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Abstract: Na2Ti3O7 (NTO) is considered a promising anode

material for Na-ion batteries due to its layered structure with

an open framework and low and safe average operating
voltage of 0.3 V vs. Na+/Na. However, its poor electronic

conductivity needs to be addressed to make this material at-
tractive for practical applications among other anode

choices. Here, we report a safe, controllable and affordable
method using urea that significantly improves the rate per-

formance of NTO by producing surface defects such as

oxygen vacancies and hydroxyl groups, and the secondary
phase Na2Ti6O13. The enhanced electrochemical performance

agrees with the higher Na+ ion diffusion coefficient, higher

charge carrier density and reduced bandgap observed in

these samples, without the need of nanosizing and/or com-

plex synthetic strategies. A comprehensive study using a
combination of diffraction, microscopic, spectroscopic and

electrochemical techniques supported by computational
studies based on DFT calculations, was carried out to under-

stand the effects of this treatment on the surface, chemistry
and electronic and charge storage properties of NTO. This

study underscores the benefits of using urea as a strategy

for enhancing the charge storage properties of NTO and
thus, unfolding the potential of this material in practical

energy storage applications.

Introduction

The increasing demand for electrochemical energy storage de-

vices has resulted in rapid development and utilisation of Li-
ion batteries (LIBs) in recent years.[1] LIBs are widely used in

portable electronic devices, electric/hybrid vehicles and smart
grid systems.[1] However, the scarcity of lithium sources com-

bined with their growing demand have motivated the devel-
opment of alternative storage technologies.[2] Sodium-ion bat-

teries (SIBs) offer a promising low-cost energy storage alterna-

tive to LIBs owing to the abundance of sodium sources on

Earth.[3] Furthermore, inexpensive aluminium current collectors
can be used on the anode side, instead of the more expensive

copper in LIBs.[4] Nevertheless, one of the greatest challenges

related to the full incorporation of SIBs into the market is find-
ing suitable and safe anode materials that deliver high and

stable capacities at low voltages in classic organic electro-
lytes.[4]

Titanium-based materials arise as one of the most promising
candidates due to their non-toxicity, large abundance and low
manufacturing cost.[5] Among this family of compounds, there

has been a growing interest in exploring the zig-zag layered
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Na2Ti3O7 (NTO) phase as a SIB anode material in the last
decade.[6] NTO was first tested as an anode in SIBs about a

decade ago, where it was shown to reversibly intercalate up to
2 Na ions per formula, resulting in a high theoretical capacity

(177 mAh g@1) at a low and safe average potential of 0.3 V vs.
Na+/Na.[6] The insertion of Na+ ions in NTO is commonly ac-

cepted to proceed through a two-phase reaction mechanism
that leads to the formation of the end-discharge product
Na4Ti3O7 (with the corresponding reduction of 2/3 Ti4 + ions to
Ti3 +).[6, 7, 8] More recent studies have shown a stable and partial-
ly sodiated intermediate phase with composition Na3@xTi3O7

which forms upon the first discharge process.[7] Unfortunately,
the prospects for practical application of NTO in SIBs are com-

promised by sluggish Na+ ion diffusion kinetics due to its
structural distortion upon uptake of Na+ ions and the intrinsi-

cally electronically insulating nature of NTO, associated with a

large bandgap of 3.7–3.9 eV.[3, 9] These result in poor electro-
chemical performance at high charge/discharge rates, limiting

the use of NTO in high power applications.[3, 10] Several research
strategies including carbon-composite fabrication,[7, 8, 11] nano-

structuring,[12–16] doping[17, 18] and surface defect engineer-
ing[9, 10, 19, 20] have shown to improve the electrical/ionic conduc-

tivity and electrochemical performance of NTO. Surface defect

engineering typically involves the introduction of oxygen va-
cancies in the NTO structure, which act as n-type defects, im-

proving charge transfer processes by narrowing the bandgap.
Typically, synthetic methods that introduce oxygen vacancies

in NTO involve the direct use of H2 (which may raise safety
concerns), limiting their practical applications.[9, 10] Therefore,

considering the potential benefits associated to the creation of

oxygen-deficient materials, it is desirable to develop a safe,
controllable and affordable synthesis method to obtain NTO

with improved electrochemical performance through an effec-
tive surface engineering method. In this context, urea (CH4N2O)

has been successfully used as a reducing agent to create
oxygen vacancies in metal oxide photocatalysts such as WO3

and BiOBr.[21, 22] At relatively mild temperatures, urea decom-

poses into ammonia which further decomposes to produce re-
active H2 that removes oxygen from the structure.[21] Herein,

we have prepared NTO with different levels of oxygen vacan-
cies by mixing as-synthesised NTO with urea at different con-

centrations (5, 10 and 20 wt.%) before annealing in a N2 atmos-
phere at 450 8C for 2 h. The 20 wt. % urea sample was found

to be the optimal concentration, showing initial discharge ca-
pacities of 316 mAh g@1 (1 C) and 272 mAh g@1 (2 C) when
tested as an anode in Na-ion half-cells. After 100 cycles, dis-

charge capacities of 154 mAh g@1 (1 C) and 145 mAh g@1 (2 C)
were obtained, which are significantly higher than those ob-

served in the pristine material 106 mAh g@1 (1 C) and
90 mAh g@1 (2 C)). The improved electrochemical performance

is attributed to the higher Na+ ion diffusion coefficient, higher

charge carrier density and reduced bandgap observed in the
urea-treated sample. As will be described later, the urea treat-

ment not only produces oxygen vacancies but also leads to
the formation of Ti3 + and Ti@OH species and Na2Ti6O13, which

together are responsible for the improved rate performance.
Our work will examine the effects of the urea treatment on the

surface, chemistry and electronic and charge storage proper-
ties of NTO, with a combination of experimental characterisa-
tion techniques and computational studies based on density
functional theory (DFT).

