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ABSTRACT
Titanium  dioxide  (TiO2)  is  a  non-toxic,  stable,  naturally  abundant,  and  easily  synthesized  material  that  has  been
extensively  investigated  in  various  energy  fields,  including  rechargeable  ion  batteries,  solar  cells  and  photocatalysis.
Recently,  TiO2  has  garnered  significant  attention  as  a  promising  negative  electrode  material  for  sodium-ion  batteries.
However,  the  ion  storage  mechanism  of  TiO2  remains  poorly  understood,  with  existing  studies  often  presenting
inconsistent  or  contradictory results.  This review critically  summarizes recent  researches on advances in understanding
the  ion  storage  mechanisms  of  TiO2  electrode  materials  in  both  lithium-ion  and  sodium-ion  batteries,  with  a  particular
focus  on  the  latest  findings  related  to  in-situ  electrochemically  induced  crystalline-to-amorphous-to-rock-salt  phase
transformations.  This  emerging  concept  challenges  the  traditional  perspective  that  irreversible  phase  evolution  is
inherently  detrimental.  Instead,  the  in-situ  formation  of  new  rock-salt  phases  with  enhanced  electrochemical  storage
capabilities  for  Li+  or  Na+  offers  a  promising  alternative  strategy  for  the  design  of  next-generation  TiO2–based  negative
electrodes.  Furthermore,  we  highlight  a  rich  yet  underexplored  research  area  with  significant  potential  to  deepen  the
understanding  of  electrochemical  phase  transitions  in  TiO2  and  other  metal  oxide  electrodes  within  energy  storage
systems.
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 1    Introduction
In  recent  years,  the  global  energy  landscape  has  been  rapidly
shifting from the dominance of fossil energy to a new direction of
low-carbon  and  multi-energy  synergistic  paradigm.  Energy
storage  has  emerged  as  a  critical  enabler  for  the  widespread
deployment  of  intermittent  power  generation  technologies  and
has  consequently  received  significant  attention  [1, 2].  Although
lithium-ion  batteries  (LIBs)  have  dominated  the  market  for
portable  electronic  devices  since  their  commercialization  in  1991
[3],  their  limited  global  lithium  reserves  and  associated  safety
concerns have hindered their ability to meet the growing demands
of energy storage market. Fortunately, sodium-ion batteries (SIBs),
owing to the low cost and natural abundance of sodium, as well as
their physicochemical similarities to lithium, have been extensively
investigated  and  are  regarded  as  one  of  the  most  promising
alternatives  to  commercial  LIBs,  especially  for  large-scale  energy
storage  applications  [4–6].  However,  the  higher  standard
reduction  potential  of  sodium  (E0

(Na
+
/Na) = –2.71  V  vs. E0

(Li
+
/Li) =

–3.01 V), its larger ionic radius (1.02 Å for Na+ vs. 0.76 Å for Li+),

and  the  thermodynamic  instability  of  Na-intercalated  graphite
compounds,  making  conventional  graphite  anodes  (negative
electrode)  used  in  LIBs  unsuitable  for  SIBs,  pose  substantial
challenges,  leading  to  poor  electrochemical  activity  [7].  Although
hard  carbon  has  attracted  considerable  attention  as  a  negative
electrode  material  for  SIBs,  it  still  faces  significant  challenges
related to safety,  poor rate capability,  and limited cycling stability
[8].  Despite  the  identification  of  numerous  positive  electrode
materials  for  SIBs  [9–15],  the  development  of  suitable  negative
electrode  materials  remains  limited.  Therefore,  the  exploration
and  design  of  high-performance  negative  electrode  materials  are
imperative for advancing SIB technology.

Since  its  discovery  in  1821,  titanium  dioxide  (TiO2)  has  been
extensively  studied  across  a  wide  range  of  fields,  including
photocatalysis  [16–18],  rechargeable  ion  batteries  [19–23],  solar
cells  [24–26],  sensors  [27, 28],  medicines,  food  packing  and
cosmetic industry [29–31], due to its non-toxicity, stability, natural
abundance,  and ease  of  synthesis.  The unique properties  of  TiO2
have  driven  nearly  a  century  of  continuous  research  and
exploration.  Early  studies  primarily  focused  on  elucidating  its
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crystallographic  structure.  For  example,  in  1916,  Vegard  first
investigated  the  anatase  and  rutile  phases  of  TiO2 using  Bragg’s
ionization method [32], and these structures were later refined by
Greenwood [33]. Although foundational, these early investigations
lacked  the  precision  required  for  detailed  structural
characterization.  In  1955,  Cromer  et  al.  precisely  determined  the
crystallographic  parameters  of  anatase  and  rutile  using  X-ray
diffraction (XRD), laying the groundwork for subsequent research
on TiO2-based electrodes [34]. Since then, numerous studies have
been  dedicated  to  the  classification  and  structural  refinement  of
TiO2. With advancements in experimental techniques, the known
structural  forms  of  TiO2 have  been  revisited  and  characterized
with significantly  higher  accuracy,  leading to  the identification of
multiple  polymorphs,  including  naturally  occurring,  metastable,
and  high-pressure  phases.  Their  corresponding  crystal  structures
are  presented  in Fig. 1 and  include  anatase  TiO2(A)  (crystal
system:  tetragonal,  space  group:I41/amd),  rutile  TiO2(R)
(tetragonal, P42/mnm),  brookite  TiO2(Br)  (orthorhombic, Pbca),
and  several  metastable  phases  such  as  bronze-like  TiO2(B)
(monoclinic, C2/m),  hollandite-like  TiO2(H)  (tetragonal, I4/m),
ramsdellite-like  TiO2(Ra)  (orthorhombic, Pbnm),  columbite-like
TiO2(Co)  (orthorhombic, Pbcn),  fluorite-like  cubic  TiO2(C)
(cubic, Fm3̅m), and baddeleyite-like TiO2(Ba) (monoclinic, P21/c)
[35–40]. Additionally, several amorphous forms of TiO2 have also
been  reported  [41, 42].  The  main  physicochemical  characteristics
of these TiO2 polymorphs are summarized in Table 1.

Among  the  various  TiO2 polymorphs,  TiO2(A),  TiO2(R)  and
TiO2(B)  are  the  most  commonly  studied  in  batteries,  offering
chemically  identical  yet  structurally  distinct  host  lattices.
Consequently,  these  polymorphs  exhibit  different  lattice
configurations,  ion  diffusion  pathways,  and  surface  energies,
which  significantly  influence  their  ion  storage  behaviors.  Among
them, TiO2(A) and TiO2(R) occur naturally, whereas TiO2(B) is a

metastable  polymorph  synthesized  under  specific  conditions.
TiO2(R)  is  the  thermodynamically  most  stable  phase  under
ambient conditions and is the most abundant in nature. However,
its  highly  anisotropic  ion  diffusion  results  in  kinetically
constrained three-dimensional transport within micrometer-sized
particles,  limiting its  performance as  a  negative electrode [45].  In
contrast, TiO2(A) demonstrates high surface activity, rapid charge
storage  through  surface  adsorption,  and  excellent  structural
stability,  making  it  suitable  for  high-rate  energy  storage
applications  [22].  Meanwhile,  TiO2(B)  features  a  unique  open
crystal  framework with low-energy ion pathways extending from
the  surface  to  subsurface  regions,  which  is  believed to  contribute
to its pseudocapacitive charging behavior [46, 47].

For  a  long  time,  TiO2 has  been  considered  limited  as  an
electrode material  because its relatively dense crystalline structure
and few open diffusion channels hinder ion transport. As a result,
ion  insertion  is  often  confined  to  surface  regions—especially  in
large  crystals—leading  to  low  ion  diffusion  coefficients.
Nevertheless, TiO2 remains one of the few transition metal oxides
capable  of  insertion  ions  at  a  relatively  low  voltage  (~1.5  V  vs.
Li+/Li， ~0.8  V  vs.  Na+/Na),  while  offering  a  theoretical  specific
capacity  of  335  mAh·g-1 as  a  negative  electrode  material
comparable to that of graphite/hard carbon negative electrodes. In
practice, however, most reported Li+/Na+ insertion occurs near the
surface  to  form  Li/NaₓTiO2 (x <  0.5)  rather  than  through  bulk
insertion,  resulting  in  measured  capacities  typically  below
~168 mAh·g-1, depending on the crystal size. Although this value is
lower  than  that  of  conversion- and  alloying-type  electrodes
[48–50],  TiO2 provides  superior  cycling  stability  and  a  higher
operating  voltage  [51].  This  is  particularly  advantageous,  as  the
sodiation  voltage  of  hard  carbon  is  close  to  the  sodium  plating
potential,  raising  significant  safety  concerns  [52].  Therefore,  the
relatively  high  operating  voltage  of  TiO2 improves  safety,

 

Figure 1    Structures  of  nine  TiO2 phases  represented  using  ball-and-stick  models  and  polyhedron  models  (using  the  Vesta  program  from  Ref.  [43],  ©  2011
International Union of Crystallography Printed in Singapore): (a) anatase TiO2(A), (b) rutile TiO2(R), (c) brookite TiO2(Br), (d) bronze-like TiO2(B), (e) hollandite-like
TiO2(H), (f) ramsdellite-like TiO2(Ra), (g) columbite-like TiO2(Co), (h) cubic TiO2(C), (i) baddeleyite-like TiO2(Ba). Red balls: O atoms; blue balls: Ti atoms. Unit cells
are outlined using thin lines. Reproduced with permission from Ref. [44], © 2014 American Chemical Society.
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positioning  it  as  a  promising  candidate  for  both  lithium- and
sodium-ion storage applications.

Owing  to  its  unique  characteristics,  TiO2 has  long  been
regarded as a highly promising material for ion storage, attracting
substantial  research  attention  and  becoming  a  widely  used
electrode  material  in  energy  storage  devices.  Researches  into  the
sodium-ion storage mechanisms of TiO2 began later than in LIBs,
emerging  in  the  21st century  and  accelerating  significantly  after
2014  (Fig. 2(a)).  Building  upon pioneering  studies  in  LIBs,  many

researchers  initially  explained  ion  storage  in  TiO2 based  on  the
well-established  insertion/extraction  mechanism  [41, 53–55].
However,  certain  experimental  observations  and  characterization
results  have  challenged  this  assumption,  leading  to  notable
discrepancies  in  the  reported  ion  storage  mechanisms.  For
example, several studies reported that both ex situ and in situ XRD
patterns  exhibited  unchanged  or  reversible  diffraction  peaks  of
crystalline  TiO2 during ion insertion and extraction,  suggesting a
largely reversible structural response [54, 56–58]. In contrast, other

 

Table 1    Structural characteristics of 9 TiO2 crystalline phases

Category Naturally occurring phases Metastable phases High-pressure phases

Phase Anatase Rutile Brookite TiO2(B) TiO2(H) TiO2(Ra) TiO2(Co) TiO2(C) TiO2(Ba)

Crystal system tetragonal tetragonal orthorhombic monoclinic tetragonal orthorhombic orthorhombic cubic monoclinic

Space group I41/amd P42/mnm Pbca C2/m I4/m Pbnm Pbcn Fm3̄m P21/c

Group # 141 136 61 12 87 62 60 225 14
a(Å) 3.7842 4.5941 9.184 12.1787 10.161 4.9022 4.515 4.516 4.589
b(Å) 3.7842 4.5941 5.447 3.7412 10.161 9.459 5.497 4.516 4.849
c(Å) 9.5146 2.9589 5.145 6.5249 2.97 2.9585 4.939 4.516 4.736
α(°) 90 90 90 90 90 90 90 90 90
β(°) 90 90 90 107.054 90 90 90 90 98.6
γ(°) 90 90 90 90 90 90 90 90 90

Densitya(g·cm–3) 3.895 4.248 4.123 3.734 3.461 3.868 4.329 5.761 5.092
Edge sharingb 4 2 3 — — — — — —

Lattice energyc (kJ·mol–1) 24.75 0 18.53 49.16 73.05 68.49 8.86 147.78 155.55
CN(Ti) 6 6 6 6 6 6 6 8 7

a Calculated; b Per polyhedron; c Relative to that of rutile [44]; calculated at 0 K and 0 GPa.

 

Figure 2    (a) Evolution in the yearly number of papers and citations (research articles and reviews) related to TiO2 for negative electrode in LIBs and SIBs (Date from
Web of Science). (b) Illustration of the three types of ion storage mechanisms in TiO2: insertion, amorphization, and phase transition, which may occur independently
or concurrently depending on particle size, cycling depth, and electrochemical conditions.
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investigations, particularly those focusing on nanosized TiO2, have
revealed a complete loss of  crystallinity following initial  sodiation
to  0.01  V  (vs.  Na+/Na),  with  the  material  remaining  amorphous
during subsequent cycles [22, 36, 59, 60].

These  conflicting  findings  have  led  to  two  competing
interpretations:  one  supporting  a  reversible  insertion/extraction
mechanism  without  major  structural  phase  transitions,  and  the
other  proposing  an  irreversible  transformation  from  a  crystalline
to  an  amorphous  state  upon  initial  ion  insertion.  Interestingly,
recent  studies  have  further  refined  the  latter  interpretation  by
revealing  that  TiO2 underwent  a  multistep  electrochemically
induced  phase  transformation—from  a  crystalline  to  an
amorphous  structure—followed  by  partial  atomic  rearrangement
that  leads  to  the in  situ formation  of  rock-salt  phase  Li/NaTiO2
nanograins during cycling [61–63].

Although these interpretations are supported by evidence from
a  range  of  advanced  characterization  techniques,  a  unified
consensus  on  the  reaction  mechanism  has  not  yet  been  reached.
Therefore, a comprehensive review of the ion storage mechanisms
in  TiO2 is  essential,  as  it  provides  a  fundamental  basis  for
optimizing its electrochemical performance as a negative electrode
in  both  LIBs  and  SIBs.  Through  systematic  analysis,  we  have
identified  and  summarized  the  predominant  mechanisms
reported to date, as illustrated in Fig. 2(b):

(a)  Reversible  ion  insertion/extraction  with  minimal  lattice
distortion,  typically  observed  in  bulk  TiO2 particles;  (b)
Amorphization-induced  pseudocapacitive  behavior,  prevalent  in
nanosized  TiO2,  where  structural  disorder  facilitates  surface-
controlled  charge  storage;  (c)  Multistep  phase  transformation
mechanisms, which include two main scenarios: (i) formation and
decomposition  of  Li2O  (or  Na2O)  associated  with  the  reduction
and  oxidation  activity  of  metallic  titanium;  and  (ii)  an  initial
crystalline-to-amorphous  transformation  followed  by  partial
structural  rearrangement  and in-situ generation  of  rock-salt-type
Li/NaTiO2 nanograins during subsequent cycling.

Although  several  mechanisms—such  as  reversible
(de)intercalation  and  amorphization—have  been  proposed  based
on  distinct  experimental  observations,  they  are  not  necessarily
mutually  exclusive.  On  the  contrary,  these  processes  may  occur
concurrently  or  sequentially  within  the  same  system  at  different
stages  of  cycling.  The  extent  to  which  partial  recrystallization  or
rock-salt  phase  formation  occurs  is  largely  determined  by  the
crystallite  size  of  TiO2.  When  the  crystallite  size  is  sufficiently
small,  complete  amorphization  followed  by  recrystallization  can
take  place  throughout  the  entire  particle,  leading  to  the
disappearance  of  all  XRD  diffraction  peaks.  In  contrast,  larger
particles  typically  experience  only  surface-limited  amorphization
and phase transition, while the bulk crystalline framework remains
intact;  hence,  XRD  reflections  remain  observable.  This  size-
dependent  structural  evolution  often  accounts  for  the
inconsistencies  among  reported  results  and  contributes  to  the
divergent interpretations of ion storage mechanisms in TiO2-based
electrodes.

 2    Development  of  ion  storage  mechanisms  in
TiO2

 2.1    Chronological development in LIBs
Given  that  the  majority  of  TiO2 applications  in  batteries  have
historically  focused on lithium-ion systems—and considering the
chemical  similarities  between  lithium  and  sodium,  as  well  as  the

early  reliance  of  SIB  research  on  mechanisms  derived  from
lithium-based  systems.  Therefore,  before  discussing  the  sodium-
ion storage mechanisms, it is necessary to first review the lithium-
ion  storage  behavior  in  TiO2,  which  was  also  initially  subject  to
controversy.

TiO2 → Ti(Li+)O2
rearrangement−−−−−→ LiTiO2

In  this  section,  we  briefly  summarize  the  development  of  ion
storage  mechanisms  in  TiO2 for  LIBs  from  a  chronological
perspective.  Since  the  1970s,  TiO2 electrodes  began  to  be
investigated for use in LIBs, and the reaction mechanisms between
lithium  and  TiO2 were  gradually  elucidated  through  a  series  of
studies.  For  example,  in  1979,  Ohzuku  et  al.  [64]  proposed  a
reaction  mechanism  based  on  XRD  analysis,  suggesting  that  the
crystal  structure  of  TiO2(A)  undergoes  a  transformation  during
discharge, resulting in the formation of LiTiO2. They proposed the
following  reaction  pathway: 
where  lithium  ions  diffuse  into  the  TiO2 lattice  to  form  an
intermediate Ti(Li+)O2, which subsequently rearranges into a cubic-
phase  LiTiO2 (Fig. 3(a)).  In  1981,  Bonino  et  al.  [65]  studied
TiO2(A)  with  an average  particle  size  of  0.25  µm and observed a
flat discharge profile at a current density of 0.5 mA·cm–2 with a cut-
off  voltage  of  1  V,  consistent  with  a  single-electron  transfer
process.  However,  their  XRD  analysis  did  not  detect  the
characteristic  peaks  of  LiTiO2 (Fig. 3(b)),  contradicting  the
hypothesis proposed by Ohzuku et al. [64]. However, Bonino et al.’s
findings indicated the formation of another new phase, suggesting
that  the  discharge  process  led  to  the  generation  of  a  novel
stoichiometric compound rather than simple lithium-ion insertion
into the TiO2 lattice.

In  1988,  Atlung  et  al.  [66]  further  investigated  the  lithium
storage  behavior  of  three  titanium dioxide  polymorphs:  TiO2(A),
TiO2(R),  and  TiO2(B).  They  observed  a  distinct  two-phase
equilibrium during lithium insertion into TiO2(A), evidenced by a
constant  voltage  plateau  at  1.815  V  (vs.  Li+/Li0)  in  the
electrochemical curves at 25 °C. When the temperature was raised
to  120  °C,  thereby  enhancing  ion  diffusion,  a  second  plateau
emerged at 1.560 V (vs. Li+/Li0), and the lithium insertion ratio (x
=  Li/TiO2,  molar  ratio)  exceeded  0.5  (Fig. 3(c)).  In  contrast,
lithium insertion into TiO2(B) resulted in a sloped electrochemical
profile without a distinct two-phase equilibrium. For TiO2(R), no
detectable lithium insertion was observed at 25 °C.

Furthermore, after lithium insertion, the electronic conductivity
of both TiO2(A) and TiO2(B) increased significantly (measured on
pressed  powder  pellets  under  70  MPa),  indicating  a  transition
from  insulating  to  conducting  states.  These  findings  suggest  that
Li–Li  interactions  during  insertion  are  strongest  in  TiO2(A),
thereby  promoting  phase  separation,  whereas  in  TiO2(B),  the
weaker  attractive  forces  between  inserted  lithium  atoms  are
insufficient to induce a two-phase transition.

In  2005,  building  on  their  previous  promising  work  on
transition metal oxides [67], Jean-Marie Tarascon’s group further
investigated the influence of crystal size reduction in TiO2(A), with
particle  sizes  ranging  from  76.1  to  6.3 nm  [68].  They  discovered
that  nanostructuring  extends  the  solid-solution  domain  at  the
onset  of  the  electrochemical  reaction  during  the  first  cycle
(Fig. 3(d)). To distinguish between purely capacitive and insertion-
based ion storage, atomic absorption spectrometry was employed
to quantify the number of participating ions. The results revealed
that  decreasing  crystal  size  significantly  enhanced  the
pseudocapacitive  behavior,  a  phenomenon  that  will  be  discussed
in more detail in subsequent sections.

A  year  later,  in  2006,  Yong-Sheng  Hu  et  al.  [69]  reported  the
electrochemical performance of nanosized TiO2(R), which showed
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unexpected  advantages  compared  with  its  micrometer-sized
counterpart  (Fig. 3(e)).  Although  previous  studies  had  generally
reported  negligible  lithium  insertion  into  TiO2(R)  [64, 65, 70],
XRD,  high  resolution  transmission  electron  microscope
(HRTEM)  and  selected  area  electron  diffraction  (SAED)  results
indicated  that  irreversible  structural  changes  at  deeper  lithium
insertion levels (below 1.4 V during the first cycle). The formation
of smaller crystalline grains and amorphous regions was identified
as  the  cause  of  the  sloped  voltage  profile  observed  during  the
second  discharge  process  [71].  Notably,  once  this  special
nanocrystalline  structure  was  formed,  it  remained  stable  and
reversible  during  subsequent  discharge/charge  cycles,  enabling
excellent  capacity  retention.  This  improvement  was  attributed  to
surface-based  lithium  storage  on  nanosized  particles  rather  than
bulk  insertion,  a  behavior  particularly  favorable  for  high-rate
performance.  It  is  important  to  acknowledge  that  this  insightful
concept,  namely,  the  electrochemical  transformation  to  an
amorphous  structure  [72, 73],  has  significantly  inspired  further
mechanistic  studies  on TiO2 and will  be elaborated upon in later
sections.

