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Materials for High-Rate and Ultralong Cycle-Life Sodium-Ion 

Batteries  
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Guo,b Tsun-Kong Shamc and Xueliang Suna,* 

Sodium-ion batteries (SIBs) have received increasing attention for applications in large-scale enegy storage systems due to 

their low cost, high energy density, and high abundance of sodium element. Nanosizing electrode materials becomes a key 

strategy to overcome the problems resulting from sluggish kinetics of large sodium ions, thereby achiving good 

performance in SIBs. Herein, we developed an atomic layer depostion (ALD) approach for atomically precise fabrication of 

sodium titanate anode material. This ALD process shows excellent controllability over the growth rate, film thickness, 

composition of sodium titanates, and high fexibility of coating uniform sodium titanate films onto various dimentions of 

substrates. Moreover, the amorphous sodium titanate deposited on carbon nanotubes exhibits high specific capacity, 

excellent rate capability, and ultra-long cycling life (~ 100 mAh g-1 after 3500 cycles). It is expected that the ALD approach 

developed herein can be extended to well-defined fabrication of other sodium-containing electrode materials for SIBs.  

Introduction 

Lithium-ion batteries (LIBs) have become the predominant 

battery technology for portable electronic devices, and are 

considered as the most promising energy storage systems for 

the next generation of electric vehicles (EVs).1-3 However, the 

growing market for LIBs has raised concerns about the 

feasibility of lithium, due to its low abundance in the Earth’s 

crust (0.006 wt%).4,5 The increasing demand for lithium-

containing electrode materials will drive up the price of lithium 

precursors (such as Li2CO3), ultimately making lithium-ion 

technology expensive. In this regard, sodium-ion batteries 

(SIBs) have been drawing increasing attention from 

researchers, because of the high abundance of sodium 

(2.4wt% on Earth), the wide availability and low cost of sodium 

precursors.4 Moreover, sodium is the second lightest and 

smallest alkali metal, with an electrochemical potential of –

2.71V versus standard hydrogen electrode (just 0.3V higher 

than that of Li+/Li).4-6 Although the slightly higher 

electrochemical potential results in somewhat lower energy 

and power density of SIBs than LIBs, it is still a good choice for 

energy storage applications where low cost is more preferable. 

All these characteristics make SIBs ideal alternative to LIBs for 

large-scale application. 

   The development of SIBs is still in its infancy, although the 

research relevant to SIBs have started in parallel with LIBs in 

1980s. The current challenge in advancing this technology lies 

in finding suitable electrode materials to enable reversible 

sodium storage. During the past decade, many sodium 

insertion materials have been found or revisited as candidates 

for electrode materials by a number of different research 

groups.5,7,8 For example, various layered transition oxides 

(NaxMO2, M = Fe, Mn, Co, Ni, Cr, V) with O3- or P2-type 

structure have been systematically investigated as cathode 

materials for SIBs.5 NASICON-type compounds (NaxMx(PO4)y, 

1≤x<4, M = Ti, V) have shown good electrochemical activity 

with sodium in a reversible manner.9,10 Recently, sodium 

titanates have been discovered as new anode materials with 

fairly low working potentials (< 1V) in SIBs.11-14 Unfortunately, 

compared with their lithium analogous, many of these 

electrode materials exhibit unsatisfactory electrochemical 

performance in SIBs, such as low energy density, short cycling 

lifetime, and poor rate capability.5,11-14 One main reason for 

this is the relatively large ionic radius of the sodium ion (1.06Å 

vs. 0.76Å of lithium ion), which often leads to larger structural 

distortions and higher diffusion barriers in the host materials 

during charge/discharge cycling.5,15 From this aspect, 

nanosizing electrode materials has been proven as a key 
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strategy to address the above problem and to achieve good 

battery performance in SIBs.14,16,17 

   Recently, atomic layer deposition (ALD) has emerged as a 

powerful technique to improve the electrochemical 

performance of LIBs, by designing the electrode/electrolyte 

interface or preparing nanosized electrode materials.18,20 

Owing to the self-controlled surface reactions employed, ALD 

can achieve uniform and conformal film deposition onto 

various substrates, with atomic-level controlled film 

thickness.21,22 Due to these advantages, many research groups 

have demonstrated that ultrathin coating layers on the 

electrode suppresses unfavorable reactions at the 

electrode/electrolyte interface or in the electrode materials, 

resulting in enhanced energy density, cycling stability, and rate 

capability of cathode and anode materials in LIBs.23-26 

Moreover, ALD has been applied to directly synthesize a 

variety of nanosized electrode materials, including lithium-

absent (metal oxides, sulfides, and phosphates),27-30 and 

lithium-containing materials (such as LiCoO2, Li2MnO4, and 

LiFePO4).31-33 These electrode materials have showed good 

electrochemical performance as the anode or cathode in 

LIBs.27-33 Furthermore, ALD has been used to fabricate an all-

in-one nanopore battery array,34 making it a promising 

candidate for commercial fabrication of real 3D all-solid-state 

microbatteries. Considering these successful applications of 

ALD in LIBs, therefore, it is highly expected that ALD will also 

play an important role in developing high-performance 

electrode materials for SIBs. In fact, lithium-absent materials 

prepared by ALD (such as metal oxides and FePO4) can be 

directly adopted as the anode or cathode materials for SIBs.7,8 

At present, a substantial challenge is how to use ALD to 

synthesize sodium-containing electrode materials, which 

account for a majority of electrode materials in SIBs. 

