 °C at a high 

heating rate of 10 °C·min−1, Fc exceeds Fa (Fig. 1(f)). 

The shrinkable nanotubes are split into tube-in-tube 

nanotubes from the center of the composite walls 

[6, 30]. Eventually, shrinkable tube-in-tube nanotubes 

are obtained (Fig. S5(d) in the ESM). 

The shrinkable CoMn2O4 wire-in-tube and tube-in- 

tube nanotubes are both very uniform (Figs. 2(a) and 

2(e)). TEM images clearly indicate the interior struc-

tures (Figs. 2(b), 2(c), 2(f), and 2(g)). The shrinkable 

wire-in-tube nanotubes consist of inner thin wires 

(~40 nm in diameter) and outer shrinkable tubes 

(~200 nm in diameter) (Figs. 2(b) and 2(c)). According 

to a statistical analysis, the diameters of different inner 

wires and outer tubes exhibit regular distributions, 

showing uniform diameters (Fig. S6 in the ESM). 

Further, the shrinkable tube-in-tube nanotubes are 

composed of shrinkable inner tubes (~110 nm in 

diameter, ~10 nm in wall thickness) and outer tubes 

(~200 nm in diameter, ~10 nm in wall thickness) 

(Figs. 2(g) and 2(f), and Fig. S7 in the ESM). High- 

resolution TEM (HRTEM) images indicate that these 

wire-in-tube and tube-in-tube architectures consist of 

uniform nanoparticles (~10 nm in diameter) (Figs. 2(d) 

and 2(h)). The corresponding selected-area electron 

diffraction (SAED) patterns indicate polycrystallinity 

(insets of Figs. 2(d) and 2(h)). The X-ray diffraction 

(XRD) patterns can be well indexed to pure CoMn2O4 

Figure 2 SEM images ((a) and (e)), TEM images ((b), (c), (f), and (g)), HRTEM images ((d) and (h)), and SAED patterns (insets of 
(d) and (h)) of shrinkable CoMn2O4 wire-in-tube ((a)–(d)) and tube-in-tube ((e)–(h)) nanotubes. 
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phases (JCPDS card No. 01-077-0471) (Fig. S8 in the 

ESM). The carbon content of shrinkable CoMn2O4 tube- 

in-tube nanotubes was measured by TG measurement 

(Fig. S9(a) in the ESM), which showed that the carbon 

source was burned out after treatment at 500 °C in air. 

The nitrogen adsorption–desorption isotherm of the 

shrinkable CoMn2O4 tube-in-tube nanotubes shows a 

high BET specific surface area of 105.8 m2·g−1 (Fig. S9(b) 

in the ESM). The pore size distribution is mainly 

between 5 and 50 nm, indicating mesopores (Fig. S9(c) 

in the ESM). The mesopores are attributed to the 

random and loose stacking of nanocrystal grains, the 

sizes of which can also be tuned by modulating the 

compositions and concentrations of inorganic salts 

(Table S2 in the ESM). 

3.2 General synthesis and wide applicability  

To further confirm the versatility of our strategy, 

MnCo2O4 and NiCo2O4 shrinkable wire-in-tube and 

tube-in-tube nanotubes were also fabricated by adjust-

ing the inorganic salts (Fig. 3). The broken terminals 

of these nanotubes clearly reveal the inner structures. 

The corresponding TEM images give more direct 

evidence for the wire-in-tube and tube-in-tube 

structures (Figs. 3(b), 3(d), 3(f), and 3(h)). The XRD 

patterns are well indexed to the pure phase of each  

sample (Fig. S10 in the ESM). Furthermore, our 

strategy can also be easily applied to the synthesis of 

shrinkable wire-in-tube and tube-in-tube nanotubes 

of various single metal oxides, such as Co3O4 and 

MnO2 (Fig. S11 in the ESM). By using the XRD Rietveld 

refinement method, the average crystal size of shrin-

kable Co3O4 tube-in-tube nanotubes is found to be 

about 13.7 nm (Fig. S12 in the ESM), which is close to 

the value from HRTEM characterization. Overall, this 

strategy can be widely applied to synthesize shrinkable 

nanotubes with tunable interior structures for various 

metal oxides. 

