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A three-dimensional nanoarchitecture consisting of mesoporous V2O5 and penetrating 

CNTs was synthesized for high-performance lithium-ion batteries. 
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A three-dimensional nanoarchitecture consisting of mesoporous 

V2O5 and penetrating CNTs was synthesized via aerosol spray 

drying process followed by two-step thermal anneal.  The 

nanocomposites show hierarchical structure for effective ion and 

electron transport, making their lithium-ion battery electrodes 

show superhigh capacity and rate-capability. 

High-performance electrochemical energy storage devices, such as 

lithium-ion batteries, are of great importance for a broad range of 

applications.1  Based on the shuttle of ion and electron transport 

during their charge and discharge processes, chemical energy and 

electric energy are reversibly transformed, respectively.  However, 

current battery technologies are mostly limited by such kinetic 

problems.2  Vanadium pentoxide (V2O5) shows high theoretical 

capacity (~296 mAh g-1 based on two lithium intercalation) and can 

be synthesized at low cost, which make it a promising cathode 

candidate for batteries.  However, V2O5 exhibits slow ion diffusion 

and poor electronic conductivity.  The design of the ion and electron 

transport is thereby the most important consideration for a better 

performance. 

In this context, low-dimensional V2O5 materials such as the 

nanoparticles,3 nanowires,4 nanosheets,5 nanobelts6 and nanorods,7 

have been synthesized and attained improved performances, since 

the low dimensionality has shortened ion diffusion length.  However, 

the use of such low-dimensional V2O5 always leads to undesired 

problems of loading, interfaces and handing.2  Based on the low-

dimensional building blocks, 3D nanostructured V2O5 architectures 

have been synthesized, including the nanostructured fibers,8 arrays,9 

films,10 microspheres,11 microflowers12 and foams.13  Accordingly, 

interconnected pore channels for electrolyte transport and shortened 

ion diffusion length are built in those architectures; however, 

effective electron transport is still required for further 

improvement.14  Nanocarbon materials such as carbon nanotubes 

(CNTs) and graphene have therefore emerged to replace traditional 

carbon blacks in battery techniques,15 since they could offer long-

range conductivity, better interfacial contacts, and more robust 

structure.  To date, various approaches (e.g., direct mechanical 

mixing,16 in-situ hydrothermal growth,17 sol-gel,18 atomic layer 

deposition (ALD),19 etc.) have been proposed to construct such 

nanocomposites, such as the commonly mixed “entangled network” 

nanocomposites with V2O5 entangled with CNTs,16 and “core-shell” 

hybrid nanocomposites with V2O5 coated on CNT surfaces.20  

Nevertheless, those nanocomposites mostly cannot form 3D 

structures, thus only facilitates charge transfer locally.  Some 3D 

nanocomposites have been fabricated using the ALD technique;19 

such deposition processes, however, require expensive precursors 

and facilities and is difficult to be implemented for large-scale 

production. 

 

Fig. 1 (a) Schematic illustration of the structure and (b) SEM image of 

CNT/V2O5 nanocomposite microspheres. 

Herein, we propose the construction of a novel 3D 

nanoarchitecture using facile aerosol-spray drying process that 

consists of nanostructured mesoporous V2O5 and penetrating CNTs 

as high-performance cathode materials (Fig. 1a).  In contrast to prior 

work on V2O5-based electrodes,11 our design, firstly, presents two-

levels of ion transport in the nanocomposites, including 

interconnected pore networks for facile electrolyte access and 

mesoporous structure of V2O5 with shortened ion-diffusion length.  

Then, CNTs are directly assembled into V2O5 for efficient electron 

transport.  Moreover, the structured pores of the nanocomposites is 

able to accommodate the volume changes during lithium 

insertion/extraction process, desired for cycling stability.  Therefore, 

the nanocomposites simultaneously achieve robust ion and electron 

transport, and are expected to produce high-performance batteries. 

To fabricate the nanocomposites, we started with dispersing 

CNTs into a precursor solution of V2O5, forming a homogeneous 

dispersion.  Simultaneously, a surfactant (F127, polyethylene glycol, 

propoxylated) was also introduced into the dispersion for templating.  

The atomization process using nitrogen as the carrier gas 
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continuously generated precursor droplets containing CNTs.  After 

passing through a heated tube furnace, solvent evaporation of the 

droplets enriched the precursor and condensed CNTs into the solid 

particles.  Subsequent two-step thermal treatments using hydrogen 

and air annealing in sequence converted the collected particles into 

the final CNT/V2O5 nanocomposite microspheres (Fig. 1b), which 

are made from networks of V2O5 and penetrating CNTs throughout 

the microspheres. 

 

Fig. 2 (a) XRD pattern and (b) Raman spectrum of CNT/V2O5 

nanocomposite microspheres. 