In  2007,  Wagemaker  et  al.  [74, 75]  employed  neutron
diffraction  to  investigate  the  structural  evolution  of  TiO2(A)  (α-
phase, the Li-poor phase) during lithiation across different particle
sizes,  aiming  to  elucidate  the  impact  of  particle  size  on  lithium
storage  mechanisms.  They  introduced  the  concept  of  phase  and
particle  boundary  strain  as  a  fundamental  framework  to  explain
the  particle-size-dependent  insertion  thermodynamics.  Their
findings  revealed  that  particle  size  played  a  critical  role  in
governing  phase  behavior,  lithium-ion  mobility,  and  overall

electrochemical  performance  (Fig. 3(f)).  For  instance,  7  nm
TiO2(A)  particles  could  accommodate  up  to  Li/Ti≈0.21,  whereas
larger particles (e.g., 120 nm) achieved only Li/Ti≈0.03. As particle
size  decreased,  the  Li-titanate  phase  (β-phase)  became capable  of
incorporating  more  lithium,  and  particles  around  7  nm  in  size
could  be  fully  transformed  into  Li1TiO2 (γ-phase,  the  Li-rich
phase),  thereby  achieving  the  theoretical  maximum  capacity
(Li/Ti = 1).

However,  the  Li1TiO2 phase  exhibits  poor  ionic  conductivity
due  to  the  full  occupation  of  octahedral  voids,  which  hinders
lithium-ion  diffusion.  This  kinetic  limitation  prevents  the
formation  of  the  γ-phase  in  larger  particles,  as  indicated  by  the
“kinetically  restricted” region  in  the  phase  diagram.  In  contrast,
the  reduced  diffusion  path  in  nanosized  particles  alleviates  this
limitation,  allowing  complete  transformation  into  Li1TiO2 and
enabling  solid-solution  reactions  to  occur  even  at  room
temperature.  These  results  explain  why  smaller  particles  can
undergo  full  conversion  to  the  Li-rich  phase,  while  bulkier
particles  are  constrained  by  sluggish  ion  diffusion  during  bulk
insertion.  Nonetheless,  the  study  appears  to  have  overlooked  the
surface adsorption–dominated mechanism proposed earlier by Y.
S. Hu and Maier et al. [69], which also contributes significantly to
lithium storage in nanosized TiO2.

In  2010,  Cabana  et  al.  [76]  systematically  summarized  the
aforementioned  mechanisms  and  highlighted  the  behavior  of
transition  metal  oxides  (including  TiO2)  that  underwent
conversion  reactions  in  LIBs  when  used  as  electrode  materials
(Fig. 3(g)). Many transition metal compounds lack vacant sites in
their  crystal  structures,  making  conventional  insertion  reactions

 

Figure 3    Brief timeline of the milestones in the development of TiO2 electrode materials for LIBs battery applications. (a) In 1979, Ohzuku et al.  Reproduced with
permission from Ref. [64], © 1979 Published by Elsevier Ltd. (b) In 1981, Bonino et al. Reproduced with permission from Ref. [65], © 1981 Published by Elsevier B.V.
(c)  In  1988,  Atlung  et  al.  Reproduced with  permission from Ref.  [66],  © 1988  Published  by  Elsevier  B.V.(d)  In  2005,  Jean-Marie  Tarascon et  al.  Reproduced with
permission from Ref. [68], © The Royal Society of Chemistry 2005. (e) In 2006, Yong-Sheng Hu et al. Reproduced with permission from Ref. [69], © 2006 WILEY-
VCH Verlag GmbH & Co. KGaA, Weinheim. (f) In 2007, Wagemaker et al. Reproduced with permission from Ref. [74], © 2007 American Chemical Society. (g) In
2010, Cabana et al. Reproduced with permission from Ref. [76] © 2010 WILEY‐VCH Verlag GmbH & Co. KGaA, Weinheim. (h) In 2011, Hui Xiong et al.
Reproduced with permission from Ref.  [77] © 2012 American Chemical Society. (i) In 2012, Peter G. Bruce et al. Reproduced with permission from Ref. [78]  ©
2012 WILEY‐VCH Verlag GmbH & Co. KGaA, Weinheim and from Ref. [79], © 2012 American Chemical Society.
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thermodynamically  or  kinetically  unfavorable.  As  a  result,  such
materials  were  initially  disregarded  as  potential  electrodes.  To
explain  the  observed  large  irreversible  capacity  losses  and
amorphous structural transformations commonly associated with
metal  oxide  negative  electrodes,  alloying and conversion reaction
mechanisms were subsequently proposed.

The conversion mechanism, in particular, involves the complete
reduction of the transition metal and the simultaneous formation
of a lithium-containing binary compound matrix (e.g., Li2O). The
reversibility  of  this  process  appears  to  depend  on  the  repeated
formation  and  decomposition  of  this  matrix  during  cycling.
Notably,  this  mechanism  differs  fundamentally  from  the  well-
established insertion/deinsertion and alloying processes, offering a
distinct  route  to  energy  storage  in  TiO2 and  other  metal  oxide
electrodes.  In  2011,  H.  Xiong  et  al.  [77]  synthesized  amorphous
TiO2 nanotubes  (TiO2NTs)  via  electrochemical  anodization  of
titanium  foil  for  use  as  electrodes  in  lithium  half-cells.  Using  a
combination of synchrotron XRD, X-ray absorption spectroscopy
(XAS),  HRTEM, and computational  methods,  they were the first
to  report  an  electrochemically  driven  transformation  of
amorphous  TiO2NTs  into  a  cubic  crystalline  phase.  This  newly
formed  cubic  phase,  with  a  stoichiometry  approaching  Li1Ti1O2,
exhibited  excellent  long-term  cycling  stability  and  enhanced
capacity and power performance. Their XRD analysis showed no
significant  structural  changes  during  cycling  above  1.1  V.
However,  cycling  at  potentials  below  1.1  V  induced  a  distinct
voltage  plateau,  indicative  of  an  irreversible  phase  transition  and
the  formation  of  a  new  crystalline  phase  (Fig. 3(h)).  This  phase
exhibited a highly symmetric rock-salt structure, in which Ti and
Li  atoms  were  randomly  distributed  among  all  octahedral  sites
within an almost  ideal  cubic  close-packed oxygen lattice.  Further
calculations revealed that lithium-ion diffusion in the cubic LiTiO2
structure  had  a  remarkably  low  activation  energy  barrier  of
0.257  eV,  substantially  lower  than  that  in  TiO2(A)  (~0.5  eV).
Moreover,  molecular  dynamics  simulations  indicated  that  Li+

diffusion in the fully  lithiated cubic  LiTiO2 phase was faster  than
in  fully  lithiated  amorphous  TiO2NT,  explaining  its  superior
power capability.

These  findings  suggest  that  the  insertion/extraction  of  Li+ ions
in  TiO2NTs  triggers  a  structural  evolution  into  a  new  crystalline
phase  that  is  better  suited  for  high-performance  energy  storage.
This  electrochemically  induced  phase  transformation  presents  a
modular  and  tunable  approach  for  designing  novel  battery
materials  with  tailored  physical  and  chemical  properties—a
concept that will be explored further in subsequent sections.

In  2012,  the  group  led  by  Peter  G.  Bruce  [78, 79]  further
analyzed the lithium storage mechanisms of TiO2(A) and TiO2(B).
Thery  found  that  TiO2(A)  underwent  a  multi-phase  transition
sequence, comprising a Li-poor tetragonal phase (LixTiO2, x<0.08),
an  orthorhombic  phase  (LixTiO2, x=0.5)  and  a  Li-rich  tetragonal
phase  (LixTiO2, x=1),  analogous  to  the  mechanism  previously
reported  by  Wagemaker  et  al.  (Fig. 3(l)).  The  discharge  curves
revealed three distinct voltage regions: Region A (slope area from
2  to  1.75  V),  Region  B  (plateau  area  of  1.75  V)),  and  Region  C
(from 1.75 to1.0 V, a pseudo-plateau followed by a sloping tail).

In  region  A,  most  studies  attributed  the  behavior  to  lithium
insertion  into  the  Li-poor  tetragonal  anatase  lattice  via  a  solid-
solution  mechanism  [46, 68, 74, 76, 80].  Other  studies,  however,
suggested  that  lithium  storage  in  this  region  was  also  involved
surface adsorption [69, 81–83]. Both mechanisms proceed without
phase  nucleation  and  are  strongly  influenced  by  reduced  particle
and  crystal  size.  Region  B  is  characterized  by  a  typic  two-phase

coexistence between the orthorhombic Li0.5TiO2 phase and the Li-
poor  tetragonal  LixTiO2 phase.  The  length  of  plateau  increased
with  particle  size,  as  the  two-phase  transformation  is
thermodynamically sluggish, particularly in bulk materials [84]. In
Region  C,  the  low-voltage  sloping  tail  is  more  pronounced  in
samples  with  smaller  crystal  sizes,  allowing  further  lithium
insertion into TiO2.  Some studies attributed this to the formation
of  a  Li-rich  tetragonal  phase  (Li0.5+xTiO2),  where x is  size-
dependent.  Others  proposed  that  interfacial  lithium  storage
[81–83]  or  electrolyte  decomposition  and  solid  electrolyte
interphase  (SEI)  formation  [47, 85].  To  clarify  the  origin  of  this
region,  researchers  compared  different  TiO2(A)  samples  with
different  surface  areas,  including  nanotubes  (NT,  220  m2·g−1),
mesoporous  nanoparticles  (M-NP,  205  m2·g−1)  [86],  and  small
nanoparticles (S-NP, 286 m2·g−1). Unexpectedly, NT (218 mAh·g−1)
and  M-NP  (202  mAh·g−1),  which  had  smaller  surface  areas,
delivered higher capacities in Region C than S-NP (175 mAh·g–1).
These results suggest that interfacial lithium storage and electrolyte
decomposition may not fully account for the capacity in Region C,
as such mechanisms would typically scale with surface area.

In the same year, Belak and van der Ven et al. [87] conducted a
comprehensive  first-principles  statistical  mechanical  study  to
investigate  the  thermodynamic  and  kinetic  properties  of  the
lithiation  process  in  TiO2(A).  Their  results  shed  light  on  the
fundamental  limitations  of  this  material  in  LIBs.  Although  the
tetragonal  unit  cell  of  TiO2(A)  can theoretically  host  one  lithium
per titanium atom, bulk TiO2(A) typically only achieved Li0.5TiO2,
undergoing  a  tetragonal-to-orthorhombic  phase  transition
commonly  reported  as  the  upper  limit  of  lithium  insertion
[88, 89].  However,  in  Li0.5TiO2,  lithium  diffusion  is  restricted  to
one  dimension  along  strain-invariant  interfaces,  hindering  ion
transport across phase boundaries and limiting capacity [90]. Only
nanostructured  TiO2(A)  can  support  full  lithiation  to  LiTiO2.
Furthermore,  first-principles  calculations  revealed  that  lithium
diffusion in the fully lithiated Li1TiO2 phase was significantly lower
than  in  TiO2 or  Li0.5TiO2,  due  to  the  absence  of  distorted  Ti–O
octahedra, which otherwise facilitated ion mobility. This transition
and  reduction  ion  diffusion  are  analogous  to  those  observed  in
previous studies.

In  brief,  substantial  progress  has  been made in  elucidating the
electrochemical  behavior  of  TiO2 in  LIBs,  with  the
insertion/extraction  mechanism  remaining  the  most  widely
accepted framework. However, two critical factors warrant further
attention:  (a)  Crystal  size  plays  a  pivotal  role  in  ion  storage
behavior  and  should  be  considered  a  key  parameter  in  material
design;  (b)  First-cycle  capacity  loss  cannot  be  fully  explained  by
interfacial lithium storage or electrolyte decomposition alone. It is
therefore essential to investigate whether lithium insertion induces
structural  or  textural  modifications,  potentially  leading  to  phase
transitions.

We  strongly  recommend  that  researchers  focus  on  the  first
cycle, as irreversible capacity loss at deeper lithiation levels (below
1  V)  suggests  underlying  structural  changes.  In  particular,  the
irreversible  formation  of  nanoscale  crystalline  grains  and
amorphous  regions  reported  by  Jean-Marie  Tarascon and Yong-
Sheng Hu et  al.  [67, 69],  as  well  as  the  electrochemically  induced
transformation  of  amorphousTiO2 into  a  cubic  crystalline  phase
observed by Xiong et al. [77], merit continued investigation.

Based  on  a  chronological  analysis  of  the  literature  and
experimental  evidence,  we  identify  three  prevailing  ion  storage
mechanisms  as  follows:  (a)  a  reversible  ion  insertion/extraction
mechanism,  (b)  an  amorphization-induced  pseudocapacitive
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mechanism,  and  (c)  a  multistep  phase  transition  mechanism.
Although these  mechanisms originate  from distinct  experimental
observations,  they  are  not  necessarily  mutually  exclusive.  On  the
contrary, they may operate concurrently or sequentially within the
same  system,  depending  on  the  material  structure,  cycling
conditions, and state of charge, as will be discussed later.

 2.2    Reversible insertion/extraction mechanism
Building on the success of TiO2 as a negative electrode for LIBs, its
potential  application  in  SIBs  has  garnered  growing  interest.
However,  sodium  exhibits  distinct  physical  and  chemical
properties,  such  as  a  larger  ionic  radius  and  different
thermodynamic  behavior,  which  may  result  in  fundamentally
different  storage  mechanism in  TiO2.  For  instance,  while  lithium
can intercalate into graphite, Na-intercalated graphite compounds
are thermodynamically unstable [91]. Consequently, the larger Na+

radius  and sluggish diffusion kinetics  induce greater  lattice  strain
and  localized  disorder  in  TiO2,  thereby  enhancing  ion
insertion–induced lattice distortion. This process ultimately causes
the  surface  crystalline  layer  of  TiO2 to  undergo  amorphization,
which  serves  as  the  crucial  precursor  for  nucleation  and  the
subsequent  formation  of  cubic  rock-salt  Li/NaTiO2 nanograins.
However, in contrast to the relatively well-understood lithium-ion
storage  in  TiO2,  sodium-ion  storage  remains  more  elusive,  with

conflicting reports in the literature posing a major challenge to the
development of high-performance TiO2-based negative electrodes.
Therefore,  the  following  section  focuses  on  the  sodium  storage
mechanism  of  TiO2,  critically  examining  the  historical
development  and  ongoing  debate  surrounding  its  storage
mechanism.

The first  study employing TiO2 as  a  negative electrode in SIBs
was  also  conducted  by  H.  Xiong  et  al.  ,  who  directly  grew
amorphous  TiO2NTs  on  titanium  foil  via  same  electrochemical
anodization  (Fig. 4(a)).  The  sodium  storage  performance  of
TiO2NTs was evaluated using 1 M NaClO4 in propylene carbonate
(PC) as the electrolyte and sodium metal as the counter electrode.
The results showed that only large-diameter amorphous TiO2NTs
(inner diameter>80 nm) exhibited a gradually increasing capacity
of  up  to  120  mAh·g–1 at  50  mA·g–1 (Fig. 4(b) and  inset),  whereas
narrower  nanotubes  (<45  nm  inner  diameter,  10  nm  wall
thickness) and crystalline phases such as anatase and rutile did not
exhibit significant Na+ insertion. From these findings, the authors
inferred  that  the  significant  size  mismatch  between  Ti  and  Na
ions, along with the higher Na+ diffusion barrier compared to Li+,
requires  a  higher  sodium  concentration  to  establish  a  sufficient
electric field for effective insertion.

Furthermore, XAS revealed a reduction in the Ti oxidation state
upon  Na+ insertion,  confirming  successful  Na+ insertion  into

 

Figure 4    (a) Microstructure SEM micrographs of nanoscale amorphous TiO2NT grown on a Ti substrate. (b) Charge/discharge galvanostatic curves of amorphous
80 nm I.D. TiO2NT in Na half cell (red for discharge and black for charge) cycled between 2.5 and 0.9 V versus Na/Na+ at 50 mA·g–1. (c) Ti K-edge XANES spectra of
TiO2NT electrodes in Pre-edge region. (a-c) Reproduced with permission from Ref. [41], © 2011 American Chemical Society. (d) TiO2(A) nanocrystals (ANC), TEM
with indexed SAED and lattice fringe inserts. (e) Charge/discharge galvanostatic curves of ANC, tested at a rate of 50 mA·g–1. (f) CV curves of ANC, tested at a rate of
1 mV·s–1. (d-f) Reproduced with permission from Ref. [93], © 2013 The Royal Society of Chemistry. (g) High-magnification SEM image for G-TiO2. (h) Efficiencies of
the  four  G-TiO2 electrodes  with  different  treatments.  (i)  CV  curves  of  G-TiO2 (scan  rate:  0.1  mV·s–1).  (g‒i)  Reproduced  with  permission  from  Ref.  [94],  ©  2015
Macmillan Publishers Limited.
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amorphous  TiO2NTs.  However,  X-ray  absorption  near-edge
structure  (XANES)  spectra  indicated  increased  crystallinity  in
TiO2NTs  after  Na+ insertion  (Fig. 4(c)).  This  structural  evolution
suggests that Na+ insertion promotes the development of medium-
range order in amorphous TiO2NTs upon cycling, as evidenced by
the  emergence  of  main-edge  peaks  resulting  from  higher-order
multiple scattering [92].

Although  ion  storage  initially  follows  a  surface-controlled
capacitive mechanism due to the rapid diffusion in the amorphous
TiO2NTs structure, prolonged cycling induces a gradual transition
to  a  mixed  mechanism,  incorporating  both  diffusion-controlled
and  capacitive  processes.  This  evolution  coincides  with  the
enhanced  crystallinity  in  TiO2NTs.  This  phenomenon  may
indicate the in-situ formation of new phases, which will be further
discussed in the phase transition section.

Two years later, Xu and Mitlin et al.  [93] further reported that
crystalline  TiO2(A)  nanomaterials  (ANC, Fig. 4(d))  for  SIBs  also
operate  based  on  a  reversible  Na-ion  insertion–extraction
behavior.  They  claimed  that  the  current  observed  at  0.8‒0.0  V
during  the  first  cathodic  scan  in  cyclic  voltammetry  (CV)  is
attributed to the irreversible formation of the SEI with a relatively
low initial Coulombic efficiency (ICE) of 41.9%. However, similar
to LIBs, electrolyte decomposition alone may not fully account for
the  observed  first-cycle  capacity  loss.  Given  that  metal  oxides
typically  exhibit  fewer  interfacial  side  reactions  and  higher  Na+

diffusion energy barriers, the first-cycle irreversibility is more likely
associated  with  sodium  insertion-induced  structural  or  textural
changes.  These  modifications  may  trigger  an  amorphization
process and result in the irreversible trapping of sodium within the
TiO2 lattice  during  the  initial  cycle,  a  phenomenon  that  will  be
discussed in further detail in subsequent sections.

In 2015, Chen et al. [94] demonstrated that the Na+ insertion in
TiO2/graphene nanocomposites (G-TiO2, Fig. 4(g)) enabled high-
rate  capability  and  long  cycle  life  in  SIBs,  primarily  through  a
pseudocapacitance storage mechanism rather than a conventional
insertion  or  alloying  reaction.  This  hybrid  G-TiO2 electrode
delivered  a  specific  capacity  of  exceeding  90  mAh·g–1 at  an
ultrahigh current density of 12,000 mA·g–1 (36C), with an average
voltage  plateau  around  0.8 V.  The  voltage  is  notably  lower  than
those typically observed in LIBs, such as 1.4 V for TiO2(R), 1.5 V
for TiO2(B) and 1.75 V for TiO2(A) [46, 68, 69]. The lower plateau
suggests  that  sodium  insertion  into  TiO2 requires  a  higher
electrochemical driving force, likely due to the greater ionic radius
of Na+ and its associated higher diffusion barrier compared to Li+.

Furthermore,  a  significant  irreversible  capacity  loss  was
observed during the initial cycles, with an ICE of only 31.4%. The
irreversible  behavior  observed  in  CV  curves  during  early  cycles
further  supports  the  occurrence  of  a  structural  phase  transition
into  an  amorphous  state.  This  amorphization  process  is  believed
to be responsible for the emergence of pseudocapacitive behavior
in  the  G-TiO2 electrode,  an  effect  that  will  be  discussed  in  more
detail in later sections.

Among  the  proposed  sodium  storage  mechanisms,  the
insertion/deinsertion  mechanism  remains  the  most  widely
accepted.  To  investigate  this  predominantly  reversible  insertion
process,  numerous  studies  have  employed ex-situ and in-situ
characterization  techniques,  which  often  reveal  unchanged
diffraction  peaks  of  crystalline  TiO2 in  both  sodiated  and
desodiated  states,  supporting  a  reversible  insertion  mechanism
without  significant  structural  changes  [54, 56, 57, 95].  For
example,  in  2014,  Khalil  Amine  et  al.  [54]  synthesized  pitch
carbon-coated  TiO2(A)  nanorods  via  a  hydrothermal  method.

These  nanorods  exhibited  a  large  initial  discharge  capacity
exceeding 700 mAh·g−1 but a charge capacity of only 193 mAh·g−1,
resulting in an ICE of less than 30% (Fig. 5(a)). Remarkably, even
when  the  discharge  cutoff  voltage  was  raised  to  0.8  V,  the
irreversible  capacity  loss  still  exceeded  300  mAh·g−1 (with  ICE  <
2%).  Since  such  high  voltages  are  unlikely  to  trigger  significant
side  reactions  with  the  electrolyte  [96, 97],  this  observation
highlights  the  importance  of  understanding  the  irreversible
processes linked to the phase transition process.