In this work, for the first time, we developed an ALD 

approach to deposit sodium titanate anode materials as a 

representative example of sodium-containing electrode 

materials for SIBs. This ALD approach demonstrates excellent 

control over the growth rate, thickness, and composition of 

sodium titanates, as well as flexibility of coating uniform and 

conformal sodium titanate films on substrates with various 

dimensions, including planar Si wafer, 1D carbon nanotubes 

(CNTs), and 3D anodic aluminium oxide (AAO) template. The 

as-deposited sodium titanates were amorphous in nature, but 

could be easily transformed into a highly crystalline structure 

after post annealing. A full picture of this 

amorphous/crystalline phase transformation process was 

captured by in-situ and ex-situ characterization techniques. 

Moreover, electrochemical measurement indicated that 

amorphous sodium titanate exhibited higher specific capacity, 

better rate capability, and ultra-longer cycle lifetime than 

crystalline one, making it an excellent candidate as anode 

material for SIBs. This breakthrough not only provides a new 

approach for the fabrication of well-defined nanostructured 

sodium titanate anode material, but also provides a novel 

methodology that can be adopted to synthesize other sodium-

containing electrode materials for SIBs. 

Experimental 

Deposition of sodium titanates by ALD 

  Sodium titanates were deposited in Savannah 100 ALD 

system (Ultratech/Cambridge Nanotech) by using sodium tert-

butoxide (NaOtBu, NaOC(CH3)3, Sigma Aldrich, 97%), 

titanium(IV) isopropoxide (TTIP, Ti[OCH(CH3)2]4, Sigma Aldrich, 

97%), and distilled water (H2O) as precursors. The use of 

NaOtBu as an ALD precursor was reported previously.35 Source 

temperature for NaOtBu and TTIP was 180 °C and 85 °C 

respectively, while H2O was kept at room temperature (RT). 

The deposition temperatures for sodium titanates were 

carefully chosen from 200 °C to 275 °C. Thermal 

decomposition of TTIP has been reported at temperatures 

above 275 °C,36 while below 200 °C, NaOtBu has insufficient 

reactivity with H2O. One ALD cycle of sodium titanates was 

composed of the following steps: [NaOtBu (xs pulse/10s purge) 

- H2O (ys pulse/10s purge)] + n × [TTIP (1s pulse/10s purge) - 

H2O (0.5s pulse/10s purge)], where n varies from 1 to 6, in 

order to tune Na/Ti atomic ratio in the films. The recipe for 

TiO2 (TTIP (1s pulse/10s purge) - H2O (0.5s pulse/10s purge)) 

was directly taken from our previous work.37 Si (100) wafer, 

powder-based carbon nanotubes (CNTs), nitrogen-doped CNTs 

grown on carbon papers, and anodic aluminium oxide (AAO, 

0.2μm pore size, 12 mm diameter, Anodisc 13, Whatman) 

templates were used as substrates for the deposition of 

sodium titanates. Before deposition, Si (100) wafer was pre-

cleaned with acetone three times, rinsed with ethanol, and 

subsequently blown dry with compressed air. Powder-based 

CNTs were refluxed in nitric acid (HNO3, 70%) for 3h at 120 °C, 

in order to functionalize the surface of CNTs and remove 

residual Ni catalyst used for the growth of CNTs. Then, the 

treated CNTs were dispersed in ethanol in an ultrasonic bath 

for 30 min, and the mixture solution was dropped onto an 

aluminium foil. After being left in air overnight, porous CNT 

network films formed on the aluminium foil, which were cut 

into 10 cm × 10 cm pieces for further deposition of sodium 

titanates. NCNTs on carbon papers and AAO templates were 

used as received. 