The morphology and structure of the nanocomposites was first 

investigated using X-ray diffraction (XRD), Raman spectroscopy 

and electron microscopic techniques.  Fig. 2a shows the XRD pattern 

of the nanocomposites.  It exhibited intense diffraction peaks of 

orthorhombic V2O5 phase (space group Pmmn, JCPDS card No. 41-

1426), suggesting a successful transformation of the V-precursor 

into V2O5.  Note that the characteristic CNT diffraction peak at 26.2o 

was not visible; however, Raman spectrum (Fig. 2b) of the 

nanocomposites detected carbon peaks with characteristic disorder-

induced D and graphitic G bands at 1336 and 1582 cm-1, 

respectively.  The results suggest two phases, namely V2O5 and 

carbon, coexist in the nanocomposites.  The elemental mapping of 

the nanocomposites was obtained by energy dispersive X-ray 

spectroscopy (EDX, Fig. S1), which confirmed their distributions.  

The chemical composition was further determined by 

thermogravimetric analysis as displayed in Fig. S2, which was 

composed of 94 wt-% V2O5 and 6 wt-% carbon components. 

Scanning electron microscopic (SEM) image shows that the 

nanocomposite microspheres are spherical in shape with 

polydisperse submicron sizes (Fig. S3).  Such nanocomposites can 

circumvent the limitation of nanoparticles and offer easier handling 

in actual production.2  It is worth mentioning that direct thermal 

treatment of the collected spray-dried particles at 400 oC in air has 

failed to obtain the nanocomposites, because the nanostructured 

microspherical morphologies are destroyed in a certain degree and 

the CNTs are completely oxidized as indicated by Fig. S4.  The 

thermal treatment at a lower temperature such as 300 oC in air, 

however, cannot fully achieve the formation of V2O5 (Fig. S5).  Note 

that some CNT/V2O5 nanocomposites have been obtained under 

treatment at 400 oC in air;21 it could be ascribed to the nanotubes 

used and the structure properties of the nanocomposites. 

Transmission electron microscopic (TEM, Fig. 3a) image 

further confirms the interconnected 3D networks of the 

nanocomposites.  Close TEM observation (Fig. 3b) shows the direct 

interfacial contacts between CNTs and active materials.  As 

expected, CNTs were assembled into V2O5 with no phase separation.  

Such direct interfacial contacts facilitate effective electron transport, 

a key factor affecting the electrode’s rate performance.  In 

comparison, direct mechanical-mixing nanocomposites16 and 

recently developed interpenetrating nanocomposites22 can hardly 

provide such intimate interfacial contacts.  TEM observation further 

reveals the mesoporous structure of V2O5 (Fig. 3c).  It displayed that 

V2O5 had abundant mesopores of 2-4 nm, which should be produced 

from the decomposition of the surfactant.  Those distributed 

mesopores serve as electrolyte storage points for locally efficient ion 

transport.  Moreover, Fig. 3c suggests V2O5 microspheres are 

composed of a layered crystalline structure with a layer-to-layer 

distance of ∼ 2.1 Å, which can accommodate facile ion transport.  

Selected area electron diffraction (SAED, inset of Fig. 3c) further 

reveals their polycrystalline nature. 

 

Fig. 3 (a-c) TEM images of CNT/V2O5 nanocomposite microspheres. (d) 

Nitrogen isotherms of the nanocomposite microspheres. 

Their 3D structure of CNT/V2O5 nanocomposites was further 

confirmed using nitrogen adsorption measurement (Fig. 3d).  It 

exhibited a high Brunauer–Emmett–Teller (BET) surface area of 

95.8 m2 g-1.  Significant nitrogen uptake at a high relative pressure of 

nitrogen, as well as the absence of adsorption-desorption hysteresis, 

suggests the formation of interconnected porous channels.  Nitrogen 

adsorption-desorption isotherms also suggest that the 

nanocomposites exhibit hierarchically structured pores with a broad 

pore size distribution ranging from several nanometers to nearly one 

hundred nanometers (inset of Fig. 3d).  More specifically, the 

continuous pore channels around 4-60 nm could be summarily 

ascribed to the interconnected pores; while the abundant mesopores 

below 4 nm should be rooted form mesopores of V2O5.  In short, 

based on the structure characterizations, it is convincing that the 
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designed nanocomposite microspheres are effective for ion and 

electron transport. 

Fig. 4 (a) The first three CV curves of the nanocomposite electrode at 0.5 mV 

s-1 and (b) the galvanostatic charge/discharge curves cycled at a current 

density of 50 mA g-1 between voltage limits of 1.8–4.0 V. (c) Rate 

performance and cycling stability of the nanocomposite electrode. (d) 

Nyquist plots of the nanocomposite electrode at different cycling stages. 