Ex-situ XANES  analysis  indicated  significant  spectral  shifts
between  point  3  and  4  (curve x in Fig. 5(b) and  inset
corresponding  to  point x in Fig. 5(c)).  These  included  a  shift  to
lower  energies  and a  slight  enhancement  of  the  edge-front  peaks
(see  inset  of Fig. 5(b)),  which  were  attributed  to  ligand-field
changes associated with amorphization. Although partial recovery
of  the  spectrum  was  observed  upon  charging,  the  pre-edge
features  did  not  fully  return  to  those  of  the  pristine  TiO2(A)
electrode, indicating an irreversible alteration in the local structure
or ligand environment. If the conversion reaction were dominant,
the TiO2(A) structure would be expected to irreversibly transform
into metallic Ti at full discharge.

However,  based  on ex-situ XRD,  high-resolution  TEM,  and
SAED pattern analyses (Figs. 5(c) and 5(d)), the authors reported
that  the  TiO2(A)  framework  did  not  convert  into  Ti  metal  or  a
fully  amorphous  phase,  even  after  deep  discharge  to  0.01  V.
Instead,  it  retained  structural  integrity  and  exhibited  a  reversible
Ti4+/3+ redox  process,  even  after  prolonged  cycling.  A  year  later,
Yang-Kook Sun et al. [56] further emphasized that the sodium-ion
storage  mechanism  in  TiO2(A)  was  predominantly  governed  by
the  reversible  insertion/extraction  of  Na+ into/out  of  the  anatase
phase,  based  on  Ti4+/3+ redox  couple.  This  conclusion  was
supported  by  the  fact  the  observed  capacity  does  not  exceed  the
theoretical limit, and no additional peaks are detected in the XRD
patterns (Fig. 5(e)).

However, the absence of the (101) main peak, coupled with the
rapid oxidation of discharged (sodiated) electrodes upon exposure
to  air  may  compromise  the  reliability  of  the ex-situ XRD  data.
Moreover,  the  blurred  SAED  pattern  after  discharge  (Fig. 5(d),
inset 4) suggests a loss of long-range crystallinity, an indication of
partial  amorphization.  Interestingly,  after  100  cycles,  the
reappearance  of  distinct  diffraction  spots  in  the  SAED  pattern
indicates  partial  recrystallization  during  cycling,  a  phenomenon
that  was  overlooked  in  their  discussion  and  will  be  further
examined in the section on multistep phase transitions, as it  may
involve the formation of a new rock-salt phase.

Similar  reversible  insertion/extraction  mechanism  has  been
reported in recent studies.  For example,  Li et al.  [98] used in-situ
XRD  to  show  that  the  primary  diffraction  peaks  of  TiO2(A)  did
not shift during cycling, and no new peaks emerged (Fig. 5(f)). In-
situ Raman spectroscopy further revealed that the 152 cm–1 peak,
attributed  to  the  Ti–O  stretching  vibration  on  the  (101)  plane,
exhibited  a  reversible  behavior  similar  to  the in-situ XRD  results
(Fig. 5(h)), indicating nearly reversible Na+ insertion/extraction.

However,  closer  inspection  of  the  XRD  region  between  23.5°
and 26.5° (Fig. 5(f), inset color mapping) showed a gradual decline
in  peak  intensity  during  initial  sodiation.  This  behavior  was
attributed to an amorphous process, in which TiO2(A) irreversibly
transforms into a sodiated amorphous phase during the first cycle.
This  interpretation  was  supported  by  XPS  fitting  of  electrodes
discharged  to  various  states  of  charge  (SOC)  (Fig. 5(g)).  At  a
discharge  cutoff  of  0.01  V  (State  4),  approximately  0.70  Na+ was
inserted  per  TiO2 unit  (Na0.7TiO2),  while  at  the  end  of  charging
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(State  7),  approximately  0.2  Na+ remained  irreversibly  trapped,
further  supporting  the  irreversible  nature  of  the  first-cycle
amorphous process.  However,  a detailed mechanistic explanation
of this transformation remains lacking.

Nevertheless,  a  significant  irreversible  capacity  loss  is  typically
observed during the first  cycle,  followed by a  gradual  decrease in
the intensities of XRD diffraction peaks during subsequent cycles,
an  evolution  that  remains  poorly  understood.  To  explain  these
phenomena,  one  could  consider  the  conversion  reaction
mechanism  proposed  by  Jean-Marie  Tarascon  and  Wu  et  al.
[49, 67],  in  which  TiO2 was  reduced  to  metallic  Ti  during  deep
sodiation. If this mechanism were dominant, XRD patterns should
exhibit a characteristic diffraction peak of metallic Ti at 40.2° (Cu
Kα，λ=1.5406 Å), along with features indicative the formation of
amorphous binary compound matrix (e.g., Na2O). Interestingly, in
a  separate  study,  a  gradual  reduction  in  the  intensities  of  all
diffraction  peaks  was  clearly  observed  during  the  discharge
(Fig. 5(i))  [58],  strongly  suggesting  that  TiO2 transitions  into  an
amorphous  state  after  the  first  cycle.  However,  their  SAED
patterns  obtained  after  10,000  cycles  revealed  the  emergence  of
crystalline diffraction rings, implying that a crystalline structure is
reformed during long-term cycling. This structural reorganization,
potentially  representing  a  reversible  amorphous-to-crystalline
transition,  will  be  discussed  in  detail  in  the  following  multistep
phase transformation section.

 2.3    Amorphization  inducing  pseudocapacitive
mechanism
While  early  studies  described  ion  storage  in  TiO2 as  a  purely
insertion-driven  process,  discrepancies  in  experimental
observations  suggest  that  the  underlying  storage  mechanisms are
more  complex  and  require  further  investigation.  For  example,
multiple  reports  have  shown  that  upon  discharging  to  low
potentials,  the  main  diffraction  peaks  of  TiO2 gradually
disappeared  or  exhibit  significant  broadening,  indicative  of  an
amorphization  process.  Even  after  recharging  to  3.0  V,
the original crystalline structure was not recovered, suggesting an
irreversible  amorphous  transformation  during  the  initial  sodium
insertion  [22, 36, 59].  Other  studies  focusing  on  nanosized  TiO2
particles  (crystal  size  <  10  nm)  have  reported  complete  loss  of
crystallinity after the first discharge to 0.01 V, with the amorphous
state  remaining  stable  throughout  subsequent  electrochemical
cycles [77, 99].

For instance, Cha et al. [60] synthesized TiO2(A) nanoparticles
(5–8 nm) via a  hydrothermal method and observed,  through ex-
situ XRD and TEM analyses (Fig. 6(a)), a clear loss of crystallinity
upon  sodiation,  suggesting  a  structural  phase  transformation.
Additionally,  the  originally  white  TiO2(A)  electrode  turned  black
after  discharge,  implying  the  formation  of  a  new  phase.
Interestingly,  after  washing  the  discharged  electrode  with

 

Figure 5    Schematic illustration of the reversible insertion/extraction behavior of TiO2. (a) First discharge curve of different carbon-coated nanorod TiO2(A). (b) Ex-
situ XRD  patterns  and  (inset)  XANES  K-edge  spectra  of  2.9  wt.%  carbon-coated  TiO2(A)  nanorods  at  various  states  of  charge  (SOC)  with  each  spectrum
corresponding to a different SOC point as shown in (c) corresponding charge–discharge curve. (d) HR-TEM images and SAED pattern of the pristine sample (points 1
and 4), and SAED pattern with TEM image of extensively cycled electrode. (a‒d) Reproduced with permission from Ref. [54], © 2014 American Chemical Society. (e)
ex-situ XRD patterns of TiO2(A). Reproduced with permission from Ref. [56], © 2015 Elsevier Ltd. (f) In-situ XRD patterns of TiO2(A) in the 20.0°‒55.0° diffraction
range and the surface color mapping between 23.5° and 26.5° (inset). (g) Ti 2p XPS spectra of TiO2(A) collected at different SOC. (h) in-situ Raman spectra of TiO2(A)
in the 50.0‒800.0 cm–1. (f‒h) Reproduced with permission from Ref. [98], © 2022 Li, F. J. et al. (i) ex-situ XRD patterns of TiO2(A) during 1st cycle with enlarged (101)
and (004) crystal face inset. Reproduced with permission from Ref. [58], © 2024 Wiley-VCH GmbH.
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deionized  water,  the  TiO2(A)  diffraction  peaks  reappeared,
indicating  partial  reversibility.  Similarly,  Passerini  et  al.  [49]
observed a gradual decline and eventual disappearance of TiO2(A)
XRD  reflections  upon  sodiation  in  nanoparticulate  samples
(<30 nm).  As  shown  in Fig. 6(b),  anatase-related  peaks  vanished
almost entirely at the end of discharge (0.1 V) and did not recover
upon charging to 2 V. This significant irreversible capacity led the
authors  to  suggest  that  a  conversion-like  mechanism  may  be
involved (Fig. 6(c)). In this mechanism, TiO2(A) initially forms an
intermediate sodium titanate phase, which then disproportionates
into a secondary sodium titanate phase and is partially reduced to
metallic  titanium,  a  hypothesis  that  will  be  discussed  in  phase
transition section later.

Le et al. [51] synthesized nanosized TiO2(A) (average grain size
~8.1 nm, calculated via the Scherrer equation) using a microwave-
assisted solvothermal method. Ex-situ XRD analysis  revealed that
nearly  all  diffraction  peaks  of  the  fresh  electrode  (Fig. 6(d),
position  1)  disappeared  after  discharge  to  0.01  V  (position  2),

indicating a complete transition to an amorphous structure upon
sodium  insertion.  Upon  recharging  to  3  V  (position  3),
crystallinity was partially  recovered,  though with notable shifts  in
peak  positions  and  intensities,  which  was  consistent  with  the
findings  reported  by  Han  et  al.  [58]  This  partially  reversible
amorphous phase was maintained after five galvanostatic cycles at
1 C, suggesting structural reversibility following the first cycle.

The  amorphization  process  was  further  confirmed  by  XAS
analysis  [36].  The  results  demonstrated  that  the  local  bonding
environment  of  the  electrode  material  evolved  during  the
discharge/charge  process,  indicating  that  the  TiO2(A)  electrode
undergoes  amorphization  during  the  first  sodiation,  and that  the
resulting  amorphous  phase  exhibits  pseudocapacitive  sodium
storage  behavior  in  subsequent  cycles.  Specifically,  after  the  first
sodiation,  a  new  peak  (P2)  at  4970.7  eV  emerged,  which  is
recognized  as  a  characteristic  feature  of  amorphous  sodium
titanate within the pre-edge region (4968–4977 eV) of the XANES
spectra.  Even  after  desodiation,  the  electrode  displayed  a  broad

 

Figure 6    Schematic illustration of the amorphous phase transition behavior of TiO2.  (a) XRD patterns of TiO2 electrodes in three different states.  a.  pristine (black
line;  white-colored  electrode).  b.  After  sodiation  (red  line;  black-colored  electrode).  c.  After  washing  with  deionized  water  (blue  line;  yellow-colored  electrode).
Reproduced with permission from Ref. [60], © 2014 The Royal Society of Chemistry. (b) XRD patterns of pristine and cycled electrodes at different SOC reveal that
nearly all anatase-related reflections disappear completely after discharging. (c) Schematic illustration of the conversion reaction mechanism, involving the formation of
metallic titanium, sodium superoxide, and an amorphous sodium titanate phase. (b, c) Reproduced with permission from Ref. [49],  © 2014 WILEY‐VCH Verlag
GmbH & Co. KGaA, Weinheim. (d) XRD patterns of TiO2 at different electrochemical states: (1) pristine, (2) after the first discharge to 0.01 V, (3) after the first
charge to 3 V, and (after cycles) at 3 V after five cycles at 1 C. Reproduced with permission from Ref. [51], © 2017 American Chemical Society. (e) Ti-K edge XANES
spectra of TiO2 during the first two cycles. (f) Corresponding FT magnitude of k3-weighted EXAFS spectra. (e, f) Reproduced with permission from Ref. [36], © 2018
WILEY‐VCH Verlag GmbH & Co. KGaA, Weinheim. (g) In-situ Raman spectroscopy of TiO2(A) during the first cycle using an EC/DEC-based electrolyte (R.S.:
Raman shifts). Reproduced with permission from Ref. [59], © 2019 Li, K. K. et al. (h) In-situ XRD patterns and corresponding ex-situ HR-TEM images at different
SOC indicate a continuous crystalline-to-amorphous transition initiating at the particle surface and gradually progressing inward. Scale bar: 10 nm. Reproduced with
permission from Ref. [22], © 2023 Wei, Q. L. et al.
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peak  near  P2,  resembling  the  spectral  features  of  amorphous
TiO2(A) reported in the literature, though its precise interpretation
remains inconclusive.  Moreover,  the absence of  the characteristic
TiO2(A) fingerprint after the first charge supports the irreversible
amorphization of the TiO2(A) electrode upon sodiation (Fig. 6(e)).

In  contrast,  Bella  et  al.  [100]  proposed  a  contradictory
conclusion  that  challenges  the  amorphization  conversion
mechanism.  They  compared  the  electrochemical  behaviors  of
amorphous  nanotubular  TiO2 (80  nm  diameter),  prepared  by
anodic oxidation on Ti foil,  and crystalline TiO2(A),  obtained via
thermal  annealing  at  450  °C  in  air.  The  amorphous  sample
exhibited continuous capacity fading, while the crystalline sample
showed  an  abrupt  capacity  enhancement  after  several  cycles.
According to the previous discussion, Na+ insertion into TiO2(A)
is  expected  to  induce  structural  changes  or  generate  new
crystalline  phases.  However,  their ex-situ XRD  analysis  showed
that  the  crystallinity  of  both  samples  remained  unaffected  by
sodiation and desodiation, with no evidence of sodium titanate or
metallic Ti phases observed in their XRD. It is important to note
that  the  nanotubular  TiO2 produced  via  anodic  oxidation  is
typically  too  thick  to  enable  effective  Na+ diffusion,  which  may
suppress  amorphization  and  hinder  the  detection  of  phase
transitions.  This  kinetic  limitation  may  partially  explain  the
inconsistencies  reported  across  different  studies  regarding  the
amorphization storage mechanism of TiO2.

More  importantly,  Tong-Yi  Zhang  et  al.  [59]  found  that
electrolyte also played a vital role in the amorphization process of
TiO2.  They  synthesized  TiO2(A)  nanocrystals  (~16  nm)  using  a
solvothermal method and compared the electrochemical behavior
in  two  different  electrolytes:  diglyme-based  and  EC/DEC-based
systems. A clear difference in ICE was observed between the two
electrolytes. In-situ Raman  spectroscopy  further  revealed  distinct
structural evolutions depending on the electrolyte used (Fig. 6(f)).
In the EC/DEC-based electrolyte,  full  amorphization of TiO2 was
achieved  only  after  approximately  four  cycles,  indicating  lower
accessible  capacity.  In  contrast,  in  the  diglyme-based  electrolyte,
amorphization  occurred  entirely  during  the  first  discharge,
enabling  higher  Na+ storage.  Moreover,  CV  dynamic  analysis
showed  significantly  lower  polarization  in  the  diglyme-based
system, suggesting more favorable sodiation kinetics for the TiO2
electrode.  This  difference  in  kinetics  may  also  help  explain  the

conflicting reports regarding the extent of amorphization in earlier
studies.

Inspired  by  these  findings,  Xu  and  Wei  et  al.  [22, 36]  also
employed a diglyme-based electrolyte and, through a combination
of in-situ and ex-situ techniques, confirmedthat TiO2(A) electrode
underwent  amorphization during the first  sodiation process.  The
resulting  amorphous  phase  exhibited  pseudocapacitive  sodium
storage behavior during subsequent cycles.

In-situ XRD revealed that as the electrode was discharged from
3 to 0.5 V, the intensity and shape of the primary (101) diffraction
peak  remained  unchanged,  indicating  the  preservation  of  the
pristine  anatase  structure.  However,  further  discharge  to  0.01 V
resulted  in  peak  broadening  and  eventual  disappearance
(Fig. 6(g)),  confirming  the  amorphization  of  the  TiO2 structure.
During  the  following  desodiation  process,  the  amorphous  phase
was  retained. Ex-situ HRTEM  images  of  TiO2 at  different
sodiation  states  showed  a  progressive  shrinkage  of  crystalline
domains  from  the  particle  shell  toward  the  core,  illustrating  a
gradual  crystalline-to-amorphous  transition.  It  is  important  to
note that in many previous studies, the amorphous layer has often
been  conflated  with  the  SEI,  leading  to  significant  confusion  in
interpreting the underlying structural changes.

To  clarify  these  discrepancies,  we  summarize  the  most
influential  factors  contributing  to  the  variation  in  reported
amorphization behavior in Table 2. Among them, crystal size is a
particularly  critical  factor,  as  smaller  particle  sizes  favor
amorphization  and  pseudocapacitive  behavior.  Additionally,
electrolyte  composition  and  cut-off  voltage  are  shown  to  play
crucial  roles  in  determining  whether  amorphization  occurs.
Specifically,  when  a  diglyme-based  electrolyte  and  a  low  cut-off
voltage  are  used,  amorphization  is  consistently  observed.
Moreover,  the  addition  of  fluoroethylene  carbonate  (FEC)  often
results in an abnormally high initial discharge capacity, which may
further  complicate  the  interpretation  of  amorphization  behavior
and must be considered carefully in future mechanistic studies.

It  is  worth noting that TiO2-based negative electrodes typically
exhibit  low  ICE  during  the  first  cycle,  as  reported  in  numerous
studies [22, 36, 51, 59]. This behavior cannot be fully attributed to
the  formation  of  SEI  alone.  Since  such  high  voltages  are
insufficient  to  cause  significant  electrolyte  decomposition.  Given
the  intrinsically  poor  electronic  and  ionic  conductivities  of  TiO2,

 

Table 2    Factors influencing the amorphization process

Year Phase IDCa (mAh·g–1) ICEb (%) Particle size (nm) Crystal size (nm) Electrolytec Amorphization Ref.

2014 TiO2(A) 740(0‒3 V) 26 — ~ 10 1 M NaClO4 in PC:FEC (98:2 v/v) No [54]

2014 TiO2(A) 531(0.01‒3 V) — — < 8 1 M NaClO4 in EC/DEC (1:1 v/v) Yes [60]

2015 TiO2(A) 357(0.1‒2 V) 44 30 — 1 M NaClO4 in EC:PC4* (1:1 v/v) Yes [49]

2015 TiO2(A) 693(0.1‒2 V) 36 < 10 — 0.5 M NaPF6In PC:FEC (98:2 v/v) No [56]

2017 TiO2(A) 129(0.1‒2.5 V) 37 80 — 1 M NaClO4 in PC No [100]

2017 TiO2(A) 700(0.01‒3 V) 31 100-350 8.1 1 M NaClO4 in EC:PC (1:1 v/v)with 5 vol.% FEC Yes [51]

2018 TiO2(A) 470(0.01‒3 V) 56 — < 25 1M NaPF6 in Diglyme5* Yes [36]

2019 TiO2(A)
326(0.005‒2.5 V) 69

16 < 16
1 M NaCF3SO3 in Diglyme Yes

[59]
423(0.005‒2.5 V) 33 1 M NaCF3SO3 in EC/DEC (1:1 v/v) Not clear

2022 TiO2(A) 573(0.01‒2.5 V) 44 — 10 1 M NaClO4 in EC:DMC (1:1 v/v)with 5 vol.% FEC Yes [98]

2023 TiO2(A) 294(0.01‒3 V) 79 — 10 1 M NaPF6 in Diglyme Yes [22]

2024 TiO2(A) 650(0.01‒3 V) 57 — 12 1 M NaPF6in EC:DECwith 5 vol.% FEC No [58]

a Initial discharge capacity, b Initial coulombic efficiency, c PC: propylene carbonate, d EC: ethylene carbonate, DEC: diethyl carbonate, DMC: dimethyl
carbonate, FEC: fluoroethylene carbonate, e Diglyme (DEGDME): diethylene glycol dimethyl ether.
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ion  insertion  into  the  lattice  is  energetically  demanding  and
requires  a  higher  electrochemical  driving  force.  As  a  result,
significant  lattice  distortion  may  occur,  and  a  portion  of  the
inserted  ions  may  become  irreversibly  trapped  within  the
structure,  even  after  subsequent  charging  (extraction).
Interestingly,  several  studies  have  reported  that  cycled  TiO2 with
an  amorphous  structure  exhibits  enhanced  capacitive  behavior.
The amorphous matrix accommodates ion insertion with minimal
volume  expansion,  consistent  with  a  pseudocapacitive  storage
mechanism,  thereby  contributing  to  excellent  rate  capability  and
high specific capacity. Moreover, the typically high specific surface
area,  abundant  surface  defects,  and  porous  architecture  of  the
amorphous  phase  offer  numerous  active  sites  for  ion  adsorption
and  retention.  Additionally,  its  inherently  low  electronic
conductivity  may  help  suppress  charge  leakage,  thus  enhancing
both double-layer capacitance and surface pseudocapacitive.

Based  on  these  observations,  the  amorphization  in  TiO2
electrodes  can  be  tentatively  described  as  follows:  during
discharge,  ion  insertion  induces  progressive  lattice  distortion,
ultimately  leading  to  the  collapse  of  the  crystalline  framework
and the formation of an amorphous phase (e.g., sodium titanate).
This  amorphous  structure  subsequently  enables  ion  storage
through  interfacial  or  pseudocapacitive  mechanisms,  which  are
particularly dominant in nanostructured TiO2 materials [101].