Experimental Section

Synthesis of Na2Ti3O7: NTO was synthesised by a solid-state reac-
tion method using a stoichiometric mixture of TiO2 (Fisher Scientif-
ic, 98 %) and anhydrous Na2CO3 (Sigma–Aldrich, 99.9 %). These
were mixed in a planetary ball mill at 400 rpm, followed by a heat
treatment at 800 8C for 20 h. The synthesised NTO powders were
mixed with different concentrations of urea, CH4N2O, (Thermoscien-
tific, 99.5 %) (5, 10 and 20 wt %), followed by an annealing treat-
ment at 450 8C for 2 h under an N2 atmosphere. The obtained pow-
ders, herein described as 0U, 5U, 10U and 20U, correspond to NTO
mixed with 0, 5, 10 and 20 wt. % urea, respectively. The as-pre-
pared powders were mixed with 50 wt % sucrose, C12H22O11,
(Sigma–Aldrich, 99.5 %) and then subjected to a pyrolysis treat-
ment at 700 8C for 5 h under flowing argon to carbon-coat the
powders to allow for a good comparison between the pristine ma-
terial and the urea-treated samples while improving the overall
electronic conductivity of the samples.[8]

Physicochemical characterisation : Powder X-ray diffraction (PXRD)
data were recorded at room temperature using a Smartlab diffrac-
tometer (Rigaku Corporation) equipped with a 9 kW Cu rotating
anode (l= 1.54056 a) operating in reflection mode with Bragg–
Brentano geometry. Data were collected in the 5–70 8 2q range at
a scan speed of 0.02 8 s@1. The NTO structure was refined against
powder X-ray diffraction data using the Rietveld method, with the
GSAS-EXPGUI software interface.[23, 24] The peak shapes were mod-
elled with a Gaussian–Lorentzian function and the background, lat-
tice parameters, atomic positions and thermal parameters were re-
fined. The thermal parameters for individual Na, Ti and O atoms
were refined isotropically and constrained to be identical. The oc-
cupancy for all atoms was fixed to n = 1.

The microstructure of the samples was examined using a field
emission scanning electron microscope (FESEM; JEOL JSM-7800F)
operated at 5 kV and 5 mA. Energy-dispersive X-ray analysis (EDX)
was carried out at 20 kV to assess the elemental composition,
using the AZtecEnergy software. Before the analysis, powders were
coated with a uniform layer of Au/Pd by sputtering deposition to
provide surface conductivity and prevent surface charging.

Transmission electron microscopy (TEM, JEOL 2200FE) was carried
out at 100 keV to assess the morphology and thickness of the
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carbon coating layer after the pyrolysis treatment. Initially, samples
were prepared by mixing the as-prepared powders with dried ace-
tonitrile using an ultrasonication method. The suspension was then
drop cast onto a TEM grid inside the glovebox, dried under
vacuum and transferred to the microscope under an Ar atmos-
phere.

The amount of carbon in the samples was determined by ther-
mogravimetric analysis (TGA; TA Instruments Q5000IR) in air by
heating the powders from ambient temperature to 700 8C using a
heating ramp of 10 8C min@1.

Electron paramagnetic resonance (EPR) spectroscopy was per-
formed at room temperature on a Bruker MicroEMX spectrometer
equipped with a Bruker super high Q resonator with a microwave
frequency of 9.87 GHz, microwave power of 1 mW, field modula-
tion of 100 kHz and modulation amplitude of 4 G. The field calibra-
tion was carried out using 2,2-diphenyl-1-picrylhydrazyl (DPPH) as
a standard and measurements were normalised to the sample
weight.

X-ray photoelectron spectroscopy (XPS) was carried out using a
PHI 5500 XPS instrument with an Al Ka X-ray source (1486.6 eV).
Powder samples were mixed with a small amount of carbon black,
using a mortar and pestle, to provide good electronic conductivity
for the measurements. The energy was calibrated to the graphitic
carbon (C=C) peak in the C 1s spectra (284.0 eV) for each sample.
Data were analysed with the CasaXPS package software, employ-
ing the Gaussian-Lorentzian peak shape GL(30).
23Na magic-angle spinning (MAS) NMR spectra were acquired using
a 700 MHz Bruker Avance III HD WB spectrometer at a magnetic
field of 16.4 T. Experiments were performed using a Bruker 3.2 mm
probe at a MAS rate of 10 kHz. Spectra were referenced relative to
1 m NaCl(aq) solution using the 23Na resonance of solid NaCl at
7.5 ppm as a secondary reference.

UV-visible spectroscopy was performed with a Cary500 spectrome-
ter in the 200–500 nm range using an integrating sphere to ac-
quire only diffusive reflectance of the electromagnetic radiation.

Electrochemical characterisation : The electrochemical per-
formance of the sodium titanate samples synthesised in this work
was tested using stainless steel CR2032 coin cells, Na metal as the
counter/reference electrode (Alfa Aesar Merck), 1 m NaPF6 (99 %
Alfa Aesar) in ethylene carbonate (EC): diethyl carbonate (DEC) sol-
vent (battery grade, Gotion) (1:1 v/v) as the electrolyte and a What-
man micro glass fibre separator. The liquid organic electrolyte was
dried for several days using activated molecular sieves (0.4 nm
pore diameter, Merck) before use. The assembly and electrode
preparation were carried out in an Ar filled glovebox (MBraun, H2O
and O2 <0.1 ppm). The electrode preparation involved mixing of
the active material (sodium titanate samples) with carbon black
(Super P) (99 % Alfa Aesar) and polyvinylidene binder (PVDF Kynar,
99 % Alfa Aesar) in a weight ratio of 70:20:10, respectively. Elec-
trode slurries were prepared by adding a few drops of N-methyl-2-
pyrrolidone (NMP) (anhydrous, 99 % Alfa Aesar) to the electrode
mixture, which was stirred for 12 h. The obtained slurry was coated
uniformly onto an aluminium foil using a doctor blade to form a
film of 200 mm thickness which was then dried at 80 8C under
vacuum for 12 h in the antechamber of the glovebox. Subsequent-
ly, the electrodes were cut into circular disks of 19 mm diameter
with a load of active material of ca. 1.25 mg cm@2.

Galvanostatic charge/discharge measurements were performed on
a battery tester (Neware battery system, current range: 1–10 mA)
in the voltage range 0.01–2.5 V vs. Na+/Na at different rates (0.1,
0.2, 1 and 2 C). Cyclic voltammetry measurements were conducted
on an Ivium potentiostat (Alvatek) in the voltage range 0.01–2.5 V

vs. Na+/Na at different scan rates (0.05, 0.1, 0.2 and 0.3 mV s@1).
Mott-Schottky measurements were carried out on an Ivium poten-
tiostat (Alvatek), in the voltage range 0.01–2.5 V vs. Na+/Na using
a frequency of 500 Hz with a scan step of 50 mV. Electrochemical
impedance spectroscopy (EIS) data were collected on an Ivium po-
tentiostat (Alvatek) with an AC amplitude of 10 mV in the frequen-
cy range between 0.05 and 105 Hz. Data were acquired during the
first discharge process at OCV (&2.5 V), 1, 0.4, 0.2 and 0.01 V vs.
Na+/Na.

