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a b s t r a c t 

Amorphous titanium niobium oxides (TNOs) with varying ratios of Ti and Nb (Ti 4 Nb 2 O 13 , Ti 2 Nb 2 O 9 and 

TiNb 2 O 7 ) are presented as promising anode materials for Li ion batteries. The capacity of the TNO ma- 

terials is seen to be equivalent to, or larger than, that of the binary oxides, with average volumetric ca- 

pacities over the first 10 cycles of 717, 1,039 and 925 mAh cm 

−3 for amorphous Ti 4 Nb 2 O 13 , Ti 2 Nb 2 O 9 and 

TiNb 2 O 7 , respectively at a current density of 0.2 A cm 

−3 , compared to 720 mAh cm 

−3 and 425 mAh cm 

−3 

for amorphous TiO 2 and Nb 2 O 5 . Using densities estimated with X-ray reflectometry, these are equivalent 

to gravimetric capacities of 231, 335, 319 mAh g −1 for amorphous Ti 4 Nb 2 O 13 , Ti 2 Nb 2 O 9 and TiNb 2 O 7 , re- 

spectively at a current density of ~70 mA g −1 , compared to 257 mAh g −1 and 137 mAh g −1 for amorphous 

TiO 2 and Nb 2 O 5 at a current density ~80 mA g −1 and ~50 mA g −1 , respectively. We discuss how rate ca- 

pability varies with varying ratios of Ti and Nb and relate this to electrochemical parameters determined 

by the potentiostatic intermittent titration technique. Our findings reveal that the rate capability of the 

films is dominated by the diffusion resistance, R D , a composite parameter linked to the insertion rate and 

diffusion coefficient of Li, leading to a conclusion that the rate retention of the thin films is dominated 

by the density of insertion sites and the insertion reaction more generally. 

© 2021 Elsevier Ltd. All rights reserved. 
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. . Introduction 

Applications for electrochemical energy storage systems which 

an be rapidly charged and discharged are growing, particularly in 

he areas of electric vehicles and grid connected intermittent re- 

ewable energy [ 1 , 2 ]. High rate lithium ion batteries (LIBs) have

he potential to fill this need due to the ability of the Li ions to

ntercalate or alloy rapidly in solid electrode materials [ 3 , 4 ]. How-

ver the commonly-used graphite anodes have a Li insertion po- 

ential that is close to that of the Li plating (reduction) potential 

nd this presents the critical challenges of solid electrolyte inter- 

hase (SEI) growth and dendritic Li growth at fast rates of charging 

 5–7 ]. Promising alternatives to conventional graphite which have 

 higher lithiation potential and exhibit similar or greater capacity, 

ut greatly improved rate capability, include spinel lithium titanate 

LTO) [8] , TiO 2 [ 9–11 ], titanium niobium oxide (Ti 2 Nb 2x O 4 + 5x ; TNO)

 12 , 13 ], niobium tungsten oxide (Nb x W y O 2.5x + 3y ; NWO) [14] and

b O [ 15 , 16 ]. 
2 5 
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The TiO 2 –Nb 2 O 5 (TNO) system shows particular promise. This 

ncludes TiNb 2 O 7 , Ti 2 Nb 2 O 9 , Ti 2 Nb 10 O 29 and TiNb 24 O 62 . The fur-

her phases of TiO 2 • 3Nb 2 O 5 and TiO 2 • 7Nb 2 O 5 may also be possi-

le, however there exists some debate about whether these are 

table phases, or mixtures of the aforementioned phases [ 17 , 18 ]. 

hese TNO materials exhibit: (i) electroactivity in the operational 

otential window of 1–3 V vs Li + /Li; (ii) fast Li diffusion, allow- 

ng them to operate at high lithiation and delithiation rates; and 

iii) a capacity greater than LTO, and in some cases greater than 

raphite. The theoretical specific capacities, the rate capability (i.e., 

apacities at ~ 1 and ~ 20C) and the chemical diffusion coefficients 

f various TNO materials are shown in Table S1, with comparisons 

o better-known materials (e.g., graphite, LTO, TiO 2, NWO, Nb 2 O 5 ). 

he TNO materials exhibit greater specific capacity ~ 1C than LTO 

nd comparable specific capacities at rates ~ 20C. The theoretical 

apacity of the TNO materials ranges from 335.8 mAh g −1 (pure 

iO 2 ) to 403.2 mAh g −1 (pure Nb 2 O 5 ) assuming one Li is inserted

er Ti and two Li are inserted per Nb [ 19 , 20 ]. These values are

omparable to graphite, which has a theoretical specific capacity 

f 372 mAh g −1 (assuming 1 Li per C 6 ) [21] . The crystal phases

f TNO materials allow comparable or greater Li chemical diffu- 

https://doi.org/10.1016/j.electacta.2021.138544
http://www.ScienceDirect.com
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ion coefficients, D Li , than that of LTO, for which values range from 

.2 × 10 −16 to 8.2 × 10 −16 cm 

2 s −1 [22] , 10 −12 to 10 −10 cm 

2 s −1 

23] , 10 −15 to 10 −12 cm 

2 s −1 (see Table S1) [24] . A range of D Li 

alues have also been reported for various TNO forms: these in- 

lude 10 −16 to 10 −15 cm 

2 s −1 for TiNb 2 O 7 [25] , 10 −12 cm 

2 s −1 for

i 2 Nb 2 O 9 [26] , 5 × 10 −14 to 1.2 × 10 −12 cm 

2 s −1 for Ti 2 Nb 10 O 29 

27] , and 10 −14 to 10 −10 cm 

2 s −1 for TiNb 24 O 62 [18] . 

However, the storage of Li in amorphous forms of TNO hasn’t 

een investigated in detail. At one extreme, amorphous TiO 2 shows 

mproved capacity at high rates of de/lithiation and faster Li dif- 

usion, when compared to crystalline TiO 2 polymorph [ 28–30 ]. 

hereas amorphous Nb 2 O 5 exhibits lower capacity at high rates 

f de/lithiation and slower Li diffusion in comparison to crys- 

alline Nb 2 O 5 polymorphs [16] . Recently, Daramalla et al. [31] re- 

orted an amorphous TiNb 2 O 7 film that showed improved capac- 

ty over the crystalline (monoclinic) TiNb 2 O 7 , however comparable 

ate capability and diffusion coefficients to the crystalline TiNb 2 O 7 . 

his suggests that benefits in either rate capability or capacity 

hat may arise from amorphous films of this class of anode ma- 

erials over their crystalline counterparts depend on the chemical 

omposition, stoichiometry and thermodynamically stable material 

hases. 

