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Additive-free hybrid anode of Nb2O5-TiO2 towards low-cost and 
safe lithium-ion batteries: a green electrode material produced by 
an environmentally friendly process  
 Md Mokhlesur Rahman,*[a] Mengqi Zhou, [a] Irin Sultana, [a] Srikanth Mateti, [a] Alexey Falin, [a] Lu Hua Li, 
[a]  Zhong-Shuai Wu, [b] and Ying Chen *[a] 
Abstract: Development of additive-free electrodes with low cost and 
in an environmentally friendly way represents a sustainable and 
ecologically friendly energy expansion. Most conventional electrode 
preparation process is currently facing serious problems due to the 
addition of various additives/chemicals, particularly binder, carbon 
black, and toxic N-Methyl-2-pyrrolidone, which increase 
environmental hazard, production cost, and decrease the energy and 
power density of the battery. A hybrid electrode of Nb2O5-TiO2 for 
lithium-ion batteries is fabricated for the first time by adopting 
advanced radio frequency sputtering technique, which requires no 
supplementary support from additives/chemicals. The Nb2O5-TiO2 
electrode reveals high capacity (gravimetric: 214 mAh g-1 at 50 mA g-
1; areal: 0.0214 mAh cm-2 at 5 µA cm-2; volumetric: 1,813 mAh cm-3 at 
5 µA cm-2), long-term cyclic stability (gravimetric: 174 mAh g-1 at                 
0.4 A g-1; areal: 0.0174 mAh cm-2 at 40 µA cm-2; volumetric:1,474 mAh 
cm-3 at 40 µA cm-2 after 1000 cycles) and superior rate capability 
(gravimetric: 115 mAh g-1 at 6.0 A g-1; areal: 0.0115 mAh cm-2 at 6 mA 
cm-2; volumetric: 974 mAh cm-3 at 6 mA cm-2), which are better than 
other reported systems. Such a green chemistry strategy of 
fabricating additive-free electrode opens up a new way to develop 
robust energy storage technologies.          
 
Introduction 
Lithium-ion batteries (LIBs) are considered as the leading 
candidates for hybrid, plug-in hybrid, and all electrical vehicles, 
and possibly for utility applications as well. Considering the 
progress in large-scale applications, the next generation of LIBs 
is selected on the basis of their safety/environmental friendliness, 
cost and energy capacity, which largely depends on the electrode 
materials used. [1-3] Currently, commercial anodes are made of 
graphite that still suffers from potential safety issues (thermal 
runaway), with the formation of lithium dendrites and a solid-
electrolyte interphase (SEI) layer, owing to its low lithiation 
potential (0.2V vs Li/Li+), especially when the LIBs are operated 
at high current rates. [4-7] Therefore, to address all of these issues, 
an alternative anode needs to be developed. Being inherently 
safe and chemically compatible with the electrolyte, low voltage 
insertion for Li+ and fast Li+ insertion/removal host as well as low 
environmental impact and cost,[8,9] titanium-oxide-based materials, 

including both Li-titanates and various TiO2 polymorphs, are 
considered to be alternatives to carbonaceous anodes in LIBs. 
The rutile phase of TiO2 is the most common natural form, as it is 
the most thermodynamically stable phase under standard 
conditions and capable to provide high capacity and better lithium 
electrochemical activity in its nanostructured form. [10, 11] However, 
nanostructured TiO2 is prone to suffer from severe aggregation, 
which dramatically diminishes its rate capability and cyclability. [12]      
In addition to rutile TiO2, niobium pentoxide (Nb2O5) is also an 
ideal high power electrode material in LIBs, as it is relatively 
inexpensive, environmentally benign, stable in a wide range of 
temperature and pH conditions, and most importantly improved 
cell safety due to a higher discharge cut-off voltage (≥ 1.0V vs 
Li/Li+) which reduces dangerous high-temperature reactions.[13-16] 

However, its intrinsic poor electronic conductivity and capacity 
decay resulted from pulverization during charge-discharge 
process limit its practical application in LIBs. Also, it is still 
challenging to develop efficient but simple ways to enhance the 
utilization of electroactive Nb2O5. [13, 17-20]          