Notably,  pseudocapacitive  contributions  arising  from  faradaic
processes,  such  as  surface  redox  reactions  and  ion  insertion  at
undercoordinated  atomic  sites,  are  significantly  enhanced  in
amorphous  structures,  leading  to  simultaneous  improvements  in
both  electrochemical  double-layer  capacitance  and  pseudo-
capacitance [102]. Based on these insights, it can be concluded that
surface disorder is beneficial for promoting faradaic charge storage
processes,  thereby  enhancing  overall  pseudocapacitive
performance.  This  enhancement  can  be  attributed  to  several
characteristics  intrinsic  to  the  amorphous  structures,  which
facilitates  sodium  ion  adsorption  and  transport  .  Similar  trends
have been observed in LIBs, where surface-amorphized structures
show stronger capacitive behavior [99, 103−105].

Since as  early as  2000,  nanostructured materials  have attracted
growing  attention  in  electrochemical  energy  storage  [67, 106],
owing  to  their  ability  to  enhance  ion  transport  and
pseudocapacitive  behavior  through  crystal  size  reduction.  As  the
crystal  size  approaches  the  Debye  length,  the  interfacial  region
becomes  dominant  in  charge  storage,  and  the  mechanism
transitions  from  bulk  diffusion-limited  to  surface-controlled
behavior.  In  such  regimes,  the  distinction  between  purely
capacitive  and  battery-type  mechanisms  becomes  increasingly
ambiguous  [83].  In  electric  double-layer  capacitors  (EDLCs),
charge  storage  is  based  on  the  reversible  physical  adsorption  of
electrolyte  ions  onto  the  electrochemically  stable  surface  of  the
electrode,  without  involving  chemical  changes  in  the  electrode
material  (Fig. 7(a))  [107].  This  mechanism  allows  for  ultrafast
charge/discharge  but  typically  results  in  low  energy  density.
Representative  CV  and  GCD  profiles  of  EDLCs  are  show  in
Figs.  7(b) and 7(c).  In  contrast,  battery-like  faradaic  reactions
involve  ion  insertion  or  extraction  into/from  the  bulk  electrode
lattice (Fig. 7(d)), which enables high energy density but is limited
by  ion  diffusion,  resulting  in  slower  kinetics  and  typically
characterized  by  pronounced  redox  peaks  and  extended  voltage
plateaus (Figs. 7(e) and 7(f)) [73, 82].

Pseudocapacitive  behavior  bridges  these  two  mechanisms  by
combining the  high energy density  of  faradaic  reactions  with the
fast  kinetics  of  capacitive  storage  [108].  It  involves  rapid  and

reversible  surface  or  near-surface  redox  reactions,  with  charge
storage  occurring  primarily  within  the  outermost  regions  of  the
electrode (Fig. 7(g)). As illustrated in Fig. 7(h), broad CV peaks in
pseudocapacitive  materials  arise  from  the  superposition  of
successive  redox  processes.  Materials  such  as  V-,  Mn-,  Nb-,  and
Ru-based  compounds  typically  exhibit  stepwise  electron
transfer over a wide potential window, resulting in continuous and
broad  redox  activity.  Additionally,  the  coexistence  of  surface
adsorption and insertion-based pseudocapacitance leads to mixed
behavior  in  GCD  curves  (Fig. 7(i)).  The  electronic  structure  and
energy  level  distribution,  particularly  in  nanomaterials,  play  a
critical  role  in  enabling  successive  electron  transitions,  which
manifest  as  broadened  or  multi-peaked  CV  and  sloped  GCD
curves [73, 83, 107, 109].

In  summary,  the  inherently  poor  electronic  and  ionic
conductivities  of  TiO2 make  ion  insertion  energetically
demanding,  requiring  a  higher  electrochemical  driving  force  to
facilitate  ion  insertion  into  the  TiO2 lattice  [62, 63, 99, 110].  This
often  leads  to  substantial  lattice  distortion  and  eventual
amorphization of the structure. Interestingly, amorphous TiO2 has
emerged  as  a  promising  material  for  electrochemical  energy
storage  material  due  to  its  rapid  electrochemical  response,
excellent  cycling  stability,  and  high  specific  surface  area.  These
advantages  arise  from  the  fact  that  ion  transport  is  no  longer
limited  by  bulk-phase  diffusion,  thereby  enabling  superior  rate
capability [105, 109, 111−113]. A relevant precedent is the work by
Dunn et al. [108], who demonstrated the pseudocapacitive lithium-
ion insertion behavior of orthorhombic Nb2O5 electrodes in LIBs,
particularly  in  mesoporous  and  nanocrystalline  forms.  However,
this  study overlooked the in-situ electrochemically induced phase
transformation  in  Nb2O5 later  reported  by  H.  Xiong  et  al.  [61],
which  provided  key  insights  into  the  structural  dynamics  during
cycling.  Ion  insertion  into  disordered  oxide  frameworks  such  as
amorphous  TiO2 is  inherently  complex  due  to  the  lack  of  long-
range  order  and  may  involve  local  structural  rearrangements  or
reorganization  during  insertion.  Furthermore,  the  differences  in
ion storage mechanisms between amorphous and crystalline TiO2
warrant  careful  reconsideration.  A  fundamental  trade-off  exists
between  ion  and  electron  transport  in  these  two  structural
regimes, a topic that will be discussed in detail.

 2.4    Multistep phase transition mechanism
Historically,  transition  metal  oxides  were  not  considered  viable
electrode  materials  for  rechargeable  ion  batteries,  primarily
because  their  crystalline  structures  typically  lack  vacant  sites  for
insertion and deinsertion. However, in the early 21st century, J.-M.
Tarascon’s  group  reported  a  novel  lithium  uptake/removal
mechanism  based  on  vanadates  (MVO4,  M  =  In,  Cr,  Fe,  Al,  Y)
and  various  transition-metal  oxides  (MxOy,  M  =  Fe,  Co,  Ni,  Cu,
etc.)  [114−116].  This  mechanism,  known  as  the  conversion
reaction,  differs  fundamentally  from  the  conventional
insertion/deinsertion  and  alloying  processes  and  sparked
considerable interest in the field of electrochemical energy storage.
This  conversion  reaction  involves  drastic,  ion-driven  structural
and  textural  transformations  during  the  first  cycle,  leading  to  a
second  charge–discharge  profile  that  deviates  significantly  from
the  first  [67, 117].  Notably,  these  transformations  are  often
accompanied  by  the  development  of  pseudo-amorphous
characteristics that, once formed during the first discharge, tend to
be retained during the subsequent charging process [114−116].

Similar phase transition phenomena have also been observed in
other  transition  metal  oxide  systems,  such  as  vanadium  and
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manganese oxides. For instance, in the manganese oxide system, a
tunnel-structured  todorokite,  typically  found  in  nature  but
difficult to synthesize under ambient laboratory conditions, can be
electrochemically  generated  from  a  layered  MnO2 precursor  via
repeated  cycling  [118].  Likewise,  disordered  rock-salt  (DRX)
Li3+xV2O5 has  been  obtained  by  electrochemically  lithiating  V2O5
to  1.5  V  [119].  These  findings  collectively  point  to  a  rich  yet
underexplored  research  domain,  with  significant  potential  to
advance  the  understanding  of  electrochemically  induced  phase
transitions in TiO2 and other metal oxide electrode materials.

 2.4.1    Conversion reduction mechanism

In  1997,  considerable  research  efforts  were  directed  toward
exploring  new  metal  oxide-based  negative  electrode  systems  for
LIBs. Among the most influential was the work by Idota et al. [72],
who  reported  an  amorphous  tin-based  composite  oxide
containing  Sn(II)–O  as  the  active  center  for  lithium  insertion,
along with other glass-forming elements that constituted the oxide
network.  They  also  filed  approximately  200  patent  applications
related to the so-called “Fuji cell”, which detailed the synthesis and
electrochemical  behavior  of  hundreds  of  tin-based  and  other
group IV element oxide composite glasses [120]. In these systems,

the  negative  electrode  comprised  a  tin-based  composite  oxide
(TCO), rather than conventional carbon. The authors claimed that
lithium  storage  occurred  via  a  reversible  insertion  mechanism,
wherein  lithium  maintained  its  ionic  character  throughout  the
charge–discharge  process  and  did  not  result  in  the  formation  of
metallic tin (Sn0).

However,  the reported lithium-to-tin ratio,  approximately 4 to
7  Li  atoms  per  Sn  atom,  was  significantly  higher  than  typical
insertion  systems.  This  discrepancy  prompted  further
investigation by J.R. Dahn and L.F. Nazar’s group [121, 122], who
focused  on  understanding  the  fundamental  storage  mechanisms
in these materials, particularly in parent compounds such as SnO
and SnO2 and the glassy SnSiO3.  Their  findings revealed that  the
irreversible  capacity  was  roughly  proportional  to  the  oxygen
content (as Sn-O bonds) in the starting material,  highlighting the
crucial  role  of  oxygen  participation  in  the  electrochemical
reactions. In contrast,  lithium alloying with pure metallic tin (i.e.,
without  Sn–O  bonds)  was  found  to  be  highly  irreversible.  This
difference  is  attributed  to  a  conversion  reduction  in  which  the
reduction of tin oxides results in the formation of an amorphous
Li2O matrix that serves to maintain mechanical cohesion between
electrode particles. Consequently, tin oxides and their composites

 

Figure 7    Schematic  illustration  of  different  types  of  charge  storage  mechanisms.  (a)  A  typical  capacitive  behavior  in  EDLCs,  where  charge  storage  relies  on  the
reversible adsorption of electrolyte ions onto active materials. (b) CV curve of EDLCs exhibiting a nearly rectangular shape. (c) GCD curve of EDLCs showing a linear
slope. (d) Battery-type mechanisms involve faradaic redox reactions, where ions are inserted into or extracted from the electrode lattice. (e) A typical battery CV curve
showing  distinct  redox  peaks  associated  with  charge-transfer  reactions.  Reproduced  with  permission  from  Ref.  [111],  ©  2014  American  Association  for  the
Advancement  of  Science.  (f)  A  typical  battery  GCD  curve  displaying  voltage  plateaus  corresponding  to  two-phase  coexistence.  (g)  Pseudocapacitive  mechanisms
involve fast surface or near-surface redox reactions and ion adsorption. (h) A typical pseudocapacitive CV curve showing multiple successive surface redox reactions
(dashed line), contributing to pseudocapacitive charge storage. (i) A typical GCD curve of pseudocapacitive materials combining features of both slope and plateau,
associated with surface adsorption and two-phase coexistence, respectively.
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generally  exhibit  more  stable  cycling  performance  compared  to
metallic tin.

A similar phenomenon has also been observed in other group
IV  post-transition  metal  oxides,  such  as  PbO2,  which  follows  a
comparable alloying reaction mechanism involving the reduction
of the metal oxide and the reversible formation/decomposition of
lithium-metal alloys [123]. These findings have led to the proposal
of  a  more  universal  reaction  scheme.  During  the  first  discharge,
lithium preferentially bonds with oxygen (originally bonded to the
metal),  breaking  up  the  oxide  matrix  and  generating  dispersed
metallic  domains  embedded  within  an  amorphous  Li2O
framework.  Upon  further  lithiation,  these  metallic  regions  alloy
with  lithium  up  to  the  theoretical  limit  of  Li4.4M.  The  reverse
(delithiation) process occurs during charging, though only a small
fraction  of  lithium  can  be  reversibly  extracted  from  the  Li2O
matrix. This generalized reaction pathway is illustrated in Fig. 8.

However,  for  3d  transition  metals,  alloying  reactions  with
lithium  are  not  thermodynamically  feasible.  As  a  result,  the
alloying mechanism has historically been confined to certain post-
transition metal  elements,  such as  Al、Ga、 In、Sn、Pb、Bi、
Ge.  This  limitation  remained  until  the  early  2000s,  when  J.-M.
Tarascon’s  group  reported  that  vanadate-based  systems  (MVO4,
M = In, Cr, Fe, Al, Y) and other 3d transition metal oxides (MxOy,
M  =  Fe,  Co,  Ni,  Cu,  etc.)  [67, 114−116]  also  exhibited  large
irreversible capacity losses during the first  discharge.  These losses
were attributed to the complete reduction of the metal oxides and
the  concurrent  formation  of  a  Li2O  matrix,  followed  by  the
amorphization  of  the  resulting  metal  particles,  a  process  now
widely recognized as the conversion mechanism.

This  mechanism  differs  fundamentally  from  traditional
insertion/deinsertion or alloying processes. Rather than relying on
interstitial  ion  diffusion  or  alloy  formation,  the  conversion
reaction  involves  ion-driven  structural  and  textural
transformations of transition metal oxides. These transformations
result in the full reduction of the oxide and the formation of highly
dispersed, nanosized metallic particles embedded in a Li2O matrix.
These  metallic  nanoparticles  then  participate  in  the  reversible
formation  and  decomposition  of  Li2O,  enabling  repeated
electrochemical cycling.

The  conversion  reaction  can  be  generalized  as  a  displacive
redox process, exemplified by the following reaction scheme:

MaXb+(b ·n)Li ↔ aM+bLinX (1)

where M = metal, X = anion, and n = formal oxidation state of X.
The  key  to  reversibility  in  this  mechanism  lies  in  the  formation

and subsequent redispersion of metal  nanoparticles;  the extent of
nanoparticle  aggregation  significantly  impacts  long-term  cycling
performance.  Moreover,  the  conversion  process  is  typically
accompanied  by  the  formation  of  a  SEI  layer,  similar  to  that
formed  on  carbonaceous  negative  electrodes.  The  generated
metallic  particles  often  display  pseudo-amorphous  characteristics
due  to  their  nanostructured  and  disordered  nature  [124, 125].
However, it is important to note that direct structural evidence for
the  formation  of  metallic  particles  during  conversion  reactions
remains limited.

Although  only  a  few  studies  have  suggested  that  TiO2 may
undergo a conversion-like mechanism involving the formation of
metallic Ti0 [19, 49, 126, 127], such a pathway cannot be ruled out.
For example, Passerini et al. [49], reported a gradual decrease and
eventual  disappearance  of  XRD  reflections  corresponding  to
TiO2(A)  during  sodiation,  which  did  not  reappear  upon
subsequent  desodiation.  Coupled  with  the  significant  irreversible
capacity loss observed during the first cycle, these findings led the
authors to propose that the reaction may proceed via a conversion-
like mechanism. Specifically,  they hypothesized that  TiO2(A) first
transforms  into  an  intermediate  sodium  titanate  phase,  which
then  undergoes  disproportionation  into  another  sodium  titanate
species and is partially reduced to metallic titanium (Ti0), sodium
superoxide  (NaO2),  and  molecular  oxygen  (O2),  following  the
reaction pathway:

TiO2 +Na+ → Ti+NaxTiO2 +NaO2+O2 (2)

Although  the  formation  of  metallic  titanium  and  NaO2 is
irreversible,  the  newly  generated  amorphous  sodium  titanate
phase  can  reversibly  intercalate  and  deintercalate  approximately
0.41  Na+ per  TiO2 unit,  thereby  enabling  stable  cycling  following
the  initial  conversion  reaction.  However,  several  critical
considerations must be addressed:

(a)  While  some studies  report  that  TiO2 is  reduced to metallic
Ti0 upon deep discharge to 0.01 V, the primary evidence originates
from ex-situ XPS  analysis,  which  shows  characteristic  peaks
assigned  to  metallic  Ti0 (Ti  2p3/2 at  453.7  eV  and  Ti  2p1/2 at
459.8  eV)  [49, 126].  However,  other  investigations  have  reported
only a reduction of Ti4+ to Ti3+ at low potentials (down to 0.01 V).
Upon  recharging  to  3  V,  peaks  observed  at  binding  energies  of
456.4 and 462.5 eV were attributed to metallic Ti0 [19]. However,
these binding energies deviate from those typically associated with
metallic titanium, casting doubt on the actual presence of metallic
Ti0.

From a thermodynamic perspective, the complete reduction of
 

Figure 8    Schematic illustration of the reduction of metal oxides to metal, accompanied by the formation of an amorphous Li2O matrix and lithiation–alloying charge
storage mechanisms.
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Ti4+ to  Ti0 under  typical  sodiation  conditions  is  improbable.
Furthermore, in-situ XRD studies,  recognized for  their  sensitivity
to metallic phase formation during electrochemical reduction, fail
to detect metallic diffraction peaks. Although the absence of such
peaks  has  been  attributed  to  the  possible  formation  of  Ti
nanoparticles  smaller  than  the  X-ray  coherence  length  [67],
further investigation is warranted to clarify these discrepancies.

(b)  Some  reports  propose  that  nanosized  metal  particles
may  catalyze  the  decomposition  of  Li2O,  as  nanoscaling
significantly  alters  the  chemical  and  physical  properties  of  the
electrode  material  [67, 128].  However,  from  a  thermodynamic
standpoint,  both Li2O (ΔG° = +562.0 kJ·mol–1) and Na2O (ΔG° =
+375.4  kJ·mol–1)  are  highly  stable  compounds.  The  large  positive
Gibbs  free  energy  changes  associated  with  their  decomposition
reflect the strength of the Li–O and Na–O bonds, suggesting that
decomposition  is  unlikely  under  standard  battery  operating
conditions  (e.g.,  discharging  to  0.01  V  or  charging  to  3  V).
Although some researchers also argue that Li2O may exist as nano
crystallites  smaller  than  the  coherence  length  of  X-rays,  thus
eluding detection via XRD studies, claims of metallic Ti0 formation
in  systems  involving  Li2O  or  Na2O  are  more  likely  the  result  of
misinterpreted spectroscopic signals [67, 121, 129].

While  alloying  and  conversion  reactions  have  been  well-
documented  for  certain  post-transition  metals  [72, 121−123,
129−132],  and  even  for  some  3d  transition  metals  [67, 114, 115,
133],  the  reaction  mechanism  governing  TiO2 cannot  be  fully
explained  by  a  single  reversible  insertion/extraction  process,
classical  alloying  behavior,  or  conventional  conversion  reactions.
Recent studies suggest that the formation of a newly emerged rock-
salt  phase  may  better  accounts  for  the  observed  electrochemical
behavior  via  a  structural  reorganization  process.  Therefore,  we
advocate  for  a  reevaluation  of  the  TiO2 reaction  mechanism and
propose  that  electrochemically  driven  phase  transition  pathways
be  explored  more  thoroughly.  As  many  transition  metal  oxides
exhibit  similar  behaviors,  a  deeper  investigation  into  such
mechanisms  may  offer  valuable  insights  into  the  charge  storage
processes  in  other  metal  oxide-based  electrodes.  Therefore,  the
following  sections  will  elaborate  on  the  electrochemically  driven
phase transition storage mechanisms.

 2.4.2    Electrochemically driven phase transition mechanism

Despite  extensive  investigations  into  the  ion  storage  mechanisms
of TiO2, the reported results remain inconsistent. To address these
discrepancies,  a  recently  proposed  multistep  phase  transition
mechanism,  comprising  a  crystalline-to-amorphous-to-rock-salt
transformation,  has  emerged and warrants  systematic  discussion.
Notably,  a  similar  transformation  has  been  reported  in  Nb2O5,  a
transition  metal  oxide  that,  like  TiO2,  exhibits  multiple
polymorphs,  sluggish  Li+ diffusion,  and  poor  electronic
conductivity.  H.  Xiong  et  al.  [61]  observed  a  crystalline-to-
amorphous  transformation  in  Nb2O5 during  electrochemical
cycling,  followed  by  recrystallization  into  a  nanostructured  rock-
salt Nb2O5 framework upon repeated lithiation.

The first  evidence of  an amorphous-to-crystalline transition in
TiO2 was  also  reported  by  H.  Xiong  et  al.  [77],  and  subsequent
studies  have  supported  a  mechanism  whereby  intercalated  ions
induce  a  near-surface  transformation  of  crystalline  TiO2 into  an
amorphous phase [134].  Upon extended cycling,  this  amorphous
TiO2 underwent  an  irreversible  and  spontaneous  reorganization
into  a  cubic  rock-salt  structure  through  electrochemically
driven  self-organization.  This  transformation  is  believed  to
generate ion-trapping sites during the initial cycle, contributing to

the  typically  low  ICE  [22, 62, 63].  Moreover,  it  is  widely
recognized  as  a  key  factor  in  the  emergence  of  pseudocapacitive
behavior [58, 135, 136].

Very  recently,  an  electrochemically  induced  multistep  phase
transition mechanism was proposed to reconcile inconsistencies in
previous reports [62, 63]. By closely analyzing the evolution of the
CV curves (Fig. 9(a)), a strongly irreversible cathodic peak during
the  first  discharge  (sodiation),  accompanied  by  the  gradual
disappearance  of  diffraction  peaks,  was  observed,  both  of  which
indicate  a  crystalline-to-amorphous  transition.  X-ray  absorption
spectroscopy  (XAS)  and ex-situ synchrotron-radiation  pair
distribution  function  analyses  further  confirmed  this
transformation,  revealing  an  expansion  of  the  Ti-O  bond  length
from 1.54 to 1.59 Å, and the Ti-Ti bond from 2.51 to 2.76 Å after
the  first  cycle.  These  changes  reflect  electrochemically  induced
distortion  and  expansion  of  the  TiO6 octahedral  framework  to
accommodate Na+ insertion.

