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Conspectus

Concerns  about  sustainability  and  supply-chain  issues  associated  with  lithium-ion  batteries

(LIBs)  have  led  researchers  and  companies  around  the  world  to  investigate  alternative

technologies. Of all the so-called “beyond LIBs”, sodium-ion batteries (NIBs) are in the most

advanced stage of development, and are being considered for grid storage applications as well as

moderate-range electric vehicles. While graphite is the most commonly used anode material for

LIBs, hard carbons are used in NIBs because sodium insertion into graphite does not occur to a

useful extent. Other possibilities, based on cost and availability arguments, are titanates, which

are generally denser than disordered carbons, meaning more material can be packed into a given

volume,  leading  potentially  to  greater  energy  density.  We  have  researched  stepped  layered

titanates for use as anode materials, focusing on two types of structures. The first is “sodium

nonatitanate” or NNT, with the composition NaTi3O6(OH)·2H2O having six Ti4+O6 octahedra

joined  together  in  steps  to  form  layers  with  sodium  ions  and  water  in-between.  The

lepidocrocite-type titanate  structure,  contains  zigzag layers  (or steps one Ti4+O6 unit  across).

These exist in a wide range of compositions, and contain large exchangeable cations between the

layers. An unusual feature of both NNT and the lepidocrocite titanates is the very low potentials

(0.3−0.5V vs. Na+/Na) at which they insert sodium. This makes them particularly attractive for

anode  applications.  Another  interesting  feature  is  the  ability  to  tailor  the  electrochemical

properties  by various  modifications,  such as  heat-treatment  to  remove water  and change the

structure, introduction of vacancies, ion-exchange, surface modifications, and carbon coating or

graphene wrapping, all of which alter the electrochemical properties. Finally, heterostructuring

(interleaving titanate layers with carbon) results in new materials with different redox properties.



For all the titanates, the first cycle coulombic efficiency (C.E.) is very sensitive to the binder used

in the electrode fabrication and the electrolyte used. Because sodium insertion occurs at such a

low potential, some electrolyte and binder are irreversibly reduced during the first cycle to form a

protective solid electrolyte interphase (SEI). In a full cell, it is important to maximize the C.E.

because all  the cyclable  sodium must  come from the cathode,  so cells  must  be overbuilt  to

compensate  for  these  losses.  Proper  selection  of  binder  and  electrolyte  results  in  improved

cycling performance and minimal first cycle losses. Finally, examples of full cells containing

some of the materials under discussion are provided.
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Introduction

In intercalation  systems,  alkali  metal  cations  shuttle  between two host structures  that

undergo  insertion  processes  at  different  potentials.  This  forms  the  basis  not  only  of

technologically  important  Li-ion  batteries  (LIBs)  but  also  emerging  sodium-ion  batteries

(NIBs),1-3 which are gaining attention due to sustainability arguments.4 In principle, the cells that

comprise these devices are very similar (Figure 1) consisting of composite cathodes and anodes

on  metallic  current  collectors,  separated  by  membranes  wetted  by  ionically  conductive

electrolytic solutions, although the exact materials differ. 

Figure 1. Schematic of a cell in a Li-ion battery. A cathode (positive electrode) supported by a

current collector (on the right)  is separated from the anode (negative electrode) on a current

collector (on the left) by a porous membrane, which allows ions, but not electrons, to travel from

one electrode to another. Electrons travel through an external circuit as the cell is operating. The

set-up  for  Na-ion  batteries  is  similar,  with  Na+ ions  replacing  Li+ ones.  Reproduced  with

permission from reference  5. Copyright 2004 American Chemical Society.

Layered transition metal oxides or polyanionic compounds are generally used as cathode

materials in both Li-ion and Na-ion configurations, although there is a greater array of choices



for the latter than for the former. In LIBs, anode materials are commonly based on graphite,

either used alone or as a blend with small amounts of silicon, which alloys with lithium at low

potentials. While lithium can insert into graphite up to a composition of LiC6 (corresponding to a

theoretical  capacity  of  ~370  mAh/g),  sodium  inserts  only  to  a  composition  of  NaC64.  The

difference is not due to size (consider that potassium can form a graphite intercalation compound

with composition KC8) rather it is due to a lattice mismatch.6 Instead, hard carbons are often used

as anode materials for Na-ion batteries.7 Optimized materials can have capacities exceeding 300

mAh/g and undergo redox through a combination of processes including sodium intercalation

between graphene layers in the small, ordered domains, chemisorption in defects, and insertion

into micropores and nanopores. The densities of hard carbons range from 1.4−1.8 g/cc, lower

than that of graphite at 2.26 g/cc. Low density has an adverse effect on energy density, all other

things being equal. There are also safety concerns associated with low potentials at which some

carbons  insert  sodium  because  of  the  risk  of  plating.8 Finally,  the  state  of  hard  carbon

commercialization  is  still  in  early  stages  and most  production  is  currently  in  China,  raising

supply security concerns.9 For these reasons, investigation into alternatives to hard carbons is

warranted.