To circumvent these problems with TiO2 and Nb2O5, the 
hybridization concept can potentially be used. It has been 
demonstrated that hybrid oxide systems exhibit some new 
properties and superior to single-phase oxides, the hybrid 
systems integrate several types of functional materials that can 
synergistically enhance the intrinsic properties of each 
component such as electrical/ionic conductivity, electrochemical 
reactivity, and mechanical stability.[21-25] The underlying problem 
with the conventional procedure for the preparation of battery 
electrodes is time consuming involving unhealthy multiple steps, 
including materials synthesis with toxic reagents, slurry formation, 
coating onto current collectors, and drying in vacuum. 
Furthermore, carbon black, polymeric binders and organic solvent 
(N-Methyl-2-pyrrolidone) are commonly included during slurry 
preparation for electrical conduction and better physical contacts 
between particles and current collector, respectively.[26-30] 
Basically, addition of various additives to the electrodes 
generates 3 major problems: [31, 32] i) an extra weight (10-40%, 
depending on the electrode materials used) of the electrode is 
increased; ii) inhomogeneous blend of carbon black, binders, and 
nanoparticles (active materials) makes the diffusion paths of the 
ions and electrons unclear, leading to model and characterization 
difficulties; and iii) complicated procedure and various additives 
lead to environmental hazard as well as high cost of the 
electrodes.            

Previously, nanomaterials in the form of nanowires and 
nanotubes with no binder and carbon have been developed and 
investigated as electrodes for energy storage. [33-37] However, fully 
additive-free electrode films in the form of nanoparticles are hardly 
reported. More specifically, the hybridization of both nanoparticles 
of TiO2 and Nb2O5 as an additive-free electrode has not yet been 
established. In 2016, hybridization of Nb-doped TiO2 and Nb2O5 
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was studied by Yu et al. [38] In that study, they fabricated core-shell 
heterostructures where Nb-doped TiO2 rod used as a core and 
Nb2O5 nanosheet as a shell. Recently, Liu et al. [12] have also 
demonstrated a heterogeneous composite of TiO2-Nb2O5. In this 
composite, nanoparticles of TiO2 were surrounded on the 
nanosheets of Nb2O5. However, the above-mentioned hybridized 
systems cannot be claimed as additive-free systems as they used 
binder and carbon black for the preparation of electrode. 
Moreover, various reagents were used in their synthesis process. 
Despite the tremendous research efforts devoted to investigating 
a wide variety of hybrid materials for electrochemical 
performances in recent years, however, the hybrid systems are 
still limited to high crystalline ones incorporated with high level of 
binder and carbon additives. [39-41] Hence, it would be 
advantageous but quite challenging to develop a simplistic 
method of fabrication binary electrode system, particularly metal 
oxide without using any additives/chemicals but with superior 
electrochemical performances.           

Herein, we for the first time report additive free Nb2O5-TiO2 
electrode deposited on Cu foil fabricated by hybridization of both 
nanoparticles of TiO2 and Nb2O5 via ultrafast sputtering technique 
by combining titanium (Ti) and niobium (Nb) target together at the 
same time. Most importantly, no reagents were used in this 
synthesis process. The obtained hybridized Nb2O5-TiO2 electrode 
was used directly without further incorporation of any carbon, 
binder or organic solvent. A single oxide electrode of Nb2O5 and 
TiO2 was also fabricated for comparison, using same technique. 
A series of electrodes with different deposition times of 0.5, 1.0, 
and 2.0 h was fabricated and electrodes were identified as Nb2O5-
TiO2 (0.5h), Nb2O5-TiO2 (1h), Nb2O5-TiO2 (2h), Nb2O5 (1h), and 
TiO2 (1h), respectively. The electrode was operated within the 
safe potential window of 1.0-3.0V (vs Li/Li+) and hybrid Nb2O5-
TiO2 (1h) electrode with special pearls-chain like morphology 
delivers a promising reversible capacity of gravimetric 214 mAh 
g-1 at 50 mA g-1; areal 0.0214 mAh cm-2 at 5 µA cm-2 and 
volumetric 1,813 mAh cm-3 at 5 µA cm-2 after 500 cycles. The 
electrode exhibits superior long-term cyclic stability with a 
retained capacity of gravimetric 174 mAh g-1 at 0.4 A g-1; areal 
0.0174 mAh cm-2 at 40 µA cm-2 and volumetric 1,474 mAh cm-3 at 
40 µA cm-2 even after 1000 cycles. The rate capability of the 
Nb2O5-TiO2 (1h) is quite high and a reversible capacity of 
gravimetric 115 mAh g-1 at 6.0 A g-1; areal 0.0115 mAh cm-2 at 6 
mA cm-2 and volumetric 974 mAh cm-3 at 6 mA cm-2 is achieved. 
These results demonstrate that additive-free Nb2O5-TiO2 
materials have great potential to be used as safe electrode for 
LIBs. Moreover, such a special electrode architecture can be used 
in Li-ion micro-batteries, as it demands high energy and high 
power on a small footprint area.   
 