Upon  further  cycling,  the  cathodic  peak  gradually  shifts  to
higher voltages (as evident by comparing the 2nd and 10th cycles in
Fig. 9(a), while broad redox peaks centered around 0.75 V become
increasingly  pronounced  from  the  third  cycle  onward.
Simultaneously,  new  XRD  diffraction  peaks  at  36.8°,  43.3°,  and
62.5° gradually emerge, indicating the formation of a rock-salt (RS-
NaTiO2) phase. Kinetic analysis comparing RS-NaTiO2 (Fig. 9(b))
with  the  cycled amorphous  TiO2 electrode (Fig. 9(c))  reveals  that
differences  in  their  electrochemical  responses  are  primarily
governed by  the  relative  proportions  of  rock-salt  nanograins  and
residual  amorphous  regions  (see  insets).  While  both  phases  can
accommodate  Na+ ions,  they  exhibit  distinct  electrochemical
profiles:  the  amorphous  phase  shows  a “box-like” CV  response,
whereas  RS-NaTiO2 displays  a “mirror-like” profile.  This
distinction is attributed to structural differences, specifically, the in-
situ transformation  from  a  crystalline  TiO2 lattice  with  well-
ordered  Ti-O  octahedra  generates  more  RS-NaTiO2 nanograins
than direct cycling of chemically synthesized amorphous TiO2.

The  crystalline-to-rock-salt  phase  transition  was  further
validated by ex-situ HR-TEM and STEM. After a single cycle, the
initially  crystalline  TiO2(A)  (Figs.  9(d) and 9(e))  becomes
amorphous  (Figs.  9(f) and 9(g)),  consistent  with  most  previously
reported  results  [22, 36, 59].  Remarkably,  after  approximately
20 cycles, partial recrystallization occurs, resulting in the formation
of ordered RS-NaTiO2 nanograins (Figs. 9(h)–9(i)). These findings
collectively  support  a  multistep  transformation  pathway:  initial
Na+ insertion  disrupts  the  long-range  order  of  crystalline  TiO2,
forming  an  amorphous  phase,  which  subsequently  reorganizes
into  the  RS-NaTiO2 structure  through  continuous  cycling.  This
transformation  likely  involves  the  gradual  rearrangement  of
distorted  TiO6 octahedra  and  the  progressive  occupation  of
octahedral sites by Na+ ions, forming [NaO6] octahedra that define
the  rock-salt  lattice.  Notably,  such  behavior  closely  parallels  that
observed  in  Nb2O5,  further  supporting  the  universality  of  this
mechanism among transition metal oxides [61].

In  summary,  during  the  discharging  process,  the  crystalline
regions  of  TiO2 gradually  undergoes  amorphization  from  the
particle shell toward the core, indicating that ion insertion distorts
the  lattice  and  partially  induces  a  crystalline-to-amorphous
transition.  This  transformation  typically  occurs  during  the  initial
discharge  and  is  associated  with  pronounced  irreversibility  and
voltage  hysteresis.  These  effects  may  arise  from  irreversible  ion
trapping,  lattice  mechanical  stress,  thermodynamic  and  entropic
factors,  activation  polarization,  or  nucleation  barriers  [61, 137].
Specifically,  from  a  thermodynamic  perspective,  electrode
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materials  inherently  tend  to  evolve  from  metastable  or  non-
equilibrium  phases  toward  more  stable  configurations  as
structural  and  compositional  changes  accumulate  during  cycling.
From  a  kinetic  standpoint,  the  onset  and  progression  of  phase
transitions  are  governed  by  factors  such  as  charge  transfer
resistance,  ion  diffusion  limitations,  crystal  structure  and  defects.
In some studies, the absence of bulk structural transformation has
been  attributed  to  kinetic  constraints  or  electrochemical
conditions  that  suppress  the  amorphization  process,  particularly
when  the  crystallite  size  is  too  large  to  undergo  complete
transformation.  Moreover,  extended  cycling  may  induce  partial
nucleation within amorphous regions, leading to the formation of
rock-salt  Li/NaTiO2 nanograins.  These  nanograins  subsequently
contribute  additional  ion  storage  through  interfacial  or  insertion
pseudocapacitive  mechanisms.  Previous  studies  have  shown  that
when  the  ion  concentration  exceeds  a  critical  threshold,  atomic

rearrangement  is  thermodynamically  favored  to  minimize  the
system’s  free  energy,  thus  triggering  a  phase  transition  into  the
more  stable  rock-salt  structure  [61, 63].  Importantly,  RS-
Li/NaTiO2 has  been  shown  to  be  both  thermally  and  air-stable,
making  it  a  thermodynamically  preferred  phase  into  which  the
amorphous  TiO2 structure  tends  to  spontaneously  evolve  during
prolonged  electrochemical  cycling  [61−63].  Furthermore,  the
stabilization of Li/NaTiO2 nanoscale grains plays a crucial  role in
mitigating  mechanical  degradation  by  relieving  electrochemical
stress, maintaining structural coherence, and facilitating reversible
phase  transitions,  all  of  which  collectively  contribute  to  superior
long-term cycling stability in TiO2-based electrodes.

Interestingly,  electrochemically  induced  phase  transitions  have
also  been  widely  reported  in  other  transition  other  metal  oxides
[49, 67, 106]. For instance, in Fe2O3 and Fe3O4, a transition from a
hexagonal close-packed to a cubic close-packed oxygen sublattice

 

Figure 9    Electrochemically driven crystalline-to-amorphous-to-rock-salt phase transformation. (a) CV curves of the TiO2(A) electrode for initial 20 cycles (scan rate:
0.2 mV·s–1). (b) Deconvolution of the CV curves for the cycled TiO2 with more RS-NaTiO2 nanodomains and (c) with less RS-NaTiO2 nanodomains at 0.2 mV·s–1. The
total response current (itotal) consists of contributions from both the RS phase nanograins (iRS) and the residual amorphous regions (iamor). (d)‒(i) HRTEM and atomic-
resolution HAADF-STEM images of (d, e) pristine a-TiO2, (f, g) after 1 cycle, and (h, i) after 20 cycles, respectively. The insets are the corresponding SAED patterns
and the FFT patterns images. (j) Schematic illustration of the multistep phase transition mechanism, highlighting the electrochemically driven crystalline-to-amorphous-
to-rock-salt phase transformation, followed by a solid-solution reaction of the in-situ formed RS-NaTiO2 nanograins during Na+ cycling. Reproduced with permission
from Ref. [63], © 2025 Tang, D. F. et al.
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has  been  observed  [101, 138].  In  the  spinel  Fe3O4 structure,  Li+

insertion  involves  cooperative  Fe-ion  migration  from  tetrahedral
to octahedral  sites,  ultimately leading to the formation of  a  rock-
salt-type phase, a process that is also strongly influenced by crystal
size.  Similarly,  MoO3 undergoes  an  irreversible  structural  phase
transition  upon  lithium  insertion  [139].  Moreover,  disordered
rock-salt  structures  have  also  been  structure  reported  in  other
transition  metal  oxides,  including  niobium  oxide  electrodes  [61],
vanadium  oxides  [119],  manganese  oxides  [118],  and  DRX-type
layered positive electrode materials [140−142].

These  observations  challenge  the  conventional  perception  that
irreversible  phase  evolution  is  inherently  detrimental  to  battery
performance.  On  the  contrary,  the in-situ formation  of  new
disordered  phases,  often  with  superior  Li+ or  Na+ storage
capability, offers a novel design strategy for transition metal oxide-
based  negative  electrodes.  However,  the  investigation  of  such
dynamic  structural  transformations  remains  challenging  due  to
the  limited  spatial  and  temporal  resolution  of  conventional
characterization  techniques.  Therefore,  the  application  of
advanced in-situ or  operando  analytical  methods  is  essential  to
fully unravel the underlying mechanisms governing these complex
phase  transition  processes  in  TiO2 and  other  nanostructured
transition metal oxides.

 3    Effects on ion storage mechanisms in TiO2

As  previously  discussed,  TiO2 electrode  materials  inherently
undergo  crystalline-to-amorphous  transitions,  followed  by
possible  recrystallization.  Their  structure  and  electrochemical
properties  are  influenced  by  a  range  of  factors,  including  crystal
size  [143],  defect  density  [144−150],  and  morphology  [151, 152].
In  addition,  electrochemical  parameters  and  environmental
conditions,  such  as  temperature,  also  play  a  significant  role  in
shaping the electrochemical behavior of TiO2 [35, 59, 63]. Despite
the importance of these factors, a comprehensive understanding of
how  they  affect  ion  transport  and  storage  mechanism  in  TiO2,
particularly with respect to structural evolution, phase transitions,
and  ionic/electronic  conductivities,  remains  incomplete.
Therefore,  in  the  following  section,  we  focus  on  the  influence  of
extrinsic  physicochemical  factors  on  the  electrochemical
performance  of  TiO2,  based  on  the  most  recent  advances  in
understanding its ion storage mechanisms.

 3.1    Crystal size
Due to  the  inherently  poor  electronic  and ionic  conductivities  of
TiO2,  nanostructuring  has  emerged  as  an  effective  strategy  to
enhance  electrochemical  kinetics  by  shortening  ion  diffusion
pathways.  Notably,  our  review  reveals  that  many  of  the
inconsistencies reported in the literature regarding the ion storage
mechanism of TiO2 are closely related to variations in crystal size.
This issue remains a subject of active debate, particularly for TiO2
nanocrystals just a few nanometres in size, where crystal size exerts
a pronounced influence on ion storage behavior.

In  general,  numerous  studies  have  demonstrated  that
nanostructuring  can  effectively  address  the  limitations  of  poor
ionic  conductivity  by  reducing  ion  diffusion  lengths,  thereby
improving  electrochemical  performance  [67, 68, 153−156].  This
enhancement  is  primarily  attributed  to  size-dependent  effects  on
both kinetics and thermodynamic properties, as  materials  exhibit
significant  changes  in  behavior  at  the  nanoscale  due  to  so-called
‘nano effects’.  For  instance,  when the  size  of  gold  particles  drops
below 10 nm,  the  melting  point  can dramatically  drop,  from the

bulk value of 1064.18 °C to as low as 326.85 °C when particle size
is  reduced  below  2  nm  [128].  This  phenomenon  results  from  a
higher  surface-to-volume  ratio  (i.e.,  a  greater  fraction  of  atoms
residing  on  the  surface),  elevated  surface  energy  (due  to  reduced
atomic  coordination  and  unsatisfied  surface  bonds),  and  the
Gibbs–Thomson  effect,  which  describes  the  increased  chemical
potential  of  atoms  in  smaller  particles  compared  to  their  bulk
counterparts.  However,  reducing dimensionality  to the nanoscale
also  introduces  several  challenges  for  electrode  materials.  In
particular,  the  reduction  of  crystal  size  to  the  nanometre  regime
can  create  substantial  interparticle  voids,  resulting  in  a  low  tap
density  of  the  electrode.  Besides,  nanostructured  TiO2 particles
have  a  poor  tap  density  to  produce  a  low  electrode  compact
density,  resulting  in  thicker  electrodes  at  the  same areal  capacity.
Furthermore,  their  poor  packing  ability  makes  the  electrode
higher  porosity  and  more  interfaces.  These  can  increase  the  ion
transport  distance  and  electron  transfer  path,  and  result  in  high
contact  resistance  between  active  materials  and  conductive
additives,  thus  decreasing  the  rate  capability  to  some  extent.
Although  the  high  surface  area  of  nanomaterials  can  enhance
electrochemical  activity,  it  also increases the tendency for particle
aggregation  and  accelerates  surface-related  side  reactions  or
oxidation, ultimately contributing to the degradation of the active
material.  The  enlarged  surface  area  of  nanostructured  TiO2 also
increases  the  electrolyte  decomposition  rate  during  initial  cycles,
exacerbating  irreversible  capacity  loss  and  further  reducing  the
ICE.

Taken  together,  these  considerations  underscore  the  complex
balance  between  the  advantages  and  limitations  of  nanoscale
engineering.  Therefore,  we  summarize  the  intrinsic
thermodynamic and kinetic properties, associated drawbacks, and
how  nanosizing  TiO2 has  enabled  the  discovery  of  new  phase
transition  mechanisms  in Fig. 10.  In  summary,  while
nanostructuring TiO2 significantly improves rate performance and
ion  transport,  its  inherently  low  ICE  and  tap  density  remain  a
practical  bottleneck  for  high-energy  applications.  Through
electrolyte optimization, surface modification, hierarchical particle
design,  conductive  matrix  integration,  and  electrode-level
optimization  [51, 58, 157−159],  it  is  possible  to  balance  high
electrochemical reactivity with desirable volumetric energy density
and  ICE—making  nanostructured  TiO2 more  viable  for  large-
scale sodium- and lithium-ion batteries.

Since the early 2000s, numerous studies have demonstrated that
the electrochemical performance of MxOy-based electrodes (where
M= Co, Ni, Cu, Fe, Nb or Ti) is strongly influenced by crystal size
[67, 74, 75, 117, 160, 161].  More  recent  investigations  of  DRX
electrodes  [119, 162, 163],  further  support  the  notion  that  the
thermodynamic stability of nanocrystalline materials is inherently
size-dependent  [164].  Similarly,  downsizing  TiO2 from  the
microscale  to  the  nanoscale  not  only  enhances  reaction  kinetics
but  also  induces  thermodynamic  shifts.  As  the  particle  size  of
decreases, a greater proportion of atoms are located at or near the
surface,  thereby  increasing  surface-related  electrochemical
reactivity  [22].  This  enhanced  surface  reactivity  plays  an
increasingly  important  role  in  driving  phase  transitions  toward
more thermodynamically favourable structures, particularly when
ion concentration reaches a critical  threshold and triggers atomic
rearrangement to minimize the system’s free energy.

In 2005,  J.-M. Tarascon et  al.  [68]  were the first  to report  that
reducing  the  crystal  size  of  TiO2(A)  to  ~10  nm  significantly
enhanced its electrochemical performance. As shown in Fig. 11(a),
TiO2 samples  with  different  crystal  sizes  (76.1,  11.0,  and 6.3  nm)
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exhibit  a well-defined plateau at 1.75 V vs.  Li+/Li0 during the first
discharge,  with  the  solid-solution  domain  broadening  as  particle
sizes  decreases.  These  results  highlight  the  crucial  role  of  particle
size  in  influencing  electrochemical  behavior.  Moreover,  smaller
TiO2 particles  also  demonstrate  superior  capacity  retention
(Table  3),  which  may  be  attributed  to  faster  ion  transport,

improved  surface  kinetics,  and  greater  structural  flexibility.  Such
characteristics facilitate accommodation of lattice strain during ion
insertion  in  nanoscale  crystallites,  whereas  in  bulk  materials,  ion
insertion  is  largely  confined  to  the  surface,  often  resulting  in
internal stress and structural degradation.

Building  on  these  findings,  B.  Dunn  et  al.  further  investigated

 

Figure 10    Nanosizing  phenomena  of  TiO2 electrode  materials.  Reproduced  with  permission  from  Ref.  [63],  ©  2025  Tang,  D.  F.  et  al.;  from  Ref.  [84],  ©  2012
American Chemical Society, and from Ref. [156], © 2019 American Chemical Society.

 

Figure 11    (a) GCD curves of commercial TiO2 (76.1 nm), TiO2 400 °C (11.0 nm) and TiO2 250 °C (6.3 nm) at a rate of 0.05 C between 1.5 and 2.5 V for Li+ storage.
Reproduced with permission from Ref. [68], © 2005 The Royal Society of Chemistry. (b) CV (0.5 mV·s–1) curves of the three TiO2 for Li+ storage. The total current
(solid line) is obtained experimentally. The capacitive current curves (shaded regions) are obtained by calculating. (c) GCD curves of TiO2 at 1 C. (d) The total charge is
separated into lithium insertion and capacitive contributions. (b‒d) Reproduced with permission from Ref. [143], © 2007 American Chemical Society. (e) GCD curves
of TiO2 with different particle sizes and shapes cycled at a rate of 0.05 C between 1.0 and 2.8 V. Reproduced with permission from Ref. [69], © 2006 WILEY-VCH
Verlag GmbH & Co. KGaA, Weinheim. (f) GCD profiles of the TiO2(R)-10 nm electrode for Na+ storage during initial 30 cycles. (g) CV (0.2 mV·s–1) curves for Na+

storage at the 30th cycle. (h) Rate capability of TiO2 with different particle sizes for Na+ storage. (f‒h) Reproduced with permission from Ref. [62], © 2025 Wiley‐VCH
GmbH. (i) The relationship between particle size and specific capacity can be attributed to the thickness of the surface reaction layer. Reproduced with
permission from Ref. [22], © 2023 Wei, Q. L. et al.
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the  size  effect  by  analyzing  galvanostatic  discharge  behavior  and
conducting  detailed  cyclic  voltammetry  (CV)  of  TiO2 with
different  nanocrystal  sizes  (Figs.  11(b)‒11(d)).  Their  CV  curves
reveal  narrower  peak  separations  for  smaller  TiO2 particles,
indicating  more  favorable  kinetics.  However,  surprisingly  Li+

insertion  and  extraction  in  these  smaller  TiO2 particles  exhibited
lower diffusion coefficients: 1.3 × 10–16 cm2·s–1 for 10 nm TiO2 and
6.2  ×  10–17 cm2·s–1 for  7  nm  TiO2.  In  contrast,  the  diffusion
coefficients of Li+ in single-crystalline and bulk thin-film TiO2 are
approximately  3.0  ×  10–13 and  3.8  ×  10–15 cm2·s–1,  respectively
[99, 165].  This  discrepancy  arises  from  the  different  dominant
charge  storage  processes.  While  charge  transfer  at  the
electrode–electrolyte  interface  becomes  more  efficient  with
decreasing  particle  size,  bulk  diffusion  becomes  increasingly
constrained  due  to  size-induced  structural  limitations.  In  this
context, surface or grain boundary diffusion dominates over bulk
diffusion.

In  short,  although  insertion-based  ion  diffusion  becomes  less
favorable as crystal size decreases, the enhanced surface-controlled
capacitive  contributions  of  smaller  TiO2 particles  more  than
compensate  for  this  limitation,  ultimately  resulting  in  improved
electrochemical performance. Additionally, a reduction in particle
size leads to a narrower voltage plateau region (Fig. 11(c)),  which
is  typically  associated  with  a  two-phase  reaction  involving
coexistence  of  lithiated  and  unlithiated  phases  [84].  However,
when  particle  size  falls  below  a  critical  threshold,  this  phase
separation  is  suppressed,  and  the  system  transitions  to  a  single-
phase  solid-solution  behavior  dominated  by  surface  adsorption
[74].  Consequently,  ion  storage  becomes  increasingly
pseudocapacitive  in  nature.  More  interestingly,  although TiO2(R)
is  the  most  thermodynamically  stable  and  abundant  polymorph
under  standard  conditions,  it  has  traditionally  been  considered
inactive  for  lithium  storage  [166, 167].  Yet,  when  reduced  to  the
nanometer  scale,  TiO2(R)  unexpectedly  exhibits  both  high
capacity  and  excellent  rate  performance  (Fig. 11(e))  [69].
Thermodynamic analysis further indicates that surface free energy
and surface stress, both highly size-dependent, play critical roles in
governing  phase  stability  [164].  These  findings  collectively
reinforce  the  notion that  TiO2 electrochemical  behavior  is  highly
sensitive to crystal size.

QNa+

More  recently,  Wei  et  al.  [22, 62, 63]  conducted  a
comprehensive  investigation  of  the  size-dependent  ion  storage
behavior  of  TiO2(A).  As  shown  in Fig. 11(f),  TiO2 particles  with
~10  nm  size  exhibit  large  irreversible  GCD  curves  in  the  initial
30  cycles,  along  with  a  broadened  solid-solution  domain.
Furthermore,  smaller  particles  display  stronger  current  responses
at  the  same scan rate  (Fig. 11(g)).  Their  CV profiles  show broad,
nearly  mirror-symmetric  peaks  centered  around  0.75  V  vs.
Na+/Na,  except  for  the  largest  (100 nm)  particles.  Both  sodiation
capacity ( ) and rate capability are inversely proportional to the
TiO2 crystal size (Figs. 11(h)–11(i)), further confirming the critical
role  of  crystal  size  in  determining  electrochemical  performance.
These  trends  are  attributed  to  an  irreversible  crystalline-to-
amorphous  phase  transformation  that  is  size-dependent.  When
particle  size  exceeds  a  certain  threshold,  the  transformation
becomes  incomplete,  thereby  degrading  performance,  offering  a
plausible explanation for the inconsistencies in earlier reports.

Notably,  this  phase  transition  process  is  strongly  size-
dependent.  When the  particle  (crystal)  size  is  relatively  large,  the
structural  transformation  remains  incomplete,  with  only  a  thin
surface  layer  of  crystalline  TiO2 undergoing  the  crystalline-to-
amorphous-to-rock-salt  phase  transition  during  the  initial

electrochemical  cycles  (Fig. 12,  left).  In  contrast,  reducing  the
particle  size  to  the  nanoscale  enables  deeper  ion  penetration  and
facilitates  a  more  complete  structural  transformation  throughout
the entire particle (Fig. 12, right).

Specifically,  during  the  initial  discharge,  ion  insertion  induces
lattice  distortion  in  TiO2,  ultimately  causing  amorphization  of  a
thin  surface  layer.  With  continued  cycling,  partial  nucleation
occurs within these amorphous regions,  leading to the formation
of  highly  ordered  cubic  rock-salt-phase  Li/NaTiO2 nanograins.
However,  in  larger,  micrometer-sized TiO2 particles,  sluggish  ion
diffusion  limits  the  extent  of  this  transition,  confining  structural
evolution  to  only  the  surface  region.  In  contrast,  nanoscale  TiO2
particles  can  undergo  near-complete  amorphization  and
subsequent  rock-salt-phase  formation  throughout  the  entire
structure due to their short diffusion lengths.