Some promising alternatives, based on wide availability, higher densities (~2.5−3.5 g/cc),

low  toxicities,  and  low  precursor  costs,  are  titanates.  Sodium  insertion  into  nanostructured

anatase10 or rutile11 forms of binary titanates occurs at fairly high average potentials (~0.8V vs.

Na+/Na). However, a ternary stepped layered titanate, Na2Ti3O7,12 is electrochemically active at a

much lower potential of about 0.3V vs. Na+/Na, making it more suitable as an anode, although its

long-term reversibility is not clear. The poor cycling and rate behavior have been attributed to

side reactions, instability of the SEI, and a transition to a poorly electronically conductive phase



at the top of charge.13 Strategies to improve performance include optimization of synthesis and

electrode  fabrication,  reduction  of  particle  size,  and the  use of  carbon coatings  and reduced

graphene oxide to improve electronic conductivity. These have met with some success, although

practical  capacities  (~180 mAh/g)  are still  lower than the theoretical  predicted  value of 311

mAh/g. We have recently investigated two other classes of titanate materials that have favorable

properties, including high capacities and low average insertion potentials, for use as anodes in

sodium-ion batteries. These both have stepped layered structures similar to that of Na2Ti3O7 as

shown in Figure 2. The first is so-called “sodium nonatitanate” or NNT (Figure 2a),14, 15 which

has been used as an ion-exchanger for nuclear waste clean-up,16 and which has a composition of

Na2Ti3O6·2H2O17 prior to thermal treatment. 

Figure 2. a) Structure of as-made “sodium nonatitanate (NNT)”. Ti4+O6 octahedra (in blue) are

linked together into steps six units across. Sodium ions and water molecules (yellow and blue

spheres, respectively) are located between the stepped layers. Reprinted with permission from

reference  14.  Copyright  2013  Royal  Society  of  Chemistry.  b) Lepidocrocite-type  titanate

structure. Ti4+O6 octahedra (in blue) are linked together into corrugated layers, between which

large exchangeable cations (purple/white spheres) and, sometimes, water molecules are located. 



A second class of titanate materials is structurally related to the iron-containing mineral

lepidocrocite,  having corrugated layers (or steps one Ti4+O6 unit  across) as shown in  Figure

2b.19-21 The  general  formula  for  the  as-made  materials  is  AxTi2-yMyO4 where  A  is  a  large

monovalent cation, which is readily exchanged, and M stands for a wide variety of substituents

such  as  Li+ or  Mg2+ or  a  vacancy  (designated  by   hereafter).  The  values  of  x  and  y  are�

correlated  so  that  Ti  is  always  in  the  tetravalent  state,  and  solid  solution  behavior  is  often

exhibited.  The  positions  of  interlayer  species  and the  orientation  of  the  titanate  layers  with

respect to one another vary with the chemistry, so that several space groups are possible.

Our early work on NNT and the sodium-exchanged version of K0.8Ti1.73Li0.27O4
22 showed

that these materials inserted sodium reversibly at low average potentials (0.3−0.5V vs. Na+/Na)

making them good candidates as anode materials for NIBs. However, performance was far from

optimum, prompting us to carry out further work designed both to understand the limitations and

to improve the electrochemistry.  What follows is a summary of the work carried out to date.

Optimized half-cells containing the best materials can now deliver more than 200 mAh/g for

hundreds of cycles at moderate current densities and can be utilized as anodes in full cells with

suitable cathode materials, as described below. 