Physical characterizations of sodium titanates 

   The morphology, composition, and structure of sodium 

titanates were characterized by using field-emission scanning 

electron microscope (SEM, Hitachi S4800) equipped with 

energy dispersive spectroscopy (EDS), Fourier transform 

infrared (FTIR, Nicolet 6700 spectrometer) spectroscopy, high 

resolution transmission electron microscope (HRTEM, JEOL 

2010 FEG), X-ray diffraction (XRD) system (Bruker D8 Advance, 

Cu - Kα X-ray source), and X-ray absorption near-edge 

spectroscopy (XANES). High-temperature In-situ XRD (HT-XRD) 

measurements (scan step of 0.02° per second) were conducted 

on sodium titanates grown on power-based CNTs in air 

atmosphere, during either a temperature-dependent or a 

time-dependent annealing process. In the temperature-

dependent annealing process, the sodium titanate/CNT 

composite was annealed at each temperature from 400 °C to 

900 °C for 1h before a measurement was made from 10° to 

50°. In the time-dependent annealing process, the sodium 
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titanate/CNT composite was first heated from 400 °C to 900 

°C, with a measurement taken from 23° to 27° at a 100°C step. 

When the temperature reached 900 °C, the measurement was 

performed with a period of 15 min. XANES measurements 

were performed at the Canadian Light Source (CLS) on the 

Spherical Grating Monochromator (SGM) beamline for Ti L-

edge, O K-edge, and Na K-edge. 

Electrochemical characterizations of sodium titanates 

  Electrochemical measurements were performed on two types 

of sodium titanates grown on CNTs. One was amorphous 

sodium titanate on CNTs (denoted as A-NaTiO), which was 

deposited at 225 °C by using 300 ALD cycles of [NaOtBu (4s 

pulse/10s purge) - H2O (0.5s pulse/10s purge)] + 1 × [TTIP (1s 

pulse/10s purge) - H2O (0.5s pulse/10s purge)]. The other was 

Na0.23TiO2 (designated as C-NaTiO) on CNTs obtained by 

annealing A-NaTiO in Ar atmosphere for 10h. The loadings of 

A-NaTiO and C-NaTiO were measured to be 54 wt% and 40 

wt% respectively, by using thermogravimetric analysis (TGA, 

SDT Q600) from RT to 800 °C in air at a heating rate of 10 °C 

min-1. Electrochemical performance of A-NaTiO and C-NaTiO 

was evaluated in coin-type half cells (CR2032). To prepare the 

electrode, A-NaTiO or C-NaTiO on CNTs, acetylene black, and 

polyvinylidene fluoride (PVDF) with a weight ratio of 8:1:1 

were added in an N-methylpyrrolidinone (NMP) solvent and 

ground thoroughly, and then the slurry was pasted onto a 

copper foil. The electrode was dried under vacuum at 100 °C 

overnight. The coin-type half cells were assembled in an argon-

filled glove box ([O2] < 1ppm, [H2O] < 1ppm), using the 

electrode prepared as above, polypropylene separator 

(Celgard 3501), and sodium metal as the counter electrode. 

The electrolyte was 1M NaClO4 in ethylene carbonate (EC) and 

propylene carbonate (PC) in a volume ratio of 1:1. Charge-

discharge cycling at a constant current mode was carried out 

on the Arbin BT-2000 Battery Test System, and cyclic 

voltammetry (CV) was tested on the versatile multichannel 

potentiostat 3/Z (VMP3). The electrochemical performance 

was measured in a voltage range of 0.1 – 2.5V at RT. The 

specific capacity was calculated in two ways. Discharge 

capacities of A-NaTiO/CNT and C-NaTiO/CNT composites were 

calculated using the following equation: 

Discharge capacityNaTiO+CNTs = total capacity/weight of 

NaTiO/CNT composite                                         Equation (1)                                                               

Discharge capacities of only A-NaTiO and C-NaTiO were 

obtained by subtracting the contribution of CNTs from the 

total capacity using the following equation: 

Discharge capacityNaTiO ={discharge capacityNaTiO+CNTs – 

discharge capacityCNTs × CNT loading} / NaTiO loading     

Equation (2)                                                                     

The discharge capacity of pure CNTs was shown in Supporting 

Information. The loadings of CNTs and NaTiO were obtained by 

TG analysi. Discharge capacityNaTiO was mainly used to 

compare the electrochemical performance of A-NaTiO and C-

NaTiO, while discharge capacityNaTiO+CNTs was used to compare 

the performance of A-NaTiO/CNT and C-NaTiO/CNT 

composites. 

Results and Discussion  

Fig. 1 (a) One ALD cycle of sodium titanates consists of 

sequential pulse of NaOtBu, H2O, TTIP, and H2O, with an N2 gas 

purge after each pulse. By repeating the above sequence in a 

cyclic manner, uniform, conformal sodium titanate films (blue 

colour) are deposited on (b) nitrogen-doped CNTs, (c) Si wafer, 

and (d) AAO template (surface polished with sandpapers). 