In this paper we investigate how varying ratios of Nb to Ti af- 

ect the kinetic properties of selected TNO amorphous thin films. 

f particular interest were: (i) film capacity and rate capabil- 

ty; (ii) film interfacial reaction kinetics; and (iii) Li diffusion 

n the films. Amorphous thin films of Ti 2 Nb 2x O 4 + 5x were fabri- 

ated using sol-gel synthesis methods to result in a stoichiom- 

try closely matching their precursor sols (i.e. TiO 2 , Ti 4 Nb 2 O 13 , 

i 2 Nb 2 O 9 , TiNb 2 O 7 , and Nb 2 O 5 ). In particular, we investigated how

he ratio of Ti and Nb in amorphous TNO affects capacity, capac- 

ty retention at high rates of de/lithiation and electrochemical pa- 

ameters associated with Faradaic and physical charge storage pro- 

esses (i.e., the charge transfer and diffusion behaviour, and dou- 

le layer storage, respectively). The findings of this study provide 

urther support for the use of amorphous TNO materials in alter- 

ative Li ion battery anodes. The amorphous Ti 2 Nb 2 O 9 , TiNb 2 O 7 

lms show improved capacity over both of the amorphous end- 

embers (TiO 2 and Nb 2 O 5 ) at rates below 10C, however the chem- 

cal diffusion coefficient and capacity retention at high rates for 

ll of the TNO films are reduced compared to amorphous TiO 2 or 

b 2 O 5 . 

. Experimental 

.1. Sol gel synthesis 

Thin films of Ti 2 Nb 2x O 4 + 5x , TiO 2 , and Nb 2 O 5 were fabricated

ia the sol gel method. The Ti and Nb sols were prepared based 

n synthesis described elsewhere [ 32–35 ] in an Ar filled glovebox. 

he Ti sol was prepared by mixing 6 drops HCl (RCI Labscan; 32%), 

.35 mL deionised (DI) water and 10 mL 1-butanol (Sigma Aldrich; 

nhydrous 99.8%), and then adding 0.75 mL (0.325 M) of Ti ethox- 

de (Sigma Aldrich) dropwise while the solution was stirring, fol- 

owing by stirring for a further 24 h. The Nb sol was prepared 

y mixing 4.823 mL 1-butanol and 51.3 μL acetyl acetone (Sigma 

ldrich; > = 99%), and then adding 125.5 μL (0.1 M) Nb ethoxide 

Sigma Aldrich; 99.95%) dropwise under constant stirring, followed 

y stirring for a further 2 h. Mixed Ti-Nb sols were prepared by 

ixing stoichiometric amounts of Ti and Nb sols (2:1, 1:1, and 

:2 molar ratios Ti:Nb) in an Ar filled glovebox for 1 h under con- 

tant stirring. The mixed sols became a light shade of yellow, in 

ontrast to the Ti and Nb sols which were colourless, as the Ti 

thoxide reacted with the acetyl acetone [36] . After synthesis, all 

ols were kept in a refrigerator at 4 °C. 
2 
.2. Metal oxide thin film deposition 

Thin films were formed on 30 × 30 × 0.015 mm Al foils (MTI) 

y spin coating the sols at 30 0 0 rpm for 60 s in air. Prior to spin

oating, the Al films were cleaned ultrasonically for 10 min each 

n acetone (Ajax-Finchem), IPA (Ajax-Finechem) and then DI water. 

he native Al oxide was then removed by an acid etch, modified 

rom a method described by Von Heimendahl [37] as described by 

alker and Tarn [38] , containing 35:10:3 H 3 PO 4 :HNO 3 :DI water for 

0 s. The H 3 PO 4 was sourced from BASF (85%) and the HNO 3 was

ourced from RCI Labscan (70%). The cleaned Al foil was taped to 

olished Si wafers, to ensure the surface was as flat as possible 

hilst spin coating. All films were prepared with only one spin 

oating, to ensure that films were as thin as possible. The films 

ere dried at 115 °C for 20 min on a hotplate, followed by anneal-

ng in air. For amorphous TNO films, annealing was performed at 

50 °C for 2 h. For comparison, some TiO 2 films were annealed to 

orm anatase TiO 2 . These films were annealed at 500 °C for 2 h. 

ix types of thin film were prepared: amorphous and crystalline 

iO 2 (designated a-TiO 2 and c-TiO 2 , respectively), amorphous TNO 

lms with Ti:Nb ratios of 2:1, 1:1 and 1:2 (designated a-Ti 4 Nb 2 O 13 ,

-Ti 2 Nb 2 O 9 , and a-TiNb 2 O 7 ) and amorphous Nb 2 O 5 (designated a- 

b 2 O 5 ). 

.3. Material characterisation 

The thin film morphology and thickness was characterized with 

eld emission scanning electron microscopy (FE-SEM) (FEI Nova 

anoSEM) operating with a source emission at 5 kV. It was not 

ossible to measure the mass of the films accurately, as the film 

ass was within the standard deviation of the mass of the foil 

urrent collectors. Consequently, the thicknesses of the films were 

easured with SEM, by bending the underlying Al foil, which re- 

ulted in the film cracking and peeling from the foil. Thicknesses 

ere measured from multiple films and in multiple locations on 

he foil. 

Film homogeneity and crystallinity was characterized with 

ransmission electron microscopy (TEM) (Phillips CM200; operat- 

ng at 200 kV) of lamellas made with a Ga source dual-beam fo- 

used ion beam (FIB) (FEI xT Nova Nanolab). Prior to making any 

amella sections with FIB, the surface was coated with Pt. The Pt 

oating was performed in two steps to avoid beam damage: firstly, 

efore the ion beam was used, a ~20 nm Pt coating was applied 

ith the electron beam, and secondly a several micron thick Pt 

ayer was applied using the ion beam. The chemical composition of 

he films was characterized using X-ray photoelectron spectroscopy 

XPS) (Thermo Scientific ESCALAB250Xi) with a mono-chromated 

l K α source (14 86.6 8 eV) and spot size of 500 μm. The pres-

nce of crystal structure was characterized with X-ray diffraction 

XRD) (PANalytical Empyrean 1). The density of the films was de- 

ermined via X-ray reflectometry (XRR) (PANalytical MRD diffrac- 

ometer; 1/8 inch divergence slit, 1.2 mm mask). All density mea- 

urements were made with films spin coated onto polished Si 

afers (20 mm × 20 mm × 500 μm). Prior to spin coating, wafers 

ere cleaned for 10 min in acetone and IPA, and then the native 

xide was removed by a 30 s immersion in HF. Drying and anneal- 

ng was conducted as it was for Al substrates. 