Improvements to Sodium Nonatitanate (NNT) Electrochemistry

As-made  NNT  contains  water,  which  is  known  to  have  an  adverse  effect  on  cell

performance. Sodium half-cells containing NNT that has not been heat-treated to remove water

show high first  cycle  coulombic  inefficiencies  and very poor  reversibility,  particularly  when

polyvinylidene fluoride (PVdF) is used as the binder in the composite electrode.14  Results are

somewhat  improved  when  PVdF is  replaced  with  a  more  compliant  carboxymethylcellulose



(CMC) binder although first cycle C.E.s are still poor.23  Unlike PVdF, CMC contains functional

groups that interact strongly with active materials preventing cracking or disconnection that can

lead to capacity loss during cycling. It has been used to improve electrochemical performance of

cells containing electrodes that undergo large volume changes during cycling, such as silicon.24, 25

Because of the larger size of the sodium ion compared to lithium, volume changes are more

severe in sodium systems and cycling is generally better when CMC is used compared to PVdF.

Still,  the  low potential  at  which  NNT inserts  results  in  irreversible  side  reactions  involving

electrolytic solution and binder and formation of a protective SEI layer during the first cycle on

particle surfaces. Irreversible reduction of water to hydrogen at low potentials contributes to the

inefficiency.

Water may be removed from NNT by heating in air or argon. The material is thermally

stable  up  to  between  600−700  °C,  depending  on  rate  of  heating  and  atmosphere,  before  it

decomposes to form the tunnel-containing Na2Ti6O13, layered Na2Ti3O7, and other phases.14,  23

Heating to 600 °C results not only in removal of interlayer water, but a decrease in the c-axis of

12%  and  rearrangement  of  sodium  ions  to  form O-Na-O  bridges  yielding  a  pseudo-tunnel

structure (Figure 3a). This structure does not take up water between the titanate layers upon

exposure to atmosphere. Water uptake between layers in the as-made material upon exposure to

water or humid atmosphere can be readily observed in the XRD patterns by the shift  of the

strong low angle peak to larger d-spacings and/or its doubling,23 indicative of two phases with

different water contents. Gentle heating for a short period of time removes the second peak and

induces a shift of this reflection back to the original value. In contrast, the XRD pattern of NNT

heated to 600 °C does not change after it has been exposed to moist atmosphere.  Figure 3b



shows the  voltage  profiles  at  the  second cycles  of  cells  containing  NNTs heated  to  various

temperatures, using a CMC binder for the electrode fabrication. The highest capacity of about

200 mAh/g is obtained for the cell containing NNT material heated to 500 °C. Good cycling can

be obtained for this material when it is carbon-coated through a sucrose pyrolysis method, which

ameliorates the low initial electronic conductivity. Graphene wrapping of NNT by adding 1 wt%

graphene  oxide  (GO)  to  the  hydrothermal  reactor  during  synthesis  achieves  the  same  aim;

Figure 3c shows voltage profiles as a function of cycle number for a cell containing this material

heated to 500 °C. (Note that GO is reduced during the first cycle at low potentials).  Figure 3d

shows a comparison of NNT electrodes made different ways, with CMC (in blue) or PVdF (in

red) binder. One set of data (in black) shows results for a cell containing a carbon-coated (carbon

made from sucrose) NNT electrode made with CMC. This shows the clear positive effect of

using CMC and carbon-coating on reversibility.  The highest 1st cycle C.E. is found with the

graphene-wrapped NNT in Figure 3c, however.



Figure 3.  a) Structure of as-made NNT (A, top) and after heating to 600 °C (B, bottom).  b)

Voltage profile at second cycles of cells containing NNT heated to the indicated temperatures. c)

Voltage profile with increasing cycle number of cells containing graphene-wrapped NNT heated

to 500 °C and  d) cycling performance for cells containing different types of NNT electrodes,

inset shows Scanning Electron Microscopy (SEM) image of NNT. Reproduced with permission

from reference  23.  Copyright 2020 Royal Society of Chemistry.

Lepidocrocite-type titanates

The sodium-exchanged version of KTL (Na0.8Ti1.73Li0.27O4), a lepidocrocite-type titanate

showed  promising  electrochemical  properties,  but  Mg-substituted  variants  such  as

