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applications†

A. J. Green, ac E. H. Driscoll, *abc P. A. Anderson, ac E. Kendrick bc

and P. R. Slater *ab

With the growing interest in niobium-based anodes for high-power lithium-ion batteries (LIBs), current

chemistries (for this application) such as Li4Ti5O12 (LTO) anodes will be superseded, and as such an

efficient and effective method of recycling needs to be considered. With this motivation, a potential

upcycling route is proposed for LTO for the first time, such that Li is recovered as a salt and the titanium

oxide (anatase) repurposed and used in the synthesis of current generation titanium-doped niobates.

Using a variety of inorganic acids: HCl, H2SO4 and H3PO4 to achieve the proton-lithium exchange, the

lithium was found to be completely leached from the LTO in the former 2 acids. The latter acid was

found to give incomplete leaching, with the formation of LiTiOPO4. In addition to the recovery of Li from

the leached solution, we also investigated upcycling of the recovered TiO2 (anatase) into next generation

anodes TiNb2O7 and Ti2Nb10O29. The rate performance of these upcycled materials was determined

through the fabrication of Li half coin cells, where both materials were found to show excellent

performance at high rates (219 (2) mA h g−1 and 168 (16) mA h g−1 at 2 A g−1 for TiNb2O7 and

Ti2Nb10O29 respectively), highlighting the potential of this recycling strategy for LTO.
Introduction

With the growing interest and demand for the electrication of
infrastructure – in efforts to meet ‘Net Zero’ targets and to
improve public health – there is a requirement for forward
thinking with respect to second-life applications and the inev-
itability of recycling when Li-ion batteries (LIBs) do eventually
become end-of-life.1–7 There are a multitude of battery chemis-
tries for rechargeable LIBs – from research scale to the
commercial sector; in this body of work we focus on primarily
recycling high-power anodes such as Li4Ti5O12 (LTO) towards
current generation which consists of niobium-based
electrodes.8,9

While graphite is oen the anode of choice, the poor stability
and inherent safety issues through high (dis)charging condi-
tions resulting in dendrite formation, has led to alternative
electrode chemistries to be sought aer for high-power appli-
cations, one of which is LTO – a material with the spinel
structure (Fig. 1) and originally evaluated for LIB anode
ham, Edgbaston, Birmingham, B15 2TT,

ter@bham.ac.uk

niversity of Birmingham, Edgbaston,

Didcot, OX11 0RA, UK

tion (ESI) available. See DOI:

f Chemistry 2024
application over 30 years ago.10 The LTO structure with a cubic
close-packed anion arrangement, consists of lithium ions
occupying 1/8 of the tetrahedral (8a) sites and partial occupancy
of titanium and lithium on the octahedral (16d) site. The
theoretical capacity of LTO stands at 175 mA h g−1 (lower than
graphite at 372 mA h g−1), but while the material is inherently
stable under fast charging conditions, the overall energy density
suffers due to the high operating potential of ca. 1.55 V vs. Li
metal (in contrast to graphite at ca. 0 V vs. Li metal).11–16

Despite this, the adoption of LTO batteries has not been
hindered, and they are found extensively in applications where
high-power and safety is required. In this respect, a report by
Avicenne Energy has noted that 4% of the LIB anode market
(standing at 235 000 tons) could be accounted for by LTO.17

Another advantage of these cells is that the median lifetime is
greater than other LIB technologies at 17.5 years (compared to
LFP/NMC at 10 years).18 However, there is now a signicant shi
within the research sector towards the next generation of high-
power anodes in the form of niobium-based oxides.

The increased interest in niobium-based anodes, in partic-
ular those of the Wadsley–Roth block structures, is associated
with the higher capacity versus LTO. In this respect, titanium-
doped niobates, including TiNb2O7,19–21 Ti2Nb10O29,22 and
TiNb24O62,23 are of great interest. A wide range of other Wads-
ley–Roth niobium oxide phases have also been
investigated.22,24–29
J. Mater. Chem. A, 2024, 12, 7321–7328 | 7321
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Fig. 1 Crystal structure of LTO.
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These Wadsley–Roth phases adopt an oxygen decient vari-
ation of the ReO3 crystal structure Fig. 2. The structures consist
of corner-linked octahedra forming elongated blocks that
extend innitely in one dimension, creating (n × m)N networks
of MO6 octahedra, with ‘n’ and ‘m’ representing the length and
width of the block, respectively.30 To accommodate the oxygen
deciency, crystallographic shear planes are introduced (Fig. 2),
along with tetrahedral cations in certain systems. The open
tunnels within the structure facilitate the diffusion of lithium
ions during battery operation,31,32 while the shear planes play
Fig. 2 Formation of Wadsley–Roth block structures from (a) ReO3-like bl
in a (c) block structure.

