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A B S T R A C T   

Ti/Fe substitution in ramsdellite LiTi2O4, an attractive insertion material for lithium-ion battery applications, has 
been performed by the ceramic method yielding electrode materials with general stoichiometry LiFexTi2− xO4. 
Samples with 0 ≤ x ≤ 0.5 resulted in well crystallized orthorhombic ramsdellite phases, space group Pbnm, while 
samples with x > 0.5 formed spinel, space group Fd-3m, as revealed by powder X-ray diffraction. The ramsdellites 
were further investigated with X-EDS microanalysis, 57Fe Mössbauer spectroscopy and electrochemical 
discharge-charge cycling in lithium cells. This provided a comprehensive insight into the Ti/Fe substitution 
mechanism, which turned out to be rather more complex than the predicted simple M3+ isovalent substitution, 
with participation of Fe3+/Fe2+ and Ti4+/Ti3+. Upon testing against lithium in the low voltage range (ocv-1 V), 
ramsdellite with low Ti/Fe substitution, namely LiFe0.125Ti1.875O4, outperformed undoped LiTi2O4 electro
chemically, delivering a 1st cycle capacity of 180 mAh g− 1 at C/30 (5.3 mA g− 1) stabilized at 140 mAh g− 1 upon 
cycling, compared to 120 and 80 mAh g− 1, respectively, in LiTi2O4. Two active redox pairs, Ti4+/Fe3+ and Fe3+/ 
Fe2+, combined with better electrical properties due to the presence of metallic iron, boosting farther electronic 
conductivity in LiFe0.125Ti1.875O4, allow a noticeable capacity of 71 mAh g− 1 still to be held at a high current of 2 
C (320 mA g− 1). In the high voltage range (ocv-4 V), LiFe0.125Ti1.875O4 electrochemically outmatched the higher 
Fe-substituted ramsdellites, which were characterized by a high irreversible capacity ascribed to the unavail
ability of Fe3+/Fe4+ redox couple and electrolyte decomposition.   

1. Introduction 

Titanium-based oxides have been widely investigated as negative 
electrode materials for lithium ion batteries and some of them success
fully commercialized (e.g. Altairnano, Microvast, Log9, Toshiba, YABO, 
Yinlong Energy). Besides affordable price, widespread natural sources 
subsequently bypassing political risk, and non-toxicity, the great interest 
of this type of materials is a low intercalation voltage, at ~1.5 V owed to 
the electroactive Ti4+/Ti3+ redox couple, low enough to be competitive 
as the negative electrode but high enough to make batteries safer 
avoiding lithium plating and concomitant risks. All of which explains 
why their investigation continues to be headline in the field with many 
structural types and morphologies being electrochemically active [1–3]: 
TiO2 phases such as nanostructured anatase [4], rutile [5,6], hollandite 

[7], ramsdellite [8], bronze-type TiO2(B) [9], and further spinels 
Li4Ti5O12 [10–12], LiCrTiO4 [13,14], LiFeTiO4/CNTs [15], and rams
dellite Li2Ti3O7 [16] have been investigated as prospective negative 
electrodes for safe Li-ion batteries [17,18]. Ramsdellite LiTi2O4 enables 
both lithium insertion and deinsertion due to the mixed titanium 
oxidation state (LiTi3+Ti4+O4) [19,20]. Thus, lithium deinsertion from 
ramsdellite LiTi2O4 at potentials from 1.8 to 2.5 V with oxidation of all 
Ti3+ to Ti4+ produces Ti2O4, this is the TiO2 ramsdellite polymorph, 
whereas lithium insertion into LiTi2O4 ramsdellite at potentials from 1.8 
to 1.0 V with reduction of all Ti4+ to Ti3+ produces Li2Ti2O4. Both 
deinsertion and insertion processes in LiTi2O4 develop a theoretical 
capacity of 161 mAh g− 1, while a total theoretical capacity of 336 mAh 
g− 1 in the full potential range 1.0–2.5 V is achieved considering the 
lithium-deinserted TiO2 ramsdellite [8,21]. 