Na0.7Ti1.45Mg0.35O4 or  Na0.9Ti1.55Mg0.45O4 perform  very  poorly  in  sodium  half-cells.26 Density

functional theory calculations  described in reference 26 indicate that Li+ ions in Na0.8Ti1.73Li0.27O4



can drop into the sodium layers,  providing additional  diffusional  pathways,  whereas Mg2+ is

immobile in the Mg-containing compounds. This suggests strongly that vacancies in the titanate

layers may be beneficial for the electrochemical performance of lepidocrocite-type titanates. To

test this theory, a series of NaxTi2-x/4x/4O4 (0.74  x  1) materials were prepared from the Cs-

containing precursors and tested.27 A comparison of the second discharges of sodium half-cells

containing  Na0.74Ti1.8150.185O4 (red)  and  Na0.8Ti1.73Li0.27O4 (blue)  is  shown  in  Figure  4a.  The

former shows significantly greater capacity than the latter, although this is in part due to the

availability  of  more  sites  for  sodium insertion.  To  show the  effect  of  changing  the  sodium

content  on  theoretical  capacities  on  the  series  of  NaxTi2-x/4x/4O4 (0.74   x   1)  materials,

theoretical capacities considering titanium content and site availability are shown in Figure 4b.

Lower values of x (less sodium) result in higher theoretical capacities no matter which criterion

is used; nevertheless, all the materials deliver somewhat more than predicted based on the site

limitation  argument,  although  less  than  that  predicted  if  titanium  content  were  the  only

determining  factor.  Note  also,  that  the  material  with  x  =  0.8  still  has  a  significantly  higher

practical capacity than Na0.8Ti1.73Li0.27O4; 220 mAh/g rather than 150 mAh/g.



Figure 4. a) Voltage profiles of second cycles of sodium half-cells containing Na0.74Ti1.8150.185O4

(red) and Na0.8Ti1.73Li0.27O4 (blue). b) Theoretical capacities based on titanium content (blue bar)

or site availability (yellow bar), and experimentally found capacities (red bar) for the NaxTi2-x/4x/

4O4 series. Reproduced with permission from reference 27. Copyright 2021 Springer Nature.

The electrochemistry of the lepidocrocite-type titanates is also influenced by the identity

of the interlayer cations. Cs ions in the parent material Cs0.74Ti1.815�0.185O4 may be exchanged not

only  for  Na+,  but  also  for  other  monovalent  or  divalent  cations  under  mild  conditions,  as

described in the Experimental  section.  Figure S1a  shows XRD patterns for the original  Cs-

containing material, as well as for materials exchanged with Li+, Na+, K+, Rb+, or Mg2+. In some

cases  (Li+,  K+,  and  Mg2+),  patterns  are  complicated  by  the  presence  of  hydrated  phases,  as

evidenced by doubling of peaks. The positions of the (020) reflections at low angles also vary

with the identity  of the cation,  indicating different  interlayer  spacings.  TGA on the as-made

materials (Figure S1b) shows that weight loss below about 200 C, most likely due to removal of

water,  has  an  approximately  inverse  relationship  to  the  size  of  the  cations  in  the  interlayer

spaces.  The  material  with  the  smallest  cation,  Li+,  which  has  the  largest  hydration  radius,28

contains the most water, whereas those with large cations like Rb+, which have smaller hydration

radii, have lower water contents. Raman spectra on the as-made materials (Figure S1c), show

the same general features above the Raman shift value of 200 cm-1, although red- or blue-shifted

due to differences in bond-lengths induced by the different cations. Finally, Ti K-edge XAS data

shows that Ti is tetravalent in all of the materials (Figure S1d). In summary, these data confirm

that the layered structure of the parent Cs0.74Ti1.815�0.185O4 is maintained for the ion-exchanged

materials.



Figure S1e and f show 5th cycle voltage profiles and cycling performance for half-cells

containing these materials after drying under vacuum at 100 C. Capacities are lower for cells

containing the materials with large cations (Rb+ and K+) than for Na0.74Ti1.815�0.185O4 (shown in

yellow).  A  similar  effect  has  been  observed  when  comparing  K0.8Ti1.73Li0.27O4
29 and

Na0.8Ti1.73Li0.27O4
22 electrodes performance and is attributable to the reduction in the number of

available interlayer sites when larger cations are present and the relatively lower mobility of

these cations, which may hamper diffusion of sodium ions. It is not clear at present why the Li+-

exchanged  material  (shown  in  green)  also  shows  reduced  capacity,  although  the  smaller

interlayer spacing of the material after drying may play a role. Interestingly, the capacities of

cells  containing  Mg0.37Ti1.815�0.185O4 are  less  compromised  than  those  containing

Li0.74Ti1.815�0.185O4. During the exchange process, Mg2+ cations replace two monovalent cations,

freeing some interlayer sites. The additional number of sites counteract the negative effects of

low Mg2+ mobility and reduced interlayer spacing. Cells containing this material also seem to

cycle somewhat better than those with Na0.74Ti1.815�0.185O4 dried at 100 C.