.4. Electrochemical methods 

Electrochemical characterization of the thin films was per- 

ormed using Li half cells assembled in a CR2032 coin cell case 

MTI), comprising a Li counter electrode (Xiamen TMAX Li; 16 mm 

iameter × 450 μm) and the thin films on Al foil as a work- 

ng electrode (15 mm diameter). The electrolyte comprised of 

 M LiPF in ethylene carbonate and ethyl methyl carbonate 
6 
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Fig. 1. Equvalent circuit used for fitting PITT experimental data. A modified version 

of this equivalent circuit used for fitting EIS experimental data is shown in Fig. S16. 
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1:1) sourced from Sigma Aldrich. The separator (Celgard, 25 μm 

olypropylene) was made slightly larger than the Li disk or work- 

ng electrode. All cells were assembled in an Ar filled glovebox (O 2 

nd H 2 O < 0.5 ppm) using 80 μL of electrolyte, with half of the

lectrolyte placed on either side of the separator. 

All electrochemical measurements were performed using an 

vium potentiostat (either IviumStat or Ivium-n-Stat). Prior to mea- 

urement, all cells were prelithated for two lithiation and delithia- 

ion cycles at a constant current of 1 μA across the potential range 

.0 to 1.0 V vs Li + /Li (~ 1 dis/charge per 10 h). The cells were cy-

led at a constant current from 1.0 to 3.0 V vs Li + /Li at current

ensities from ~200 mA cm 

−3 to ~200 A cm 

−3 , followed by cyclic 

oltammetry from 1.0 to 3.0 V vs Li + /Li at voltage scan rates rang-

ng from 1 mV s −1 to 150 mV s −1 . 

Electrochemical parameters were determined using the poten- 

iostatic intermittent titration technique (PITT) [ 39 , 40 ] and electro- 

hemical impedance spectroscopy (EIS). The PITT protocol involved 

00 mV steps from 3.0 to 1.0 V vs Li + /Li and then back to 3.0 V.

o collect very short time scale data, two sets of measurements 

ere made. The first step recorded the current transient of the 

00 mV step at a 10 μs frequency over 5 ms. The electrode was

hen stepped back to the previous potential and held for 10 s, fol- 

owed by a repetition of the potential step with a measurement 

requency of 1 ms, over a period of 100 s. 

.5. Electroanalytical models for PITT and EIS 

The Li ion insertion properties of the films were analysed us- 

ng the PITT and EIS data. Previously derived models were used 

or concurrent double layer storage and insertion of a species into 

 thin film (viz. finite length bounded diffusion) [41] . The equiv- 

lent circuit used for fitting PITT experimental data is shown in 

ig. 1 ; a slightly modified equivalent circuit used for fitting EIS ex- 

erimental data is shown in Fig. S16. Both of these models allow, 

hrough fitting of experimental data, the determination of: (i) the 

ouble layer capacitance C EDL ; (ii) the lumped ohmic resistance R �; 

iii) the charge transfer resistance R ct ; (iv) the diffusion resistance 

 D ; and (v) the chemical diffusion coefficient D chem 

. Throughout 

his paper we use the term electrochemical parameters to refer to 

hese estimated parameters collectively. 

Of these, the values of R ct and R D are regularly reported as ki- 

etic parameters, but R D is rarely attributed to physical processes. 

ere, to model the insertion of Li into a thin film, we use the inter-

retation presented by Montella [42] which assumes the insertion 

eaction occurs as L i + + e − ↔ L i ins and not via an adsorbed inter- 

ediate. This interpretation also assumes that the concentration 

f L i + in the electrolyte is constant in the region of the film, and

hat the insertion rate follows that of the Langmuir intercalation 
3 
sotherm; that is, the insertion rate depends on the concentration 

f free sites and the electrode potential, E . The value of R ct is then

iven by: 

 ct = − 1 

F A 

∂v 
∂E 

(1) 

here F is Faraday’s constant, A is surface are of the film and 

∂v 
∂E 

is

he partial derivative of reaction rate, v , with respect to E [ 42 , 43 ].

ere, we interpret R ct as a kinetic parameter relating to the value 

f E required to insert or extract Li in the reaction L i + + e − ↔ L i ins .

he value of R D is given by: 

 D = 

L ∂v 
∂c 

F D chem 

A 

∂v 
∂E 

(2) 

here L is the thickness of the film, and 

∂v 
∂c 

is the partial derivate 

f reaction rate, v , with respect to the concentration, c , of inserted 

i at the surface of the film [ 42 , 43 ]. We interpret R D as a mixed

arameter, relating to both the diffusion of Li and the kinetics of 

he insertion of Li, which is in part governed by both E and the 

oncentration of occupied surface sites, as well as the diffusivity. 

The impedance for the equivalent circuit shown in Fig. 1 is: 

 ( jω ) = R � + 

1 

jω C EDL + 

1 

R ct + R d coth 
√ 

τ jω √ 

τ jω 

(3) 

nd the corresponding time domain equation for the current tran- 

ient where this equivalent circuit undergoes a potential step 

41] is: 

 ( t ) = 

∞ ∑ 

n =1 

2 R d �E ⎛ 

⎜ ⎜ ⎜ ⎝ 

f ( x n ) 
2 R d ( R ct + R d ) 

+ 

( 2 − f ( x n ) ) R d R �

+ 

( f ( x n ) R ct + R �) 
2 
x n 

2 

⎞ 

⎟ ⎟ ⎟ ⎠ 

e 
−t x n 

2 

τ (4) 

here: 

f ( x ) = 

(
1 − C EDL R � x 2 

τ

)
(5) 

nd the values of x n for n = 1 , 2 , 3 , . . . ∞ are found by solving

he transcendental roots of: 

 tan x = 

R d f ( x ) 

R � + R ct f ( x ) 
(6) 

.6. Normalisation of rate retention data 

The analysis of rate performance data presented by Tian et al. 