7322 | J. Mater. Chem. A, 2024, 12, 7321–7328
a crucial role in stabilizing the structure, as they prevent
excessive volume expansion upon lithiation.33 This helps to
mitigate the degradation of the anode material, ensuring better
performance and longevity of the battery. The size of the blocks
in these structures is heavily inuenced by the metal-to-oxygen
ratio. A higher number of oxygens per metal atom allows for
more connections between the corner-sharing octahedra,
resulting in more substantial block sizes.34

In terms of recycling, work has focused on simple regener-
ation and reuse of LTO,35 with no studies on potential upcycling
to next generation Ti–Nb–O anodes with Li recovery. The latter
is important, since, as of 2020, Li has been considered as
a critical raw material by the European Commission high-
lighting the need to move away from LTO and prioritise
Wadsley–Roth niobate anodes to reduce the Li content.36 Li is
a requirement for the cathode and electrolyte for a LIB and Li
comprises ca. 6% of the composition of LTO by weight.37 Thus,
recycling LTO and upcycling it to the next generation niobate
anodes will reduce the environmental impact produced by
mining Li and the overall production of CO2.37–40 Niobium is
also considered a critical material mainly due to its concen-
trated supply in Brazil.36,41,42 However, reports have suggested
that the projected supply of Nb is sufficient to cope with current
and future demand for the next 500 years.43

As part of an investigation into LTO recycling, an approach
for upcycling this current-generation anode material into the
next-generation titanium-doped Wadsley–Roth anodes
(TiNb2O7 and Ti2Nb10O29 (Fig. 3)) has been developed in this
paper. The approach involves an ion exchange process, where
Li+ cations within the LTO are exchanged for protons from the
acidic solution, thus enabling the recovery of anatase (TiO2)
which is used in the synthesis of TiNb2O7 and Ti2Nb10O29. The
ocks and (b) the introduction of a crystallographic shear plane, to result

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Crystal structure of TiNb2O7 (left) and Ti2Nb10O29 (right).
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Li in solution can then be recovered as Li salts for potential use
in the synthesis of Li ion battery cathode materials.
Experimental
Proton exchange

Three acids were investigated for the effectiveness of the H+/Li+

exchange in LTO: HCl, H2SO4, H3PO4. 2 g of LTO (Gelon) was
dispensed and added to a 45 mL Teon liner with 20 mL of 2 M
acid. The Teon liner was placed in a steel autoclave, which was
heated at 150 °C for 24 hours in an oven. The resulting mixture
was ltered, with the sample being washed with excess water
(<100 mL) to allow for the full removal of the solid residue from
the Teon liner. The collected solid was then dried at 60 °C
before X-ray diffraction characterisation. Before use of the
recovered TiO2 in the synthesis of the Ti–Nb–O phases below,
the powder was further heated to 600 °C for 1 h to ensure loss of
any water of hydration.
Concentration step

The excess water removal and concentration of the solutions to
<5 mL was conducted via rotary evaporation. This concentration
step results in the precipitation of the lithium salt.
Fig. 4 (a) XRD patterns of pristine LTO (Gelon) and the obtained solids af
LTO and TiO2 (anatase) added. (b) XRD patterns of the crystals obtained

This journal is © The Royal Society of Chemistry 2024
Synthesis of TiNb2O7 from Li+ exchanged pristine LTO

The recovered TiO2 and Nb2O5 (Alfa Aesar; 99.5%; T-phase) were
ground in appropriate stoichiometric ratios in an Agate pestle
and mortar, before being transferred into a Fritsch planetary
Pulverisette 7 and milled for 1 h/300 rpm in a zirconia milling
jar with three 10 mm zirconia balls, before heating in an
alumina crucible up to 1300 °C for 15 h, at a ramp rate of 5 °
C min−1 under air.
Synthesis of Ti2Nb10O29 from Li+ exchanged pristine LTO

The recovered TiO2 and Nb2O5 (Alfa Aesar; 99.5%; T-phase) were
ground in appropriate stoichiometric ratios in an Agate pestle
and mortar. The mixture was heated in an alumina crucible up
to 1100 °C for 12 hours, at a ramp rate of 5 °C min−1. The
sample was re-ground and re-heated once again under the same
conditions.
Phase purity

The phase purity of the recovered TiO2, Li salts and upcycled Ti–
Nb–O phases were evaluated using Powder X-ray Diffraction
(PXRD) (Bruker D8 diffractometer (Cu Ka) or Bruker D2
diffractometer (Co Ka)).
ter acid exchange with 2 M: HCl, H2SO4, and H3PO4. Reference plots of
from the LTO-acid exchanged solutions.