As  a  result,  nanosized  TiO2 typically  exhibits  superior  ion
storage  performance,  which  can  be  attributed  to  the  complete
electrochemically  induced  crystalline-to-amorphous-to-rock-salt
phase  transition.  The  thermodynamically  stable  rock-salt-phase
nanograins  that  form is  capable  of  reversibly  storing Li+ and Na+

through  a  solid  solution  mechanism  characterized  by  minimal
lattice volume change.  Additionally,  the abundant surface area of
nanocrystals  promotes  surface  adsorption,  giving  rise  to
pseudocapacitive-dominated behavior and significantly enhancing
rate capability. This behavior is not exclusive to TiO2;  rather, it  is
widely  observed  in  other  nanostructured  transition  metal  oxides,
providing  valuable  insights  for  the  rational  design  of  advanced
electrode materials [61, 67, 119, 137].

 3.2    Defects
As previously mentioned, TiO2 suffers from intrinsically low ionic
and  electronic  conductivity.  Therefore,  strategies  targeting
improvements in both bulk and surface properties are essential to
enhance  its  electrochemical  performance  [168].  Achieving  high
ionic  conductivity  requires  not  only  a  low  activation  energy  but
also a high concentration of mobile ion carriers, such as vacancies
or interstitials.

It is well established that ion and electron transport in electrode
materials  is  strongly  influenced  by  the  presence  and  nature  of
defects, as well as surface modifications. Various defect types exist,
including  point,  line,  planar,  volumetric,  and  electronic  defects.
Among  these,  point  defects  play  the  most  critical  role  in
influencing ion transport within crystalline materials. The concept
of  point  defects  was  first  introduced  by  Frenkel  in  1926  [169].
Typical  point  defects  include  Frenkel  and  Schottky  defects:  the
former  involves  a  paired  vacancy  and  interstitial  ion,  while  the
latter  consists  of  paired  cation  and  anion  vacancies  (Fig. 13(a)).
Once thermodynamically favorable point defects are formed, ionic
diffusion proceeds via a series of thermally activated hops between
these  defect  sites  across  a  static  energy  landscape.  The  geometry
and topology of the crystal structure dictate this landscape and the
ion migration pathways, with the highest energy point along each
path  representing  the  activation  energy  barrier  for  ion  diffusion
(Fig. 13(b)).  For  example,  cubic  anion-packed  frameworks  offer
relatively  flat  energy  landscapes  with  low  migration  barriers,
whereas  hexagonal  close-packed  structures  present  significantly
higher barriers [170].

Our  current  understanding  of  ionic  diffusion  in  crystalline
electrodes  is  based  primarily  on  classical  models,  including  the
vacancy hopping mechanism, the interstitial hopping mechanism,
and  the  interstitial-substitutional  exchange  (or  "knock-off")
mechanism (Fig. 13(c)) [171]. The vacancy hopping mechanism is
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driven by Schottky defects, where ions move through the lattice by
successively  occupying  adjacent  vacancies.  In  contrast,  the
interstitial  hopping  mechanism  involves  ion  migration  through
available  interstitial  sites.  In  the  knock-off  mechanism,  associated

with  Frenkel  defects,  interstitial  ions  displace  lattice  ions  into
neighboring  sites,  enabling  ion  mobility  through  a  series  of
exchanges.

However,  in  structurally  disordered  systems,  such  as

 

Figure 12    Size-dependent phase transition process.
 

Figure 13    Schematic  representation of  defect  type  and ion diffusion at  the  atomic  scale,  including single-ion hopping and correlated-ion motion mechanisms.  (a)
Defect type, (b) diffusion pathway. Reproduced with permission from Ref. [172], © He, X. F. et al. 2017. (c) Migration mechanism in crystalline TiO2. (d) Amorphous
TiO2 and (e) the nanograin boundaries transport at the microstructural scale.
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amorphous  or  nanocrystalline  materials,  ion  transport  deviates
significantly from these classical descriptions. In amorphous TiO2
materials,  which  lack  long-range  order,  ions  migrate  through
random, non-periodic pathways influenced by the local structural
and  dynamic  heterogeneity  of  the  medium  (Fig. 13(d)).  These
migration  pathways  involve  complex  interactions  with
surrounding  atoms  and  structural  features—including  pores,
voids, and chemical bonding environments, resulting in a distinct
transport mechanism from that in crystalline phases.

Ion transport in nanocrystalline materials is also unique. These
materials  are  composed  of  nanosized  crystalline  domains
(1–100  nm)  separated  by  grain  boundaries,  which  are  typically
disordered  and  rich  in  defects  such  as  vacancies  and  interstitials.
These grain boundaries serve as fast ion-conducting pathways and
are often accompanied by significant interfacial capacitance effects
(Fig. 13(e)) [101]. Grain boundary diffusion plays a central role in
governing ion transport in nanograined electrodes and contributes
to  heterogeneous  ion  distribution  within  the  electrode  material.
Moreover,  repeated electrochemical  cycling often triggers  a  series
of phase transitions, such as order–disorder transformations, two-
phase boundary migration,  and crystallographic reconfigurations,
which  align  well  with  the  proposed  multistep  phase  transition
mechanism  in  TiO2.  These  findings  also  provide  a  broader

conceptual  framework  for  understanding  phase  evolution
phenomena in nanocrystalline transition metal oxides.

In  transition  metal  oxide  systems  such  as  TiO2,  structural
defects,  particularly  oxygen  vacancies  (OVs)  within
nanocrystalline  regions,  play  a  critical  role  in  enhancing  ionic
conductivity by facilitating ion hopping [173, 174].  In addition to
their  impact  on  ion  transport,  such  defects  also  profoundly
influence  the  electronic  properties  of  TiO2.  Among various  types
of defects, OVs and cationic vacancies are especially prevalent, and
their  presence  can  significantly  alter  the  intrinsic  physical  and
chemical  properties  of  the  material  (Figs.  14(a) and 14(b))  [175].
Consequently,  defect  engineering  has  emerged  as  a  powerful
strategy to tune the ionic conductivity and electronic structure of
TiO2, which has attracted increasing attention in recent decades.

Numerous  studies  have  demonstrated  that  treatment  under
reducing atmospheres, such as hydrogen [173], ammonia (NH3) ,
or with reductive metals like Mg and Al at elevated temperatures
[176, 177],  promotes  the  formation  of  oxygen  vacancies  in  TiO2.
Alternative  methods  such  as  high-energy  laser  irradiation  [178]
and room-temperature lithium-induced reduction via mechanical
grinding  have  also  proven effective  for  defect  engineering.  The
presence  and  concentration  of  oxygen  vacancies  can  be
characterized  using  techniques  such  as  electron  paramagnetic

 

Figure 14    Structure representation of (a) TiO2(A), (b) Ti1–x–y□x+yO2–4(x+y)F4x(OH)4y (ball-stick model, gray = Ti, red = O, green=F or OH). (c) EPR spectra of Ovs in
TiO2–x and  pristine  TiO2 as  a  reference  sample  at  different  temperature.  (d)  Experimental  (in  blue) 19F  solid-state  MAS  (60  kHz)  NMR  spectrum  of  one  of
Ti1–x–y□x+yO2–4(x+y)F4x(OH)4y. Fitted (in red) with three NMR lines (in black, indicated by vertical dashed lines), which are assigned to Ti1□2-F, Ti2□1-F, and Ti3−F (from
left to right) environments. Asterisks denote the spinning sidebands. (e) A coloured HR-TEM image with a profile plot along a selected atomic row (white rectangle)
shows clear intensity variations in both atomic columns and dark regions, indicating the presence of structural defects. (f) DFT-calculated insertion energies for Li, Mg,
and Al in TiO2(A) and in F-doped TiO2(A) with different Titanium vacancies defects [179]. (g‒i) From left to right, corresponding structural representations of the
insertion sites in stoichiometric (defect-free) TiO2(A),  single-vacancy Ti35□1O68F4 and double-vacancy Ti126□2O248F8.  (a,  b,  d) Reproduced with permission from Ref.
[179]. © 2015 American Chemical Society. (c) Reproduced with permission from Ref. [177], © 2013 The Royal Society of Chemistry. (e‒i) Reproduced with permission
from Ref. [180], © 2017 Macmillan Publishers Limited, part of Springer Nature.
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resonance (EPR) and thermogravimetric analysis (TGA). A strong
EPR signal at g = 2.002 is generally indicative of oxygen vacancies
in  TiO2 samples  (Fig. 14(c)).  Additionally,  oxygen-deficient
materials  display  reduced  mass  loss  in  oxidative  atmospheres  in
the  TGA  testing  compared  to  measurements  performed  under
inert conditions,  due to oxygen uptake.  Additionally,  XPS can be
used to estimate the stoichiometry and oxidation state of titanium
by analysing the Ti 2p peak area ratios [139].

Furthermore,  substitutional  doping  of  O2− anions  with
monovalent anions such as F- or OH- can induce the formation of
cationic  Ti4+ vacancies  (□),  with  the  defect  concentration
controllable  via  reaction  temperature.  Dambournet  et  al.
[179, 180],  successfully  introduced  such  cationic  Ti4+ vacancies  in
TiO2 through F- or OH- doping, as evidenced by solid-state NMR
and high-resolution TEM analyses  (Figs.  14(d) and 14(e)).  These
Ti4+ vacancies  act  as  shallow  acceptor  states  that  enhance  charge
carrier  density,  thereby  improving  both  electronic  and  ionic
conductivities.  Moreover,  the  introduction  of  cationic  vacancies
provides  additional  insertion  sites,  leading  to  significantly
improved  capacity  and  rate  performance  compared  to  pristine
TiO2.

Notably, Ti4+ vacancies also enable the reversible insertion of of
multivalent ions such as Mg2+ and Al3+.  Density functional theory
(DFT) calculations comparing the insertion energies  of  Li+,  Mg2+,
and  Al3+ in  both  pristine  TiO2(A)  and  F-doped  TiO2(A)  with
titanium  vacancies  confirm  more  favorable  energetics  (i.e.,  lower
insertion  energies)  in  the  defect-engineered  systems  (Fig. 14(f)).
The  corresponding  atomic  configurations  of  insertion  sites  in
stoichiometric,  single-vacancy,  and  double-vacancy  TiO2(A)
structures  are  illustrated  in Figs.  14(g)‒14(i),  further  highlighting
the defect-enabled enhancement of ion insertion.

Furthermore,  defects  such  as  dangling  bonds,  vacancies,  and
impurities—more  prevalent  in  amorphous  TiO2,  can  act  as
scattering  centers  or  charge  traps,  thereby  impairing  electronic
conductivity. A recent study investigating the relationship between
atomic  order  and electrochemical  performance  revealed  that  Na+

diffusion  in  disordered  TiO2 was  nearly  300  times  faster  than  in
long-range ordered TiO2 (6.56 × 10−10 cm2·s−1 vs. 2.11 × 10−12 cm2·s−1)
[181]. This enhancement in ion mobility is largely attributed to the
structural  disorder,  which  facilitates  ion  transport  by  eliminating
energy barriers associated with ordered lattice sites. Moreover, the
amorphous  structure  accommodates  insertion  with  minimal
volume expansion, consistent with a pseudocapacitive mechanism,
thereby  enabling  excellent  rate  capability  and  high  reversible
capacity.  Although  structural  disorder  enhances  ionic
conductivity,  it  often compromises electronic conductivity due to
intrinsic  limitations.  Unlike  crystalline  TiO2,  which  possesses
long-range periodicity conducive to band conduction, amorphous
TiO2 lacks  such  structural  coherence.  This  disorder  leads  to  the
localization  of  electron  wavefunctions,  thereby  reducing  carrier
mobility  and  shifting  the  dominant  electronic  transport
mechanism  from  band  conduction  to  thermally  activated
hopping [182].

In  brief,  defects  in  TiO2 significantly  influence  its  ion  storage
behavior  by  introducing  additional  ion  storage  sites,  modulating
electron  transport  pathways,  and  facilitating  redox  processes.
More  intriguingly,  defects  can  also  dictate  whether  phase
transitions  occur  during  electrochemical  cycling.  For  instance,  in
MoO3,  transition  metal  oxide  with  electrochemical  properties
analogous to TiO2, lithium insertion leads to the disappearance of
distinct XRD reflections and the emergence of broad peaks upon
delithiation,  indicative  of  a  new nanoparticulate  phase  formation

[139, 183].  This  behavior  resembles  the  electrochemically  driven
phase  transition  reported  in  TiO2.  However,  when  oxygen
vacancies  are  introduced  into  MoO3 (i.e.,  MoO3–x),  the  phase
transition is effectively suppressed during the (de)lithiation process
[139],  suggesting  that  oxygen  deficiency  stabilizes  the  lattice  and
inhibits structural reorganization. These observations highlight the
critical  role of both cationic and anionic vacancies in modulating
electrochemical  phase  behavior.  Accordingly,  rational  design
strategies  for  TiO2-based  materials  should  incorporate  precise
control  over  defect  type  and  concentration,  enabling  the
optimization  of  ion  transport,  phase  stability,  and  overall
electrochemical performance.

 3.3    Morphologies
The  morphology  of  TiO2 plays  an  indirect  yet  crucial  role  in
governing  ion  diffusion  pathways,  the  formation  of  conductive
networks,  the  density  of  electrochemically  active  sites,  and  the
overall structural stability of the electrode. Tailoring TiO2 electrode
architectures, by employing structures of varying dimensionalities
such  as  nanorods,  nanosheets,  and  nanoparticles  with  distinct
surface  areas,  offers  a  highly  effective  strategy  to  improve
electrochemical  performance.  Accordingly,  the  following  section
will  systematically  examine how different  electrode morphologies
influence  ion  storage  mechanisms  from  both  macroscopic  and
microscopic perspectives.

Over  the  past  few  decades,  a  diverse  array  of  nanostructured
TiO2 materials,  including  one-dimensional  (1D)  nanorods/
nanotubes  (Figs.  15(a)‒15(c))  [175, 184−189],  two-dimensional
(2D)  nanosheets  (Figs.  15(d)‒15(f))  [190−194],  and  three-
dimensional (3D) nanoparticles (Figs. 15(g)‒15(i)) [157, 195−199],
have been synthesized and extensively explored for applications in
LIBs  and SIBs.  Morphologies  characterized  by  high  surface  areas
provide  a  larger  number  of  electrochemically  active  sites  for  ion
adsorption  and  insertion,  thereby  significantly  boosting  charge
storage  capacity  [82, 101].  Furthermore,  specific  morphologies
offer improved structural resilience; for instance, hollow or porous
architectures  effectively  buffer  the  volumetric  changes  associated
with  ion  insertion/extraction,  mitigating  mechanical  degradation
such  as  particle  pulverization  and  thereby  improving  capacity
retention and prolonging cycle life.

Moreover,  different  TiO2 morphologies  can  expose  distinct
crystalline  facets,  such  as  the  high-energy  {001}  or  the
thermodynamically  stable  {101}  facets  of  anatase,  which  exhibit
varying  surface  energies  and  ion  adsorption  capacities.  These
crystallographic  differences  can  directly  influence  the  ion  storage
behavior  of  TiO2 electrodes  [57].  Recent  studies  on  single-crystal
electrodes  have  demonstrated  that  the  anatase  (101)  facet  is
particularly favorable for ion insertion due to its high permeability
to Li+/Na+ ions [200−202].

Recently,  the  rational  design  of  hierarchical  and  porous  TiO2
structures  has  attracted  considerable  attention  as  a  means  to
simultaneously  improve  energy/power  densities  and  cycling
stability.  Despite  these  advances,  the  underlying  microscopic
mechanisms  through  which  morphology  influences
electrochemical  performance  remain  incompletely  understood.
Therefore,  this  section aims to elucidate the relationship between
electrode  morphology  and  charge  transport  behavior,  and  to
clarify  the ion storage mechanism in TiO2 from a morphological
perspective.

 3.3.1    One-dimensional (1D)

One-dimensional (1D) nanomaterials are characterized by having
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one  extended  spatial  dimension  (typically  along  the x-axis)
significantly larger than the other two dimensions (y and z), which
are  confined  to  the  nanoscale.  These  structures  generally  possess
high aspect ratios (often >10, and in some cases exceeding 1000),
with lengths extending into the micrometer range or beyond. Ion
transport in such 1D architectures is primarily dominated by axial
diffusion,  while  tip-induced  electric  field  enhancements  at  the
ends can further promote localized ion adsorption.

Examples  like  TiO2 nanorods,  nanotubes  and  nanowires  [185,
203, 204],  all  of  which  provide  optimized  pathways  for  ion
diffusion.  The  anisotropic  structure  and  large  surface-to-volume
ratio  of  these  materials  contribute  to  enhanced  charge/discharge
rates.  Typically,  TiO2 nanotubes  are  synthesized  via
electrochemical  anodization of  Ti  foil  [41, 175, 186, 205],  whereas
TiO2 nanorods and nanowires commonly obtained by modulating
reaction time and temperature during the final dehydration step of
a  hydrothermal  synthesis  process  [203, 204].  Low-temperature
synthesis  strategies  have  also  been  reported  as  viable  alternatives
[206, 207].  Among  these  structures,  nanorods  offer  a  relatively
large  surface  area  and  reduced  surface  strain,  while  nanotubes,
owing to their hollow geometry, provide even greater surface area
and  porosity.  Electrochemically,  these  1D  TiO2 electrodes  often
display  sloped  galvanostatic  charge/discharge  (GCD)  profiles
during  ion  (de)intercalation  [78, 186, 208],  in  contrast  to
conventional  insertion  compounds,  which  typically  exhibit  flat
voltage  plateaus  associated  with  two-phase  reactions.  As  particle
size  decreases,  voltage  profiles  shift  toward  more  sloping  curves
[209], indicating a transition to solid-solution or pseudocapacitive
behavior.

Furthermore, the tubular or rod-like morphologies offer open-
channel  structures  that  facilitate  rapid  mass  transport  [205].  In
some  cases,  TiO2 nanotubes  and  nanorods  are  coated  with
conductive  networks  such  as  few-layer  graphene  to  enhance
electronic  conductivity  [184],  or  are  engineered  into  hierarchical
and  bunchy  architectures  that  support  rapid  pseudocapacitive
responses  [189].  In  these  systems,  the  electrode  surface  acts  as  a
host  for  solid-solution–like  ion  insertion,  where  surface  free
energy varies continuously with ion concentration. Such behavior
may  be  attributed  to  curvature-induced  strain  effects  within  the
nanotube walls, which modulate the local surface energy landscape
during ion adsorption and insertion [102].

 3.3.2    Two-dimensional (2D)

Two-dimensional  (2D)  materials  are  characterized  by  their
extensive  lateral  dimensions  along the x- and y-axes,  while  being
atomically  thin  along  the z-axis.  Such  structural  anisotropy,
exemplified  by  single-layer  graphene  or  few-layer  MoS2,  imparts
remarkable  electrical  and  mechanical  properties  due  to  quantum
confinement  in  the  thickness  direction.  In  the  context  of  TiO2-
based  electrodes,  2D  morphologies,  particularly  nanosheets,  offer
high  specific  surface  areas  and  ultrathin  profiles,  which  greatly
enhance  electrode–electrolyte  interfacial  contact  and  facilitate
efficient  charge  transport  and  ion  storage.  These  attributes  are
critical for improving electrochemical performance.

The flat, thin morphology of TiO2 nanosheets enables superior
ion  transport  kinetics.  The  enlarged  surface  area  increases  the
number  of  electrochemically  active  sites  and  enhances
electrode–electrolyte  contact,  while  the  short  diffusion  lengths

 

Figure 15    Selected  schematic  illustrations  of  typical  TiO2-based  electrode  materials—including  nanorods/nanowires/nanofibers,  nanotubes,  bunchy  hierarchical,
nanoparticles,  various  spherical  structures,  nanosheets,  mesoporous  thin  film  and  3D  porous  architectures—are  presented  from  a  modification  perspective.  (a)
Multiwalled  carbon  nanotubes  incorporated  TiO2 nanorods.  Reproduced  with  permission  from  Ref.  [188],  ©  2017  WILEY-VCH  Verlag  GmbH  &  Co.  KGaA,
Weinheim. (b) Self-supported nanotube arrays of TiO2. Reproduced with permission from Ref. [186], © 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
(c) Bunchy hierarchical structure TiO2. Reproduced with permission from Ref. [189], © 2022 Liu, S. et al. (d) TiO2 nanosheets. Reproduced with permission from Ref.
[192],  ©  2018,  American  Chemical  Society.  (e)  Mesoporous  TiO2 thin  film.  Reproduced  with  permission  from  Ref.  [194],  ©  2020  Tsinghua  University  Press  and
Springer-Verlag GmbH Germany, part of Springer Nature. (f) Three-dimensionally ordered macroporous TiO2. Reproduced with permission from Ref. [190], © 2012
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (g) TiO2 solid spheres obtained by asymmetric Ostwald ripening. Reproduced with permission from Ref. [198],
© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (h) Spontaneous assembly of TiO2 three-dimensional hierarchical spheres. Reproduced with permission
from Ref.  [157],  © 2010 American Chemical Society.  (i)  Yolk–shell  TiO2 microspheres.  Reproduced with permission from Ref.  [196],  © 2015 WILEY-VCH Verlag
GmbH & Co. KGaA, Weinheim.
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inherent  to  the  nanosheet  architecture  accelerate  ion  migration,
collectively  contributing  to  improved  rate  capability  in  TiO2 and
capacity.  Common  synthesis  techniques  for  TiO2 nanosheets
include  hydrothermal  processes  [210−212],  atomic  layer
deposition (ALD) [213, 214], and templating strategies [193, 194].
These  methods  yield  nanosheets  with  high  electrolyte
permeability,  reduced  overpotential,  and  fast  reaction  kinetics
[192, 193, 214].  For  instance,  ALD-fabricated  amorphous  TiO2
coatings  with  thicknesses  of  3–10  nm  on  carbon  templates  have
achieved surface areas up to 467 m2·g-1 after calcination [213].