In our strategy, the application of different holding 

temperatures and heating rates is of great sig-

nificance in the formation of shrinkable metal oxide 

nanotubes with tunable interior structures. Initially, 

the holding temperature plays an important role   

in shrinkage of the nanotubes. Simple CoMn2O4 

nanotubes can be obtained without using different 

holding temperatures and heating rates, as reported 

in our previous work (Fig. S13 in the ESM) [50]. In 

contrast, when the nanofibers are treated only with 

different holding temperatures, shrinkable CoMn2O4 

nanotubes are realized (Figs. 4(a) and 4(b)). In addition, 

different heating rates are crucial in obtaining mul-

tilevel nanotubes, including tube-in-tube nanotubes 

Figure 3 (a) and (b) SEM and TEM images of shrinkable MnCo2O4 wire-in-tube nanotubes; (c) and (d) SEM and TEM images of 
shrinkable NiCo2O4 wire-in-tube nanotubes; (e) and (f) SEM and TEM images of shrinkable MnCo2O4 tube-in-tube nanotubes; (g) and 
(h) SEM and TEM images of shrinkable NiCo2O4 tube-in-tube nanotubes. 
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and wire-in-tube nanotubes. When only different 

heating rates are applied, CoMn2O4 wire-in-tube 

nanotubes and tube-in-tube nanotubes are obtained 

(Figs. 4(c)–4(f)). In particular, by applying multistep 

heating rates, we can obtain multishelled nanotubes 

(Fig. S14 in the ESM). All the results demonstrate that 

this method of controlling the heat treatment is an 

efficient, general, and facile strategy for obtaining 

various nanotubes with tunable interior structures. 

For the general synthesis of shrinkable metal oxide 

nanotubes with tunable interior structures, there are 

three prerequisites: (1) a large amount of inorganic 

salts, (2) electrospun nanofibers with relatively large 

diameter, and (3) a radial gradient of low-, medium-, 

and high-molecular-weight PVA. First, the concentration 

of metal salts determines whether robust metal oxide 

shells form. It is difficult for electrospun nanofibers 

with a low metal precursor concentration to form 

multilevel nanotubes. In addition, the peaks of the XRD 

patterns become wider with increasing concentration 

of metal salts (Table S2 in the ESM). The corresponding 

average crystallite sizes, which were obtained on the 

basis of the Scherrer formula, decrease slightly [52]. 

This can be attributed to the formation of more crystal 

nuclei at high concentrations. Second, during heat  

treatment, separation occurs between the metal oxide 

shells and the PVA/S composites owing to two opposite 

forces. In this separation, an effective distance is 

needed. Electrospun nanofibers with a smaller diameter 

tend to form single-shell nanotubes. Third, the radial 

gradient of low-, medium-, and high-molecular-weight 

PVA ensures that the pyrolysis direction of PVAs is 

from the inside to the outside along the radial direc-

tion, leading to the formation of nanotubes. In contrast, 

electrospun nanofibers with only medium-molecular- 

weight PVA cannot form these multilevel nanotubes 

under the same heat treatment process (Fig. S15 in 

the ESM). Thus, gradient electrospun nanofibers with 

a larger diameter and higher metal ion concentration 

may support the formation of 1D multilevel interior 

structures. 

3.3 Electrochemical performance in LIB and ORR 

First, electrochemical measurements of shrinkable 

CoMn2O4 tube-in-tube nanotubes used as anodes for an 

LIB were performed. As reported previously, another 

drawback of metal oxides is their low electronic con-

ductivity [43]. To realize better use of their structural 

advantages, graphene oxides at a weight ratio of 

only 5% were used instead of the insulating binder,  

 