J. Mater. Chem. A, 2024, 12, 7321–7328 | 7323
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Table 1 The Li+ content directly extracted from the LTO-acid
exchange solutions using 2 M acid solutions

Acid type
Theoretical
mass of Li (g)

Extracted Li content
(g)

Extraction
of Li%

2 M HCl 0.1217 0.120 (3) 99 (2)
2 M H2SO4 0.1220 0.124 (5) 102 (4)
2 M H3PO4 0.1221 0.084 (2) 69 (2)
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Inductively coupled plasma – optical emission spectrometry
(ICP-OES) analysis

The acid lithium-leached samples were analysed using an Agi-
lent 5110 ICP-OES with an argon plasma torch (Agilent Tech-
nologies, USA). Three repeat measurements were taken for each
individual sample by the instrument with a rinse step between
each sample. To overcome any dri with time due to the
temperature of the instrument, the 0, 5, 20 and 70 ppm stan-
dards were remeasured every 20 samples, and a re-slope of the
calibration line performed. An error of 20% and an r2 value of
0.995 were chosen for the calibration lines.

For the axial standards (0–15 ppm), a 50 ppm working
solution was prepared from elemental stock solution set at
1000 ppm. This working solution was appropriately diluted
down to produce the desired standards using volumetric asks.
These standards were acidied using aqua regia.

For the radial standards (20–100 ppm), these standards were
prepared individually (rather than previous, where a working
solution of 50 ppm was used) using elemental stock solution
standards at 1000 ppm to create the desired concentrations.
These were also acidied using aqua regia.
Coating and cell fabrication

The electrode ink coating was formulated with an 80 : 10 : 10
ratio of active material, carbon black, and binder (poly-
vinylidene diuoride – PVDF) using a Thinky Mixer. Initially,
the binder (PVDF) was mixed with N-methyl pyrrolidone (NMP)
for 5 minutes at 1300 rpm. Subsequently, SuperP carbon black
and the active material were added, and at each step themixture
was mixed for 10 minutes at 1300 rpm, with additional NMP
added as necessary to create a slurry. The mixture was then
Fig. 5 (a) PXRD pattern of upcycled TiNb2O7 (Co Ka), with the peak positio
of upcycled Ti2Nb10O29 (Cu Ka) and the peak positions for orthorhombi

7324 | J. Mater. Chem. A, 2024, 12, 7321–7328
degassed for 3 minutes at 1800 rpm. The resulting slurry was
coated on aluminium foil using a draw-down coater, setting the
bar height to 200 mm. Aer coating, the material was dried at
80 °C for up to 2 h and then transferred to a vacuum oven set at
110 °C for overnight drying. Calendering was performed
between two stainless steel rollers at 80 °C until the coated
material's porosity reached approximately 30–40%.

In an argon-lled glovebox, Li-half cells were fabricated.
Circular disks (12 mm) of the coated active material were
weighed outside the glovebox before being transferred inside.
For assembly, steel 2032 cases were used with a single 1 mm
stainless steel spacer for compression. The lithium metal elec-
trode was prepared from lithium ribbon, and its surface was
scratched using a stainless steel spatula to achieve a shiny and
rough texture before cutting it to size (12.7 mm). The electrolyte
used was 1.0 M LiPF6 in a 50 : 50 (v/v) mixture of ethylene
carbonate and dimethyl carbonate, with two 50 mL additions
made during assembly. The glass bre separator was cut to size
(14.3 mm) for incorporation into the cell.
Electrochemical testing

The electrochemical performances of the synthesised Ti–Nb–O
phases were evaluated using a BioLogic BCS805 battery tester,
with the cells cycled between 1.0 and 2.5 V in galvanostatic
mode. All cells had three formation cycles applied with
a current density of 0.01 A g−1 between the two voltage limits. A
constant voltage step was applied on lithiation, where the lower
voltage limit was held for 3 h or until the current reached 40%. A
rest of 10 minutes was also applied between each cycle.