44] was used to provide an estimate for the maximum attainable 

apacity when cycled at a low rate, Q low rate , for each cell. This 

pproach involves fitting the equation to the galvanostatic charge- 

ischarge experimental data for each TNO film: 

 measured = Q low rate 

(
1 −

(
R̄ ̄τ

)n 
(

1 − e −( ̄R ̄τ ) 
−n 

))
(7) 

here Q measured is the measured gravimetric capacity at a given 

ate of discharge R̄ (i.e. R̄ = I/ Q measured ), τ̄ is the characteristic time 

nd n is a parameter related to the rate limiting behaviour. The fit- 

ing was performed using Matlab’s nonlinear least squares fitting. 

s the aim of this fitting was to produce an estimate of Q low rate , 

he target function of the least squares fitting contained the abso- 

ute error of the capacity at a given rate, rather than the relative 

rrors. As a result, the fitting is seen to be poor in the high rate,

ow capacity regime. While it was possible to improve the fitting 

n the high rate regime by using the relative errors of the capaci- 

ies instead of the absolute errors, the low rate regime was more 

ccurately modelled so as to produce a more accurate estimate of 

 . 
low rate 
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c-TiO2 a-TiO2 

a-Ti4Nb2O13 a-Ti2Nb2O9 

a-TiNb2O7 a-Nb2O5 

Fig. 2. Scanning electron microscope images of anatase and amorphous TiO 2 , TNO films, and Nb 2 O 5 deposited in Al foil current collectors, recorded at an angle of 45 ° to the 

surface. 
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Table 1 

Thicknesses of spin-coated and dried TNO 

films, as estimated using SEM. The stan- 

dard deviation was calculated from 6 in- 

dependent measurements. 

Thickness (nm) ± STD 

TiO 2 64 ± 30 

Ti 4 Nb 2 O 13 52 ± 8 

Ti 2 Nb 2 O 9 33 ± 5 

TiNb 2 O 7 36 ± 7 

Nb 2 O 5 59 ± 11 

o

f

a

s

(  
.7. Correlation of rate retention and electrochemical parameters 

To identify which electrochemical parameters played a signif- 

cant role in influencing the capacity retention at high rates of 

e/lithiation, Pearson correlation coefficients were calculated be- 

ween the capacity retention (as a percentage of Q low rate ) of the 

lms at various R̄ and the electrochemical parameters C EDL , R Ω , R ct , 

 D and D chem 

. These correlation coefficients, and the associated p- 

alues were produced using Matlab’s corrcoef function. 

. Results and discussion 

.1. Material characterisation of thin film metal oxides 

The surface morphology of the TNO thin films deposited on 

he Al foil current collectors is shown in Fig. 2 . The SEM im-

ges were recorded at an angle of 45 ° to accentuate the features 
4 
f the film morphology. All the TNO films have a smooth sur- 

ace and very little particle formation, with the exception of the 

-Nb 2 O 5 where discrete aggregated particles were evident on the 

urface (Fig. S1). Film thicknesses ranged between 33 and 64 nm 

see Table 1 ). As the aim of this paper was to study the diffu-
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Table 2 

Stoichiometry of TNO films as determined from XPS, and density 

as determined from XRR. 

Sol Stoichiometry Thin Film Stoichiometry ρ (g cm 

−3 ) 

TiO 2 TiO 2.0 2.8 ± 0.1 

4TiO 2 • Nb 2 O 5 Ti 4 Nb 2.2 O 13.4 3.1 ± 0.1 

2TiO 2 • Nb 2 O 5 Ti 2 Nb 2.4 O 10.1 3.1 ± 0.1 

TiO 2 • Nb 2 O 5 TiNb 2.3 O 8.0 2.9 ± 0.1 

Nb 2 O 5 Nb 2 O 5.7 3.1 ± 0.1 ∗

∗ Density estimated from TiNb 2.9 O 8.9 . Whilst the structure of 

TiNb 2.9 O 8.9 is likely to be substantially different from Nb 2 O 5 , films 

with a higher Nb content showed local domains which rendered 

density estimates with XRR impossible (see comment in Support- 

ing Information). 
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ion behaviour in thin films using electroanalytical models for re- 

tricted diffusion, the films had to be sufficiently thin so as to 

bserve restricted diffusion in PITT and EIS experiments. For re- 

tricted diffusion behaviour to be apparent in PITT experiments 

n a timescale of < 100 s (where the charge transfer occurs fast 

nough that the behaviour doesn’t deviate from semi-infinite diffu- 

ion), a thickness of ~ 30 nm requires that the diffusion coefficient 

s > 2 × 10 −14 cm s −1 (or > 8 × 10 −14 cm s −1 for a thickness of ~

0 nm [42] . Similarly, for characteristic low frequency behaviour of 

estricted diffusion to be evident in EIS experiments at frequencies 

 1 mHz, the diffusion coefficient must be 〉 1.8 × 10 −14 cm s −1 

or a film thickness of ~ 30 nm (or > 6.6 × 10 −14 cm s −1 for a

hickness of ~ 60 nm) [43] . 

Fig. 3 shows TEM high-angle annular dark field (HAADF) im- 

ges for a-Ti 4 Nb 2 O 13 , a-Ti 2 Nb 2 O 9 , and a-TiNb 2 O 7 films. All film

ross sections were prepared using FIB. No obvious phase segrega- 

ion can be seen in the a-Ti 4 Nb 2 O 13 , a-Ti 2 Nb 2 O 9 and a-Ti 2 Nb 2 O 9 

lms, suggesting that the spin-coated films remained homoge- 

ous in the nanometre scale rather than comprising stoichiomet- 

ic fractions of TiO 2 and Nb 2 O 5 . The faint bright regions visible 

n the a-TiNb 2 O 7 film could be due to FIB damage or porosity, 

ut it is confirmed by EDX in Fig. 4 that there is an even distri-

ution of Ti and Nb and so these regions are not due to phase

eparation. 

The films annealed at 250 °C remained amorphous as shown 

n the XRD spectra shown in Fig. 5 . The only visible XRD peaks

re attributed to the Al substrate, which are common to all sam- 

les. The c-TiO 2 film, which was fabricated by annealing an a-TiO 2 

lm at 500 °C, showed a very minor peak shown corresponding to 

he (101) crystal plane of anatase [45] , but remained largely amor- 

hous (see Fig. S2). A TEM cross-section of the c-TiO 2 film is shown 

n Fig. S3. Unlike the amorphous films, subdomains of crystallinity 

re evident, however the crystallites appear to be < 10 nm in size. 

his is consistent with previous reports which show that the speed 

f crystallisation of TiO 2 from an amorphous state is reduced with 

hinner films [ 46 , 47 ]. Additionally, it has been shown that sol gel

erived TiO 2 thin films show increased crystallisation onset tem- 

eratures, over other synthesis methods [48] . 