The cathode performance of CNT/V2O5 nanocomposites was 

shown in Fig. 4.  Charge storage behaviour was characterized by 

cyclic voltammetry (CV, Fig. 4a). The electrochemical Li+ 

insertion/extraction process can be expressed by V2O5 + x Li+ + x e− 

↔ LixV2O5, where x is the mole fraction of inserted Li ions.  For the 

first cathodic scan, multiple reduction peaks located at 2.9, 2.5, 2.2, 

1.9 V are observed due to the phase transformations associated with 

Li insertion, which give ε-LixV2O5, δ-LixV2O5, ω-LixV2O5, and γ-

LixV2O5, respectively.23  Note that the formation of ω-LixV2O5 and 

γ-LixV2O5 phases is irreversible due to the deep Li insertion.  

However, following cycles are highly reversible, suggesting facile 

phase transformations at the nanoscale.  Consistent with the CV 

curves, charge/discharge curves at a current density of 50 mA g-1 

displayed that the first charge and discharge capacity based on the 

total mass of electrode was 308 and 303 mAh g-1, respectively (Fig. 

4b).  It corresponds to an initial coulombic efficiency of 98 %, which 

is extremely high for lithium-ion batteries.  When increasing the 

current densities (Fig. S6a), improved kinetics of Li 

insertion/extraction was maintained due to the hierarchical structure 

of the nanocomposites and more importantly, increased conductivity 

from CNTs.  The capacity contribution of CNTs within the 

nanocomposite electrode was relatively small compared to that of 

V2O5 at the voltage of 1.8-4.0 V (Fig. S7).  Based on the mass of 

V2O5 component, it displayed a discharge capacity of ~442 mAh g-1 

at 50 mA g-1, which is markedly higher than those of reported V2O5-

based cathodes.24  Obviously, the designed nanocomposites can 

make the best of active materials. 

Fig. 4c shows the rate and cycling performance of CNT/V2O5 

electrode at different current densities.  In spite of a capacity 

decrease of ca. 10 % during the initial cycles that are commonly 

observed for V-oxides,25 the electrode shows stable capacity at 

various C rates.  The total discharge capacity of the electrode 

reached ~300 mAh g-1 at 0.2 C.  Even at high rates of 20 and 60 C, 

the electrode still delivered reversible capacity of 132 and 104 mAh 

g-1.  In comparison, the electrode made from aerosol-synthesized 

V2O5 microspheres showed a little lower rate-capability due to the 

inefficient electron transport (Fig. S6b).  Such rate capability is 

really impressive.  Furthermore, upon returning back to the rate of 

20 C after 75 cycles at different rates, the nanocomposite electrode 

still delivered discharge capacity of 130 mAh g-1.  Such an electrode 

still also presents a capacity over 210 mAh g-1 after 60 cycles at the 

charge/discharge rate of 0.5 C (Fig. S8), suggesting a moderate 

stability.  Comparing with several high-rate V2O5 electrodes of 

recent work,21,26 the designed nanocomposite electrode shows 

comparable or much better performance.  Importantly, the 

performance is based on the total weight of active nanocomposite 

materials, binders and conductive additives.  With the demand for 

efficient power batteries, there usually is a compromise of the 

storage capability and discharge rate.  Herein, the high energy and 

power density were combined by such 3D nanostructured 

composites, making them promising for high-power devices. 

Electrochemical impedance spectroscopy (EIS) was carried out 

to probe the structure properties of the nanocomposite electrode 

along with cycling.  Nyquist plots of the electrode at different 

cycling status are shown in Fig. 4d.  It was found that the fresh 

electrode exhibited a relatively large single semicircle and an 

intercept at high frequency range, which was associated with a 

combination of ohmic and charge-transfer resistance, and a low-

frequency Warburg tail associated with ion diffusion resistance.  

Interestingly, the diameter of the semicircle decreases and the slope 

of the Warburg tail increases after 5 cycles at 0.2 C, indicating a 

decreased charge-transfer resistance and improved lithium-diffusion 

rate.  It may be due to removal of the protons from the electrodes 

and better CNT-V2O5 interfaces induced by the charge/discharge 

processes.22  The impedance behaviour shows similar features during 

the following cycles, confirming the robust structure of the 

nanocomposites.  Even after 75 cycles, the charge transport 

resistance remains small, and accordingly, the capacity is well 

maintained with high stability. 

In summary, we have demonstrated a novel 3D CNT/V2O5 

nanoarchitecture consisting of hierarchically structured V2O5 and 

penetrating CNTs.  The nanocomposites are realized by an efficient 

aerosol spray drying process followed by anneal processes.  Due to 

the nanostructured features, such nanocomposites have effective 

charge transport, thus offering batteries high capacity and rate-

capability performance.  The synthesis method may be extended to 

synthesize other cathode and anode electrode materials for energy 

storage devices. 
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