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1. INTRODUCTION 
 
Rechargeable energy storage devices are being used in increasing number in several consumer applications, 
such as hybrid electric vehicles, wireless communication devices, uninterrupted power sources and power tools.  
Rechargeable batteries are also being considered for a variety of “Load” and “Grid” applications, because of 
their ability to provide reliable and high quality energy.  A lightweight, compact and high power density energy 
storage device with excellent charging rate capability and cyclability, is desired for the above mentioned 
applications.  Most of these applications require batteries to be economical and environmentally benign.  The 
primary focus of this work has been to develop nanostructured WO2-based anodes, which will lead to a high 
performance 3.0V asymmetric hybrid device that will have high power density, fast charge rate capability, 
excellent cyclability (thousands of cycles) and will be environmentally friendly as well.   
 
Carbonaceous intercalation materials, such as graphite, coke and hard carbon, are highly desirable from an 
energy density point of view, since these materials intercalate Li-ions voltage close to -3V SHE.  However, they 
are specially unsafe to operate in high charge rate applications, since Li plating may be induced with 
undervoltage during fast charge protocols.  Figure 1 shows the low voltage and subsequent proxmitiy to the 
plating potential of Li.  This problem can be avoided using WO2-based electrodes that have a Li intercalation 
potential of 2.3V.  Furthermore, the composite voltage profile of the WO2 vs C cell slopes gradually, which is 
formed during charging, spanning from 2.5 V to 3.5 V (average voltage = 3.0 V), Figure 2.  On the other hand, 
the useable capacity of C-C supercapacitor is between 0 and 3.0V (average = 1.5V)2.  This alone provides a 
100% increase in the energy density of the hybrid cell.  The combined effects of higher average voltage and 
increased capacity of WO2 intercalation results in a large energy density increase with respect to the highest 
energy density supercapacitors.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: Electrode charge-discharge voltage profiles of an activated carbon/graphite asymmetric hybrid cell (This is taken from the 
Reference 1) 
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Figure 2: Output voltage profiles of three technologies: C/WO2, C/Li4Ti5O12, and C/C, in asymmetric cells (This is taken from the reference 
1) 
 
Coarse WO2 anodes exhibit poor electrochemical properties.  The capacity of the cell decreases rapidly on 
cycling, once the cell is discharged more than 0.5 Li per mole of WO2 (~ 60 mAh/g)3.  The promise of 
nanostructured WO2-based powders as negative electrodes in Li-based devices is to result in improved 
performance in a number of areas based on the fundamental physicochemical properties that govern the 
performance of lithium interaction compounds.  Previously, it had been demonstrated that nanostructured anode 
materials enhance the performance of asymmetric hybrid devices due to the very short diffusion distance for 
intercalating Li-ions1.  The use of nanostructured anodes can also lead to smaller dimensional changes in the 
material as Li ions are cycled in and out.  Additionally, the high surface area of nanostructured material can lead 
to a large number of surface sites that are capable of fast redox reactions.  Therefore, it is possible that 
nanostructured electrodes can exhibit both faradic and non-faradic capacity.  Additionally, the capacity of anode 
oxide nanomaterials can also be increased by a reversible reaction process as shown below: 
 
    MO2 + 2xLi ⇔ xLi2O + M    [1] 
Such a reversible redox reaction has been suggested for nanoparticles of CoO4.  In this work, we have 
demonstrated that the reaction [1] is also reversible in case of nanostructured WO2 particles. 
 
2. EXPERIMENTAL 
 
Nanostructured and ultrafine WO2-based powders were produced by reducing WO3-based powders at a low 
temperature (< 700 oC).  WO3-based powders were produced by a proprietary chemical synthesis method.  All 
electrodes besides lithium were made by the Telcordia-developed plastic lithium ion electrode process.  The 
WO2-based active material was mixed with carbon black (10 wt% of the active material), poly(vinylidene 
fluoride-co-hexafluoropropylene) binder (Elf Atochem, Kynar 2801), and dibutyl phthalate plasticizer in 
acetone.  The mixture was cast and dried at 22˚C for 0.5hr. Subsequently, disks were punched from the 
freestanding tape. The disks were then placed in ether in to extract the plasticizer. These disks were then utilized 
as working electrodes in Li metal coin cells. Coin cells were fabricated in a -80oC dewpoint glovebox. 1M 
LiPF6 in ethylene carbonate / dimethyl carbonate solvent (Merck) was used as the electrolyte. Borosilicate glass 
fiber was used as the separator between the positive and negative electrodes. All cells were cycled under 
constant current conditions between 0.2 and 2.0V. The first 2 cycles were at 7.6 mA/g the remainders were at 
22.7 mA/g, if not mentioned.   
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3. RESULTS AND DISCUSSION 
 