The stoichiometries of the thin films were determined using 

PS (see Figs. S4–S8). Binding energies were referenced to the C 

 s peak of adventitious hydrocarbon, which was assigned a bind- 

ng energy of 284.8 eV. Two other major peaks were observed for 

he C 1 s orbital, at 286.4 and 289 eV. These were attributed to 

ydroxyl and carboxyl bonds, respectively, and thought to be prod- 

cts of the organic reactants of the sol gel synthesis [32] . Titanium 

tomic% was calculated based on the binding energy of the 2p 3/2 

rbital, which had a binding energy of 459.4 eV for the TiO 2 film 

nd shifted to 459.0 in the TNO films. This is consistent with a Ti 4 + 

alence state [49] which is consistent with other reports [ 32 , 33 , 35 ].

he Nb atomic% was attributed based on the 3d 5/2 orbital, which 

as consistently between 207.0 and 207.8 eV across the samples. 

he valence state of the Nb was determined as previously reported 

50] using the difference between the O 1 s and Nb 3d 5/2 orbitals. 

cross all Nb-containing thin films, the energy difference between 

he O 1 s and Nb 3d 5/2 was seen to be between 322.7 and 323.1 eV,

hich is consistent with a Nb 5 + valence state [50] . The atomic% of 

 bonded to Ti and/or Nb was determined with the O 1 s orbital.

wo O 1 s binding energies were observed across all samples; the 

rst, dominant peak between 530.2 and 530.7 eV was attributed 

o binding between O and Ti or Nb [32] , and the second between

32.0 and 532.3 eV was thought to be from hydrocarbons as part 

f the sol gel process [32] . 

The stoichiometries, shown in Table 2 , match closely with the 

toichiometry of the sols used to fabricate the films. The pure 

b 2 O 5 sample is seen to be hyper-stoichiometric. Various film sto- 

chiometries fabricated from Nb 2 O 5 sol gels have been reported, 
5 
rom hypo-stoichiometric [51] , to stoichiometric [ 52 , 53 ], to hyper- 

toichiometric (although this case was synthesised via spray py- 

olysis, it involved the same solution chemistry) [54] . Table 2 also 

hows the density for the amorphous films, which was deter- 

ined by fitting of XRR data. The density for Nb 2 O 5 provided in 

able 2 was estimated using density data for TiNb 2.9 O 8.9 , which 

as the most Nb rich TNO film that could be synthesised before 

he presence of local domains increased sufficiently that density 

stimates from XRR data were not possible (see comment in Sup- 

orting Information). 

.2. Electrochemical performance 

Fig. 6 shows the CV curves recorded for the films at a scan 

ate of 1 mV s −1 . For consistency throughout this work, we have 

sed volumetric current densities and capacities because, for some 

lm stoichiometries (e.g., Nb 2 O 5 ), accurate measurements of film 

ensity were difficult to obtain from the XRR analysis due to the 

resence of localised domains. Corresponding gravimetric CV data 

computed using the estimated film densities) is shown at scan 

ates of 1, 10, 50, 100 and 150 mV s −1 in Figs. S9–S11 in the Sup-

orting Information, along with volumetric CV data at a scan rate 

f 150 mV s −1 . 

The c-TiO 2 shows a small set of cathodic and anodic peaks in 

he slow scan at 1.6 and 2.2 V vs Li + /Li, respectively. These are

ttributed to a Ti 4 + to Ti 3 + transition and the reverse Ti 3 + to Ti 4 + 

ransition (for the cathodic and anodic reaction, respectively) in the 

natase domains and are consistent with previous reports [ 55–57 ]. 

he peaks however aren’t sharp, and the shape resembles more 

losely that of a-TiO 2 , which is consistent with the c-TiO 2 being 

nly partly crystallised (see Figs. S2 and S3) [30] . The CV curve ob- 

ained for the a-TiO 2 film shows very broad peaks which indicate 

i ion insertion over a wide range of potentials, as previously re- 

orted [ 28 , 30 , 58 , 59 ]. Broad peaks are also evident for the a-Nb 2 O 5 

nd the TNO films. Similar broad peaks have also been reported by 

uendi et al. for a-Nb 2 O 5 films [15] . The shape of the a-TiNb 2 O 7 

lms matches that of the film reported by Daramalla et al. [31] , 

ith an increasing current towards 1 V vs Li + /Li in the cathodic 

can and a small peak at ~ 1.3 V vs Li + /Li, and a very broad anodic

eak at ~1.9 V vs Li + /Li. 

Fig. 7 graphs the volumetric capacities of the TNO films when 

ycled galvanostatically at current densities ranging from 0.2 to 

.1 A cm 

−3 . An explanation of why these current densities were 

sed can be found in the Supporting Information. Galvanostatic 

harge discharge data for much higher current densities are also 

hown in the Supporting Information (see Fig. S12). Fig. S13 shows 

he gravimetric current densities computed using the film densi- 

ies estimated by the XRR analysis and Table S2 lists the volumetric 

urrent densities for each material and their corresponding gravi- 

etric current densities. 
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Fig. 3. High-angle annular dark field TEM images of the a-Ti 4 Nb 2 O 13 (top), a-Ti 2 Nb 2 O 9 (middle) and a-TiNb 2 O 7 (bottom) spin coated thin films after annealing at 250 °C. 

Bright field images are displayed on the left for each of the TNO films, and dark field images are displayed on the right. 

 

T

fi

i

a

9

d

g  

4

(  
As can be seen in Figs. 7 a and S12, the a-Ti 2 Nb 2 O 9 , and a-

iNb 2 O 7 films achieve higher volumetric capacities than the a-TiO 2 

lms for current densities < 20 A cm 

−3 , however this advantage 

s reduced with increased current density. The a-Ti 2 Nb 2 O 9 , and 

-TiNb 2 O 7 films show a mean capacity of 1039 mAh cm 

−3 and 
6 
25 mAh cm 

−3 
, respectively over ten cycles at the lowest current 

ensity of 0.2 A cm 

−3 (equivalent to 335 mAh g −1 and 319 mAh 

 

−1 , respectively at ~70 mA g −1 ) compared to 720 mAh cm 

−3 and

25 mAh cm 

−3 at 0.2 A cm 

−3 for a-TiO 2 and a-Nb 2 O 5 , respectively 

257 mAh g −1 at ~80 mA g −1 and 137 mAh g −1 at ~50 mA g −1 , re-
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Fig. 4. Energy dispersive X-ray spectroscopy of a-TiNb 2 O 7 after annealing at 250 °C, showing the element mapping for elements Ti, Nb and O. The Nb mapping was attributed 

using the L α peak position, while Ti and O were attributed using the respective K α peak positions. 
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pectively). That is to say, all of the amorphous ternary oxide films 

how comparable or greater volumetric capacity than the binary 

-TiO 2 and a-Nb 2 O 5 . 