* Corresponding author. 
E-mail address: akuhn@ceu.es (A. Kuhn).  

Contents lists available at ScienceDirect 

Journal of Alloys and Compounds 

journal homepage: www.elsevier.com/locate/jalcom 

https://doi.org/10.1016/j.jallcom.2023.172027 
Received 28 April 2023; Received in revised form 6 August 2023; Accepted 3 September 2023   

mailto:akuhn@ceu.es
www.sciencedirect.com/science/journal/09258388
https://www.elsevier.com/locate/jalcom
https://doi.org/10.1016/j.jallcom.2023.172027
https://doi.org/10.1016/j.jallcom.2023.172027
https://doi.org/10.1016/j.jallcom.2023.172027
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jallcom.2023.172027&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


Journal of Alloys and Compounds 968 (2023) 172027

2

The Ti4+/Ti3+ redox couple generally displays an insufficiently low 
potential for cathode applications, thus being mostly employed to build 
negative electrode materials. 

Nevertheless, replacing Ti3+ by metals with a higher Mn+1/Mn+

potential is a straightforward strategy to a dual electrode with Ti4+/Ti3+

reductive insertion of Li as anode and Mn+1/Mn+ oxidative deinsertion 
of Li as the cathode displayed by the same material. In particular, this 
strategy has been successfully demonstrated in 1:1 ramsdellites LiTiVO4 
and LiCrTiO4 [22,23] with electrochemical Li+ deinsertion potentials of 
3.1 V for reversible V4+/V3+ [24] and very high 4.0 V ascribed to 
reversible Cr4+/Cr3+ transitions, unlocking its potential as a dual elec
trode [23]. Computational results indicate that for LiTiMO4 (M= Ti, V, 
Cr, Mn and Fe) [25] the spinel structure is thermodynamically favored 
with respect to the ramsdellite polymorph, and the spinel to ramsdellite 
transformation temperature was estimated theoretically to lie in the 
range 900–1600 ºC for Ti, V, and Cr. Consistent with this, Ti, V and Cr 
containing ramsdellite phases [22–26] were experimentally confirmed 
by heat treatment of the corresponding spinel phases in the temperature 
range 900–1400 ºC followed by final quenching. However, owing to a 
significant degree of inversion in spinels LiMTiO4 with M= Mn and Fe, 
and according to computational studies, the ramsdellite phase was ex
pected to be stabilized at much higher temperature (T > 1600 ºC) well 
beyond the melting point of the corresponding spinel phases. Therefore, 
ramsdellites LiMnTiO4 and LiFeTiO4 have not been reported so far. 
There are evidences that lowering iron content in LiFexTi2− xO4 (x < 1) 
allows formation of the ramsdellite phase at lower temperature without 
melting as it is the case of LiTi1.5Fe0.5O4 [27]. However, there has been 
no systematic study of the LiTi2− xFexO4 system in the compositional 
range 0 < x < 1 to date. Furthermore, the role the two active redox 
couples, Ti4+/Ti3+ and Fe3+/Fe2+, may play on electrochemical Li 
insertion and deinsertion properties have remained completely 
unexplored. 

In this work, we focus on the effects of substituting nominally Ti3+ by 
Fe3+ in ramsdellite LiTi2O4 leading to Fe-substituted ramsdellites LiFe
xTi2− xO4 (0 < x ≤ 0.5). We report on preparation details, crystal struc
ture, oxidation state of iron in as-prepared electrode materials as 
deduced from 57Fe Mössbauer spectroscopy and provide cycling per
formances in lithium cells. Electrochemical results are compared with 
bare LiTi2O4 revealing a significant improvement of capacity for low 
iron content. 