Ab initio calculations : All the calculations performed in this work
used the density functional theory (DFT) method as implemented
in the Vienna Ab initio Simulation Package code.[25, 26] The projector
augmented wave approach[27] was employed to describe the inter-
action between the core and valence electrons. The electron con-
figurations Na (3s1), Ti (3d34s1), and O (2s22p4) were treated as the
valence electrons. Brillouin zones for all compounds were sampled
such that the k-points were converged in an accuracy of the total
energy in 0.001 eV atom@1 (Table S1) and the plane-wave cut-off
was set to be 500 eV to sufficiently converge the total energy to
within 0.01 eV atom@1. In this relaxation, the atomic positions, lat-
tice vector, and cell angle were allowed to relax. All calculations
were deemed to be converged when the forces on all atoms were
less than 0.01 eV a@1.

The revised Perdew–Burke–Ernzerhof Generalised Gradient Approx-
imation (GGA) functional (PBEsol)[28] was used for all phase stability
calculations including enthalpy and vibrational entropy. PBEsol has
accurately reproduced lattice parameters and lattice dynamics in
solid systems while maintaining a relatively low computational
cost.[29, 30] The enthalpy (H) was calculated for 20 different phases of
the Na-Ti-O system obtained from the Materials Project database
(Table S1).[31] The vibrational entropy (Svib) was calculated using the
supercell and finite displacement approaches, as implemented in
the Phonopy package (Figure S1).[32a] For the entropy calculations,
all the structures were initially relaxed to a force convergence crite-
rion of 0.0001 eV a@1. The harmonic force constants and associated
vibrational entropy were then calculated by creating atomic dis-
placements in 4 V 4 V 4 (128 atoms), 1 V 2 V 3 (36 atoms), 3 V 3 V 3
(324 atoms), 2 V 3 V 2 (288 atoms), 1 V 3 V 2 (252 atoms), 1 V 3 V 2
(252 atoms), 3 V 2 V 2 (216 atoms), 2 V 1 V 1 (212 atoms), 1 V 4 V 2
(192 atoms) supercells of Na, Ti, Na2O, Na2Ti3O7, Na2Ti6O13,
Na4Ti5O12, Na4TiO4, Na8Ti5O14, and TiO2, respectively. In this calcula-
tion, O2 gas was modelled by placing a molecule in a cubic box of
30 a in length. The Gibbs free energies (G<Nax Tiy Oz

) of seven different
phases (Na2O, Na4TiO4, Na8Ti5O14, Na4Ti5O12, Na2Ti3O7, Na2Ti6O13, and
TiO2) lying on a tie line between Na2O and TiO2 were calculated as
[Eq. (1)]:

GNax Tiy Oz
¼ H@ TSvib ð1Þ

where T is the absolute temperature. The free energies of forma-
tion for NaxTiyOz (DG<f,Nax Tiy Oz

) can then be calculated as [Eq. (2)]:

DGf; Nax Tiy Oz
¼ GNaxTiy Oz

@xGNa@yGTi@
z
2

GO2
ð2Þ

where GNa, GTi, and GO2
are the free energies of bulk Na, Ti, and O2

gas.

All electronic structure and band alignment calculations were per-
formed using the screened hybrid functional (HSE06),[33] in which
25 % of exact non-local Fock exchange is added to the PBE[34] func-
tional. The structures of bulk unit cells of Na2Ti3O7 and Na2Ti6O13

were first optimised using the HSE06 functional. The electronic
band structures and density of states were then generated from
the optimised HSE06 bulk unit cell using the open source Python
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package: sumo developed by Ganose et al.[32b] The band offsets be-
tween Na2Ti3O7 and Na2Ti6O13 were determined by aligning the va-
lence band maximum (VBM) of each phase to the vacuum
level.[35, 36] We first constructed the two different Na2Ti3O7 and
Na2Ti6O13 slab structures by stacking four (100) layers of Na2Ti3O7

and Na2Ti6O13, followed by adding a vacuum layer with a thickness
of 30 a. The macroscopic planar-averaged potentials were then
evaluated to obtain electrostatic potentials (Evac) in the vacuum
space. The electrostatic calculations showed that the constructed
slabs were thick enough to allow the core state energy (Ecore,slab) of
a Na atom located in the middle of the slab to represent that of
bulk structure. Finally, the VBM level with respect to the vacuum
level, that is, ionisation potential (IP), was calculated by comparing
the obtained (Evac) and (Ecore,slab) values with VBM (EVBM,bulk) and
core levels (Ecore,slab) of bulk structures according to [Eq. (3)]:

IP ¼ Evac@ EVBM;bulk ¼ Evac @ Ecore;slab

E C @ EVBM;bulk @ Ecore;bulk

E C
ð3Þ

Results and Discussion

Structure and Characterisation

Figure 1 a shows the powder X-ray diffraction (PXRD) data for
pristine NTO (0U) and urea-treated NTO samples (5–20U). Fig-

ure S2 shows the PXRD pattern of 0U (black) together with the
calculated (red) and difference (blue) profiles obtained by Riet-
veld refinement. The resulting structural parameters are shown
in Table S2. A good agreement is observed between the exper-
imental data and the pattern calculated with NTO structural

model (space group P121/m1) reported in the literature.[37, 38]

Furthermore, Figure 1 b shows that the most intense diffraction

peak corresponding to the (001) crystal plane is present at

identical 2q values (i.e. 10.68) in all the samples, indicating that
the interlayer distance (d) does not change after the urea treat-

ment (d&8.57 a). A secondary monoclinic phase with compo-
sition Na2Ti6O13 (space group C2/m, ICSD 23877) is observed in

sample 10U and its content increases proportionally with the
amount of urea used, implying that NTO undergoes partial de-

composition during the urea treatment. Reports have shown
that given the structural similarities between both sodium tita-
nate phases, NTO may be converted to Na2Ti6O13 through
sodium and oxygen loss upon heating at high temperature