The capacity-voltage curves of the amorphous films, shown in 

ig. 7 b, are featureless, further emphasising that Li ion insertion 

ccurs over a range of potentials in these amorphous films. As in 

he CV data, the c-TiO 2 has a mixture of signature anatase insertion 

with a lithiation and delithiation plateau ~ 1.7 and ~ 1.9 V vs Li + /Li 

onsistent with previous reports [57] ) and broad, plateau-less be- 

aviour typical of a-TiO 2 . Despite two cycles of prelithiation at a 

ow rate, the coulombic efficiency (CE) of the first 10 cycles was < 

5% for a number of the films (e.g. a-Ti 2 Nb 2 O 9 and a-Ti 4 Nb 2 O 13 ;

ee Fig. 7 c). This was attributed to Li irreversibly intercalating into 

he film in early cycles. Beyond these first 10 cycles, the mean CE 

f all of the films was > 97.5%, indicating that the films could be

epeatably cycled for up to 100 cycles. 

Whilst the broad peaks seen in CV data and near linear Q-V 

urves in galvanostatic charge discharge are frequently analysed 

sing a b-value analysis to identify diffusive and capacitive contri- 

utions, we have elected not to use such terminology in large part 

ue to concerns raised around its validity to systems such as ours 

60] . Instead, the charge storage mechanisms (namely double layer 

torage and ion insertion storage) are analysed in greater detail in 

ection 3.4. 

Fig. 8 a graphs the discharge capacity of the final cycle at each 

urrent density against the C rate (assuming a theoretical capac- 

ty based on 1 Li per Ti and 2 Li per Nb). Fig. 8 b shows, for com-

a

7 
arison, the capacities graphed as a function of gravimetric current 

ensity. At rates < 10C, the a-Ti 2 Nb 2 O 9 shows the greatest capacity 

cross all rates, retaining ~ 28% of the capacity of the slowest rate 

~ C/5) at a rate of ~ 18C. However it is difficult to discern from 

ig. 8 how the varying stoichiometry of the a-TNO films affects rate 

erformance, and so instead we present a normalised rate perfor- 

ance in the next section. 

.3. Normalised rate retention 

In order to determine rate retention at a given current den- 

ity or C rate, a reference (e.g., capacity at 1C, C/10 etc.) must 

e selected. Since volumetric current densities were used for the 

onstant current charge-discharge experiments, the lowest C rate 

aried between samples, making it difficult to quantitatively nor- 

alise the capacity retention data. Consequently, we estimated the 

aximum attainable capacity using the analysis of rate perfor- 

ance presented by Tian et al. [44] and then used this capacity 

o normalise rate retention in the films. This approach involves fit- 

ing Eq. (7) to the galvanostatic charge-discharge experimental data 

details presented in Fig. S14). As with the data in Fig. 8 , the last

ycle of each current density was used for the analysis. 

The thus-obtained estimates for Q low rate were then used to cal- 

ulate the capacity retention from the maximum achievable capac- 

ty as a function of R̄ (see Fig. 9 ). This normalisation shows that 

he a-TiO 2 film retains a larger fraction of its initial capacity than 

ll of the other thin TNO films. Two distinct regimes can be seen 
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Fig. 5. X-ray diffraction spectra recorded for thin films of a-TiO 2 (64 nm), a- 

Ti 4 Nb 2 O 13 (52 nm), a-Ti 2 Nb 2 O 9 (33 nm), a-TiNb 2 O 7 (59 nm), and a-Nb 2 O 5 (59 nm) 

on Al foil after annealing at 250 °C, as well as a reference Al foil, which had also 

been annealed at 250 °C. The spectra show only the peaks of the background, in- 

dicating that the films are amorphous. The c-TiO 2 film is omitted here as it almost 

indistinguishable from a-TiO 2 , and the differences between these samples are in- 

stead shown in Fig. S2. 

Fig. 6. Cyclic voltammetry curves measured for the TNO thin films at 1 mV s −1 . 

a

<
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N  
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t

Fig. 7. Constant current charge discharge data at rates of 0.2, 0.4, 0.8, 1.3, 1.7 and 2.1 A cm

charge-discharge curves, from the tenth cycle at each current density; and (c) the CE for 

discharge data are shown in Fig. S12. 

8 
cross various rate scales. Firstly, at low to high rates ranging from 

 1 h 

−1 to ~ 100–1000 h 

−1 , the order of capacity retention fol- 

ows the film composition, with a-TiO 2 and c-TiO 2 retaining the 

ost at a rate of 10 h 

−1 (52% and 50%, respectively), followed by a- 

i 4 Nb 2 O 13 (49%) , a-Ti 2 Nb 2 O 9 (46%), a-TiNb 2 O 7 (37%) and finally a- 

b 2 O 5 (34%). This can be seen in Fig. 9 b & c, which shows the rate

etention at 1 and 10 h 

−1 . Secondly, at very high rates > 10 0 0 h 

−1 ,

he order of rate retention changes and whilst a-TiO continues to 
2 

 

−3 with (a) volumetric capacity as a function of current density; (b) representative 

the coin cells corresponding to the data in (a). Higher rate constant current charge 
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Fig. 8. Gravimetric capacity of TNO films as a function of C rate (a) and gravimetric current density (b). All C rates were calculated assuming a theoretical capacity based on 

1 Li per Ti and 2 Li per Nb. 

Fig. 9. Capacity retention as a function of R̄ , with Q low rate calculated as presented by Tian at al. [44] , showing a) capacity retention data up to a cutoff of 1% retention, with 

detailed views of the capacity retention at: (b) a rate of 1 h −1 ; and (c) a rate of 10 h −1 . 