2. Experimental 

2.1. Synthesis of LiFexTi2− xO4 compounds 

LiFexTi2− xO4 compounds with nominal compositions x = 0, 0.125, 
0.25, 0.5, 0.75 and 1 were prepared in two steps according to the general 
reaction:  

Li2CO3 + (1-x) Ti2O3 + 2 TiO2 + x Fe2O3 → 2 LiFexTi2− xO4 + CO2    (1) 

First a mixture of the stoichiometric amount of the air stable reagents 
Li2CO3, TiO2 (anatase) and Fe2O3 were pelletized and heated at 800º C 
for 12 h. The resulting product was then mixed with Ti2O3 in an Argon 
filled glove box and pelletized. For compositions x = 0, 0.125 pellets 
were wrapped in copper foil, after sealed in evacuated silica ampoules 
and heated at 1000 ºC (x = 0) and 1010 ºC (x = 0.125). For compositions 
x = 0.25, 0.5 and 0.75, mixtures were heated in arc-welded platinum 
tubes at 1250 ºC (x = 0.25, 0.5) and 1275 ºC (x = 0.75) Finally, 
composition x = 1 was obtained by heating the mixture of air-stable 
reactants at 1400 ºC in an alumina crucible in air. For iron-substituted 
compounds, melting occurred at temperatures higher than these indi
cated here. 

2.2. Physico-chemical characterization of LiFexTi2− xO4 

X-ray diffraction (XRD) patterns for phase identification were 
recorded on a Bruker D8 high-resolution X-ray powder diffractometer, 
equipped with a MBraun PSD-50 M detector, using monochromatic 
CuKα1 radiation (λ = 1.5406 Å) obtained with a germanium primary 
monochromator. Data for structural refinements were collected in the 
angular range 2θ = 10–80º. Rietveld refinements were carried out by 
using the FULLPROF program suite [28]. Diffraction line profiles were 
approximated by pseudo-Voigt function. The refined instrumental and 
structural parameters were: zero shift, scale factor, background pa
rameters, unit cell parameter, half width and mixing parameters U, V, W 
and η, asymmetry parameters, atomic positional parameters, individual 
isotropic displacement parameters, Biso, and site occupancy factors 
(SOF). 

In situ / operando XRD patterns were recorded on a Scintag V PAD 
diffractometer using CuKα1 (λ = 1.5406 Å) monochromatic radiation. A 
Swagelok-type electrochemical cell equipped with a beryllium window 
[29] was used for in situ/operando X-ray studies. Charge-discharge ex
periments were run at C/20 rate (1 Li ion inserted in 20 h) in the po
tential range 2–4.5 V vs. Li+/Li using a MacPile galvanostat system. 
X-ray scans were recorded in the 15–50º 2θ range during a full elec
trochemical cycle. 

Selected Area Electron Diffraction (SAED) and X-ray Energy 
Dispersive Spectroscopy (XEDS) were performed in a JEOL JEM 2000FX 
electron microscope, fitted with a double tilting goniometer ( ± 45◦) and 
operating at 200 kV. EDS spectra were taken from several thin crystal
lites exhibiting electron diffraction patterns characteristics of the 
ramsdellite phases. 

Surface morphology of ramsdellite materials was carried by means of 
SEM using a Thermo Fisher Scientific Prisma E instrument, equipped 
with an Everhart Thornley secondary electron Detector (ETD) at 25 kV 
and spot 2 (=19 pA). Elemental mapping was done by means of energy 
dispersive spectroscopy (EDS), using a backscattered electron detector 
(BSD) at 25 kV and spot 5 (= 1.3 nA). 

Ramsdellite samples were further analyzed using the Spectrum Two 
Perkin Elmer Fourier Transform (FTIR) Spectrometer equipped with an 
Attenuated Total Reflectance (ATR) internal reflection system in the 
4000–400 cm− 1 wave number range. The resolution of the spectra was 4 
cm− 1, and the data were collected in the transmittance mode. 

Mössbauer spectra were recorded at room temperature with a con
ventional spectrometer equipped with a 57Co(Rh) source. Energy cali
bration was made using an α-Fe (6 µm) foil. A non-linear fitting was 
made using the software NORMOS [30]. 