 

   Fig. 1a illustrates the process for one ALD cycle of sodium 

titanates by using NaOtBu, TTIP, and H2O as precursors. The 

ALD cycle is executed by sequential pulsing of NaOtBu, H2O, 

TTIP, and H2O, with an N2 gas purge following each pulse, to 

remove excess precursor and reaction by-products. One ALD 

cycle consists of two ALD subcycles, i.e. NaOtBu - H2O and TTIP 

- H2O, and is expressed as (NaOtBu - H2O) + (TTIP - H2O) 

henceforth. CNTs, Si wafer, and AAO template, are employed 

as substrates for the deposition of sodium titanates. By 

repeating the ALD cycle in Fig. 1a, sodium titanate thin films 

are uniformly coated on the surface of nitrogen-doped CNTs, Si 

wafer, and in the nanopores of AAO membranes (Fig. 1b-1d, 

and Fig. S1). Moreover, sodium titanate films are also 

observed on the surface along the inner-pore walls of AAO 

membranes (Fig. S1). Thus, the ALD process has a good ability 

to deposit high-quality sodium titanate thin films on substrates 

with various dimensions, making it very promising for the 

fabrication of 2D and 3D all-solid-state sodium-ion batteries in 

future. 

   The ALD growth characteristics of sodium titanate thin films 

are examined on a standard Si substrate (Fig. 2). The ALD 

recipe for TTIP-H2O subcycle is directly taken from our 

previous work,36 while the pulse time for NaOtBu and H2O in 

the NaOtBu-H2O subcycle is optimized herein, by changing one 

at a time while keeping the other constant. Fig. 2a and 2b 

show the dependence of growth per cycle (GPC) of sodium 

titanate thin films at 250 °C on NaOtBu and H2O pulse time, 

respectively. The GPC of sodium titanate films increases with 

NaOtBu pulse time, and saturates at ~ 0.14 nm with NaOtBu  
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Fig. 2 Growth per cycle (GPC) of sodium titanate thin films as a 

function of (a) NaOtBu pulse time and (b) H2O pulse time at 

250 °C using ALD recipe of (NaOtBu-H2O) + (TTIP-H2O) (insert in 

Fig. 2b displays the film thickness of sodium titanates as a 

function of ALD cycle number); the dependence of GPC and 

Na/Ti atomic ratio of sodium titanates (c) on deposition 

temperatures using the ALD recipe of (NaOtBu-H2O) + (TTIP-

H2O), and (d) on TiO2 subcycles at 225 °C using ALD recipes of 

(NaOtBu-H2O) + n × (TTIP-H2O) (n = 1, 3, and 6). 

 

pulse of 4s or longer (Fig. 2a). While the GPC of sodium 

titanate films keeps unchanged, with H2O pulse time varying 

from 0.5s to 1.5s (Fig. 2b). Thus, pulse duration of 4s and 0.5s 

will be used for NaOtBu and H2O respectively, in order to 

achieve saturated growth of sodium titanate films during the 

ALD process. Moreover, the film thickness of sodium titanates 

shows a linear relation with ALD cycle number, yielding a GPC 

of 0.15 nm for sodium titanates at 250 °C (insert in Fig. 2b). 

Assuming a GPC of ~ 0.03nm for TTIP-H2O subcycle,36,37 a 

growth rate of 0.12 m/cycle is obtained for the NaOtBu-H2O 

subcycle at 250 °C. Such highgrowth rate was also observed in 

ALD of LiOtBu-H2O (~ 0.17 nm/cycle at 225 °C).38,39 The reason 

for the high growth rate might be due to physisorption of H2O 

(as seen in FTIR spectra in Fig. S2) on the layer(s) produced 

during NaOtBu-H2O subcycle (possible NaOH or sodium oxide), 

as a result of their hygroscopic nature.38,40 Residual waters 

would react with TTIP or NaOtBu in the subsequent subcycle, 

resulting in a higher GPC of sodium titanate films. The results 

in Fig. 2a and 2b justify the true ALD process used for the 

deposition of sodium titanates. Fig. 2c shows the growth 

behaviour and composition of sodium titanate films at 

different temperatures. The GPC of sodium titanate films turns 

out to be 0.06 nm, 0.11 nm, 0.15 nm, and 0.16 nm, at 

temperatures of 200 °C, 225 °C, 250 °C, and 275 °C, 

respectively. The Na/Ti atomic ratio in sodium titanate films 

was determined by energy dispersive spectroscopy (EDS) 

analysis and found to be around 1.4 between 225 °C and 275 

°C, and reduces to 0.4 at 200 °C, suggesting decreased  

 

Fig. 3. High-temperature in-situ XRD measurements of sodium 

titanates/CNTs in (a) a temperature-dependent annealing 

process from 400 °C to 900 °C, and (b) a time-dependent 

annealing process at 900 °C in air (* Na0.23TiO2, JCPDS No. 22-

1404; + graphite, JCPDS No. 08-0415; # anatase TiO2, JCPDS 

No. 02-0387); TEM and HRTEM images of sodium 

titanates/CNTs (c,d) at the as-deposited condition,  and after 

annealed at (e,f) 500 °C, (g,h) 700 °C, (i,j) 900 °C in air 

atmosphere; (k) schematic diagram of structural and 

morphological evolution of sodium titanates/CNTs with 

increasing annealing temperature. 