From an electrochemical standpoint, several features contribute
to  the  superior  performance  of  nanosheet-based  TiO2 electrodes:
(a)  High  surface  area.  It  enhances  ion  accessibility  and
electrode–electrolyte  interface,  promoting  faster  electron  and  ion
transport.  (b)  Short  ion  diffusion  paths.  The  thin  nature  of
nanosheets  minimizes  diffusion  lengths,  accelerating  reaction
kinetics. For example, mesoporous TiO2 nanosheets have achieved
capacities up to 280 mAh·g–1,  approaching the theoretical limit of
335 mAh·g–1,  compared to ~168 mAh·g–1 for bulk TiO2 [214].  (c)
Improved conductive network.  When combined with conductive
scaffolds  such  as  graphene  foam  or  nitrogen-doped  graphene
layers, electron transport is significantly enhanced [193, 212, 215].

While  ion  storage  in  bulk  TiO2 predominantly  involves
insertion, 2D morphologies also enable pseudocapacitive behavior,
characterized  by  surface-controlled  redox  reactions.  This
mechanism  provides  faster  kinetics  and  higher  capacities  than
bulk  diffusion-limited  insertion.  The  ultrathin  nature  of  TiO2
nanosheets  maximizes  surface  exposure  and  facilitates  electrolyte
penetration,  enabling  rapid  ion  uptake  and  release.  For  instance,
hybrid  TiO2 nanosheets  demonstrated  significantly  enhanced
pseudocapacitive  characteristics,  delivering  a  specific  capacity  of
120  mAh·g–1 at  1  A·g–1 and  retaining  90%  capacity  over
2500 cycles, highlighting their excellent rate capability and cycling
stability  [216].  These  traits  are  particularly  valuable  for  fast-
charging energy storage applications.

However,  despite their initial  electrochemical advantages,  TiO2
nanosheets  are  prone  to  morphological  instability  during
prolonged cycling. 2D Structural degradation such as aggregation,
restacking, or collapse of nanosheets can reduce active surface area
and disrupt ionic transport pathways. For instance, TiO2 nanobelts
were  reported  to  form  ~100  nm  aggregates  after  just  10  cycles,
resulting  in  severe  surface  area  loss  and  a  drop  in  capacity
retention to only 23% [217]. These findings underscore that while
2D TiO2 architectures  enable  rapid ion transport  and high initial
capacity,  their  mechanical  fragility  presents  challenges  for  long-
term durability.

 3.3.3    Three-dimensional (3D)

Three-dimensional (3D) materials exhibit comparable dimensions
along  all  three  spatial  axes  (x, y,  and z),  typically  ranging  from
nanometers  to  micrometers,  and  are  not  confined  in  any
particular  direction.  This  structural  isotropy imparts  stability  and
facilitates  morphology  tailoring  and  structural  modification
without  pronounced  geometric  constraints.  In  this  context,  TiO2
nanoparticles  have  garnered  significant  attention  owing  to  their
unique nanoscale  effects  and tunable  physicochemical  properties.
It is well established that the electrochemical performance of TiO2
nanoparticles  is  highly  dependent  on  particle  size,  morphology,
and structural uniformity.

Over  the  past  decade,  various  synthetic  methodologies,
including  liquid-phase  synthesis  (e.g.,  sol–gel)  [19, 195, 198, 218],

solid-state synthesis [219, 220], and alternative routes such as laser
ablation  [221],  have  been  developed  to  fabricate  TiO2
nanoparticles with tailored characteristics. Among them, the liquid-
phase  route  is  widely  employed  due  to  its  simplicity  and
scalability.  However,  uncontrolled  synthesis  often  leads  to
heterogeneous  particle  size  distributions  and  aggregation.  To
address  this  issue,  Hu  and  Mahshid  et  al.  [195, 222]  firstly
systematically  investigated  the  effects  of  pH  and  temperature
during  hydrothermal  synthesis,  achieving  uniform,  nearly
spherical  TiO2 nanoparticles  (5–30  nm)  under  acidic  conditions
that  suppressed  agglomeration.  To  further  optimize  the
electrochemical performance, hierarchical nanostructures, such as
hollow spheres and yolk–shell architectures, have been developed
[157, 198].  These  open  frameworks  enhance  ion  transport  by
improving  the  electrode-electrolyte  interfacial  area  and
accommodating  volumetric  changes  during  cycling.  The
performance  of  such  nanostructured  TiO2 materials  is  strongly
governed  by  the  interplay  among  crystal  chemistry,  surface  ion
concentration, and particle morphology. For example, Bruce et al.
[78]  demonstrated  that  TiO2 nanoparticles  exhibit  superior
lithium  storage  capacity  and  rate  capability  compared  to  bulk,
nanorod,  and  nanosheet  counterparts,  particularly  at  voltages
below  1.4  V.  This  enhanced  performance  was  attributed  to  high
surface  area  and  nanoscale-induced  structural  distortions,  which
significantly  alter  the  ion  insertion  behavior.  Their  findings  also
highlight the necessity of advanced characterization techniques to
elucidate  such  distortions  and  support  the  multistep  phase
transition mechanism in nanoparticulate TiO2.

In addition to structural design, surface modification, especially
carbon  coating,  has  emerged  as  an  effective  strategy  to  improve
the  electrical  conductivity  of  TiO2 electrodes.  Various  carbon
materials,  including  amorphous  carbon,  graphene,  and  carbon
nanotubes,  have  been  integrated  with  TiO2 [218, 223, 224].
Among these, amorphous carbon is most widely employed due to
its  ability  to  uniformly  coat  particles  and  significantly  boost
electronic conductivity [225]. Incorporation of conductive carbon
networks facilitates efficient electron transport, thereby enhancing
overall electrode performance.

More  importantly,  most  investigations  into  ion  transport,  size
effects,  and  pseudocapacitive  contributions  have  been  primarily
centered  on TiO2 nanoparticles.  In  addition  to  these  well-known
benefits,  it  exhibits  a  unique  advantage  to  observe  the  multistep
phase transformation [61−63]. This structural evolution effectively
mitigates the crystallographic anisotropy that typically restricts ion
insertion  to  specific  surfaces  in  bulk  crystalline  TiO2.  This
indicates  that  different  electrode  morphologies  and  structural
configurations  may  influence  the  formation  of  percolation
pathways  and  ion  transport,  thereby  affecting  the  overall
electrochemical  performance.  In  addition  to  morphologies
engineering,  surface  modification  through  carbon  coatings  has
proven to be an effective approach to improve the conductivity of
nanoparticles  TiO2 electrodes.  Various  carbon  nanomaterials—
including  amorphous  carbon,  graphene,  and  carbon
nanotubes—have been employed for this purpose [218, 223, 224].
Among these,  amorphous  carbon is  particularly  widely  used  due
to  its  ability  to  form  uniform  coatings  and  significantly  enhance
the  electrical  conductivity  of  TiO2 [225].  The  incorporation  of
carbon additives has consistently been shown to improve electron
transport  within  the  electrode,  thereby  boosting  the  overall
electrochemical performance.

The  relationship  between  electrode  architecture  and  charge
transport  in  TiO2 is  reflected  in  multiple  aspects,  including  ion
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diffusion  paths,  conductive  network  formation,  and
electrochemically  active  site  density.  In  brief,  1D  TiO2 structures
(e.g.,  nanowires,  nanotubes)  and  2D  architectures  (e.g.,
nanosheets) offer high surface areas and well-defined ion transport
channels,  facilitating  fast  (de)intercalation  and  improved  rate
capabilities.  3D TiO2 nanoparticles,  owing  to  their  shortened  ion
diffusion  lengths,  provide  more  direct  and  efficient  ion  diffusion
pathways, significantly reducing tortuosity compared to their bulk
counterparts  (Fig. 16).  In  contrast,  bulk  TiO2 materials  exhibit
long  diffusion  paths,  which  hinder  ion  mobility  and  reduce
performance.

Amorphous  TiO2,  in  particular,  provides  continuous  ion
diffusion  pathways,  minimizing  resistance  compared  to  its
crystalline  counterparts.  Although  studies  on  the  intrinsic
properties  of  amorphous  TiO2 nanotubes  and  their  influence  on
electrochemical  behavior  remain  limited,  it  is  generally  accepted
that  nanostructures  with  high  surface  areas  enhance  ion
adsorption and insertion, leading to increased ion storage capacity.
Furthermore,  in  high  surface  area  morphologies,  ion  transport  is
not  solely  governed  by  bulk-phase  diffusion  but  is  also
significantly  influenced  by  surface-confined  charge  transfer
processes.  Such  surface-limited  mechanisms  are  less  pronounced
in  bulk  or  low-surface-area  electrodes,  underscoring  the
importance  of  morphology  in  modulating  ion  adsorption  and
desorption dynamics.

In  summary,  TiO2 materials  with  different  morphologies
exhibit  distinct  specific  surface areas,  which play a  pivotal  role  in
determining  their  electrochemical  performance.  Morphologies
characterized  by  high  surface  areas  provide  a  greater  number  of
electrochemically  active  sites  and  improve  the  interfacial  contact
between the electrode and electrolyte.  In particular,  the increased
surface  area  in  nanostructured  TiO2 facilitates  a  more  uniform
current  density  distribution,  thereby enhancing electrode kinetics
and  overall  reaction  efficiency.  Without  these  structural
optimizations,  ion  transport  becomes  sluggish,  especially  in  bulk
phases,  leading  to  compromised  electrochemical  performance.

Beyond  providing  additional  active  sites,  electrode  morphology
also  indirectly  affects  ion  storage  mechanisms  by  modulating
charge  transport  pathways  and  the  kinetics  of  electrochemical
reactions.  Specifically,  nanostructured  morphologies  shorten  ion
diffusion lengths, enhance structural integrity during cycling, and
promote  the  exposure  of  specific  high-energy  crystalline  facets,
each  of  which  contributes  to  improved  electrochemical
reversibility  and  rate  performance.  Collectively,  these
morphological  attributes  play  a  critical  role  in  governing  the  ion
storage behavior and overall electrochemical performance of TiO2-
based electrode materials.

 3.4    Electrochemical factors
Electrochemical  factors,  such  as  charge–discharge  rate,  voltage
window,  and  electrolyte  composition,  play  pivotal  roles  in
regulating  ion  (de)intercalation  and  (de)adsorption  processes  in
TiO2,  thereby  significantly  impacting  its  ion  storage  mechanisms
and  overall  electrochemical  performance.  The  charge–discharge
rate directly influences ion transport kinetics; at high rates, kinetic
limitations  often  restrict  ion  diffusion,  reduce  specific  capacity,
and  suppress  phase  transition  processes.  The  voltage  window
governs  the  depth  of  (de)intercalation,  as  operating  outside  of
optimal  voltage  ranges  can  induce  irreversible  structural
transformations  or  trigger  complex  multiphase  transitions  in  the
TiO2 lattice. Meanwhile, the composition of the electrolyte affects
ionic  conductivity,  ion  solvation  dynamics,  and  the  formation  of
the  solid  electrolyte  interphase,  all  of  which  determine  ion
accessibility  and  structural  stability  during  cycling.  Collectively,
these  electrochemical  parameters  critically  modulate  the  phase
transition  behavior  and  govern  the  energy  storage  characteristics
of TiO2-based electrodes.

 3.4.1    Charge-discharge rate

The  charge–discharge  rate,  or  C-rate,  which  defines  the  rate  at
which  a  battery  is  charged  or  discharged  relative  to  its  capacity,

 

Figure 16    Schematic  illustration of  ion diffusion pathways  and the  formation of  conductive  networks  in  TiO2 electrodes  with  different  dimensional  morphologies
(1D, 2D, and 3D). Distinct morphological features lead to varying ion transport efficiencies and electronic conductivities, which in turn influence the electrochemical
performance and ion storage mechanisms.
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significantly  affects  the  electrochemical  performance  of  TiO2.  At
high  C-rates,  polarization  effects  are  exacerbated,  leading  to
reduced capacity utilization due to the inherently limited ionic and
electronic  conductivity  of  TiO2.  In  contrast,  at  low  C-rates,  ions
have sufficient time to diffuse into the bulk of TiO2, enabling more
thorough  utilization  of  the  active  material.  Therefore,  several
studies  have  reported  that  high  charge–discharge  rates  can
prolong  the  activation  process,  resulting  in  a  gradual  increase  in
capacity  over  the  initial  cycles,  a  phenomenon  that  is  less
pronounced  under  low  C-rate  conditions.  For  instance,  when
comparing  the  cycling  performance  of  nitrogen-doped  carbon-
modified  TiO2 at  1C  and  25C,  the  specific  capacity  at  25C
exhibited a gradual increase over the first 100 cycles, whereas such
behavior  was  minimal  at  1C  [198].  Similar  trends  have  been
observed in other studies as well [57, 218, 226, 227].

This  progressive  capacity  increase  is  commonly  attributed  to
the  gradual  activation  of  previously  underutilized  regions  within
the  electrode.  Under  high  C-rate  cycling,  phase  transformations
may  initially  occur  only  near  the  surface  or  proceed  non-
uniformly  due  to  kinetic  limitations.  Over  repeated  cycles,  ions
gradually  diffuse  into  deeper  bulk  regions,  completing  phase
transitions  and  enabling  broader  material  participation  in  the
electrochemical  reactions.  In  particular,  the  formation  of  a  rock-
salt  phase  during  cycling  enhances  ion  accessibility  and
contributes  to  capacity  recovery.  This  behavior  is  especially
prominent  in  nanostructured  TiO2,  where  reduced  diffusion
lengths  facilitate  faster  ion  transport  even  at  elevated  C-rates.
Consequently,  the  influence  of  charge–discharge  rate  on  the  ion
storage  mechanism  of  TiO2 has  been  increasingly  recognized,
particularly  with  regard  to  its  role  in  driving  electrochemically
induced phase transitions.62,63,77

 3.4.2    Voltage window

The voltage window is a critical parameter that directly influences
the  electrochemical  stability,  capacity,  and  phase  transition
behavior of TiO2. In LIBs, TiO2 typically operates within a voltage
window of 1.0–3.0 V vs. Li+/Li (equivalent to –2.04 to –0.04 V vs.
the  standard  hydrogen  electrode,  SHE),  with  the  Ti4+/Ti3+ redox
activity  occurring  primarily  at  plateaus  between  1.6‒1.9  V.  This
voltage  range  ensures  safe  operation  by  suppressing  lithium
dendrite formation and minimizing electrolyte decomposition, but
it  also limits  the electrochemical  driving force required to induce
structural  reorganization,  such  as  multiphase  transitions.  In
contrast,  SIBs  typically  employ  a  wider  cut-off  voltage  range  of
0.01–3.0 V vs. Na+/Na (–2.70 to 0.29 V vs. SHE) to accommodate
the larger ionic radius and distinct insertion characteristics of Na+.
The  lower  cut-off  voltage  is  often  necessary  to  overcome  the
higher  activation  energy  barrier  for  initial  Na+ insertion  into  the
TiO2 lattice,  which is  frequently  accompanied by a  crystalline-to-
amorphous phase transition [63]. However, operating at such low
voltages  can  also  trigger  irreversible  electrolyte  decomposition,
complicating the identification of the underlying cause of capacity
loss.

For  example,  Kim et  al.  [54]  reported  an  unusually  high  first-
discharge capacity of over 700 mAh·g–1 in TiO2, with three distinct
voltage plateaus and a substantial irreversible capacity loss of more
than 500 mAh·g–1, resulting in an ICE of less than 30%. When the
lower cut-off voltage was raised to 0.3 V and 0.8 V, the irreversible
capacities  were  still  significant,  approximately  452  and  318
mAh·g–1,  respectively.  Since  electrolyte  decomposition  is  unlikely
at  these  higher  voltages,  the  observed  irreversible  capacity  loss  is
more  plausibly  attributed  to  intrinsic  structural  changes  within

TiO2,  such  as  irreversible  phase  transitions.  Although  TiO2 also
exhibits  irreversible  capacity  loss  in  LIBs,  the  extent  is  generally
lower than that observed in SIBs, owing to the narrower voltages
window and differences in electrolyte composition [90].

Therefore,  precise  control  and  optimization  of  the  voltage
window  are  essential  for  disentangling  the  contributions  of
electrolyte  decomposition  (e.g.,  SEI  formation)  and  intrinsic
structural  evolution  (e.g.,  phase  transitions)  to  the  observed
irreversible  capacity  loss.  However,  systematic  studies  aimed  at
differentiating  these  mechanisms  remain  scarce  in  the  current
literature.

Interestingly,  voltage  window  manipulation  has  yielded
surprising results in other electrode systems as well.  For instance,
Yi  Cui  et  al.  [228]  reported  that  tailored  voltage  pulse  protocols
could  facilitate  capacity  recovery  in  silicon-based  negative
electrodes.  More  recently,  Qiu  et  al.  [137]  demonstrated  that
adjusting  the  cut-off  voltages  in  Li-rich  layered  and  rocksalt-
structured  materials  could  induce  a  dynamic  disorder–order
transition,  with  evolving  discharge  voltage  profiles  indicative  of
electrochemically driven structural reconstruction.

 3.4.3    Electrolyte

In  LIBs,  the  most  commonly  used  electrolytes  are  composed  of
lithium  hexafluorophosphate  (LiPF6)  dissolved  in  organic
carbonate  solvents,  such  as  propylene  carbonate  (PC),  ethylene
carbonate (EC), diethyl carbonate (DEC), and dimethyl carbonate
(DMC).  In  contrast,  ether-based  solvents,  such  as
dimethoxyethane (DME),  tetrahydrofuran (THF),  and diethylene
glycol dimethyl ether (diglyme), are rarely utilized in LIBs due to
their distinct chemical properties, limited electrochemical stability,
and poor compatibility with conventional LIB electrode materials.
For  instance,  ether-based  electrolytes  typically  exhibit  an
electrochemical  stability  window  of  0–4.0  V  vs.  Li+/Li,  whereas
LIBs  often  operate  at  higher  cut-off  voltages  (≥4.3  V),  exceeding
the  oxidative  stability  limit  of  ether  solvents.  This  can  lead  to
electrolyte  degradation,  gas  evolution,  and  diminished  battery
performance,  rendering  ether-based  systems  unsuitable  for  high-
energy-density LIB applications. Moreover, low-molecular-weight
ethers  such  as  DME  are  prone  to  co-insertion  with  Li+ into  the
graphite  negative  electrode,  causing  exfoliation  and  irreversible
structural  damage,  which further limits their practical  application
in LIBs.

Conversely,  in  SIBs,  the  lower  operating  voltage  of  Na+-
insertion  positive  electrode  materials,  such  as  polyanionic  or
Prussian  blue  analogs,  which  typically  function  within  2.5–3.8  V
vs.  Na+/Na,  falls  well  within  the  electrochemical  stability  window
of ether-based electrolytes.  This compatibility effectively mitigates
the  oxidative  decomposition  issues  encountered  in  high-voltage
LIBs.  Consequently,  ether-based  electrolytes  offer  several
advantages in SIB applications.  Their strong solvation capabilities
enable  the  effective  dissolution  of  sodium  salts,  resulting  in  high
ionic  conductivity  (~10–3 S·cm–1).  Additionally,  their  low viscosity
(e.g.,  DME:  ~0.46  cP  vs.  EC/DMC:  1–2  cP)  promotes  rapid  Na+

diffusion and improved rate performance. In contrast, carbonate-
based  electrolytes  often  result  in  the  formation  of  a  thicker  SEI
layer  and  increased  interfacial  resistance,  both  of  which  hinder
electrochemical kinetics.

Therefore,  the  choice  of  electrolyte  plays  a  critical  role  in
determining  the  electrochemical  performance  of  TiO2 electrodes
in both LIBs and SIBs by influencing key parameters such as ionic
conductivity,  SEI  formation,  and  interfacial  compatibility  [59,
229−232].  A  systematic  summary  of  the  effects  of  different
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electrolytes different electrolytes on the ion storage mechanism of
TiO2 is presented in Table 3.