Results and Discussion   

Figure 1a compares the XRD patterns of the hybrid Nb2O5-
TiO2 (0.5h), Nb2O5-TiO2 (1h), and Nb2O5-TiO2 (2h) electrodes. All 
XRD patterns consist of mixed metal oxide phases of Nb2O5 and 
TiO2, respectively. Diffraction peaks for the Nb2O5 are indexed to 
the orthorhombic crystal structure (JCPDS Card No. 00-030-
0873) and peaks are located at around 28.5, 36.7, 45.0 , 46.1, 
55.0, and 71.2o , which are assigned to the (180), (181), (2110), 

(002), (182), and (382) reflections, respectively. In the case of 
TiO2, all diffraction peaks are well indexed to the rutile TiO2 phase 
(JCPDS Card No. 00-004-0551) with tetragonal crystal system. 
The diffraction peaks for rutile TiO2 are located at 27.4, 39.1, 41.2, 
54.3, 56.6, 64.0, and 68.9o, corresponding to the (110), (200), 
(111), (211), (220), (310), and (301) reflections, respectively. It is 
visualised that Nb2O5-TiO2 (2h) electrode shows strong diffraction 
peaks, which may be due to longer deposition time. No other 
peaks for anatase or brookite were detected in the electrode, 
signifying Nb2O5-TiO2 electrode composes of only rutile TiO2 and 
orthorhombic Nb2O5. To further confirm the composition of Nb2O5-
TiO2 electrode, X‐ray photoelectron spectroscopy (XPS) was 
carried out (Figure 1b-d). Species of Nb, Ti, O, and C are detected 
as elements in the Nb2O5-TiO2 electrode, suggesting high purity 
of the sample (Figure 1b). High-resolution XPS spectra for the 
Nb3d region shows two peaks at around 207.9 eV for Nb3d5/2 and 
210.5 eV for Nb3d3/2 regions (Figure 1c), in good agreement with 
the binding energies of Nb2O5, [16, 42] confirming the presence of 
Nb2O5 in the Nb2O5-TiO2 electrode.  Similarly, two peaks of Ti2p 
are centred at 459 and 465 eV for the regions of Ti2p3/2 and 
Ti2p1/2, respectively (Figure 1d), indicative of the existence of 
TiO2 in the hybrid electrode. [43, 44]    

  

Figure 1. a) XRD patterns of the Nb2O5-TiO2 (0.5 h), Nb2O5-TiO2 (1 h), and 
Nb2O5-TiO2 (2 h) electrodes. b) wide survey scan of XPS of the Nb2O5-TiO2 (1h) 
Nb2O5 (1h) and TiO2 (1h) electrodes. c) high-resolution XPS spectra of Nb3d 
region. d) high-resolution XPS spectra of Ti2p region.    

 
Surface morphologies of the Nb2O5-TiO2 electrode films as 

a function of deposition time were analysed by SEM (Figure 2). It 
is clearly seen that surface morphologies of the electrode films 
feature pearls-chain like structure composed of nanoparticles. 
The formation of pearls-chain is not obvious when the deposition 
time is shorter (0.5 h) (Figure 2a, b) and longer (2 h) (Figure 2e, 
f) as well. The formation of pearls-chain became more significant 
with the deposition time of 1 h (Figure 2 c, d). The films deposited 
over 2 h, however, exhibits much coarser particles than that of 1 
h and 0.5 h deposited films, loosing pearls-chain like morphology 
(Figure 2e,f)). As a result, such a special pearls-chain morphology 
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of the Nb2O5-TiO2 (1h) electrode may enhance Li+ ions storage 
properties. Figure 2g shows the image of the cross-section of 
Nb2O5-TiO2 (1h) electrode film. A layer of about 123.2 nm thick is 
measured between the platinum layer and the copper 
layer. However, a gold layer of about 5 nm thick (probably too thin 
to discern) is expected, since we gold-coated the specimen for 
conductivity before putting it in the FIB-SEM. Therefore, we 
assume that the rest of the 118 nm layer may be due to the Nb2O5-
TiO2 materials. SEM images of Cu foil substrate, Nb2O5 (1 h) and 
TiO2 (1 h) electrodes are presented in Figure S1.                