 

reactivity between NaOtBu and H2O below 225 °C. Fig. 2d 

illustrates that the composition of sodium titanates can be 

tuned by adjusting the ALD recipe, i.e. adding more TTIP-H2O 

subcycles. The modified ALD recipe is expressed as (NaOtBu-

H2O) + n × (TTIP-H2O), where n equals to 1, 3, and 6. Na/Ti 

atomic ratio decreases from 1.3 to 1.1 and 0.8, with TTIP-H2O 

subcycles elevating from 1, to 3 and 6, respectively (Fig. 2d). 

The above results demonstrate good controllability of the ALD 

process over the growth rate, thickness, and composition of 

sodium titanate films.  

   Sodium titanates prepared by ALD show an amorphous 

structure in the as-deposited state, as revealed by the XRD 

pattern in Fig. 3a and HRTEM image in Fig. 3d (Fig. S3a for 

selected-area electron diffraction (SAED) pattern). To obtain 

crystalline sodium titanates, high-temperature in-situ XRD (HT-

XRD) measurement was carried out on the sodium titanates 
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as-deposited on CNTs (sodium titanates/CNTs) at 225 °C. Fig. 

3a and 3b illustrate the crystallization of sodium titanates 

during temperature- and time-dependent annealing processes, 

respectively. As seen in Fig. 3a, XRD pattern of sodium 

titanates/CNTs at RT shows only three distinct peaks at 26°, 

43°, and 44° (labelled as +), assignable to (002), (100), and 

(101) planes of graphite (JCPDS No. 08-0415), respectively. 

After annealing the sodium titanates/CNTs composite at 400 

°C for 1h in air, one strong peak at 25°, followed by two weak 

peaks at 38° and 48° (marked as #) can be found and 

attributed to the (101), (004), and (200) planes of anatase TiO2 

(JCPDS No. 02- 0387). Heat treatment at 500 °C leads to the 

loss of graphitic peaks as a result of CNT combustion in air. 

Besides the dominant peaks from anatase TiO2, several weak 

diffraction peaks show up at 24°, 33°, and 44° (marked as *), 

which correspond to (110), (002), and (003) planes of 

monoclinic Na0.23TiO2 (JCPDS No. 22-1404), respectively. 

Annealing from 500 °C to 800 °C results in a steady increase in 

peaks associated with Na0.23TiO2, and a gradual decrease in 

intensity of anatase TiO2 peaks. Interestingly, all the peaks in 

the XRD pattern for 900 °C annealed sodium titanate/CNT 

composite can be assigned to monoclinic Na0.23TiO2. HT-XRD 

results taken during time-dependent annealing at 900 °C (Fig. 

3b) show the same trend of phase transition as shown in Fig. 

3a. Moreover, Fig. 3b indicates that a minimum annealing time 

of 300 min is required in order to obtain pure monoclinic 

Na0.23TiO2 at 900 °C. Furthermore, HT-XRD results reveal that 

amorphous sodium titanates can be transformed into 

crystalline Na0.23TiO2 at 900 °C, through an intermediate phase 

of anatase TiO2. The crystal structure of anatase TiO2 and 

Na0.23TiO2 are shown in Fig. S4. 

   Microstructural evolution from amorphous sodium titanates 

to Na0.23TiO2 is determined by ex-situ microscopic observations 

on the samples annealed at different temperatures (Fig. 3c-3j 

for TEM and HRTEM images, and Fig. S5 for SEM images). Prior 

to heat treatment, the surface of the CNTs is evenly covered 

with the ALD of amorphous sodium titanate films (Fig. 3c and 

3d). Annealing at temperatures below 500 °C leads to rapid 

nucleation and growth of nanocrystalline anatase TiO2 in the 

matrix of amorphous sodium titanates (Fig. 3f and Fig. S3b). At 

500 °C, the burning of CNTs in air leads to the formation of 

hollow sodium titanates (Fig. 3e). With increasing annealing 

temperature, the hollow structured sodium titanate further 

break down into irregular nanoparticles. Meanwhile, 

crystalline Na0.23TiO2 begins nucleating alongside anatase TiO2 

(Fig. 3g), most likely through the diffusion of sodium ions in 

surrounding areas into anatase TiO2. Highly crystalline 

Na0.23TiO2 nanoparticles with sizes of ~ 100-300 nm are formed 

eventually at 900 °C (Fig. 3i and 3j). Fig. 2k schematically 

illustrates structural and morphological evolution from 

amorphous sodium titanates to Na0.23TiO2 with increasing 

annealing temperature.  