(950 8C) in air[39] or at mild temperatures (400–500 8C) in a re-
ducing atmosphere.[10, 40] Furthermore, some reports have

shown the formation of Na2O in addition to Na2Ti6O13 during
thermal decomposition of NTO.[40, 41, 42] Although PXRD data do
not show evidence of Na2O, 23Na MAS NMR experiments evi-

denced the formation of Na2CO3 during the urea treatment,
which might result from the reaction of Na2O with CO2 origi-

nated from the hydrolysis of fulminic acid, as will be discussed
in detail later. Sodium titanate materials have been reported to

exhibit Na and/or O non-stoichiometry, while retaining their

original crystal structure.[43–45] However, beyond a certain level
of non-stoichiometry, the structure of these materials become

unstable and suffer partial decomposition. This could explain
the formation of Na2Ti6O13 in samples 10–20U. A similar phe-

nomenon was observed for LiV3O8 annealed at 450 8C in a re-
ducing atmosphere (5 % H2/Ar).[46] Despite the formation of a

non-stoichiometric sodium titanate phase in sample 5U (see

EPR data, Figure 2 a) it was not possible to identify the
Na2Ti6O13 phase in the PXRD pattern. This could be due to the

low amount of urea mixed with the as-synthesised NTO
(5 wt %), which might yield a small amount of Na2Ti6O13 that is

below the detection limit of the X-ray diffractometer. When
tested as a SIB anode, Na2Ti6O13 showed higher Na+ ion mobili-

ty than NTO due to its 3D tunnel structure but was no further

considered for practical applications due to its low theoretical
capacity (49.5 mAh g@1).[47, 48] Nevertheless, previous studies

have shown that a suitable hybridisation of NTO and Na2Ti6O13

can improve the overall anode rate performance with

respect to NTO alone.[48, 49] This might suggest that the forma-

Figure 1. (a) PXRD data of 0U (black), 5U (red), 10U (blue) and 20U (green) samples at room temperature in the 5–508 2q range. Asterisk symbols correspond
to diffraction peaks assigned to the Na2Ti6O13 phase (space group C2/m). (b) Zoom-in of the 10–11.5 8 2q range in (a), showing the diffraction peak corre-
sponding to (001) crystal plane.

Chem. Eur. J. 2021, 27, 3875 – 3886 www.chemeurj.org T 2020 The Authors. Published by Wiley-VCH GmbH3878

Chemistry—A European Journal
Full Paper
doi.org/10.1002/chem.202003129

http://www.chemeurj.org


tion of this phase could offset respective drawbacks stemming

from its structure and enhance the overall Na-storage behav-
iour. The formation of Na2Ti6O13 and its effect on the anode

performance will be further discussed in the theoretical sec-
tion.

Field emission electron microscopy (FESEM) images of the

as-prepared samples (Figure S3) show that their microstructure
consist of elongated particles with several microns in length

and some hundreds of nanometres in width, in agreement
with literature reports on Na2Ti3O7.[3, 11] Despite retaining the

morphology after the urea treatment, a broader particle size
distribution is observed in those samples where a higher con-
centration of urea was used. Energy-dispersive X-ray analysis

(EDX) shows a homogeneous elemental distribution of Na, Ti
and O atoms across the particles in all the samples (Figure S4).
Furthermore, combined thermogravimetric analysis (TGA, Fig-
ure S5) and transmission electron microscopy (TEM, Figure S6)

suggest that the samples contain &9 wt. % of carbon (formed
from sucrose pyrolysis), which is found as a uniform coating

layer with a thickness of 15–17 nm on the surface of the

sodium titanate particles.
Electron paramagnetic resonance (EPR) spectroscopy was

used to unambiguously detect the presence of unpaired elec-
trons trapped in the structure, including the formation of

oxygen vacancy sites.[50] Figure 2 a shows the EPR spectra of
samples 0–20U. The EPR signal at 350 mT (g = 2.003) is attribut-

ed to the presence of oxygen vacancies in NTO, as reported in

the literature.[9, 51] Furthermore, a broad signal with a minimum
at 360 mT (g = 1.95) may be explained with the presence of

paramagnetic Ti3 + ions.[52, 53] The calculations used to obtain
both g-values can be found in the Supporting Information

(Eq. S1). From these data, it is observed that more oxygen va-
cancies and Ti3 + ions are generated with increasing urea con-

tent, as reflected by the increase in the intensity of the corre-

sponding resonance peaks.
The surface chemical states of the samples were investigat-

ed by X-ray photoelectron spectroscopy (XPS), as shown in Fig-
ures 2 b and S7. The high-resolution Ti 2p XPS spectra (Fig-

ure S7 b) show peak doublets at 459.5 eV and 464.5 eV, which

correspond to the binding energies of the Ti 2p3/2 and 2p1/2

peaks of Ti4 + ions, respectively.[54] No peaks related to the pres-

ence of Ti3 + ions are observed in these data. This suggests
that the concentration of Ti3 + ions on the surface of the urea-

treated samples is very diluted. These data are in agreement
with previous XPS reported data on hydrogenated NTO sam-
ples, where an almost undetectable concentration of Ti3 + ions

was observed.[9, 10] The high-resolution O 1s XPS spectra (Fig-
ure 2 b) show a peak centred at 530.2 eV (red) which is attrib-
uted to Ti@O bonds, whereas the broader and less intense
peak centred at 531.7 eV (black) is attributed to Ti@OH

bonds.[10, 54] Ti@O and Ti@OH peaks in sample 20U decrease and
increase in intensity, respectively, compared to the pristine ma-

terial (0U), suggesting that more oxygen vacancies and hydrox-
yl groups are generated after the urea treatment.[10] Further-
more, XPS analysis does not show any evidence of nitrogen

present in the samples as a result of the thermal decomposi-
tion of urea and/or the direct reaction between the samples

and the N2 atmosphere used during the heating treatment
(Figure S7 a). Therefore, it is possible to rule out the formation

of a N-modified NTO compound.
23Na MAS NMR was performed on all the samples (Figures S8

and S9) to further probe their local structure. The presence of

Ti3 + species would be expected to reduce the 23Na spin-lattice
relaxation time (T1) due to paramagnetic relaxation.[55, 56] The
23Na MAS NMR spectrum of NTO (Figure S8 a) exhibits two
main signals centred at 3.5 ppm and @12 ppm, which corre-

Figure 2. (a) EPR spectra in the magnetic field range 300–400 mT of samples 0–20U. (b) High-resolution O 1s XPS spectra of samples 0U, 10U and 20U.
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spond to the Na(1) (coordination number = 7) and Na(2) (coor-
dination number = 9) ions, respectively.[57, 58] Samples 10U and