Effect of Binder and Electrolytic Solution on Electrochemistry of Lepidocrocite-type Titanates

As  with  NNT,  the  coulombic  efficiencies  on  the  first  cycle  for  cells  containing

Na0.74Ti1.8150.185O4 are less than 100% because of side reactions occurring at low potentials that

result in the formation of a protective SEI layer. The first cycle C.E. varies considerably with the

type of electrolytic solution used, with the highest value found when 0.5 M sodium tetraphenyl

borate (NaBPh4) in diethylene glycol dimethyl ether (DEGDME) is used (Figure 5a). 1st cycle

C.E. is also dependent on the history of exposure of the electrode to air (Figure 5b) and to the

binder  used  (Figure  5c).  A binder-free  electrode,  while  not  practical,  has  the  highest  C.E.,



followed by one made with CMC/SBR (styrene butadiene rubber).  This suggests that binder

decomposition contributes to 1st cycle coulombic inefficiencies.  Note that the sodium-exchanged

titanates  derived  from CsxTi2-x/4x/4O4 contain  water,  although  this  can  be  removed  easily  by

drying at temperatures as low as 60 °C under vacuum. Unlike heat-treated NNT, the materials

dried at  low temperatures  are very hygroscopic and rapidly take up water upon exposure to

atmosphere.

Figure 5. First cycle coulombic efficiencies in sodium half-cells containing Na0.74Ti1.8150.185O4 for

a) the indicated electrolytic solutions, b) history of electrode air exposure, and c) binder used in

the composite electrode. Reproduced with permission from reference 27. Copyright 2021 Springer

Nature.

Surface properties of  lepidocrocite-type titanates: air exposure and thermal history

The fact  that C.E. is influenced by the history of electrode exposure to air  has some

bearing on the observation that practical capacities exceed the theoretical values based on site

limitation  arguments  in this  system. A close look at  the voltage curves of sodium half-cells

containing  air-exposed  and  air-excluded  electrodes  shows  subtle  differences  during  cycling



(Figure 6a and b, respectively). For example, the small plateau above 1V is much more distinct

for the cell  containing the air-excluded electrode.  Power law analyses (Equation 1) of cyclic

voltammetry  data  from  sodium  half-cells,  which  relates  current  (i)  and  scan  rate  (v),  give

information on the redox mechanism.

(1)                                                    i=avb

A value of b close to 0.5 is typically found for diffusional processes, whereas b is 1 for surface-

controlled reactions. The processes at around 0.5V, marked R2 and R2’ for the air-excluded and

air-exposed electrodes, as shown in  Figure 6c and  d, respectively, have b values of 0.67 and

0.69, indicating that they are primarily diffusional in nature. In contrast, R1, located at 1.25V,

has a b value of 0.76 and R1’ is 0.92, indicating a much higher contribution from surface-related

processes. Surface functional groups, the nature of which depend on the history of air exposure,

may  provide  additional  redox-active  sites.  Minor  changes  observed  in  the  Ti  L-edge  X-ray

absorption spectrum (soft XAS, not shown) of the air-exposed electrode compared to that of the

air-excluded  one suggest  that  Ti  is  slightly  reduced on the  surface.  This  may occur  due to

hydroxylation  of  defect  sites  on  particle  surfaces  during  the  brief  exposure  to  moisture-

containing atmosphere.



Figure 6. a,b)  Voltage profiles for initial 5 cycles of sodium half-cells containing Na0.74Ti1.815

0.185O4 electrodes that (a) have not been exposed to air, and (b) have been exposed to air for 10

minutes.  c,d)  Cyclic  voltammograms  of  cells  containing  (c) air-free  and  (d) air-exposed

electrodes. Electrodes were made with CMC/SBR binder and 0.5 M NaBPh4  in DEGDME was

used as the electrolyte. Reproduced with permission from reference 27. Copyright 2021 Springer

Nature.

While the 1st cycle C.E. of the cells containing air-exposed electrode is less than that of

those containing the air-excluded ones, the cycling is actually slightly better. An examination of

the data reveals that capacity loss above 1V is mainly responsible for the fading in both types of

cells, but that it is worse for the one with the air-excluded electrode than for the air-exposed one.