Figure 4 ((a), (c), and (e)) SEM and ((b), (d), (f)) TEM images of ((a) and (b)) shrinkable CoMn2O4 nanotubes, ((c) and (d)) CoMn2O4

wire-in-tube nanotubes, and ((e) and (f)) CoMn2O4 tube-in-tube nanotubes. 
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which can enhance the electronic conductivity of  

the electrodes [44]. The CVs of the electrodes are 

characterized in the range from 0.01 to 3.0 V vs. Li+/Li 

at a scan rate of 0.2 mV·s−1 (Fig. 5(a)). Two pairs of 

distinct redox peaks in the curves correspond to the 

reduction/oxidation of both manganese oxides and 

cobalt oxides; the one at ~1.40 V is due to the oxidation 

of Mn to Mn2+, and the one at ~2.00 V is due to the 

oxidation of Co to Co2+, which is consistent with the 

previously reported results [23]. The second and third 

curves mostly overlap, showing good reversibility 

of the electrochemical reactions. Shrinkable CoMn2O4 

tube-in-tube nanotubes can recover 90% of their initial 

capacity after testing at various current densities 

from 100 to 5,000 mA·g−1 (Fig. 5(b)). The average dis-

charge specific capacities are 953, 917, 854, 781, 666, 

and 452 mAh·g−1 at 100, 200, 500, 1,000, 2,000, and 

5,000 mA·g−1, respectively. The corresponding charge– 

discharge voltage profiles of the rate performance 

exhibit low polarization and high Coulombic effi-

ciency (Fig. 5(c)). In addition, after cycling 140 times 

at 200 mA·g−1, the battery can maintain a discharge 

capacity of 923 mAh·g−1 with a capacity retention of 

98% compared with the capacity of the second cycle 

(Fig. 5(d)). In particular, even measured at the high 

rate of 2 A·g−1, shrinkable CoMn2O4 tube-in-tube 

nanotubes can still remain stable after 500 cycles, 

with a capacity retention of 89% and a tiny capacity 

fading of 0.44% per cycle (Fig. 5(e)). Compared with 

other nanostructured CoMn2O4 in previous reports, 

our synthesized shrinkable CoMn2O4 tube-in-tube 

nanotubes possess outstanding high-rate and long- 

life cycling performance (Table S3 in the ESM). 

To further reveal their structural superiority, 

shrinkable CoMn2O4 tube-in-tube nanotubes were also 

characterized for the ORR. First, the electrocatalytic 

activities of VXC72R, Pt/C, and CoMn2O4 nanotubes 

were evaluated in terms of their CVs (Fig. 6(a)). A 

well-defined cathodic peak appears at ~0.81 V, which 

is close to that of Pt/C (0.86 V) and more positive 

than that of VXC72R (0.67 V). From the LSV curves in 

rotating disk electrode (RDE) experiments at 1,600 rpm, 

the onset potential of the CoMn2O4 nanotubes is ~0.9 V, 

which is consistent with that identified from CV 

measurement (Fig. 6(b)). Additionally, a clear plateau 

in the diffusion-limiting current of the CoMn2O4 nano-

Figure 5 Electrochemical performance of shrinkable CoMn2O4 tube-in-tube nanotubes in LIB. (a) First three CV curves tested at a 
scan rate of 0.2 mV·s−1 in a potential range from 0.01 to 3.0 V vs. Li+/Li. (b) Rate performance tested at current densities of 100, 200, 
500, 1,000, 2,000, and 5,000 mA·g−1. (c) Corresponding charge–discharge voltage profiles. ((d) and (e)) Cycling performance and 
Coulombic efficiency tested at current densities of 200 and 2,000 mA·g−1, respectively. 
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tubes is observed, indicating that a stable ORR process 

can be achieved owing to the strong electrocatalytic 

activity. RDE experiments at different rotation rates 

were performed (Fig. S16 in the ESM), and the corres-

ponding kinetic parameters were analyzed using the 

K–L equation (Fig. 6(c)). The linearity of the K–L plots 

indicates the first-order reaction kinetics with regard 

to the concentration of dissolved oxygen and similar 

electron transfer numbers at various potentials [53]. 