20U show peaks centred at 6.3 ppm and @18.6 ppm which in-
crease with urea content and correspond to Na2CO3 and

Na2Ti6O13, respectively (Figure S8 b).[59, 60] A possible mechanism
for the formation of Na2CO3 is proposed later. As observed in
Figure S8 a, the Na1 and Na2 line shapes do not change across
the different samples. This indicates that defects might be
formed either on the surface or at a bulk concentration which

is too low to promote any global changes in the local Na coor-
dination environments. Due to the overlap of the Na2CO3 and
Na2Ti6O3 with the Na2Ti3O7 resonances, it was not possible to
accurately measure the T1 relaxation time. However, T1 was es-

timated by integrating over a small region of the Na1 reso-
nance. From samples 0–20U, the estimated T1 relaxation time

decreased slightly from 5.6 to 4.8 s (Figure S9). This decrease

could reflect the presence of Ti3 + defects although the small
size of the reduction suggests that the concentration of the

defects must be very low.
In conclusion, based on our experimental evidence, we pro-

pose that upon heating the NTO and urea mixture, the latter
decomposes into ammonia (NH3) and fulminic acid (HCNO) at

T &180 8C ([Eq. (4)]),[21] and then ammonia further decomposes

into reactive H2 and inert N2 at T>400 8C ([Eq. (5)]):[21]

CH4N2OðsÞ ! NH3ðgÞ þ HCNOðgÞ ðT & 180 2CÞ ð4Þ

2 NH3ðgÞ ! N2ðgÞ þ 3 H2ðgÞ ðT > 400 2CÞ ð5Þ

The reducing H2 gas then removes oxygen atoms from NTO

creating anionic vacancies in the structure, as observed with

EPR and XPS (Figure 2). The process can be regarded as
[Eq. (6)][61]

2 O2@! O2 þ 4 e@ ð6Þ

Upon oxygen loss, H2 combines with O2 to form H2O

vapour[62] and the liberated electrons are transferred to the
empty 3d levels at the bottom of the conduction band belong-

ing to the adjacent Ti atoms.[63] Consequently, Ti4 + ions are re-

duced to Ti3 + ions (as seen in the EPR data (Figure 2 a)), gener-
ating unpaired electrons in the 3d shell of the Ti atom. The

overall reaction process may be seen as [Eq. (7)]:[62, 64]

H2ðgÞ þ Na2Ti3O7ðsÞ ! H2OðgÞ þ Na2Ti4þ
3@xTi3þ

x O7@yðsÞ ð7Þ

Furthermore, PXRD and 23Na MAS NMR data (Figure 1 and

Figure S8) show the formation of the Na2Ti6O7 secondary
phase, which is consistent with the creation of defects in the

NTO structure.[10, 40] In addition, the 23Na MAS NMR data show
the formation of Na2CO3 (Figure S8), which may be explained

by two different reaction mechanisms; HCNO is reported to

decompose to NH3 and CO2 when H2O is present in the
medium through a hydrolysis process [Eq. (8)]:[64, 65]

HCNOðgÞ þ H2O! NH3ðgÞ þ CO2ðgÞ ð8Þ

Since H2O is formed upon reduction of NTO (Eq. 7), it is
likely that this reaction (Eq. 8) occurs. The generation of CO2

could result in the formation of Na2CO3, either by the reaction
of Na2O (formed upon decomposition of NTO) with CO2, or

through an exchange of Na+ in NTO with H+ ions from H2O.[57]

During the process, Na+ reacts with the OH@ group of H2O,

which in turn further reacts with CO2 to form Na2CO3.[57]

Electrochemical testing in Na-ion batteries

Electrochemical tests including galvanostatic charge/discharge
(GCD) cycling, cycling voltammetry (CV) and electrochemical
impedance spectroscopy (EIS) measurements were carried out
to investigate the electrochemical properties of the as-pre-

pared electrodes. Figure S10 shows the galvanostatic charge/
discharge voltage profiles of samples 0–20U in the voltage
range 0.01–2.5 V vs. Na+/Na during cycles 1 and 2 at 0.1 C
(17.7 mA g@1) cycling rate. Almost identical load curves were

observed for all the samples, except for an additional slope at
0.8–0.6 V vs. Na+/Na (marked with an arrow in Figure S10) in

sample 20U, attributed to the insertion of Na+ ions into the

Na2Ti6O13 impurity, observed with PXRD and 23Na NMR
(Figure 1 and Figure S8).[49, 66] The absence of this slope in the

load curves of sample 10U may be attributed to the lower con-
tent of Na2Ti6O13 found in this sample.

During the first discharge process, the plateau at 0.6 V vs.
Na+/Na corresponds to the irreversible reaction of Na+ ions

with the carbon additive.[6, 11] Furthermore, the two plateaux at

the voltage below 0.2 V vs. Na+/Na are related to two-phase
transitions corresponding to Na2Ti3O7!Na3@xTi3O7 and

Na3@xTi3O7!Na4Ti3O7 reactions,[7] which correspond to the in-
sertion of two Na+ ions with concomitant reduction of Ti4 + to

Ti3 + (Ctheoretical = 177 mAh g@1).[6, 11] During the first charge pro-
cess, a single plateau at 0.4 V vs. Na+/Na is observed, which

corresponds to the extraction of Na+ from the Na4Ti3O7 struc-

ture.[6, 11] From the second cycle onwards, only the plateau at
0.2 V vs. Na+/Na is observed upon discharge, suggesting that

the Na2Ti3O7!Na3@xTi3O7 pathway process no longer occurs
and, hence, Na2Ti3O7 transforms directly to Na4Ti3O7.7 Both NTO

and urea-treated samples show a very similar first discharge
and charge capacities of ca. 420 mAh g@1 and 260 mAh g@1, re-
spectively, with a low coulombic efficiency of ca. 60 % (Fig-
ure S10). The poor coulombic efficiency observed in the first

cycle is explained by the irreversible reaction of Na+ ions with
carbon (ca. 0.6 V vs. Na+/Na)[6, 11] and the formation of an SEI
layer, which starts to form at voltages below 1.0 V vs. Na+

/Na.[67, 68] In subsequent cycles, the coulombic efficiency in-
creases to more than 98 % and remains constant up to cycle