This  is  further  evidence  for  different  surface  chemistries  depending  on  the  history  of  air



exposure.  To  modify  the  surface  properties,  heating  experiments  on  Na0.74Ti1.8150.185O4 were

carried out.30 As the temperature is raised, the material undergoes a series of transformations

(Figure 7a and b). The initial structure (space group Immm) is maintained to about 150 °C, with

shrinkage in the  b-lattice parameter consistent with loss of interlayer water. In the anhydrous

material, there is a rearrangement of Na+ ions in the interlayer space from the original rectangular

prismatic coordination (space group Immm, Figure 7c) to trigonal prismatic (space group Cmcm,

Figure  7d).  Similar  to  NNT,  the  material  decomposes  above  700  °C  to  form  the  tunnel

compound  Na2Ti6O13 and  other  phases,  with  unknown  structures  forming  at  intermediate

temperatures.

Figure 7. a)  In situ thermal synchrotron XRD patterns collected on Na0.74Ti1.815�0.185O4 (two-

dimensional  contour  plot,  and  b)  selected  profiles  as  a  function  of  temperature.  c,d) Fitted

patterns  of  (c) low  temperature  Immm structure  and  (d) intermediate  temperature  Cmcm



structure.  Reproduced with permission from reference   30.  Copyright  2022 Royal  Society  of

Chemistry.

The electrochemical properties of Na0.74Ti1.8150.185O4 heated to various temperatures are

shown in  Figure  8.  The capacity  of  the  half-cell  containing  the  material  heated  to  500 °C

gradually  increases  with  cycle  number  when  a  lower  cut-off  voltage  limit  of  0.1V  is  used

throughout the cycling (Figure 8a). If this limit is lowered to 0.05V only on the first cycle, the

higher capacity is realized on subsequent cycles even if the lower cut-off voltage is increased to

0.1V (Figure 8b).  Ex situ XRD experiments and high-resolution TEM on partially and fully

discharged  electrodes  show  that  this  material  gradually  becomes  amorphous  as  sodium  is

inserted on the first cycle and that this process is irreversible.26



Figure 8. a,b) Voltage profiles during cycling of half-cells containing Na0.74Ti1.815�0.185O4 heated

to  500 °C within  the  voltage  ranges  over  (a) 2.0−0.1V and  (b) 2.0−0.05V on cycle  1  and

2.0−0.1V thereafter; c,d) Comparisons of (c) voltage profiles at second cycles of cells containing

Na0.74Ti1.8150.185O4 heated to the indicated temperatures and  (d) cycling performance.  All  cells

contained 0.5 M NaBPh4 in DEGDME as the electrolyte.  Reproduced with permission from

reference  30. Copyright 2022 Royal Society of Chemistry.

 The voltage  profiles  at  second cycles  of cells  containing  Na0.74Ti1.8150.185O4 heated  to

various temperatures is shown in  Figure 8c. It is clear that the processing temperature has a

profound effect on the electrochemistry. Most of the cells with materials heated to temperatures

above 100 °C exhibit sloping voltage profiles with no feature near 1.25V. The only exception is

the one with the material heated to 800 °C, which shows a plateau near 0.9V, similar to what is

found  for  Na2Ti6O13.31,  32 Capacity  retention  is  markedly  improved  for  the  cells  containing

electrode materials heated to 500 °C (Figure 8d). Most notably, there is less fading in the high

voltage region compared to that of cells  containing Na0.74Ti1.8150.185O4 heated to 60 °C. There

appears  to  be  less  capacitive  (surface)  contribution  to  the  electrochemistry  in  the  case  of

Na0.74Ti1.8150.185O4 heated  to  500  °C  than  for  the  material  heated  to  60  °C  based  on  this

observation. However, an analysis of Ti K-edge XAS data on pristine and discharged electrodes

indicates  that  less  titanium  is  reduced  than  expected  for  a  pure  reductive  intercalation

mechanism, suggesting a hybrid process for both types of materials.26 Thus, changes induced by

heating involve not only transformation of the bulk structure but that of the surface chemistry as

well.

The surface chemistry can also be modified simply by a carbon coating process. Since 60

C-heated Na0.74Ti1.815�0.185O4 undergoes structural change above 150 C, the material was carbon-



coated at low temperatures by grinding with soft carbon (acetylene black) to preserve its initial

layered structure. The color-change and morphology of the powders are shown in  Figure S2a

and  b. The plateau at 1.25V disappears in cells containing the carbon-coated material (Figure

S2c), and while capacity is initially lower, the cycling is greatly improved (Figure S2d). This

provides additional evidence for the influence of surface properties on the redox chemistry of

Na0.74Ti1.8150.185O4.  The  addition  of  carbon  nanotubes  further  improves  capacity  without

compromising cycling behavior. 