2.3. Electrochemical performance characterization 

Galvanostatic cycling of LiFexTi2− xO4 was made on 8 mm-diameter 
pellets pressed from composite positive electrodes containing 85 wt% 
LiFexTi2− xO4 ramsdellite as active material, 10 wt% conductive carbon 
(Super C65) and 5 wt% PVDF as a binder. The mass load of active ma
terial was 12 mg in every electrode pellet. In all cases lithium metal disk 
was used as the negative electrode. The electrolyte was a 1 M solution of 
LiPF6 in EC:DMC (1:1 vol%), and Whatman GF/D glass fibre was used as 
a separator. CR2032 coin cell assembly was performed in an argon-filled 
glove box (H2O and O2 content < 0.1 ppm). Galvanostatic cycling ex
periments were conducted in the low voltage range: ocv (open-circuit- 
voltage)1.0 V vs. Li+/Li and in the high voltage range: ocv-4.5 V vs. Li+/ 
Li. Discharge-charge cycling was carried out at 25 ºC using the slow rate 
of C/30 (1 Li ion inserted in 30 h, 5.3 mA g− 1) and allowing for better 
comparison of the different samples closer to equilibrium condition. 
Longer cycling was carried out at the slow C/20 rate (1 Li ion inserted in 
20 h, 8.0 mA g− 1) and the higher C/5 rate (1 Li ion inserted in 5 h, 31.8 
mA g− 1). Power rate was further estimated for the x = 0.125 sample by 
determining the capacity at different current rates ranging from C/30–2 
C (5.3 mA g− 1 to 320 mA g− 1). 
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The slope of near-equilibrium voltage composition curve, ( dE
dx), for 

different x were obtained from GITT (galvanostatic intermittent titration 
technique) data on charge. A cell was fully discharged down to 1 V at C/ 
30 rate and equilibrated at such potential for 30 min. Cell was after
wards charged under GITT conditions (0.05 mA cm− 2 for 30 min and 
relaxing until |ΔE/Δt| 〈 1 mV h− 1 with a maximum relaxation time of 
100 h). 

Impedance spectroscopy measurements were carried out in the 106 

Hz – 1 mHz frequency range applying a 10 mV AC perturbation. A VMP3 
BioLogic battery tester equipped with an impedance channel was used. 
Impedance data analysis and equivalent circuit modelling were made by 
using ZView® software (Scribner Associates). To investigate the effect of 
aging on cell internal resistance impedance were measured on a fresh 
two-electrode cell and after it was cycled and subjected to increasing 
rates. However, to determine lithium diffusion coefficient and cathode 
contribution to internal resistance a three-electrode cell was used. It was 
cycled once under potentiostatic conditions and selected potentials were 
equilibrated during six hours to measure the variation of impedance 
with frequency as in a typical PEIS (potentiostatic electrochemical 
impedance spectroscopy) experiment. The low frequency range was 
used to determine the Warburg coefficient while cathode internal 
resistance due to cathode electrolyte interface and charge transfer were 
determined from the medium and high frequency range. 

Specific area of the electrodes, taken as the better approach to the 
intercalation active area, was determined by nitrogen adsorption- 
desorption (BET method) using a Micromeritics ASAP 2420 analyzer. 

3. Results and discussion 

Powdered LiFexTi2− xO4 obtained from a mixture of Li2CO3, TiO2, 
Fe2O3 and Ti2O3 yielded black products for x = 0, 0.125 with a slight 
dark-brownish tinge for x = 0.25, whereas products with higher iron 
content: x = 0.5, 0.75 and 1 were ocher to brick brown. 