 

Figure 2. SEM images of the electrodes: a, b) Nb2O5-TiO2 (0.5 h). c, d) Nb2O5-
TiO2 (1 h). e, f) Nb2O5-TiO2 (2 h);  and g) cross-section image of the Nb2O5-TiO2 
(1h) electrode.  

The morphological and physical structure of the electrodes were 
further evaluated using AFM technique. Figure 3a-c present AFM 
topography images with an area of 0.25 µm2 (0.5µm x 0.5 µm) 
obtained on the Nb2O5-TiO2 electrodes. Clearly, no significant 

difference is observed between Nb2O5-TiO2 (0.5h) and Nb2O5-
TiO2 (2h) electrodes, however, pearls-chain like morphology is 
visualised in the image of Nb2O5-TiO2 (1 h) electrode. More AFM 
images of the electrodes can be found in Figure S2. An area of 
0.25 µm2 for each electrode was selected for the calculation of 
particles sizes as shown in Figure 3d. An approximate particle 
sizes were measured to be 34 ± 17 nm for Nb2O5-TiO2 (0.5 h), 28 
± 11 nm for Nb2O5-TiO2 (1h), and 35 ± 12 nm for Nb2O5-TiO2 (2 
h) electrodes, respectively. Within the same area of 0.25 µm2, the 
measured average particle sizes were 34 ± 19 nm for Nb2O5 (1h) 
and 40 ± 20 nm for TiO2 (1h) electrodes, respectively (Figure S3). 
AFM topography images and corresponding particles size 
analysis reveal that Nb2O5-TiO2 (1h) electrode shows smaller 
particles size than that of the other electrodes. 

Figure 3. AFM topography images and average particle sizes of the electrodes: 
a-c) topography of a) Nb2O5-TiO2 (0.5 h). b) Nb2O5-TiO2 (1 h). c) Nb2O5-TiO2              
(2h) electrodes. d) average particle sizes measured within the area of 0.25 µm2 
from (a-c).         
 
To achieve more structural information of the electrodes, AFM 
data was used to evaluate the particles size distribution. Figure 4 
a, c, e demonstrate AFM mages of the electrodes and their 
corresponding particles size distribution results are depicted in 
Figure 4b, d, f. As revealed in Figure 4b, d, f, particles size 
between 0-100 nm for Nb2O5-TiO2 (0.5 h), 10-70 nm for Nb2O5-
TiO2 (1h), and 10-90 nm for Nb2O5-TiO2 (2h) electrodes are 
spotted. No particles size  over 70 nm is realised in the Nb2O5-
TiO2 (1h) electrode. Overall, high percentage distribution of 
smaller particles is observed in the Nb2O5-TiO2 (1h) electrode. We 
further conducted roughness evaluation of the electrodes in 3 
different areas of 900 µm2,  1.0 µm2, and 0.25 µm2, respectively. 
Figure 5a-c shows AFM topography within the area of 900 µm2 
(30µm x 30 µm) and the measured corresponding surface area 
roughness is demonstrated in Figure 5d.  Roughness of the 
Nb2O5-TiO2 (1h) electrode film measured in 3 three different areas 
is higher than other two electrodes of Nb2O5-TiO2 (0.5h) and 
Nb2O5-TiO2 (2 h) (Figure 5d, e, f), respectively, implying that 
higher surface area roughness of the Nb2O5-TiO2 (1h) electrode 
may work as an electrolyte reservoir, which could facilitate 
electrolyte diffusion into the bulk of the electrode. AFM 
topography within the same area of 900 µm2 (30 µm x 30 µm) and 
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the measured corresponding roughness for the TiO2 (1h) and 
Nb2O5 (1h) electrodes can also be found in Figure S4.       
 