Full-cell cycling

Cycling in full cells was attempted using Na0.74Ti1.8150.185O4 dried at 60  C as the anode

and Na3V2(PO4)3 (NVP) as the cathode.  Figure S3 shows a half-cell with NVP as the cathode

using 0.5 M NaPhB4 in DEGDME as the electrolyte. The cell delivers 112 mAh/g (Figure S3a),

close to the theoretical value based on NVP.33 Because this electrolyte is not expected to have

good oxidative stability over the long term, 1 M NaPF6 in EC/DEC was substituted in the full

cells (Figures S3b and  c). Some coulombic inefficiency is observed on the first cycle  (Figure

S3b) in cells where the negative/positive (N/P) ratio is close to 1, because of losses due to SEI

formation  on  the  anode  side.  (Note  that  in  this  configuration,  the  cell  is  charged  initially,

meaning  that  sodium  ions  are  extracted  from  the  NVP  cathode  and  inserted  into

Na0.74Ti1.8150.185O4). This led to a lower capacity than expected based on the NVP cathode. Using

a pre-cycled anode in the full cell improved the results, and led to nearly full utilization of the

cathode (Figure S3c). These results show that Na0.74Ti1.8150.185O4 can be successfully used as an

anode in full cells. However, the low electronic conductivity of the pristine titanate materials is



likely to limit performance in batteries with unconventional configurations such as extremely

thick electrodes or flow batteries using slurries. 

Heterostructures

To overcome the low electronic conductivity, we prepared two types of heterostructures,

in which carbon is interleaved with the titanate layers.18, 34 Heterostructuring has also been used

recently to prepare cathode materials for sodium-ion batteries.35 The first step, in both cases, was

to exfoliate K0.8Ti1.73Li0.27O4 to produce titania nanosheets (Figure 9a) using previously described

literature  procedures.36,  37 The  nanosheets  were  then  combined  with  either  dopamine

hydrochloride or reduced graphene oxide (rGO) to form self-assembled heterostructures. In the

first case, an additional calcination step was used to transform the dopamine into carbon. By

varying  synthesis  conditions  and precursor  ratios,  the  carbon  content  in  the  heterostructures

could  be  tuned  to  between  17.5−30% (carbonized  dopamine  samples)  or  1−17% (graphene

samples). XRD patterns of both types of materials show broadened peaks with the low-angle

(020) reflections shifted to larger d-spacings, with the degree of shift roughly proportional to the

amount  of  carbon  in  the  heterostructures.  High-resolution  transmission  electron  microscopy

(HRTEM) of the heterostructure containing 8.5% rGO (Figure 9b−d) show that the material is

heterogeneous, with a range of d-spacings, some of which correspond to graphene (0.35 nm) or

titania nanosheets (0.8 nm) as well as expanded layers (1.1 nm). This suggests that there was

partial re-stacking of titania and graphene during the synthesis process. In contrast, bright field

transmission  electron  microscopy  (BFTEM)  and  high  angle  annular  dark  field-scanning

transmission  electron  microscopy  (HAADF-STEM)  images  show  more  comprehensive



interleaving for  a  heterostructure  containing  30% carbon made from dopamine,  which has a

repeating layer spacing of ~1.3 nm (Figure 9e and g).

Figure 9. a) TEM of titania nanosheet. b−d) HRTEM images of heterostructured titanate-8.5%

rGO. Reprinted with permission from references 18. Copyright 2022 American Chemical Society.

e) BFTEM, f) HAADF-STEM images, and g) average line histogram extracted by analyzing the

region  outlined  by  the  yellow  arrow  in  (f)  of  heterostructured  titanate-30%C  made  from

dopamine. Reprinted with permission from references  34. Copyright 2021 American Chemical

Society.

Coagulated  titania  nanosheets  with  no  carbon  between  the  layers  are  somewhat

electroactive, although the capacities are less than 100 mAh/g in sodium half-cells, even when

acetylene  black  is  added to the  electrodes  to  counteract  the  low electronic  conductivity.  To

investigate the properties of the heterostructures, composite electrodes were fabricated without

adding carbon conductor (e.g. acetylene black) beyond what was already in the active materials.