X-ray diffraction data of ultrafine WO2 powders (crystallite size: 250 – 300 nm) exhibit that the predominant 
phase is WO2, containing a very small amount of W phase, Figure 3.  The first discharge voltage curve for 
ultrafine WO2 anode is smoother than that of coarse WO2 anodes (Figure 4), and the two voltage plateaus, 
which are commonly observed in case of WO2 anodes, are less prominent.  In contrast to coarse WO2 anodes, 
ultrafine WO2 electrodes that are discharged more than 0.5 Li per mole of WO2 cycles very well.  Ultrafine 
WO2 electrodes exhibit a retention capacity of 100 mAh/g even after 100 cycles, Figure 5.  However, the 
retention capacity decreases continuously on cycling between 0.2 V and 2.0 V.   
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Figure 3: Powder X-ray diffraction pattern of an ultrafine WO2 powder.  It is to be noted that that the measurement was made with a CrKα 
X-ray. 
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Figure 4: A discharge/charge curve of a WO2/Li test cell as a function of a discharge/charge time for an anode made of ultrafine WO2 
powders. 
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Figure 5:Capacity of ultrafine WO2 powders as a function of discharge cycles in a Li-test cell. 

 
 
 



Results on ultrafine WO2 electrodes suggest that decreasing the crystallite size of particles improves the 
retention capacity.  This implies that utilizing nanostructured particles can maximize the retention capacity.  
Accordingly,  we focused our efforts on synthesizing nanostructured WO2 particles.  Figure 6 demonstrates that 
crystallite size of WO2 particles can be reduced from ~ 250 nm to ~ 50 nm by judiciously selecting process 
parameters.   
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  Average crystallite size: ~ 100 -150  nm 
Figure 6: Surface area and FESEM micrographs of WO2 powders produced under different processing parameters 

he retention capacity of nanostructured WO2 electrodes decreases initially on cycling, but stabilizes at 100 
Ah/g after 50 cycles.  Additionally, nanostructured WO2 electrodes exhibit good rate capability.  On 

ncreasing the current density from 22.5 mA/g to 45 mA/g, the retention capacity of electrodes decreases only 
y 10%, while maintaining good cyclability.   The first discharge capacity of nanostructured WO2 is ~ 250 
Ah/g, which is a much larger number than the theoretical intercalation capacity (~ 120 mAh/g) of WO2, 

uggesting that a secondary mechanism in addition to the Li intercalation is operational.  Ex-situ X-ray 
iffraction data, Figure 8, of electrodes during the delithiation and lithiation steps show that during the lithiation 
tep (discharge) nanostructured WO2 particles transform to an amorphous phase and on delithiation (charge) 
his amorphous phase converts back to the nanocrystalline WO2 phase.  It can be inferred from the data that the 
eduction of nanostructured WO2 with Li is reversible as shown by the reaction [2] and is responsible for the 
igher first discharge capacity.  Presently, we are investigating primary electrochemical reactions that are 
perative after 50 cycles, because primary electrochemical reactions can change as nanostructured electrodes 
re cycled and also responsible for a large irreversible capacity loss during the first cycle. 

   WO2 + Li ⇔W + Li2O    [2] 
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Figure 7:Capacity of nanostructured WO2 powders as a function of discharge cycles in a Li-test cell at three current densities.   
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Figure 8: Ex-situ X-ray diffraction data of nanostructured WO2 electrodes during the delihtiation and lithiation steps. 
 
 
In summary, it has been demonstrated that the crystallite size of WO2 particles can be controlled by changing 
process parameters.  The retention capacity can be significantly increased by reducing the crystallite size.  This 
relatively less well studied material offers immense potential in improving performance of rechargeable Li-
based energy storage devices, because of its fast rate capabilities, high retention capacity and low cost.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 