r

N

t  

1

t

a

3

r

o

t

etain the most capacity, the binary oxides a-TiO 2 , c-TiO 2 and a- 

b 2 O 5 retain more capacity (1.9%, 1.5% and 1.4%, respectively) than 

he a-Ti 4 Nb 2 O 13 , a-Ti 2 Nb 2 O 9 and a-TiNb 2 O 7 films (1.3%, 1.1% and

.2%, respectively). To determine why the rate behaviour differs be- 

ween the films, a PITT analysis was performed with the data being 

nalysed using the electroanalytical model detailed in section 2.5. 
9 
.4. Kinetic insights gained from PITT analysis and correlations with 

ate analysis 

To determine which physical processes affect the rate capability 

f the TNO thin film electrodes, the PITT method was used to de- 

ermine the electrochemical parameters R �, R ct , R D , C EDL and D 
chem 
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Table 3 

Comparison between the median, minimum, and maximum fitted values of the electrochemical parameters R � , R ct , R D , C EDL and D chem for a-TiO 2 , determined by fittting 

PITT and EIS experimental data with Eqs. (4) and (S1), respectively. 

Electrochemical 

Method R � ( Ω ) R ct ( Ω ) R D ( Ω ) C EDL (μF) D chem (cm 

2 s −1 ) 

PITT 2.8 

[2.0,3.2] 

700 

[210,1280] 

1.3 × 10 4 

[5.5 × 10 3 , 6.2 × 10 4 ] 

3.5 

[2.3, 5.0] 

2.2 × 10 −13 

[1.2 × 10 −13 , 

1.8 × 10 −12 ] 

EIS 5.6 

[4.0,6.4] 

390 

[180,1350] 

8.0 × 10 3 

[0.7 × 10 4 , 2.4 × 10 5 ] 

1.9 

[1.1, 5.1] 

1.7 × 10 −11 

[1.2 × 10 −14 , 

3.8 × 10 −11 ] 

Fig. 10. Electrochemical parameters graphed as a functiuon of potential for lithiation (solid lines) and delithiation (dashed lines) determined by non-linear least squares 

regression of Eq. (4) onto the PITT experimental data as reported by Hall et al. [41] . 

10 
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Table 4 

Pearson’s correlation values between electrochemical parameters determined by PITT and the delithiation capacity at rates of 1, 10, 100, 10 0 0 and 10,0 0 0 cycles h −1 . 

Fitted Parameter 

(median) 

Capacity Retention 

@ 1 h −1 @ 10 h −1 @ 100 h −1 @ 10 0 0 h −1 @ 10,0 0 0 h −1 

R � 0.21 0.19 0.013 −0.023 −0.26 

R ct 0.030 0.032 −0.010 −0.034 −0.12 

R D −0.87 ∗ −0.81 ∗ −0.93 ∗ −0.96 ∗ −0.85 ∗

C EDL −0.23 −0.28 −0.048 0.11 0.41 

D chem 0.51 0.34 0.55 0.78 0.94 ∗

∗ indicates p -value < 0.05. 

Fig. 11. Dependance of the electrocemical parameter R D on phyicals properties of the thin films showing (left) the dependace on the amount (atomic%) of C on the surface 

with respect to the amount of transition metal (TM) on the surface, and (right) the dependance on the molar (volumetric) density of TMs. Both of these physical property 

are thought to relate to the number of insertion sites of the thin film. The ratio of C to TM on the surface was calculated from X-ray photoelectron spectroscopy. The molar 

density of TMs was calculated from density measurements from XRR. 
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cross the 1.0 to 2.8 V potential range. To assess the reliability of 

he measurements, Table 3 compares the median values of these 

lectrochemical parameters determined by PITT and by EIS for the 

-TiO 2 electrode (see also Fig. S16). The estimated values of R �, R ct , 

 D and C EDL are similar within an order of magnitude between the 

ethods. The value of C EDL , in the order of one or several μF cm 

−2 ,

s lower by an order of magnitude than theoretical simulations of 

iO 2 [ 61 , 62 ], however it is similar to reported areal double layer

apacitances of other material systems [63] . Whilst the values of 

 ct and R D are orders of magnitude higher than that previously 

eported for a-TiO 2 electrodes, their normalised parameter �, de- 

ned by Montella as � = R D / ( R ct + R �) [42] is similar, with a me-

ian of 20 compared to a range of ~ 1–10 as previously reported 

 28 , 41 ]. Montella’s assertion that this parameter � is indicative of 

he rate limiting step suggests that, as with previous reports, the 

-TiO 2 film is rate limited by a mix of the insertion rate and diffu-

ion of Li (i.e., under mixed control). 

The median value of D chem 

, as determined by fitting PITT 

nd EIS data, varies by two orders of magnitude. Previous re- 

orts of the D chem 

for a-TiO 2 place its value around 2.2 × 10 −14 

3.4 × 10 −13 cm 

2 s −1 [28] , ~ 1 × 10 −13 cm 

2 s −1 [41] and 

.5 × 10 −12 cm 

2 s −1 [64] . This suggests that our estimates of D chem 

rom PITT are more consistent with previous reports than our es- 

imates from EIS. This is attributed to the characteristic frequency 

f bounded diffusion, f = D chem 

/L [43] , lying close to the mini- 

um attainable frequency (see our discussion in section 3.1), and 
11 
easurement instability at low frequencies making it difficult to 

eaningfully fit the low frequency regime in EIS. 

The results of PITT analysis are shown in Fig. 10 , which plots 

he fitted values of R ct , R D , D chem 

and C EDL as a function of poten- 

ial during lithiation and delithiation for the TNO thin film elec- 

rodes. The fitted values of D chem 

are also shown as a function of 

i ion mole fraction, x , in Fig. S18 . The estimated value of D chem 

as similar for all TNO films, with median values (across the 1.0 to 

.8 V range) of 1.5 × 10 −13 cm 

2 s −1 for the c-TiO 2 , and 2.2 × 10 −13 ,

.7 × 10 −14 , 3.5 × 10 −14 , 4.7 × 10 −14 and 1.5 × 10 −13 cm 

2 s −1 

or the a-TiO 2 , a-Ti 4 Nb 2 O 13, a-Ti 2 Nb 2 O 9 , a-TiNb 2 O 7 and a-Nb 2 O 5 , 

espectively. This suggests that diffusion is faster in a-TiO 2 and 

-Nb 2 O 5 , and slower in the ternary oxides . The D chem 

values for 

he a-TiNb 2 O 7 are an order of magnitude lower than previously 

eported for pulsed laser deposition derived a-TiNb 2 O 7 thin films 

31] , which may indicate that the structure of the sol gel derived 

-TNO thin films impedes lithium diffusion. 