Sodium half cells containing these electrodes exhibited featureless sloping voltage profiles with

average potentials  about 0.6V vs. Na+/Na. The capacities  of half-cells  increased with carbon

content  in  the dopamine-derived carbon heterostructures,  reaching a maximum of about  200

mAh/g on the second cycle for the 30%C sample.34 Lower capacities were obtained for cells with

the graphene-containing heterostructures, with the maximum of about 120 mAh/g achieved for

the 8.5% graphene sample.18 Heterostructures with higher graphene contents than this actually

performed  worse,  probably  reflecting  the  negative  effects  of  graphene  re-stacking  on

electrochemical performance (Electrodes consisting of pure rGO are electrochemically inert).

Impedance analyses on cells containing composite electrodes with titania nanosheets and

added acetylene black showed a several orders of magnitude increase in resistance at the top of

charge, attributable to increased charge transfer resistance on the positive side. In contrast, the

charge transfer resistance was greatly reduced for the cells containing heterostructured materials

even in the absence of added acetylene black in the composite electrodes. The reduced charge

transfer resistance tracked carbon content in the heterostructures, with the best results observed

for  cells  containing  the  titania-30%  carbon  derived  from  dopamine  electrodes.  Thus,

heterostructuring proves to be much more effective at reducing charge transfer resistance than

simply adding carbon to the composite electrode. 

Insertion  of  sodium  ions  into  heterostructured  titania-23.4%C  made  from  dopamine

induced  an  irreversible  change  in  symmetry,  as  evidenced  in  ex  situ synchrotron  XRD

experiments by a near doubling of the low angle  d-spacing compared to the pristine material.

This  is  reminiscent  of  the phase change seen during ion-exchange of K0.8Ti1.73Li0.27O4 (space

group Cmcm) with sodium.22 In that case, the space group changes to Pmmm, with a shift of the

titanate layers by a/2 and a change in cation coordination from trigonal prismatic to cubic. Ti K-



edge  XAS results  on  similar  electrodes  show that  Ti  is  partially  reduced  upon  insertion  of

sodium, confirming the reductive intercalation (diffusional) mechanism. However, quantitative

analyses of the spectra show that less titanium is reduced than expected based on the coulometry.

Although  surface  processes  could  account  for  this,  another  likely  explanation  is  that

insertion of sodium ions into interlayer carbon adds to the capacity.

These examples show how the electrochemical properties of stepped layered titanates can

be tuned through changing synthesis  and processing  parameters.  Other  important  factors  for

ensuring good reversibility and minimizing first cycle coulombic inefficiencies include careful

consideration of binder and electrolytic solutions. Optimized materials can deliver 200 mAh/g or

more  in  sodium  half-cell  configurations  reversibly,  with  average  potentials  ranging  from

0.3−0.6V vs.  Na+/Na.  These  make them suitable  for  use  as  anodes  in  sodium-ion batteries.

Another consideration is the cost of processing. In this regard, NNT may be a more practical

material than the lepidocrocite-type titanates, because of the simpler synthesis method, which

does not require ion-exchange.  

Conclusions

Two classes of stepped layered titanates, sodium nonatitanate (NNT) and lepidocrocite-

type titanates, have been presented as potential anode materials for sodium ion batteries. Both

types undergo reversible reductive intercalation of sodium ions at low potentials, making them

suitable for this application. The reversibility and first cycle coulombic efficiencies are sensitive

to the binder used in the composite electrodes as well as the type of electrolyte used in cells.

Some of the lepidocrocite titanates exhibit a hybrid redox mechanism involving surface reactions

(pseudocapacitance) at potentials above 1V vs. Na+/Na, which differ depending on the history of

air  exposure.  The  pseudocapacitance  is  primarily  responsible  for  the  capacity  fading  that  is



observed. Modification of materials either by carbon coating or thermal treatment changes the

surface properties and improves cycling stability of the cells. The lepidocrocite-type titanates can

also  be  ion-exchanged  with  various  monovalent  or  divalent  cations,  leading  to  different

electrochemical properties. Finally, it is possible to incorporate carbon as a guest species in the

interlayer  space,  leading  to  novel  heterostructured  materials  that  appear  to  have  improved

electronic conductivity.

Supporting  Information:  experimental  details  for  unpublished  results,  XRD patterns,  TGA

results,  Ti  K-edge  data,  half-cell  data  for  ion-exchanged  lepidocrocite-type  titanates,  SEM

images  and  half-cell  data  for  carbon-coated  lepidocrocite-type  titanates,  full  cell  data  for

lepidocrocite-type titanates with NVP cathode.
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