3.1. Structural characterization of the LiFexTi2− xO4 compounds 

A general look at XRD patterns evidences a well-crystallized rams
dellite phase, indexed in Fig. 1, as unique or major phase for composi
tions LiTi2O4 (x = 0, Fig. 1a), LiFe0.125Ti1.875O4 (x = 0.125, Fig. 1b), 
LiFe0.25Ti1.75O4 (x = 0.25, Fig. 1c) and LiFe0.5Ti1.5O4 (x = 0.5, Fig. 1d). 
However, despite the higher maximum synthesis temperatures used for 
the iron-rich compositions, 1275 ºC for x = 0.75 and 1400 ºC for x = 1, 

there was no evidence for a ramsdellite phase after quenching; compo
sition LiFe0.75Ti1.25O4 (x = 0.75, Fig. 1e) was indexed with a spinel 
major phase (labelled with SF) and pseudobrookite as minor secondary 
phase (labelled with PB) and LiFeTiO4 (x = 1, Fig. 1f) was fully indexed 
with a spinel phase. Thus, an upper solubility limit of Fe2O3 in rams
dellite LiTi2O4 close to x = 0.5 can be inferred from XRD results. The 
observed higher stability of the spinel phase for iron-rich compounds is 
consistent with results from computational studies which predict much 
higher impractical temperatures well above the corresponding melting 
points, required to promote formation of the ramsdellite phase over the 
inverse spinel [25]. 

Selected area electron diffraction (SAED) patterns of samples with 
x = 0, 0.125, 0.25 and 0.5 were successfully indexed with an ortho
rhombic cell a ~ 5.0 Å, b ~ 9.6 Å, c ~ 2.9 Å. Fig. S1 exhibits typical 
ramsdellite patterns obtained in the [− 1 0 1] and [− 1 1 0] zone axes. 

In general, Rietveld refinements started with a model in which both 
six-coordinated Fe and Ti fully occupied the same (4c) framework site 
with partial site occupancy factors (SOF) according to nominal compo
sition, the (4c) tunnel site was half occupied by four-coordinated Li. The 
oxygen atoms fully occupied the (4c) site. In all cases, refinements of the 
starting model ended with acceptable values of statistical criteria for the 
fit, SOF and bond lengths. Main crystallographic parameters of all 
compositions are given in Table 1. Graphical results of Rietveld re
finements of LiFe0.125Ti1.875O4, LiFe0.25Ti1.75O4 and LiFe0.5Ti1.5O4 
ramsdellites are gathered in Fig. S2a-c, together with their atomic po
sitional and displacement parameters in Table S1a-c. 

Fig. 1. X-ray diffraction patterns of LiFexTi2− xO4 (0 ≤ x ≤ 1) prepared at different final temperatures: (a) x = 0 at 1000 ºC; (b) x = 0.125 at 1010ºC; (c) x = 0.25 at 
1250 ºC; (d) x = 0.50 at 1250 ºC; (e) x = 0.75 at 1275 ºC and (f) x = 1.0 at 1400 ºC. PB = pseudobrookite; SF = face-centered spinel; Fe = iron. Representation of the 
ramsdellite structure with space group Pbnm. (Ti/Fe)O6 octahedra (green), lithium (purple spheres) and oxygen (red spheres). 

Table 1 
Unit cell parameters versus composition for LiFexTi2− xO4 compounds as deter
mined from X-ray powder diffraction (0 ≤ x ≤ 1).  

x composition a / Å b / Å c / Å Vol / Å3 

0  5.0356(1) 
5.0356(6) 
5.0384(6)  

9.6394(2) 
9.6477(8) 
9.6483(9)  

2.9464(5) 
2.9484(7) 
2.9478(3)  

143.02(1)[17] 
143.24(2)[22] 
143.30(3) This work 

0.125  5.0225(1)  9.5969(2)  2.94771(6)  142.08(1) 
0.25  5.0087(1)  9.6107(2)  2.94920(7)  141.97(1) 
0.5  5.0164(5)  9.5592(8)  2.9482(2)  141.37(2) 
0.75a  8.3618(5)  8.3618(5)  8.3618(5)  584.66(7) 
1b  8.3657(5)  8.3657(5)  8.3657(5)  585.47(4)  

a Unit cell parameters of the spinel major phase are given. Pseudobrookite as a 
minor secondary phase. 

b Unit cell parameters of the spinel phase. Single-phase sample. 
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The XRD pattern of undoped LiTi2O4 (Fig. 1a) was indexed with the 
primitive orthorhombic lattice of ramsdellite, space group Pbnm and 
unit cell parameters a = 5.0384(6) Å, b = 9.6483(9) Å, c = 2.9478(3) Å, 
in excellent agreement with previous reports [8,26,31]. 