 

 

 

 

 

 

 

Fig. 4. X-ray absorption near-edge structure (XANES) spectra at 

(a) Ti L2,3-edge, (b) O K-edge, and (d) Na K-edge for sodium 

titanates deposited by ALD at (A) 275 °C, (B) 250 °C, (C) 225 °C, 

and (D) 200 °C, (E) anatase TiO2 deposited by ALD at 225 °C, (F) 

Na0.23TiO2, and (G) standard Na2CO3. 

 

  Amorphous and crystalline sodium titanates are analysed by 

X-ray absorption spectroscopy technique, which is highly 

sensitive to the symmetry and local chemical environment 

around a specific element.41,42 Fig. 4 present X-ray absorption 

near-edge structure (XANES) spectra at Ti L2,3-edge, O K-edge, 

and Na K-edge for amorphous sodium titanates deposited at 

different temperatures, Na0.23TiO2, and anatase TiO2. The Ti 

L2,3-edge spectra for all the samples show two groups of peaks 

arising from the spin-orbit splitting of the Ti 2p core level into 

2p3/2 (L3- edge) and Ti 2p1/2 levels (L2-edge).42-44 At both L3-

edge and L2-edge, the crystal field splits the 3d band into t2g 

and eg sub-bands. The most prominent difference among the 

as-deposited sodium titanates and Na0.23TiO2 is the split of the 

fine structure in the L3-eg band, which is highly sensitive to the 

local symmetry (distortion from Oh) around the metal 

cations.45 All the as-deposited sodium titanates show 

broadening at the eg peaks associated with the L3-edge (Fig. 

4a-A, B, C, and D), which are indicative of a highly disordered 

and amorphous sample.42,44 The broadened peak is attributed 

to the loss of long-range order due to the effects of titanium 

interactions with second-neighbour atoms.42 The peak 

attributed to the L3-eg band shifts to a slightly higher energy in 

sodium titanates deposited at a higher temperature. This is 

most likely due to the different Na/Ti atomic ratios in the 

sodium titanate films (Fig. 2c). In contrast, Na0.23TiO2, as well 

as anatase TiO2, shows two well-resolved peaks of eg orbitals in 

the L3-edge (labelled as a1 and a2 in Fig. 4a-E and F), suggesting 

their highly crystalline structure. Previous work has shown that 

each structure has its own characteristics in terms of the 

relative intensity between a1 and a2 peaks and the value of 

their energy splitting at the eg orbitals in the L3-edge.42,44,45 For 

example, the intensity of the a1 peak (461.7 eV) is substantially 

stronger than the a2 peak (462.7 eV) for anatase TiO2 (as 

shown in Fig. 4a-E), while the trend is opposite in rutile 

TiO2.42,44 For Na0.23TiO2, the a1 and a2 peaks show almost 

identical peak intensities along with a 0.5eV energy splitting, 

which can be used as characteristic features to identify this 

structure in the future. 
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   O K-edge absorption involves the excitation of a 1s electron 

in oxygen into an unoccupied 2p orbital.45 O K-edge spectra of 

all the samples in Fig. 4b (except Na2CO3) show two dominant 

features within an energy range of 530-536 eV, which can be 

assigned to the transitions into O states hybridized with Ti 3d 

t2g and eg levels (marked as b1 and b2 in Fig. 4b).42,45 The 

broadening feature displayed in the as-deposited sodium 

titanates (Fig. 4b-A, B, C, and D), compared to crystalline 

anatase TiO2 for example, are inherent to the amorphous 

structure of the sample, and is caused by slight variations in 

bond lengths and angles.44 It is noteworthy that the b2 peaks 

for sodium titanate deposited at 200 °C, Na0.23TiO2, and 

anatase TiO2 (Fig. 4b-D, E, and F) are centred at 535.6 eV, while 

b2 peaks for sodium titanates deposited at 225°C, 250°C, and 

275°C (Fig. 4b-A, B, and C) shift to a higher energy of 535.9 eV, 

which agrees well with that of standard Na2CO3 (Fig. 4b-G). 