Interestingly the magnitude of the D chem 

values appears to 

e positively correlated to the capacity retention at a rate of 

0,0 0 0 h 

−1 (see Fig. 9 ) but not at rates below 10,0 0 0 h 

−1 . This

ay indicate that diffusion occurs relatively quickly in all of the 

lms relative to other processes, and as such isn’t rate limiting 

t low and intermediate rates of charge and discharge. The val- 

es of R D , which have a median value of 1.7 × 10 5 , 1.3 × 10 4 ,

.9 × 10 5 , 2.8 × 10 5 , 2.6 × 10 5 and 2.8 × 10 5 Ω for the c-TiO 2 ,

-TiO 2 , a-Ti 4 Nb 2 O 13, a-Ti 2 Nb 2 O 9 , a-TiNb 2 O 7 , respectively, however 
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o inversely match the rate retention at rates of 1 and 10 h 

−1 (see

ig. 9 b & c). 

To assess correlation between the median values of the electro- 

hemical parameters and the trends in rate retention presented in 

ig. 9 , correlation parameters are presented in Table 4 . The only 

ignificant correlation (p-value < 0.05) at a rate of 1 and10 h 

−1 is 

een to be R D , which indicates that in the usable range of rates 

that is, where the capacity retention is sufficiently high for practi- 

al charge storage), the most important factor is R D . Given R D is a 

omposite of both R ct and D chem 

and the occupancy of surface sites 

described in more detail in section 2), we interpret this to mean 

hat the rate capability in inherently linked to the properties of the 

urface of the films as well as the diffusion of Li. Additionally, R ct 

nd D chem 

by themselves show no correlation with the rate, which 

s in agreement with � values that suggest a mix of diffusion and 

harge transfer reaction control. 

In order to provide a physical interpretation of R D , we at- 

empted to relate R D to the physical properties of the films. We 

dentified two properties which appear to be linked to R D : (i) the 

atio of the atomic% of C at the surface to the atomic% of tran-

ition metals at the surface (as determined via XPS), and (ii) the 

olar density of transition metals per unit volume (as determined 

ia macroscopic density from XRR). The dependence of R D on these 

arameters is shown in Fig. 11 . Both of these physical properties 

re inherently linked to the number of transition metal atoms at 

he surface, and so this interpretation suggests that the rate reten- 

ion in the a-TNO material system is linked to the density of Li 

nsertion sites, and as such the insertion reaction more generally. 

At rates of ~ 10,0 0 0 h 

−1 , where the order of rate retention

hanges, both R D and D chem 

are seen to have a significant correla- 

ion with the rate retention. This provides further evidence for our 

peculation that D chem 

is sufficiently quick in the < 100 nm thick 

lms that it only affects the rate behaviour at unusably high rates. 

hile this is useful for fundamentally understanding the rate be- 

aviour of the TNO system, it is worth noting however that, even 

hough the rate retention of a-TiO 2 is greater than any of the a- 

NO films, the improvement of capacity that the a-TNO films show, 

articularly a-Ti 2 Nb 2 O 9 , means that they provide higher gravimet- 

ic capacity at rates of up to 10C. Therefore, use of amorphous 

ernary mixed oxides can provide benefits over the more studied 

-TiO 2 material system. 

. Conclusion 

Amorphous TNO materials were investigated to assess their ef- 

ectiveness as high rate Li ion battery anode materials. The TNO 

hin films were fabricated with atomic ratios of 2:1, 1:1 and 1:2 

Ti:Nb; Ti 4 Nb 2 O 13 , Ti 2 Nb 2 O 9 , TiNb 2 O 7 , respectively) via a sol gel

ethod and were compared with anatase TiO 2 , amorphous TiO 2 

nd amorphous Nb 2 O 5 . Use of thin films permitted the electro- 

hemical properties of the films to be probed without interfer- 

nce from bulk diffusion or complex geometries. The TNO films 

chieved mean capacities between 717– 1039 mAh cm 

−3 over ten 

ycles at a current density of 0.2 A cm 

−3 , or between 231 and

35 mAh g −1 at a current density ~ 70 mA g −1 , when operating 

n the range of 1.0 to 3.0 V above the Li + /Li potential. This exceeds

he values of 175 mAh g −1 for Li titanate and 168 mAh g −1 for

natase TiO 2 (assuming in the latter case that 0.5 Li is inserted per 

nit formula). The D chem 

values of the TNO materials were similar 

r greater than that of spinal lithium titanate; with median values 

f 8.7 × 10 −14 , 3.5 × 10 −14 , and 4.7 × 10 −14 cm 

2 s −1 for the amor-

hous Ti 4 Nb 2 O 13 , Ti 2 Nb 2 O 9 and TiNb 2 O 7 , respectively. This fast Li

iffusion highlights the potential for these amorphous TNO mate- 

ials to be used for high rate electrochemical energy storage. 

In the usable range of operation ( < 1 h 

−1 to up to 100 h 

−1 ; i.e.

e/lithiation occurs over ~1 h to 30 s), rate retention was sensitive 
12 
o the amorphous film composition, with amorphous TiO 2 show- 

ng the greatest rate retention and amorphous Nb 2 O 5 showing the 

oorest. The rate retention behaviour was compared to the elec- 

rochemical parameters determined via PITT. At rates of ~ 10 h 

−1 

i.e. de/lithiation occurs over 6 min), we observe that the mixed 

arameter R D , which is related to both the charge transfer process 

nd the diffusivity, shows the strongest relationship to rate reten- 

ion. We interpret this result to mean that the insertion reaction 

nd density of insertion sites dominates rate retention in a use- 

bly high rate of de/lithiation. At much higher rates (de/lithiation 

 1 s), Li diffusion appears to dominate. Despite amorphous TiO 2 

howing the highest relative rate retention, in terms of the abso- 

ute capacities the amorphous Ti 2 Nb 2 O 9 and TiNb 2 O 7 both outper- 

orm the amorphous TiO 2 . The amorphous TNO system is hence 

 very promising material system for high rate Li ion batteries. 

iven that our results indicate that rate retention is sensitive to 

he density of insertion sites and the insertion reaction more gen- 

rally, there exists the possibility to improve the rate performance 

ia surface modifications or alternative synthesis routes. 
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