 

Figure 4. AFM images and corresponding particles size distribution: a, b) 
Nb2O5-TiO2 (0.5 h). c, d) Nb2O5-TiO2 (1 h). e, f) Nb2O5-TiO2 (2 h) electrodes.     
 

To understand Li+ ions intercalation/de-intercalation 
behaviour of the electrode films, cyclic voltammetry (CV) was 
carried out within the potential range of 1.0-3.0V (vs Li/Li+) at a 
scan rate of 0.5 mVs-1. Figure 6 compares the CV curves between 
Nb2O5, TiO2, and Nb2O5-TiO2 electrodes. Electrodes fabricated 
with 1.0 h deposition time were selected for CV analysis. As 
shown in Figure 6a for Nb2O5 electrode, cathodic peaks at ~1.3V 
in the 1st cycle and ~1.4V in the subsequent cycles (reduction- 
Nb5+/Nb4+) and anodic peaks at ~2.0 V (oxidation- Nb4+/Nb5+) 
were detected. [16] A redox peaks of 1.4/2.0V represents 
intercalation/de-intercalation process of Li+ ions into the crystal 
structure of the Nb2O5 electrode according to the equation below:  
 
Nb2O5 + xLi+ + xe- ↔ LixNb2O5                            (1)  
 
Figure 6b shows the representative CV curves of the rutile TiO2. 
In the cathodic scan, peaks at ~1.6V in the 1st cycle and ~1.5V in 
the subsequent cycles was observed. A redox peaks 
(cathodic/anodic) at ~1.5/2.1V was maintained in the subsequent 
cycles.[45, 46] The intercalation/de-intercalation process of Li+ ions 
into the crystal structure of the rutile TiO2 can be summarised as 
below:   

TiO2 + xLi+ + xe- ↔ LixTiO2                               (2)   

 

Figure 5. AFM topography and measured approximate values of surface area 
roughness parameter of the electrodes: a-c) AFM topography with area of 900 
µm2 (30µm x 30µm). d) corresponding surface area roughness values 
measured from (a-c) for the same area of 900 µm2. e, f) surface area roughness  
values measured from area of (e) 1µm2 (1µm x 1µm) and (f) 0.25µm2 (0.5µm x 
0.5µm), respectively.          

In the case of hybridized Nb2O5-TiO2 electrode, however, broad 
cathodic and anodic peaks are formed (Figure 6c), which could 
be related to the combination of Nb2O5 peak and TiO2 peak 
together. A broad cathodic peak located in the range of 1.2-1.8V, 
corresponds to the potential profiles of the discharge process, 
involving Li+ ions intercalation first in to the crystal structure of 
TiO2 followed by Nb2O5 in the Nb2O5-TiO2 electrode. Similarly, 
broad anodic peak located at ~1.7-2.3V is corresponding to the 
charge process, involving Li+ ions de-intercalation from the crystal 
structure of the Nb2O5-TiO2 electrode.  The CV curve of the first 
and fifth cycles almost overlap, demonstrating good reversibility 
of the electrochemical reactions in the Nb2O5-TiO2 electrode after 
the initial cycle.   
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Figure 6.  Cyclic voltammograms of the Nb2O5 (1h), TiO2 (1h) and Nb2O5-TiO2 
(1h) electrodes at a scan rate 0.5 mVs-1 within the potential range of 1.0-3.0V 
(vs Li/Li+).      
 

Figure 7a compares electrochemical performance between 
Nb2O5-TiO2 (0.5 h), Nb2O5-TiO2 (1h), and Nb2O5-TiO2 (2h) 
electrodes, respectively. The Nb2O5-TiO2 (1 h) electrode displays 
a high reversible capacity of 214 mAh g-1 at 50 mA g-1; areal 
0.0214 mAh cm-2 at 5 µA cm-2 and volumetric 1,813 mAh cm-3 at 
5 µA cm-2 after 500 cycles. Relatively low reversible capacities of 
105 mAh g-1 for Nb2O5-TiO2 (0.5 h) and 163 mAh g-1 for Nb2O5-
TiO2 (2h) electrodes were measured in an identical testing 
condition. Galvanostatic charge-discharge profiles of the Nb2O5-
TiO2 (1h) electrode are demonstrated in Figure 7b. Figure 7b 
shows the 1st and 2nd cycles charge-discharge potential profiles 
and profile for other selected cycles of 100, 200, 300, 400, and 