XRD phase analysis of LiFe0.125Ti1.875O4 (Fig. 1b) showed Pbnm 
ramsdellite major phase with unit cell parameters a = 5.0225(1) Å, b 
= 9.5969(2) Å, c = 2.94771(6) Å, accompanied by a ~2.2 wt% of 
elemental α-iron (space group Im-3m, a = 2.8667(4) Å) as deduced from 
quantitative phase analysis using the Rietveld method. Attempts for 
eliminating this minor impurity by additional heating failed. The pres
ence of iron as minor secondary phase is explained by reaction of some 
iron(III) oxide with titanium(III) oxide used as reactant in the synthesis 
of ramsdellite:  

3 Ti3+ + Fe3+ = 3 Ti4+ + Fe0                                                          (2) 

On the other hand, the proposed Ti3+ driven reductive mechanism is 
associated with a lower iron content in the ramsdellite phase and 
segregation of some metallic iron, no longer available for the ramsdellite 
phase. Consistent with this, XEDS performed on individual crystals 
exhibiting diffraction patterns characteristic of ramsdellite always 
shows some iron understoichiometry, and the observed composition 
corresponds to LiFe0.078Ti1.875O4 (Table 2). In refinements, a lower site 
occupancy of iron on the octahedral (4c) site reduced the residual Rwp 
value significantly, further supporting the octahedral metal vacancy 
model, i.e. (Li)c (Fe0.078□0.047Ti1.875)f O4 (□ = vacancies, c = channel, f 
= framework). The difference between nominal atoms of iron (0.125) 
and experimental atoms of iron (0.078) per formula unit deduced from 
XEDS, 0.047, is tantamount to a 1.6 wt% of iron, in very good agreement 
with XRD results. 

XRD phase analysis of LiFe0.25Ti1.75O4 (Fig. 1c) confirmed ramsdel
lite major phase with unit cell parameters a = 5.0087(1) Å, b = 9.6107 
(2) Å, c = 2.94920(7) Å. In refinements, relative site occupancies of iron 
and titanium on the octahedral (4c) site remained stable and close to 
nominal compositions, in agreement with results from XEDS (Table 2). 
Quantitative phase analysis using the Rietveld method yielded a ~8 wt 
% of a face-centered cubic spinel phase, space group Fm-3m, as sec
ondary minor phase. The observed unit cell parameter of spinel, a 
= 8.4041(4) Å), goes beyond the range 8.33 < a < 8.36 Å, reported for 
several Fe3+ containing ordered spinels Li(1+x)/2Fe(5–3x)/2TixO4 (0 ≤

x ≤ 0.4) and (1.28 ≤ x ≤ 1.56) [32]. This could be an indication for the 
presence of Fe2+ in the spinel phase [27]. However, presence of Ti3+

may also explain an increased unit cell parameter, from 8.35 Å to 8.40 Å 
as observed in spinels Li1+x(Ti3+1–3xTi4+1+2x)O4 (0 ≤ x ≤ 1/3) [33]. 
Following the structural section, results from 57Fe Mössbauer spectros
copy will be used to provide a more detailed understanding of the 
oxidation states of iron. 