The value of n below 0.5 V is 3.6, suggesting an 

apparent quasi-4e− ORR pathway. Moreover, the ORR 

catalytic behaviors were evaluated in terms of the 

transferred electron numbers (n) and yield of peroxide 

species from the disk and ring currents recorded on 

the RRDEs (Fig. 6(d)). The HO2
− yield for the CoMn2O4 

nanotubes is less than 13%, and the calculated electron 

transfer number is 3.75, which is close to the results 

obtained from the K–L plots based on RDE measure-

ment. Furthermore, the chronoamperometric responses 

were measured to evaluate the durability of CoMn2O4 

nanotubes and Pt/C at 0.65 V and 1,225 rpm. The 

CoMn2O4 nanotubes exhibited excellent stability with 

92% current retention after 30,000 s, which is much 

better than the value for Pt/C (81%). 

The excellent lithium storage and electrocatalytic 

properties of shrinkable nanotubes with tunable 

interior structures can be attributed to the following 

factors (Fig. 7 and Fig. S17 in the ESM). First, for LIBs 

(Fig. 7(a)), such a structure can give rise to a high BET 

specific surface area of 105.8 m2·g−1. This architecture 

can enhance the electrode/electrolyte contact surface 

and shorten the path length for ionic and electronic 

transport [54]. Second, the hollow interior spaces and 

mesopores can efficiently accommodate large volume 

variation and strain during the Li+ insertion/removal 

process. Further, the morphology can remain inte-

grated after long cycles, showing great structural 

stability (Fig. S18 in the ESM). In addition, the packing 

density of shrinkable tube-in-tube nanotubes can be 

increased by 26.3% compared to that of unshrinkable 

tube-in-tube nanotubes, which efficiently enhances 

the volumetric energy and power densities (Fig. S19 

in the ESM). Electrochemical impedance spectroscopy 

measurement was performed (Fig. S20 in the ESM). 

Figure 6 Electrochemical ORR of shrinkable CoMn2O4 tube-in-tube nanotubes. (a) CV curves of VXC72R, Pt/C, and CoMn2O4

nanotubes in O2-saturated 0.1 M KOH at a scan rate of 5 mV·s−1. (b) LSV curves of VXC72R, Pt/C, and CoMn2O4 nanotubes in
O2-saturated 0.1 M KOH at 5 mV·s−1 and 1,600 rpm. (c) K–L plots of CoMn2O4 nanotubes at different potentials. (d) RRDE
voltammograms recorded with CoMn2O4 nanotubes in O2-saturated 0.1 M KOH at 1,600 rpm. (e) Peroxide yields and electron transfer
numbers of CoMn2O4 nanotubes at various potentials based on RRDE data. (f) Current–time chronoamperometric responses of
CoMn2O4 nanotubes and Pt/C in O2-saturated 0.1 M KOH at 0.65 V and 1,225 rpm. 
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The charge transfer resistance (Rct) of electrodes based 

on shrinkable CoMn2O4 tube-in-tube nanotubes is 

90 Ω, suggesting their fast electronic mobility. For 

ORR (Fig. 7(b)), the high surface area and multilevel 

mesoporous tubes are also beneficial because they 

provide more reaction active sites and enhanced mass 

transport during electrochemical reactions [55]. 

4 Conclusions 

In this work, we demonstrate a facile and general 

interface-modulated method of synthesizing multilevel 

metal oxide nanotubes with tunable interior structures. 

By controlling the polymer/metal oxide interface, 

shrinkable wire-in-tube and tube-in-tube nanotubes are 

obtained. Further, this versatile strategy can be applied 

to synthesize various metal oxides. These metal oxide 

multilevel nanotubes provide more active reaction sites, 

faster mass transport, better strain accommodation, 

and higher packing density, which are advantageous 

for use in LIBs and the ORR. Specifically, when used 

as a lithium battery anode or an ORR catalyst, 

shrinkable CoMn2O4 tube-in-tube nanotubes exhibit 

both excellent electrochemical activity and stability. 

This general strategy marks a milestone in the design 

and synthesis of complex multilevel nanotubes.  
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Figure 7 (a) Schematic illustration of shrinkable tube-in-tube nanotubes with effective stress buffering and enhanced Li+ diffusion in 
LIB; (b) schematic illustration of shrinkable tube-in-tube nanotubes with efficient O2 diffusion and fast mass transport in ORR. 
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