500th, respectively. It is important to note that Nb2O5-TiO2 (1h) 
electrode displays sloping charge-discharge profiles rather than 
obvious plateau (results are quite consistence with the CV curves), 
which could be related to the low crystallinity of the sample. [47,48] 

A large capacity of 510 mAh g-1 was measured in the first 
discharge process whereas charge capacity was 372 mAh g-1, 
even though delivering a commendable Coulombic efficiency of 
~73% in the first cycle, however, this irreversible capacity loss 
could be related to the side reactions of the electrode materials.[47] 

High Coulombic efficiency of ~100% was achieved for all 
electrodes after initial few cycles, indicating very good reversibility 
of the electrodes (Figure 7a).      

The influence of deposition time on the electrochemical 
performance was further investigated by rate capability test of the 
electrodes (Figure 7c). The obtained data show that the Nb2O5-
TiO2 (1h) electrode exhibits superior rate performance over 
Nb2O5-TiO2 (0.5h) and Nb2O5-TiO2 (2h) electrodes. The reversible 
capacities of 261 mAh g-1 at 0.1 A g-1; 211 mAh g-1 at 0.2 A g-1; 
176 mAh g-1 at 0.3 A g-1; 159 mAh g-1 at 0.6 A g-1; 137 mAh g-1 at 
1.5 A g-1; 126 mAh g-1 at 3.0 A g-1; and 115 mAh g-1 at 6.0 A g-1 
were achieved for the Nb2O5-TiO2 (1h) electrode. A capacity 
recovery of 231 mAh g-1 (88.5 % retention) was obtained when 
electrode was brought back to 0.1 A g-1 after 50 cycles whereas it 
was 133 mAh g-1 (82 % retention) for Nb2O5-TiO2 (0.5 h) and 182 
mAh g-1 (80 % retention) for Nb2O5-TiO2 (2h) electrodes, 
respectively. Such an excellent electrochemical performance of 
the Nb2O5-TiO2  (1h) electrode was further investigated as shown 
in Figure 7d. The electrode is capable to sustain over long-
term1000 cycles with a retained capacity of gravimetric 174 mAh 
g-1 at 0.4 A g-1; areal 0.0174 mAh cm-2 at 40 µA cm-2 and 
volumetric 1,474 mAh cm-3 at 40 µA cm-2. A high Coulombic 
efficiency of almost 100 % was maintained over 1000 cycles 
(Figure 7d).   

 

Figure 7. Electrochemical performance of the electrodes: a) cycling 
performance and corresponding Coulombic efficiencies of the electrodes at a 
current density of 50 mA g-1. b) corresponding charge-discharge potential 
profiles obtained at 50 mA g-1 for the selected cycles of the Nb2O5-TiO2 (1 h) 
electrode. c) rate capability test at different current densities. d) long-term 
cycling performance and corresponding Coulombic efficiency of the Nb2O5-TiO2 
(1h) electrode at a current density of 0.4 A g-1 up to 1000 cycles.      

 

10.1002/batt.201800092

A
cc

ep
te

d 
M

an
us

cr
ip

t

Batteries & Supercaps

This article is protected by copyright. All rights reserved.



ARTICLE    

 
 
 
 
 