100. The long-term cycling performance of the 0–20U electro-
des at the 0.1 C cycling rate (Figure S11) suggests a similar

degradation pathway over 100 cycles. Furthermore, it should

be noted that the presence of Na2CO3 (Figure S8) does not
seem to have a detrimental effect on the overall electrochemi-

cal stability of samples 10U and 20U. These results are in ac-
cordance with the data reported by Tsiamtsouri et al. , who

showed that Na2CO3 did not have an effect on the cycling sta-
bility.[58]
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Overall, a capacity retention upon charge of ca. 40 % was
observed after 100 cycles. This could be the result of the for-

mation of an unstable SEI layer and the continuous increase of
the charge-transfer resistance, commonly observed in previous

studies.[17, 69, 70] These data suggest that the generation of de-
fects in the crystal structure and the presence of Na2Ti6O13 do

not lead to an improvement in the electrochemical per-
formance at relatively low cycling rates. By contrast, galvano-
static cycling at 1 C (177 mA g@1) and 2 C (354 mA g@1) cycling
rates (Figure 3 a,b) show a major improvement of the capacity
with increasing content of urea. Thus, the 20U sample exhibits
the best electrochemical performance with an initial discharge
capacity of 316 mAh g@1 (1 C) and 272 mAh g@1 (2 C) (cf. 281

(1 C) and 210 mAh g@1 (2 C) for 0U). 5U and 10U show initial ca-
pacities of 299 (1 C), 238 mAh g@1 (2 C) and 306 (1 C),

252 mAh g@1 (2 C), respectively. By the end of cycle 100, 20U

shows a discharge capacity of 154 mAh g@1 (1 C) and
145 mAh g@1 (2 C), in contrast to 106 mAh g@1 (1 C) and

90 mAh g@1 (2 C) for 0U.
Figure 3 c shows the rate performance of the samples at dif-

ferent cycling rates. At all rates, the 20U performs better than
the other samples. At the high rates of 2, 5 and 10 C, the dis-

charge capacities are 160, 112 and 80 mAh g@1, respectively.

Once the rate decreases from 10 C to 0.1 C, the discharge ca-
pacity of all the electrodes increases significantly, reaching ap-

proximately 80 % of their initial capacity. The capacity is kept
fairly constant in the following five cycles, suggesting good

structural stability and reversibility.[9, 16] In conclusion, the galva-
nostatic data show that the urea treatment significantly in-

creases the rate capability and specific capacities of the active

materials, leading to enhanced electrochemical performance.
The improvement is due to a synergistic combination of de-

fects generated in NTO (oxygen vacancies, Ti3+ and Ti-OH spe-
cies) and the formation of Na2Ti6O13 which enable high Na+

ion/e@ mobility. These results outperform many of the NTO sys-
tems reported in the literature (Table S3).

To gain further insight into the electrochemical behaviour of

the different materials studied, CV and EIS measurements were
conducted. Figure S12 shows the CV curves for samples 0–20U
at various scan rates from 0.05 to 0.3 mV s@1 in the voltage
range 0.01–2.5 V vs. Na+/Na. In a typical CV for NTO at a low
scanning rate, the first cathodic sweep involves the reaction of
Na+ ions with the carbon additive at 0.36 V vs. Na+/Na and

the insertion of Na+ into the layered NTO structure at 0.08 V
vs. Na+/Na, concomitant with the reduction of Ti4+ to Ti3 +

ions.[11, 71] Moreover, electrolyte reduction starts to take place at

voltages below 1.0 V vs. Na+/Na and becomes more severe at
deep discharge voltages (0.01 V).[67, 68] Upon charge, only the

anodic peak related to the extraction of Na+ ions from the
NTO structure is observed.[11, 71] As the scanning rate increases,

the anodic and cathodic peaks shift towards lower and higher

voltages, respectively, suggesting that the insertion/extraction
of Na+ ions becomes more sluggish.[54] Furthermore, the oxida-

tion current peaks are higher than the reduction peaks, indicat-
ing that the extraction process of Na+ ions is more facile than

the insertion process.

In a diffusion-controlled process, the peak current is propor-
tional to the square-root of the scanning rate.[72] Figure S13

shows a linear relationship between these two parameters,
which confirms the intercalation process in all the samples to

be diffusion-controlled. Furthermore, the diffusion coefficient
of Na+ ions, DNaþ , can be determined using the Randles–Sevcik

relationship (Eq. S2). The calculated intercalation DNaþ increases
with increasing defect content (i.e. 0U (1.2 V 10@11 cm2 s@1), 5U
(1.7 V 10@11 cm2 s@1), 10U (2.7 V 10@11 cm2 s@1) and 20U (4.1 V

10@11 cm2 s@1)). Mott-Schottky plots obtained from EIS recorded
at a frequency of 500 Hz (Figure 3 d) provide evidence of
higher charge carrier density due to the increased defects in-
duced by the urea treatment. These are calculated to be 6.2 V
1022 cm@3 (0U), 1.09 V 1023 cm@3 (5U), 4.14 V 1023 cm@3 (10U) and
2.02 V 1024 cm@3 (20U) using Eq. S3. Furthermore, EIS data were

collected during the first discharge process at different states

of charge (open circuit voltage (OCV&2.5 V), 1.0, 0.4, 0.2 and
0.01 V vs. Na+/Na) at the 0.1 C cycling rate. The Nyquist plots

derived from the EIS measurements on samples 0U and 20U in
the frequency range from 100 MHz to 50 mHz are shown in

Figures 3 e,f. The obtained spectra in the OCV state were fitted
using the equivalent circuit shown in Figure 3 e (inset), which

is composed of a Rs at high frequencies, a charge-transfer re-

sistance (RCT) along with a constant phase element (CPE), a
Warburg impedance (ZW) and a capacitance (C). The intercept

at the Z’ axis in the high-frequency range (Rs) is dominated by
the resistance of the electrolyte to ion transport; the high-

medium frequency semicircle (RCT) refers to the charge-transfer
resistance for electrons and Na+ ions across the electrode-elec-

trolyte interface;[73] the CPE corresponds to the electrical

double layer capacitor on the interface between the electrode
and electrolyte; and the slope observed in the low-frequency

domain is attributed to the Warburg impedance (ZW) and cor-
responds to the Na+ ion diffusion in the bulk of the electrode,

followed by the chemical capacitance of the electrode (C) at
very low frequencies.[73] The estimated charge-transfer resistan-

ces (RCT) are shown in Table S4. In the OCV state, the RCT of 20U

is 40.0 W, much lower compared to 0U (i.e. 104.2 W). This sug-
gests that the charge transfer process is enhanced when de-
fects are generated in the sodium titanate structure, in accord-
ance to the enhanced electrochemical performance observed

at high cycling rates (Figure 3 a–c). During discharge, the elec-
trolyte starts to decompose at voltages below 1.0 V vs. Na+/