Therefore, the b2 peaks in Fig. 4b-A, B, and C are partially 

contributed by Na2CO3, which is found to exist on the top 

surface of sodium titanates on Si wafer (see the SEM image in 

Fig. S6). Interestingly, the intensity of b2 peak in Fig. 4b-A, B, 

and C can be correlated with increasing ALD deposition 

temperatures, indicating formation greater amounts of Na2CO3 

impurity at higher temperatures. Na2CO3 impurity might be 

formed as a result of reactions between the Na-O layers and 

CO2 in atmosphere, when the samples are taken out of ALD 

reaction chamber (similar phenomenon as observed in ALD 

process of LiOtBu-H2O).38-40 Na0.23TiO2 shows several 

differences from anatase TiO2 at O K-edge. In the low energy 

region, Na0.23TiO2 shows higher peak intensity of b2 than b1 

(the opposition in anatase TiO2), and one additional peak (b3) 

at 534.4 eV. At a higher energy, b4 and b5 peaks detected in 

anatase TiO2 merge into a single asymmetric peak in 

Na0.23TiO2, while the b6 peak in Na0.23TiO2 becomes 

suppressed. The line-shape of Na0.23TiO2 is somehow similar to 

that of sodium titanate nanotubes from a previous work.45 

Based on experiment and calculation studies, the differences 

between sodium titanates and TiO2 is mainly due to the 

existence of more types of oxygen sites in the former (as also 

revealed by Raman spectra in Fig. S7), which can affect the O-

Ti coordination number and the connectivity of the 

octahedral.45  

   Turning to Na K-edge, we can see that the as-deposited 

sodium titanates present a very broad doublet between 1076 

eV and 1094 eV (Fig. 4c-A, B, C, and D), which is typical of 

short-range ordering around sodium.46-48 In contrast, the 

absorption spectrum for Na0.23TiO2 displays sharper peaks with 

greater intensity (Fig. 4c-F) at 1075.3 eV (c3), 1079.3 eV (c1), 

1081.0 eV (c2), 1093.8 eV (c4), and 1107.0 eV (c5), suggesting 

that the environment around the sodium element contains 

greater periodicity than that in the as-deposited sodium 

titanates. Based on the above XANES results, we can find that 

all the as-deposited sodium titanates have disordered 

structure, and show some minor differences in the local 

environment around titanium and oxygen. Small amount of 

Na2CO3 is detected on the surface of sodium titanates 

prepared at temperature above 225 °C. Post-annealing in  

 

 

 

 

 

Fig. 5. SEM images of amorphous sodium titanate (A-NaTiO) 

(a) and crystalline Na0.23TiO2 (C-NaTiO) (b) on CNTs; CV curves 

of (c) A-NaTiO and (d) C-NaTiO measured between 0.1V and 

2.5V at a scan rate of 0.1mV s-1; (e) cycling performance of A-

NaTiO and C-NaTiO at a current rate of 10 mA g-1; (f) rate 

capability of A-NaTiO and C-NaTiO at current rates of 20 mA g-

1-2000 mA g-1; and (g) long-cycle life of A-NaTiO at 500 mA g-1. 

 

air leads to much more ordered structure in Na0.23TiO2 than in 

the as-deposited sodium titanates.  

   Electrochemical measurements were performed on 

amorphous sodium titanate (denoted as A-NaTiO) and 

crystalline Na0.23TiO2 (denoted as C-NaTiO) deposited on CNTs. 

In order to maintain the CNT structure, C-NaTiO is obtained by 

annealing A-NaTiO for 10h in Ar gas. A-NaTiO is uniformly 

coated on the whole surface of CNTs (Fig. 5a), while C-NaTiO 

contains nanoparticles with sizes of 100-300 nm are located on 

CNTs (Fig. 5b, and its phase is confirmed by XRD in Fig. S8). 
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HRTEM image in the inset of Fig. 5b discloses highly crystalline 

structure of Na0.23TiO2 nanoparticles. Fig. 5c and 5d display 

cyclic voltammetry (CV) curves of A-NaTiO and C-NaTiO in the 

first three cycles. A-NaTiO exhibits an irreversible peak at 0.38 

V in the first discharge cycle, which is attributed to the 

formation of solid electrolyte interphase (SEI),11,14 and broad 

charge/discharge peaks between 0.1 and 1 V in the 

subsequent cycles. Interestingly, the first-cycle CV curve of C-

NaTiO is quite different from the subsequent cycles with the 

appearance of two additional peaks from 1.44 to 1.99 V. From 

the second cycle, C-NaTiO exhibits two groups of 

reduction/oxidation peaks at 1.93V/2.18V and 0.81V/1.60V, 

respectively, suggesting a two-step insertion/extraction 

process for sodium ions in  Na0.23TiO2 host, albeit the exact 

reaction mechanisms are not clear yet. From Fig.5c, it is also 

clear that the electrochemical potential of A-NaTiO is below 

1V, which is comparable to other types of sodium titanates.12-

14,49,50 Such low potential of sodium titanates would provide a 

higher energy density of full cells, compared to their lithium 

counterpart (such as Li4Ti5O12, ~ 1.5V potential).51 Fig. 5e show 

cycling performance of A-NaTiO and C-NaTiO at a current 

density of 10 mA g-1.  Since pure CNTs show a reversible 

sodium storage capacity of ~ 30 mAh g-1 at 10 mA g-1 (Fig. S9), 

discharge capacities of A-NaTiO and C-NaTiO (Fig. 5e) were 

obtained by subtracting contribution of CNTs from total 

capacities of A-NaTiO/CNT and C-NaTiO/CNT composites (Fig. 