Main reflections of the XRD pattern displayed by LiFe0.5Ti1.5O4 
(Fig. 1d) were indexed with a ramsdellite major phase and unit cell 
parameters a = 5.0164(5) Å, b = 9.5592(8) Å, c = 2.9482(2) Å. Relative 
site occupancies of iron and titanium on the octahedral (4c) site 
remained stable and close to nominal compositions, which is consistent 
with XEDS (Table 2). Quantitative phase analysis using the Rietveld 
method yielded a ~9 wt% of a cubic spinel phase as secondary minor 
phase. Alike LiFe0.25Ti1.75O4, the observed unit cell parameter of spinel, 
a = 8.386(3) Å) is beyond the range 8.33 < a < 8.36 Å reported for Fe3+

and Ti4+ containing spinels, indicative for the presence of either Fe2+, 
Ti3+ or both cations in this minor phase. Because of the low relative 
contribution of this phase in XRD patterns it cannot undoubtedly be 

ascertained if the spinel adopts the face-centered cubic Fm-3m or the 
primitive cubic P4332 space group reported for spinel LiFe0.5Ti1.5O4 
[27]. 

Fig. 2 shows the variation of lattice parameters and unit cell volume 
for ramsdellites LiFexTi2− xO4 with x = 0, 0.125, 0.25 and 0.5, as a 
function of the nominal iron composition, x. Taking into account 
Shannon ionic radii for high spin Fe3+(VI) = 0.645 Å and Ti3+(VI) 
= 0.67 Å [34], a slight but continuous decrease of lattice parameters and 
unit cell volume would be expected for an isovalent Ti3+-Fe3+ substi
tution. It has been shown that in Li1− xTi2O4 [35] and Li1+xTi2–2xO4 [36] 
ramsdellites, the b axis, which relates to the longer cross-channel di
rection, is clearly the most sensitive to extent of substitution of Ti3+ by 
Ti4+ and decreases with increasing oxidation state of titanium. The a 
unit-cell edge also decreases as Ti oxidation state increases; however, c, 
which is parallel to the channels, is essentially invariant with compo
sition. And although the situation in iron-substituted ramsdellites ap
pears more complex with two active redox couples, Ti4+/Ti3+ and 
Fe3+/Fe2+, a general shortening of the lattice parameters a and b as well 
as the unit cell volume indicates transition to a higher oxidation state of 
iron, titanium or both species. This trend is clearly fulfilled for compo
sitions x = 0.125 and 0.5. On the other hand, composition x = 0.25 
presents the expected tendency in a parameter, while b parameter shows 
an opposite trend, pointing to a more complex substitution mechanism, 
most likely related to a slightly different situation of oxidation states of 
iron and titanium. 

IR spectra of LiFexTi2− xO4 ramsdellites are shown in Fig. S3. Strong 
IR bands below 800 cm− 1 in all compositions are characteristic of the M- 
O (M=Fe,Ti) ramsdellite framework. The bands in the region 
1600–1400 cm− 1 are ascribed to M-O-M vibrational modes [37–40]. 
The absence of other vibrational modes in the 3400–3200 cm− 1 and 
1700–1600 cm− 1 range confirms the absence of hydroxyl M-OH or 
structural water in these compounds [37–40], which were obtained by 
the high temperature synthetic route. 

3.2. Elemental and surface morphological characterization of 
LiFexTi2− xO4 ramsdellites 

The morphology of LiFexTi2− xO4 ramsdellites was analyzed by SEM 
and is shown in Fig. 3. In general, average particle sizes were in the 
micrometer range exhibiting well crystallized prismatic shape. Howev
er, significant differences in particle size exist for ramsdellites with low 
and high Fe-doping, which is attributed to the different synthesis tem
peratures employed. As described in the experimental section, LiTi2O4 
and the low Fe-doped LiFe0.125Ti1.875O4 ramsdellites synthesized at 
lower temperatures (1000–1010 ºC) produce smaller particles in the 
5–8 µm range, whilst the higher temperatures (1250–1275 ºC) required 
to synthesize higher Fe-doped ramsdellites LiFe0.25Ti1.75O4 and LiFe0.5

Ti1.5O4 lead to larger particles in the 10–50 µm range. The SEM-EDX 
mapping shown in Fig. 3 demonstrates the uniform distribution of Ti, 
O in all ramsdellites. As expected, Fe content increases with increasing 
Fe-doping in ramsdellites (upper row, left-to-right in Fig. 3), evident 
from an increasing intensity of the green false color. It is worth 
mentioning that the isolated green spots in sample LiFe0.125Ti1.875O4 are 
ascribed to metallic iron, already detected by X-ray diffraction, due to 
the absence of both Ti and O (visible as white spots) for the same objects. 