As the Nb2O5-TiO2 (1h) electrode exhibits better 
electrochemical performance over Nb2O5-TiO2 (0.5h) and Nb2O5-
TiO2 (2h) electrodes, therefore, Nb2O5-TiO2 (1h) electrode was 
compared to the single-phase electrode of only Nb2O5 or TiO2. 
For this comparison, Nb2O5 and TiO2 electrode films were 
fabricated using the same conditions as it does for the Nb2O5-TiO2 
(1h) electrode. Figure 8a reveals electrochemical performance 
between electrodes and shows that Nb2O5-TiO2 (1h) is capable to 
achieve a discharge capacity of 218 mAh g-1 at 50 mA g-1 after 
400 cycles, which is better than that of 177 mAh g-1 for TiO2 (1h) 
and 155 mAh g-1 for Nb2O5 (1h) electrodes, respectively. The 
capacity retention of ~43 % (in respect to initial discharge 
capacity) is also measured for Nb2O5-TiO2 (1h) electrode, higher 
than Nb2O5 (1h) (30 %) and TiO2 (1h) (34 %). Figure 8a also 
compares Coulombic efficiencies between electrodes. The initial 
Coulombic efficiencies of ~73, 67, and 55% were measured for 
the Nb2O5-TiO2 (1h), TiO2 (1h), and Nb2O5 (1h) electrodes, 
respectively.Galvanostatic charge-discharge profiles of the Nb2O5 
(1h) and TiO2 (1h) electrodes obtained at 50 mA g-1 for the 
selected cycles of 1st, 2nd, 100th, 200th, 300th, and 400th are shown 
in Figure 8b, c.  However, capacities of all electrodes decrease 
sharply for the initial several cycles and stabilise in the extended 
cycling. During initial intercalation, Li+ ions are inserted into the 
Nb2O5-TiO2 or Nb2O5 or TiO2 electrode thin films. Some of these 
Li+ ions are trapped and cannot fully reverse in the charge process 
because some of the extra sites in the electrodes are irreversible 
for Li+ ions. [49] It is anticipated that more and more inactive Li+ 
ions are accumulated in the electrode material. This process 
naturally intensifies the rate of electrolyte decomposition and the 
subsequent SEI formation for the initial several cycles. [50, 51] This 
phenomenon may account for the observed capacity loss in the 
initial several cycles.     

An inspiring electrochemical performance of the hybrid 
Nb2O5-TiO2 electrode is not only better than single-phase 
electrode of either Nb2O5 or TiO2, but also even better than other 
reported additive-based Nb2O5 and TiO2 systems, as  
summarized in Table S1. [12, 16, 19, 38, 52-58] The superior 
electrochemical performance of the Nb2O5-TiO2 (1h) electrode 
over Nb2O5-TiO2 (0.5h), Nb2O5-TiO2 (2h), Nb2O5 (1h) and TiO2 
(1h) electrodes can be credited to its distinctive electrode 
architecture and synergistic effects between component as 
described below:            

First, SEM and AFM observations demonstrate that Nb2O5-
TiO2 (1h) electrode film features pearls-chain like morphology 
consisting of numerous nanoparticles, which are attached one 
after one. Such a unique arrangement is capable to form void due 
to the interconnection gaps among chains. Once impregnated by 
the electrolyte, the voids function as an electrolyte reservoir, 
facilitates electrolyte diffusion into the bulk of the electrode, thus 
improving Li+ ions transport path.      

Second, among all electrode films, the Nb2O5-TiO2 (1h) 
electrode shows small particles size (28 ± 11nm). Smaller 
particles not only improve ionic conductivity but also minimise 
extra strain developing in the electrode during repeated cycling 
process. Hence, Nb2O5-TiO2 (1h) electrode is accomplished to 
bear repeated expansion and contraction much better than other 

electrodes by enabling charge transfer (both ionic and electronic) 
over shorter distances.     

Third, roughness of the electrode films is another important 
factor needs to be considered. Higher roughness is measured for 
the Nb2O5-TiO2 (1h) electrode film as shown in Figure 5. High 
surface roughness could hold electrolyte and provide large 
effective area for most particles contribution to the charge-
discharge process.  Additionally, during cycling both Nb2O5 and 
TiO2 nanoparticles act as mutual buffer due to synergistic effect 
which has an encouraging impact in controlling the volume 
change effects in the electrode, [12,41] promoting a better 
electrochemical performance of the Nb2O5-TiO2 electrode over 
their counter part of Nb2O5 or TiO2.     