For example, detailed studies by T. Y. Zhang et al. [59] revealed
a  marked contrast  in  the  electrochemical  behavior  of  TiO2 when
using  different  electrolytes.  In  EC/DEC-based  electrolytes,  TiO2
did not  undergo complete  amorphization,  even when discharged
to  0.01  V  during  the  first  cycle.  This  was  confirmed  by ex-situ

XRD and in-situ Raman spectroscopy, where characteristic Raman
peaks  of  crystalline  TiO2 remained  observable.  Complete
amorphization was only achieved after approximately four cycles,
indicating limited sodium accessibility and lower capacity relative
to diglyme-based electrolytes,  in which TiO2 fully  transformed to
an  amorphous  phase  in  the  first  cycle.  A  similar  trend  of
incomplete amorphization has also been observed with other ester-

 

Table 3    Comparison of the electrochemical properties of TiO2 with varying crystal sizes, morphologies, voltage windows, and electrolyte systems

Morphology
(crystal size/nm) a

SSAb

(m2·g–1)
Discharge capacity Voltage

windows Electrolytec Activationd Ref.
At low rate At high ate

Amorphous
(particle size: 50 nm) —e

280 mAh·g–1 at 1st cycle
185 mAh·g–1 at 10th cycle

(at 0.3C)

150 mAh·g–1 at 1st cycle
140 mAh·g–1 at 10th cycle

(at 3C)
1.2–3.6 V 1 M LiPF6 in

EC: DEC (1:1) Yes [233]

Nanoparticles
(76.1 nm)

(particle size: 200 nm)
10

152 mAh·g–1 at 1st cycle
5 mAh·g–1 at 22nd cycle

(at 0.05C)
—

1.0–3.0 V 1 M LiClO4 in
PC — [68]

Nanoparticles
(17.0 nm)

(particle size: 200 nm)
49 — —

Nanoparticles
(11.0 nm)

(particle size: 200 nm)
94 — —

Nanoparticles
(6.3 nm)

(particle size: 200 nm)
223

245 mAh·g–1 at 1st cycle
128 mAh·g–1 at 50th cycle

(at 0.05C)
—

Nanotube
(9–37 nm) —

280 mAh·g–1 at 1st cycle
169 mAh·g–1 at 50th cycle

(at 0.05C)

70 mAh·g–1 at 90th cycle
(at 30C) 1.0–2.8 V 1 M LiPF6 in

EC: DMC (1:1) — [69]

Nanoparticles
(7.0 nm) 220

137 mAh·g–1

(Data converted from
specific capacitance)

— 1.5‒2.5 V 1 M LiClO4 in
PC —Nanoparticles

(10.0 nm) 150
129 mAh·g–1

(Data converted from
specific capacitance)

Nanoparticles
(30.0 nm) 50

118 mAh·g–1

(Data converted from
specific capacitance)

Amorphous
(particle size: 2–3 nm) 598

800 mAh·g–1 at 1st cycle
200 mAh·g–1 at 50th cycle

(at 0.1C)

270 mAh·g–1 at 1st cycle
125 mAh·g–1 at 50th cycle

(at 10C)
1.0–3.0 V 1 M LiPF6 in

EC: DMC (2:1) Yes [234]

Nanorods
(5–10 nm) —

700 mAh·g–1 at 1st cycle
(at 0.03C)

208 mAh·g–1 at 2nd cycle
(at 0.03C)

168 mAh·g–1 at 2nd cycle
(at 0.5C)

92 mAh·g–1 at 22th cycle
(at 10C)

53 mAh·g–1 at 42nd cycle
(at 100C)

0.01–3.0 V
1 M NaClO4 in

PC with 2%
FEC

Yes [54]

Nanoparticles
(30 nm) —

355 mAh·g–1 at 1st cycle
(at 0.01C)

155 mAh·g–1 at 200th cycle
(at 0.1C)

90 mAh·g–1 at 50th cycle
(at 10C) 0.1–2.0 V 1 M NaClO4 in

EC: PC (1:1). Yes [49]

Nanoparticles
(11 nm) 120

267 mAh·g–1 at 1st cycle
226 mAh·g–1 at 6th cycle

(at 0.1C)

700 mAh·g–1 at 1st cycle
(at 0.02C)

200 mAh·g–1 at 2nd cycle
204 mAh·g–1 at 300th cycle

(at 1C)
128 mAh·g–1 at 2nd cycle

180 mAh·g–1 at 500th cycle
(at 5C)

0.05–2.0 V 1 M NaClO4 in
EC: PC (1:1)

Yes

[218]

Nanoparticles
(40 nm) 42

209 mAh·g–1 at 1st cycle
182 mAh·g–1 at 6th cycle

(at 0.1C)
— —

Nanoparticles
(12 nm) —

338 mAh·g–1 at 1st cycle
251 mAh·g–1 at 300th cycle

(at 0.25C)

144 mAh·g–1 at 1100th cycle
(at 2.5C)

75 mAh·g–1 at 4000th cycle
(at 10C)

0.01‒3 V
1 M NaClO4 in

PC with 5%
FEC

Yes [224]
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(Continued)
 

Morphology
(crystal size/nm) a

SSAb

(m2·g–1)
Discharge capacity Voltage

windows Electrolytec Activationd Ref.
At low rate At high ate

Nanoparticles
(15 nm) 124

501 mAh·g–1 at 1st cycle
182 mAh·g–1 at 300th cycle

(at 0.25C)

132 mAh·g–1 at 2nd cycle
125 mAh·g–1 at 1000th cycle

(at 10C)

0.01‒2.5 V
1 M NaClO4 in

PC with 5%
FEC

Yes [235]Nanoparticles
(19 nm) 76

445 mAh·g–1 at 1st cycle
182 mAh·g–1 at 300th cycle

(at 0.25C)

98 mAh·g–1 at 2nd cycle
96 mAh·g–1 at 1000th cycle

(at 10C)

Nanoparticles
(22 nm) 61

363 mAh·g–1 at 1st cycle
182 mAh·g–1 at 6th cycle

(at 0.1C)
—

Nanoparticles
(18.7 nm) 106.1

445 mAh·g–1 at 1st cycle
205 mAh·g–1 at 200th cycle

(at 0.1C)

383 mAh·g–1 at 1st cycle
183 mAh·g–1 at 500th cycle

(at 0.5C)
0.01‒3.0 V

1 M NaClO4 in
PC with 5%

FEC
Yes [236]

Nanoparticles
(22.5 nm) 80.7

263 mAh·g–1 at 1st cycle
183 mAh·g–1 at 200th cycle

(at 0.1C)

222 mAh·g–1 at 1st cycle
135 mAh·g–1 at 500th cycle

(at 0.5C)

Nanoparticles
(5-10nm)

(particle size: 400 nm)
145

360 mAh·g–1 at 1st cycle
245 mAh·g–1 at 200th cycle

(at 0.5C)

95 mAh·g–1 at 2nd cycle
90 mAh·g–1 at 3000th cycle

(at 25C)
0.01‒3 V

1 M NaClO4 in
PC with 5%

FEC
Yes [198]

Nanorod
(10.8–21.3 nm) 122.3

82 mAh·g–1 at 84th cycle
123 mAh·g–1 at 140th cycle

(at 0.15C)

23 mAh·g–1 at 2nd cycle
26 mAh·g–1 at 31st cycle

(at 1.5C)

0.1‒2.0 V
1M NaClO4 in

PC with 2%
FEC

Yes [57]Nanorod
(10.4–18.4 nm) 103.6

79 mAh·g–1 at 84th cycle
88 mAh·g–1 at 140th cycle

(at 0.15C)

11 mAh·g–1 at 2nd cycle
16 mAh·g–1 at 31st cycle

(at 1.5C)

Nanorod
(13.6–41.2 nm) 89.4

161 mAh·g–1 at 84th cycle
180 mAh·g–1 at 140th cycle

(at 0.15C)

48 mAh·g–1 at 2nd cycle
45 mAh·g–1 at 31th cycle

(at 1.5C)

Amorphous
(Thickness: 3.0 nm) 490

233 mAh·g–1 at 2nd cycle
230 mAh·g–1 at 5th cycle

(at 0.13C)

176 mAh·g–1 at
5th cycle
(at 50C)

1.0–3.0 V 1 M LiPF6 in
EC: DMC (1:1) No [237]Amorphous

(Thickness: 7.4 nm) 152
220 mAh·g–1 at 2nd cycle
223 mAh·g–1 at 5th cycle

(at 0.13C)

158 mAh·g–1 at
5th cycle
(at 50C)

Amorphous
(Thickness: 14 nm) 86

211 mAh·g–1 at 2nd cycle
203 mAh·g–1 at 5th cycle

(at 0.13C)

46 mAh·g–1 at
5th cycle
(at 50C)

Nanoparticles
(<25 nm)

—
394 mAh·g–1 at 1st cycle

216 mAh·g–1 at 10th cycle
(at 0.15C)

200 mAh·g–1 at 2nd cycle
192 mAh·g–1 at 500th cycle (at 0.3C)

212 mAh·g–1 at 1st cycle
153 mAh·g–1 at 2nd cycle

136 mAh·g–1 at 600th cycle (at 6C) 0.01‒3.0 V

1 M NaPF6 in
Diglyme Yes

[36]

—
471 mAh·g–1 at 1st cycle

180 mAh·g–1 at 10th cycle
(at 0.15C)

200 mAh·g–1 at 2nd cycle
43 mAh·g–1 at 500th cycle

(at 0.3C)

1 M NaPF6 in
EC:DEC (1:1)

Yes
(Not

obvious)

Nanoparticles
(100 nm) 11

34 mAh·g–1 at 1st cycle
41 mAh·g–1 at 10th cycle

(at 0.3C)

24 mAh·g–1 at 50th cycle
(at 12C)

0.01–3.0 V 1 M NaPF6 in
Diglyme

No

[22]

Nanoparticles
(40 nm) 40

76 mAh·g–1 at 1st cycle
102 mAh·g–1 at 10th cycle

(at 0.3C)

58 mAh·g–1 at 50th cycle
(at 12C) No

Nanoparticles
(25 nm) 57

131 mAh·g–1 at 1st cycle
159 mAh·g–1 at 10th cycle

(at 0.3C)

92 mAh·g–1 at 50th cycle
(at 12C) No

Nanoparticles
(18 nm) 80

142 mAh·g–1 at 1st cycle
191 mAh·g–1 at 10th cycle

(at 0.3C)

118 mAh·g–1 at 50th cycle
(at 12C) Yes

Nanoparticles
(10 nm) 133

295 mAh·g–1 at 1st cycle
230 mAh·g–1 at 10th cycle

(at 0.3C)

159 mAh·g–1 at 50th cycle
(at 12C) Yes

Nanoparticles
(5 nm) 303

298 mAh·g–1 at 1st cycle
236 mAh·g–1 at 10th cycle

(at 0.3C)

151 mAh·g–1 at 50th cycle
(at 12C) Yes
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based  electrolytes,  such  as  EC/PC  [36, 49],  suggesting  that  Na+

diffusion and storage kinetics are significantly slower compared to
those  in  diglyme-based  systems.  The  superior  performance  in
diglyme-based  electrolytes  is  attributed  to  the  formation  of  a
thinner,  more  inorganic-rich  solid  electrolyte  interphase,  which
reduces  interfacial  resistance  and  enhances  ion  transport.  This  is
further  supported  by  a  significantly  lower  charge  transfer  energy
barrier,  172 meV for  diglyme versus  approximately  410 meV for
EC/DEC,  derived  from  temperature-dependent  electrochemical
impedance  spectroscopy  using  the  Arrhenius  relationship.  More
interestingly,  pseudocapacitive  contributions  are  markedly
enhanced  in  ether-based  electrolytes  [94].  This  enhancement  is
ascribed  to  the  high  surface  potential  of  amorphous  TiO2
nanoparticles,  which  facilitates  ion  adsorption.  A  recent  study
investigating  the  influence  of  atomic  ordering  on  the
electrochemical  performance  of  TiO2 further  supports  this  view,
suggesting  that  atomic  disorder  significantly  impacts  ion  storage
mechanism  by  modulating  ion  adsorption  behavior,  diffusion
kinetics, and electron transport [36, 181].

Notably, Table  3 highlights  that  both  electrolyte  composition
and the applied cut-off voltage play critical roles in governing the

amorphization  process.  When  a  diglyme-based  electrolyte  is
conjunction  with  a  low  cut-off  voltage,  full  amorphization  is
consistently  observed  across  multiple  studies.  Additionally,  the
inclusion of fluoroethylene carbonate as an electrolyte additive can
induce  an  abnormally  high  initial  discharge  capacity,  potentially
complicating  the  interpretation  of  whether  amorphization  has
occurred.

In  brief,  this  section  underscores  the  critical  role  of
electrochemical  parameters,  including  C-rate,  voltage  window,
and  electrolyte  composition,  in  dictating  the  ion  storage
mechanism of  TiO2.  Specifically,  under  conditions  of  low C-rate,
low  cut-off  voltage,  and  the  use  of  diglyme-based  electrolytes,
multiphase  transition phenomena (i.e.,  crystalline-to-amorphous-
to-rock-salt  transformations)  are  frequently  observed.  These
parameters  collectively  regulate  phase  transition  dynamics  and
ultimately  determine  the  electrochemical  performance  of  TiO2-
based electrode materials.

 4    Summary and outlook
Nanocrystalline  TiO2 exhibits  distinctive  multiphase  transition
behavior  that  has  often  been  overlooked  in  previous  studies.

(Continued)
 

Morphology
(crystal size/nm) a

SSAb

(m2·g–1)
Discharge capacity Voltage

windows Electrolytec Activationd Ref.
At low rate At high ate

Nanoparticles
(13.6 nm) 211

337 mAh·g–1 at 1st cycle
206 mAh·g–1 at 1000th cycle

(at 3C)

145 mAh·g–1 at 1st cycle
121 mAh·g–1 at 20,000th cycle

(at 30C)
0.01–3.0 V 1 M NaPF6 in

DME

Yes
(at high
current
density)

[238]

Nanoparticles
(10 nm) 108

293 mAh·g–1 at 1st cycle
255 mAh·g–1 at 20th cycle

(at 0.3C)

214 mAh·g–1 at 3rd cycle
156 mAh·g–1 at 5000th cycle

(at 6C)
0.01–3.0 V 1 M NaPF6 in

Diglyme Yes [63]

Amorphous 357
303 mAh·g–1 at 1st cycle

155 mAh·g–1 at 20th cycle
(at 0.3C)

133 mAh·g–1 at 3rd cycle
65 mAh·g–1 at 5000th cycle

(at 6C)

Nanoparticles
(110 nm) 3

20 mAh·g–1

after 30 cycles(at 0.3C)
3 mAh·g–1 after 30 cycles(at 6C)

2 mAh·g–1 after 30 cycles(at 30C) 1.0–3.0 V
1 M LiPF6 in

EC:DME:EMC
(1:1:1)

No

[62]

39 mAh·g–1

after 30 cycles(at 0.3C)
26 mAh·g–1 after 30 cycles (at 6C)
24 mAh·g–1 after 30 cycles(at 30C) 0.01–3.0 V 1 M NaPF6 in

Diglyme No

Nanoparticles
(58 nm) 11

91 mAh·g–1

after 30 cycles(at 0.3C)
21 mAh·g–1 after 30 cycles(at 6C)

12 mAh·g–1 after 30 cycles(at 30C) 1.0–3.0 V
1 M LiPF6 in

EC:DME:EMC
(1:1:1)

Not clear

46 mAh·g–1

after 30 cycles(at 0.3C)
35 mAh·g–1 after 30 cycles(at 6C)

30 mAh·g–1 after 30 cycles(at 30C) 0.01–3.0 V 1 M NaPF6 in
Diglyme No

Nanoparticles
(22 nm) 31

133 mAh·g–1

after 30 cycles(at 0.3C)
58 mAh·g–1 after 30 cycles(at 6C)

27 mAh·g–1 after 30 cycles(at 30C) 1.0–3.0 V
1 M LiPF6 in

EC:DME:EMC
(1:1:1)

Yes

95 mAh·g–1

after 30 cycles(at 0.3C)
94 mAh·g–1 after 30 cycles(at 6C)

72 mAh·g–1 after 30 cycles(at 30C) 0.01–3.0 V 1 M NaPF6 in
Diglyme No

Nanoparticles
(15 nm) 62

200 mAh·g–1

after 30 cycles(at 0.3C)
112 mAh·g–1 after 30 cycles(at 6C)
63 mAh·g–1 after 30 cycles(at 30C) 1.0–3.0 V

1 M LiPF6 in
EC:DME:EMC

(1:1:1)
Yes

151 mAh·g–1

after 30 cycles(at 0.3C)
147 mAh·g–1 after 30 cycles(at 6C)
88 mAh·g–1 after 30 cycles(at 30C) 0.01–3.0 V 1 M NaPF6 in

Diglyme Yes

Nanoparticles
(10 nm) 150

228 mAh·g–1

after 30 cycles(at 0.3C)
143 mAh·g–1 after 30 cycles(at 6C)
72 mAh·g–1 after 30 cycles(at 30C) 1.0–3.0 V

1 M LiPF6 in
EC:DME:EMC

(1:1:1)
Yes

227 mAh·g–1

after 30 cycles(at 0.3C)
170 mAh·g–1 after 30 cycles(at 6C)
98 mAh·g–1 after 30 cycles(at 30C) 0.01–3.0 V 1 M NaPF6 in

Diglyme Yes

Note: a Calculated based on Scherrer formula or observed from TEM. b Specific surface area, c The rates of different literatures have been converted to
1 C=335 mAh·g–1, d A: large irreversible capacity loss (low ICE), B: a distinct capacity increase or C: phase transition during the initial cycle. e The symbol
'— ' indicates that the value/data was not mentioned.
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Whether  partial  recrystallization  or  rock-salt  phase  formation  is
observed  largely  depends  on  the  particle  size  of  TiO2.  When  the
crystallite  size  is  sufficiently  small,  complete  amorphization
followed  by  recrystallization  can  occur  throughout  the  entire
particle,  resulting  in  the  disappearance  of  all  XRD  diffraction
peaks. In contrast, larger particles generally undergo only surface-
limited  amorphization  and  phase  transition,  while  the  bulk
crystalline  framework  remains  intact;  hence,  XRD  peaks  are  still
observable. This size-dependent structural evolution often leads to
discrepancies  among  reported  results  and  contributes  to  the
divergent  interpretations  of  the  ion  storage  mechanism  in  TiO2-
based electrodes.

In  this  work,  we  critically  summarize  the  ion  storage
mechanisms  of  TiO2 across  lithium- and  sodium-based  systems,
with  particular  emphasis  on  the  recently  recognized
electrochemically  induced  crystalline-to-amorphous-to-rock-salt
phase multistep phase transformation mechanism. Although other
mechanisms  such  as  reversible  (de)intercalation  and
amorphization  have  been  proposed  derived  from  distinct
experimental  observations,  they  are  not  necessarily  mutually
exclusive.  On  the  contrary,  these  mechanisms  may  occur
concurrently  or  sequentially  within  the  same  system  at  different
stages of cycling.

Through systematically review, we summarize the complete ion
storage process in TiO2 as follows: during the initial discharge, ion
insertion induces TiO2 lattice distortion, ultimately causing a thin
surface layer of crystalline TiO2 to undergo amorphization. Upon
continued  cycling,  partial  nucleation  occurs  within  these
amorphous  regions,  resulting  in  the  formation  of  cubic  rock-salt
Li/NaTiO2 nanograins.  In  this  highly  symmetric  rock-salt
structure,  Ti  and Li/Na are randomly distributed over  octahedral
sites  within  a  nearly  ideal  cubic  close-packed  oxygen  lattice.  The
disordered atomic distribution within the newly formed rock-salt
structure  is  maintained  even  in  the  fully  charged  state,  which
prevents structural collapse and contributes to the thermodynamic
stability  of  the  host  framework.  Meanwhile,  some  interfacial
regions  remain  amorphous,  potentially  forming  percolation
pathways  that  enhance  ion  diffusion,  primarily  governed  grain
boundary  transport  rather  than  bulk  diffusion.  Importantly,  the
formation  of  these  amorphous  interfacial  regions  effectively
mitigates  the  crystallographic  anisotropy typically  associated  with
ion  insertion  in  bulk  TiO2,  thereby  enabling  more  isotropic  and
efficient  ion  storage.  Furthermore,  this  structure  contributes
additional  ion  storage  via  surface  or  insertion-type
pseudocapacitive mechanisms [61–63].

Furthermore,  we  summarize  the  effects  of  extrinsic
physicochemical  factors  on  the  ion  storage  mechanisms  of  TiO2
and  propose  that  the  critical  role  of  overcoming  nucleation
barriers  to  initiate  or  accelerate  phase  transitions,  which  can  be
effectively  modulated  by  tuning  parameters  such  as  temperature,
crystal size, cycling rates, cut-off potentials (voltage window), and
electrolyte  composition.  To  further  verify  this  size-dependent
phase  transition  behavior, operando characterization  techniques
such as XRD, XAS, and cryo-TEM are crucial.  Particularly, long-
term  operando  measurements  can  help  distinguish  whether  the
observed structural  evolution originates  from surface-localized or
bulk phase transitions in TiO2 during cycling.

In  summary,  this  review  not  only  suggests  that  the
electrochemical  driving  force  can  effectively  induce  phase
transitions  in  TiO2 materials  but  also  highlight  a  rich  and
underexplored research area with significant potential  to advance
the  understanding  of  electrochemical  phase  transitions  in  other

transition-metal  oxides.  Although  the  irreversibility  of
amorphization  and  subsequent  phase  transitions  may  hinder  the
practical implementation of TiO2 in full-cell systems, it also reveals
an  intriguing  phenomenon:  the  self-organization  of  materials
during  electrochemical  cycling.  Such  self-driven  structural
evolution, which has been rarely reported, may offer a simple and
generalizable  strategy  for  the in-situ synthesis  of  novel  electrode
materials  [61−63, 77, 239].  This  innovative  mechanism  could
enable  the  discovery  of  high-energy,  high-power,  and  stable
electrode  systems  that  are  otherwise  inaccessible  through
conventional  synthesis  routes.  Drawing  on  findings  from  Nb2O5
and TiO2 systems, as well as recent studies on other metal oxides
[119, 137, 140, 240, 241], we propose that electrochemically driven
amorphous  and  recrystallization  in  metal  oxide  electrodes  could
provide a broadly applicable concept for materials synthesis.
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