Na,[67, 68] leading to the formation of an SEI layer on the surface
of the electrode, as observed in the CV measurements (Fig-
ure S12). As the voltage further decreases, the decomposition

continues to take place, leading to the formation of a thicker
and more resistive SEI layer (Table S4).[69] As a result, an addi-

tional RSEICPESEI in series with RCTCPECT was added to the equiva-
lent circuit as depicted in Figure 3 f. When the voltage decreas-

es from 1.0 to 0.4 V vs. Na+/Na, the semicircle progressively

contracts, showing charge-transfer resistances of 28.4 W and
19.1 W for 0U and 20U, respectively. At this voltage, the SEI

layer formation is clear from the presence of an additional
semicircle at high frequencies. The impedance recorded at

0.2 V vs. Na+/Na shows that the charge-transfer resistance is
18.1 W and 13.1 W for 0U and 20U, respectively. An increase of
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the SEI layer resistance is observed, confirming that the reduc-

tion of the electrolyte becomes more severe as the voltage de-
creases. These results demonstrate an improved charge trans-

fer process occurring in the urea-treated samples which may
explain their enhanced rate capability (Figures 3 a,c).

Ab initio calculations

To further understand the origin of the enhanced electrochem-
ical rate performance of samples 5–20U, we carried out two

different computational analyses which correspond to the de-
termination of the phase stability of NTO under urea treatment

Figure 3. Long-term cycling performance of samples 0–20U in the voltage range 0.01–2.5 V vs. Na+/Na over 100 cycles at (a) 1 C, (b) 2 C cycling rates; (c) Rate
performance at different rates (0.1–10 C). Five charge/discharge cycles were run at each current rate; (d) Mott–Schottky plots of 0–20U samples at 500 Hz be-
tween 0.3 and 0.8 V vs. Na+/Na; Nyquist plots obtained at different states of charge during the first discharge cycle, from 100 MHz to 50 mHz for (e) 0U and
(f) 20U electrodes.
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and the calculation of the band structures of NTO and
Na2Ti6O13 and their energetic alignments.

The stability of NTO is first analysed by comparing its ther-
modynamic stability with those of other stable phases report-

ed for the Na-Ti-O system. This is achieved by obtaining stable
atomic configurations of NTO and 19 stable compositions of

NaxTiyOz,
[31] (Table S1) followed by the calculation of the forma-

tion enthalpies of the obtained phases (see Experimental Sec-
tion). Figure 4 a shows the Na-Ti-O phase diagram at 0 K, con-

structed based on the PBEsol calculated formation enthalpies.
The analysis in Figure 4 a illustrates that NTO is unstable and

decomposes into phases on a tie line between Na2O and TiO2.
The tie line includes Na2Ti6O13, which seemingly explains the

formation of the Na2Ti6O13 secondary phase during the urea
treatment (Figure 1 a). However, a close examination on the

ternary phase diagram reveals that Na2Ti6O13 is also thermody-

namically unstable and, hence, not likely to be formed upon
the decomposition of NTO. This discrepancy between the cal-

culations and experiments may arise from the difference in
temperatures used in the calculations (0 K) and in the urea

treatment (723 K).
To analyse the phase stability during the urea treatment,

Gibbs free energy of formation is calculated at elevated tem-

peratures (300, 720, and 970 K). Figure 4 b shows the Gibbs
free energies of formation of seven phases on the tie line be-

tween Na2O and TiO2. As the temperature increases, calcula-
tions start to place the free energy of Na2Ti6O13 below the

convex hull. This suggests that Na2Ti6O13 becomes thermody-
namically stable at elevated temperature, allowing the decom-

position of NTO into Na2Ti6O13 during the urea treatment. Fur-

ther calculations reveal that, under urea treatment at 450 8C
(= 723 K), the decomposition of NTO can cause changes in the

Gibbs free energy (DG) from @6.7 to 193.4 meV atom@1 (Fig-
ure S14). The calculated DG reveals that most decomposition

processes where Na2Ti6O13 forms require energy smaller than
the thermal energy imposed during the urea treatment, that is,

kT = 62.3 meV atom@1, where k is the Boltzmann constant and
T is the absolute temperature (723 K). This further supports the

formation of Na2Ti6O13 during the urea treatment as observed
in the PXRD and 23Na NMR data (Figure 1 and Figure S8). How-

ever, the above thermodynamic analysis neglects atomic dis-
placements and associated kinetic barriers that also play an im-

portant role in the actual decomposition processes. To consid-
er the kinetic contributions, we compared the atomic configu-

ration of NTO with the other phases of the Na-Ti-O system

(Figure S15). The comparisons show that, among the various
phases in the Na-Ti-O system, Na2Ti6O13 has the most similar
atomic configurations compared to NTO.[10, 39, 40] Thus, it is the
most favourable phase with the lowest kinetic barriers. The

phase transition from NTO to Na2Ti6O13 is particularly more
likely to occur for the experiments performed under N2/H2 at-

mosphere, because the reactive H2 gas tends to remove Na

and O from NTO40 which, in turn, facilitates the atomic move-
ments for the phase transition from NTO to Na2Ti6O13.

[42] From

this perspective, the urea treatment (Eq. (4)–(5)) causes NTO to
partially decompose into the Na2Ti6O13 secondary phase.