Asymmetric cell testing was applied to each cell such that
0.1 A g−1 was constantly being applied during lithiation, with
a 40% current breakdown limit or 3 h hold. The delithiation rate
gradually increased from: 0.1, 0.2, 0.4, 0.6, 1, 2 and 4 A g−1 with
5 cycles at each rate step. Asymmetric cycling was introduced to
limit the current rate limitations created using Li metal in an
organic electrolyte.44,45 Aer the rate study 5 more cycles were
performed at 0.1 A g−1.

Triplicate data were collected for each measurement under
the same conditions to deduce the average (de)lithiation
capacities and the standard deviation associated with these
values (given in parentheses in the text). The average mass
ns formonoclinic TiNb2O7 shownwith black dashes. (b) PXRD patterns
c Ti2Nb10O29.

This journal is © The Royal Society of Chemistry 2024
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Fig. 6 Galvanostatic discharge–charge curves of (a) upcycled TiNb2O7 and (b) upcycled Ti2Nb10O29 with a current density of 10 mA g−1 applied
between voltage limits between 1 to 2.5 V.
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loading for the upcycled TiNb2O7 (TNO) was 3.1 (2) mg cm−2

and Ti2Nb10O29 was 4.3 (2) mg cm−2.
Long term cycling for both upcycled materials was per-

formed using a BioLogic BCS805 battery tester, with the cell
being cycled between 1.0 and 2.5 V in galvanostatic mode. 100
cycles at 0.2 A g−1 were performed for each cell.
Results and discussion
Lithium extraction

Initial work focused on evaluating the potential for H+/Li+

exchange in LTO, in order to allow the recovery of Li, which
represents the most valuable component of this electrode.
Assuming complete exchange of the Li+ from LTO, for every 2 g
of LTO, 0.122 g would be associated to the Li mass – however the
extraction of the Li+ is dependent on its counter ion and hence
solubility (a chart highlighting a variety of lithium salts solu-
bility vs. temperature can be seen in ESI Fig. 1†).

The complete exchange of Li+ by H+ was successful with the
2 M acids HCl and H2SO4, leading to recovery of TiO2 (anatase)
from the pristine LTO, as shown in Fig. 4a, with the Li leached
into solution. This is also reinforced by the ICP-OES data for the
This journal is © The Royal Society of Chemistry 2024
leached solutions, which show complete exchange (within
errors) with both acids (Table 1). In contrast to the above
results, the use of H3PO4 produces a mixture of anatase along
with an alternative phase (LiTiOPO4), which has been recently
studied as a possible anode in LIBs.46–48 As a result of the
presence of this alternative Li containing phase, the Li leaching
is incomplete for this acid. The ICP-OES results conrm the
successful lithium exchange, and while excess water was used to
remove the samples from the autoclaves, commercially a more
direct and efficient process could be implemented to reduce
this and so limit the concentration step required to recover the
salts (photographs of the concentrated solutions are shown in
ESI Fig. 2†). To conrm the nature of the lithium salts from the
acid exchange, crystals from the solutions were obtained and
analysed using PXRD, and the resulting patterns are shown in
Fig. 4b. While the phosphoric acid may not fully remove all the
lithium from LTO (due to the formation of LiTiOPO4), Li3−x-
HxPO4 was identied. For the H2SO4 and HCl exchanges, Li2SO4

and LiCl$H2O were both detected respectively, although in the
latter, it is believed Li2CO3 may also be present (ca. 31.8° 2q) –
which may result from air exposure from drying overnight.
Rather than precipitating these particular salts, these lithium
J. Mater. Chem. A, 2024, 12, 7321–7328 | 7325
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Fig. 7 Average specific capacities of three upcycled TiNb2O7 cells (a) and three upcycled Ti2Nb10O29 cells (b) undergoing asymmetric cycling –
such that the lithiation current density is maintained at 0.1 A g−1, while the delithiation gradually increases after 5 cycles at each rate step. The red
error bars are for lithiation, the black for the delithiation. The higher delithiation capacities on returning to 0.1 A g−1 after the rate tests, in the TNO
cells, relate to a use of Li metal counter electrode: lithium dendrites having formed, and therefore higher charging capacities due to soft shorting.
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salt solutions could be used in further processing to form
lithium hydroxide or carbonate, which are common reagents for
cathode synthesis.
LTO upcycling to Ti2Nb10O29 and TiNb2O7