Fourth, as binder is not used in the Nb2O5-TiO2 (1h) 
electrode system, therefore grain boundaries and interface 
charge transfer resistance are likely to be reduced significantly. 
[59] As a result, high electron transport along the lattices of 
electroactive Nb2O5-TiO2 is expected. Furthermore, a tight contact 
between Nb2O5-TiO2 and the surface of conductive Cu foil 
substrate is also realised which permits for rapid electron 
collection and transportation to the outer circuit, providing high 
rate capability of the cell.      
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Figure 8. Electrochemical performance of the Nb2O5-TiO2 (1h), Nb2O5 (1h), and 
TiO2 (1h) electrodes: a) cycling performance and corresponding Coulombic 
efficiencies at a current density of 50 mA g-1 up to 400 cycles. b,c) corresponding 
charge-discharge profiles obtained at 50 mA g-1 for the selected cycles (inset 
shows the curves for the 100th, 200th, 300th, and 400th cycle) of the Nb2O5 (1h) 
and TiO2 (1h) electrodes, respectively.           

 

 

 

Conclusions 
In summary, we have developed one-step sputtering 

technique to achieve an additive-free hybrid electrode of Nb2O5-
TiO2 by combining titanium (Ti) and niobium (Nb) target together. 
The process is fast, easy, and environmetally friedly which 
requires no additional chemicals/reagents. The electrode was 
used directly after being deposited on the copper (Cu) foil. The 
hybrid Nb2O5-TiO2 electrode with 1h deposition time 
demonstrates superior electrochemical performance over single-
phase electrode of either Nb2O5 or TiO2 film. Furthermore, the 
hybrid Nb2O5-TiO2 electrode is also dominating electrochemical 
performance over other reported additive-based Nb2O5-TiO2 or 
Nb2O5 or TiO2 systems. The superior electrochemical 
performance of the Nb2O5-TiO2 electrode could be accredited to 
its pearls-chain like architecture, small particles size, high surface 
roughness, and synergistic coupling effects from individual 
component. Our electrode fabrication strategy can potentially be 
used to fabricate a wide range of additive free electrodes (anode 
and cathode) for advanced energy storage technologies.    
 
Experimental Section 
Fabrication of Nb2O5-TiO2 electrode films   

The ONYX-2TM Magnetron Sputtering was used for the 
fabrication of Nb2O5-TiO2 electrode films. During deposition, both Ti 
and Nb targets were used together where copper (Cu) foil used as 
substrate. The Cu foil substrate was placed on the sample holder and 
then the holder was inserted inside the chamber. The process was 
carried out under vacuum with a sputtering gas flow, a mixture of pure 
argon/oxygen (Ar/O2) of 30/15 sccm. A radio frequency power of 
250 W was applied to the targets. Three different deposition times of 
0.5, 1.0, and 2.0 h was selected. For comparison, an identical 
condition was used to fabricate Nb2O5 and TiO2 electrode film using 
only Nb and Ti target, respectively.  According to the deposition time, 
the fabricated electrodes were identified as Nb2O5-TiO2 (0.5h), 
Nb2O5-TiO2 (1h), Nb2O5-TiO2 (2h), Nb2O5 (1h), and TiO2 (1h), 
respectively.     
Films characterization     

X-ray diffraction (XRD) data were collected from the film 
samples on a PANalytical X’Pert Pro instrument using a CuKα 
radiation source (λ = 1.54181 Å) and operated at 40 kV with a 50 mA 
current. A Kratos AXIS Nova spectrometer (Kratos Analytical Ltd, 
U.K.) equipped with a monochromated Al K α X-ray source (hν 
=1486.6 eV) operating at 150 W used for X-ray photoelectron 
spectroscopy (XPS) analysis. Morphologies of all film samples were 
examined using scanning electron microscopy (SEM, Carl Zeiss 
Supra 55 VP Instrument). Thicknees of the electrode was measured 
by FEI Quanta 3D FEG (SEM/FIB) microscope using the Everhart-
Thornley detector.  An atomic force microscope (AFM, Cypher Asylum 
Research) was used to analyse topography, particles size and 
particles size distribution of the electrode films.       
Electrochemical characterization       
Thin film electrodes of Nb2O5-TiO2, Nb2O5, and TiO2 were used 
directly for the assembly of CR-2032 coin-type cells where Li foil as 
the counter/reference electrode and a microporous polypropylene 
film used as a separator. An electrolyte of 1M LiPF6 in a mixture of 
ethylene carbonate (EC) and diethylene carbonate (DEC) with a 
volume ratio of 1:1 was used. Galvanostatic discharge-charge on the 
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cells was performed within the cut-off voltages of 1.0-3.0V (vs Li/Li+) 
at different current densities using a Land Battery Testing System.   
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