Having identified Na2Ti6O13 as the most plausible phase
formed during the urea treatment, we next focussed on the

effect of Na2Ti6O13 on the electrochemical performance in sam-

ples 5–20U. One effective way to do this is to analyse the band
structures of the constituents Na2Ti3O7 and Na2Ti6O13 that affect

the electrical conductivity of anodes. Previous DFT works have
calculated the band structure and associated electronic proper-

ties of NTO.[9, 74] However, all calculations to date were per-
formed based on semi-local exchange functionals such as GGA

and LDAs, which largely underestimate the fundamental

bandgaps,[75, 76] inhibiting an accurate assessment of the elec-
tronic properties of NTO. To effectively eliminate the bandgap

underestimation error, we carried out band structure calcula-
tions for NTO and Na2Ti6O13 using an HSE06 hybrid functional

that provides a more accurate description of the electronic
structures of Ti-containing materials (Figures 5 a,b).[77–81] Overall,

Figure 4. (a) Na-Ti-O phase diagram defined by Na, Ti and O obtained from structures with the lowest formation enthalpy at 0 K. Thermodynamically stable
and unstable structures are indicated by black and red circles, respectively. The tie line including NTO and Na2Ti6O13 is shown in red. The numbers in (a) indi-
cate the phases corresponding to: 1: Na2 ; 2 : Na2O2 ; 3 : NaO2 ; 4: Na4TiO4 ; 5: Na8Ti5O14 ; 6: Na4Ti5O12 ; 7: NaTi2O4 ; 8: NaTi5O10 ; 9 : TiO2 ; 10: Ti3O5 ; 11: Ti2O3 ; 12: TiO;
13: Ti2O; 14: Ti3O; 15: Ti6O. (b) Gibbs free energy of formation calculated for seven phases lying on a tie line between Na2O and TiO2.
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the band structures of both materials are characterised by a

wide bandgap with flat CBM, indicating that both phases are
of electronic insulating nature. The flat CBM is more evident
for NTO, ranging from the g high symmetry point (G) to Y and

B high symmetry points (Figure 5 a). A close examination of
the CBM reveals that the direct transition of G!G in NTO has
an energy just 1.9 and 6.6 meV smaller than the indirect gap
transitions of G!Y and G!B. Such flat CBM can render NTO

to undergo the direct-indirect bandgap transition under minor
changes in atomic structures, which makes the type of bandg-

ap of NTO rather controversial, as usually reported in the litera-

ture.[3, 74, 82, 83] Another finding is that the fundamental bandgap
of Na2Ti6O13 (4.35 eV) is relatively lower than that of NTO

(4.47 eV), which could partially explain the decrease in the
bandgap of NTO after the urea treatment, as observed by dif-

fuse reflectance UV-VIS spectroscopy (Figure S16), where a
bandgap of 3.63 eV in the 20U sample was obtained compared

to 3.88 eV for pristine NTO. In the case of a composite of NTO

and Na2Ti6O13, the effective bandgap measured during the ex-
periments can be further lowered, as the energetic alignment

of the VBM and CBM in each phase also affects the size of the
effective bandgap.[77] To test the band alignment of NTO and

Na2Ti6O13, we projected the band structures onto atomic orbi-
tals of Na, Ti and O and then aligned them with respect to the

vacuum level, as illustrated in Figures 5 c,d (see Experimental

Section). Calculations predict the VBM and CBM of Na2Ti6O13 to
be lower than NTO by 0.07 and 0.19 eV, respectively, causing
an overall band structure of Na2Ti6O13 to lie below NTO. This

alignment in band structures further decreases the effective
bandgap at the interface such that the bandgap of the NTO
composite anode is reduced by 0.19 eV, compared to NTO. The
decrease in bandgap is in good agreement with the UV-vis

spectroscopy analysis (Figure S16), which showed a decrease
of the bandgap by 0.25 eV after the urea treatment of NTO.

Further examination of Figure 5 c confirms that the conduction
band of both phases is mostly composed of Ti d orbital, which
is consistent with previous literature.[74, 84] This indicates that,

when O vacancies are generated in NTO structure, the result-
ing excess of electrons from the O vacancy will be centred on

Ti cations. This can cause the reduction of Ti4 + to Ti3 + and, in
turn, further decrease the bandgap of NTO anode. The de-

crease in bandgap could result in better electronic conductivity

and, consequently, in an enhancement of the rate per-
formance. In conclusion, the above calculations suggest that

the enhanced anode performance of the urea treated samples
is attributed to the synergetic effect of the Na2Ti6O13 secondary

phase and O vacancy generated upon urea treatment.

Figure 5. The electronic band structures of (a) NTO and (b) Na2Ti6O13 along with the high-symmetry points in the Brillouin zone according to the Bradley and
Cracknell notation.[85] The valence band maximum (VBM) and conduction band minimum (CBM) are denoted by black and red circles, respectively. (c) Compar-
ison of the total and ion-decomposed electronic density of states of NTO and Na2Ti6O13 plotted with reference to the vacuum level at 0 eV. (d) Schematic of
the band alignment of NTO and Na2Ti6O13.
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Conclusions

In summary, we have reported a safe, controllable and afforda-
ble method using urea at mild temperatures to synthesise a

series of sodium titanate samples with different levels of
oxygen vacancies. The formation of oxygen vacancies leads to

the reduction of Ti4 + to Ti3 + ions in NTO, together with the for-
mation of hydroxyl groups and a secondary phase, Na2Ti6O13.

The urea-treated samples showed superior electrochemical
performance at high rates with respect to pristine NTO. The
enhanced electrochemical performance agrees with the higher
Na+ ion diffusion coefficient, higher charge carrier density and
reduced bandgap observed in these samples, without the

need of nanosizing and/or complex synthetic strategies. The
optimal electrochemical performance among the series is

found in sample 20U, which displays initial discharge capacities

of 316 mAh g@1 (1 C) and 272 mAh g@1 (2 C) and discharge ca-
pacities of 154 mAh g@1 (1 C) and 145 mAh g@1 (2 C) which are

significantly higher than those observed in the pristine materi-
al (106 mAh g@1 (1 C) and 90 mAh g@1 (2 C)) after 100 cycles.

The creation of oxygen vacancies has shown to be a promising
strategy to improve the performance of NTO electrodes for

SIBs by circumventing their inherent low electronic conductivi-

ty. However, a complete understanding of the role of oxygen
vacancies in the electrochemical performance of NTO is still

very limited at this stage. There are still questions that remain
unanswered due to their challenging quantification and spatial

distribution. In addition, to fully comprehend the role of
oxygen vacancies, other factors including the generation of

Ti3 + and Ti-OH groups and the formation of Na2Ti6O13 must be

excluded. Similarly, it is equally important to understand the in-
dividual contribution of these components in the overall elec-

trochemical performance of NTO. The method for enhancing
the electrochemical performance demonstrated in this study

could be extrapolated to other anode materials that suffer
from poor Na+ ion/e@ kinetics, to potentially foster the practi-

cal application of advanced SIB anode materials beyond hard

carbons.
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