S10) using the Equation (1) and (2) described in Experimental 

(Fig. S11 for TGA results of A-NaTiO/CNTs and C-NaTiO/CNTs). 

As seen in Fig. 5e, A-NaTiO exhibits a discharge capacity of~ 

483 mAh g-1 in the first cycle, which gradually decreases and 

stabilizes at ~ 140 mAh g-1 after 20 cycles. C-NaTiO shows a 

similar trend as A-NaTiO, but with a much lower capacity. For 

example, C-NaTiO shows a discharge capacity of 315 mAh g-1 in 

the first cycle, and a stable capacity of 28 mAh g-1 after the 

50th cycles, which is only one fifth of that of A-NaTiO. As a 

result, the A-NaTiO/CNT composite also shows a higher 

capacity than C-NaTiO/CNT composite (Fig. S10). Fig. 5f 

compares the rate capabilities of A-NaTiO and C-NaTiO at 

current densities from 10 mA g-1 to 2000 mA g-1. It is clear that 

A-NaTiO exhibits a much higher capacity than C-NaTiO at each 

current density. A-NaTiO can deliver a discharge capacity of ~ 

98 mAh g-1 even at 2000 mA g-1, while C-NaTiO only exhibits a 

capacity of 10 mAh g-1 for C-NaTiO at the same current density. 

A-NaTiO on CNTs in this work exhibits superior rate capability 

compared with sodium titanates reported previously (Fig. S12). 

Furthermore, the long-term cycling performance of A-NaTiO is 

evaluated at 500 mA g-1 (Fig. 5g). The capacity of A-NaTiO 

quickly drops from 197 mAh g-1 to 114 mAh g-1 in the first 100 

cycles, and becomes stable afterward. A-NaTiO can still 

maintain a discharge capacity of 100 mAh g-1 even after 3500 

cycles. Previous work has demonstrated that sodium titanates 

generally suffered from poor cycling performance.12-14,49,50 To 

the best of our knowledge, such ultra-long cycling lifetime of 

A-NaTiO has never been reported so far. In addition, it is 

further found that A-NaTiO/CNT electrode prepared without 

acetylene black can still deliver a high discharge capacity which 

is just slightly lower than the electrode made with 10wt% 

acetylene black (Fig. S13), indicating that the CNT network 

already has good electronic conductivity to insure acceptable 

sodium insertion/extraction. The waiver of acetylene black in 

the electrode will increase the energy density of battery cells. 

The excellent electrochemical performance of A-NaTiO can be 

attributed to the synergies of A-NaTiO/CNT shell/core 

structure designed by ALD: i) the thin A-NaTiO layer uniformly 

coated on CNTs insures fast sodium ions diffusion into/out of 

the host material; ii) the highly conductive CNT substrates 

allow for rapid electron transport to the A-NaTiO active 

material (schematically shown in the insert of Fig. 5g); and iii) 

the amorphous nature of A-NaTiO can better accommodate 

structural distortion that occurs during sodium 

insertion/extraction.35,52,53 At last, it is worthy to point out that 

the controllability of this ALD process on the composition of 

amorphous sodium titanates (Fig. 2c and 2d) makes it possible 

to obtain sodium titanates with various Na/Ti stoichiometric 

ratios and phases, which have been shown to exhibit quite 

different sodium storage behaviours.12-14,49,50 

Conclusions 

   In conclusion, sodium titanate thin films have been 

successfully deposited using ALD technique by combination of 

NaOtBu-H2O and TTIP-H2O subcycles. The sodium titanate thin 

films are well controllable in growth rate, film thickness, and 

composition, and can be applied on various types of 

substrates. Crystalline Na0.23TiO2 was obtained after post 

annealing. Synchrotron XAS measurements were adopted to 

elucidate the chemical bonding and local environment of Na, 

O, and Ti elements in both amorphous and crystalline sodium 

titanates. Amorphous sodium titanates deposited on CNTs 

exhibited exceptional battery performance as an anode 

material for SIBs, including high energy density, excellent rate 

capability, and ultra-long cycling life. These advantages of 

sodium titanates synthesized by ALD make them competitive 

anode materials for high-powered SIBs. Furthermore, the ALD 

approach developed herein can be extended to fabricate other 

sodium-containing electrode materials in SIBs. We believe that 

this work paves a new pathway towards well-defined synthesis 

of electrode materials for rechargeable sodium batteries. 
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Graphical Abstract 

 

Atomic layer deposition technique was applied to fabricate sodium titanates as high 

performance anode materials for sodium-ion batteries. 
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