The recovered anatase was then used to synthesise two common
titanium-doped niobate anodes, TiNb2O7 and Ti2Nb10O29, and
phase purity characterised with XRD (Fig. 5). The TiNb2O7

phase was found to contain a small amount of Ti2Nb10O29 as an
impurity. This is common in the synthesis of this material.49

Furthermore, its' presence in small amounts has been reported
to give a small improvement in rate capability, and so such
mixed compositions have been patented.49

The electrochemical rate performance of the upcycled Ti–
Nb–O systems were assessed through asymmetric cycling in the
1–2.5 V window aer 3 formation cycles at 10 mA g−1 (Fig. 6).
The upcycled TiNb2O7's rst discharge capacity was found to be
272 (3) mA h g−1, followed by a capacity 271 (3) and 268
(3) mA h g−1 for the second and third cycle – giving a 99%
capacity retention on formation. An equivalent formation
capacity retention is found for Ti2Nb10O29 with an initial
7326 | J. Mater. Chem. A, 2024, 12, 7321–7328
discharge capacity of 232 (9) mA h g−1, followed by 231 (8) and
228 (9) mA h g−1 for the second and third cycle, respectively. The
difference in the capacities of these two materials can be
attributed to their relative molecular mass, which would impact
the gravimetric capacity. Following the initial formation rates,
the lithiation rate was kept constant at 0.1 A g−1 whilst the
delithiation rate gradually increased from 0.1 A g−1 to 4 A g−1.
The rate performance for each material was tested and is shown
in Fig. 7 for both upcycled materials.

For both materials signicant capacity retention is observed
between rates 0.1 and 4 A g−1. Both upcycled materials showed
high gravimetric capacities at 2 A g−1 (corresponding to ca. 7.4 C
for TiNb2O7 and ca. 8.6 C for Ti2Nb10O29), with the average
capacity for TiNb2O7 at 219 (2) mA h g−1 and Ti2Nb10O29 at 168
(16) mA h g−1. At 4 A g−1 (corresponding to ca. 14.7 C for
TiNb2O7 and ca. 17.3 C for Ti2Nb10O29) there is a large drop in
capacity for both materials with the average capacity for
TiNb2O7 and Ti2Nb10O29 at 118 (25) mA h g−1 and 70
(6) mA h g−1, respectively. Aer completing the asymmetric rate
study, a subsequent 5 cycles were performed at 0.1 A g−1

showing that the low rate capacity could be recovered. Inter-
estingly, for Ti2Nb10O29 the capacity recovered to 204
This journal is © The Royal Society of Chemistry 2024
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(6) mA h g−1 which is slightly higher than the original capacity
at this rate, thus indicating that further optimisation of the
formation cycles may be needed to enhance the performance.
The recovery in the capacities for both materials indicate that
the high rates applied to them during this rate study did not
negatively affect the performance of the materials. The capac-
ities observed for both upcycled materials are similar to the
pristine materials, as seen in the literature, indicating that this
upcycling process is a promising route to these materials.50–55

Aer the rate test, long term cycling was performed on both
materials at 0.2 A g−1 for 100 cycles. Both upcycled materials
showed a good capacity retention over 100 cycles at ca. 98%. The
long term cycling data for both upcycled materials is presented
in ESI Fig. 3 and 4,† in addition the SEM images collected of the
pristine material and the corresponding morphology post-
cycling (ESI Fig. 5†).

Conclusions

In summary, we have reported an approach to upcycle LTO
whilst also recovering the Li as Li salts. By using HCl and H2SO4,
complete H+/Li+ exchange is possible giving pure anatase which
can be used to upcycle into TiNb2O7 and Ti2Nb10O29. The Li can
then be recovered as Li2SO4 and LiCl$H2O thus highlighting the
process as a route to recover a valuable Li resource stream. In
contrast, using H3PO4 led to the formation of anatase and an
alternative phase (LiTiOPO4), preventing the complete exchange
of Li, although this leached Li could then be covered as lithium
phosphate.

From the electrochemical testing, within a Li-half cell, the
upcycled materials show high capacity and rate capability
between 0.1 and 2 A g−1, demonstrating their potential as high-
power anodes, and thus illustrating this route as a potential
means of recycling LTO with lithium recovery and upcycling to
next generation high-power anodes.
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