3.3. Oxidation state of iron in LiFexTi2− xO4 ramsdellite phases 

57Fe Mössbauer spectra were recorded for Fe-substituted LiFe
xTi2− xO4 ramsdellites with compositions x = 0.125, 0.25 and 0.5 aimed 
at unraveling oxidation state and coordination of iron. The spectral 
parameters: isomer shift (IS), quadrupole splitting (QS), relative 
contribution of the subspectra (A) to the spectrum and attribution 
derived from fits are presented in Table 3. 

As seen from Fig. 4a, the spectrum of sample LiFe0.125Ti1.875O4 
(x = 0.125) is fitted with two quadrupole doublets corresponding to iron 

Table 2 
Nominal compositions and estimated from XEDS for ramsdellites LiTi2− xFexO4.  

x in LiFexTi2− xO4 Nominal composition Estimated composition 

0.125 LiFe0.125Ti1.875O4  LiFe0.07(1)Ti1.87(1)O4 

0.25 LiFe0.25Ti1.75O4  LiFe0.24(1)Ti1.76(1)O4 

0.5 LiFe0.5Ti1.5O4  LiFe0.46(1)Ti1.54(1)O4  
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atoms located in octahedral sites with oxidation states Fe3+ (IS =
0.36 mm/s, QS = 0.65 mm/s) and Fe2+ (IS = 0.98 mm/s, QS =
2.29 mm/s), both associated with the ramsdellite phase. Values of IS and 
QS for both octahedral Fe3+ and Fe2+ are in agreement with those re
ported for Fe-doped Li2Ti3O7 ramsdellite [41]. However, the spectrum is 
more complex since the two quadrupole doublets are overlapped with a 
sextet corresponding to an important segregation of α-Fe(0) (IS 
~0.00 mm/s, QS ~0.00 mm/s), detected by XRD. In addition, a sextet 
ascribed to Fe3C, not observed in XRD, was also present. The relative 
contributions of ramsdellite and α-Fe to the spectrum are in good 
agreement with results from quantitative XRD phase analysis. The 
relatively lower contribution of iron carbide or nitride, corresponding to 
< 1% by weight, makes it undetectable by XRD. The presence of Fe2+

(43.8% of iron in ramsdellite) is explained by reaction of iron(III) oxide 

with titanium(III) oxide in the synthesis of ramsdellite:  

Ti3+ + Fe3+ = Fe2+ + Ti4+ (3) 

Bearing in mind results from XRD, XEDS and Mössbauer, the 
following composition for nominal LiFe0.125Ti1.875O4, i.e. LiFe3

+
0.125Ti3+0.875Ti4+O4, is proposed, considering reductive segregation of Fe 

(0), Eq. 2, and formation of Fe2+, Eq. 3: LiFe3+
0.078Ti3+0.734Ti4+1.141O4 (after 

Eq. 2) and LiFe2+
0.034Fe3+

0.044Ti3+0.700Ti4+1.175O4 (after Eq. 3). 
The spectrum of the sample with nominal composition LiTi1.75

Fe0.25O4 (x = 0.25, Fig. 4b) can be interpreted as the sum of three 
quadrupolar doublets with hyperfine parameters shown in Table 3. Two 
doublets were ascribed to iron atoms located in octahedral sites with 
oxidation states Fe3+ (IS = 0.36 mm/s, QS = 0.47 mm/s) and Fe2+ (IS =

Fig. 2. Variation of lattice parameters and unit cell volume for LiFexTi2− xO4 ramsdellites (x = 0, 0.125, 0.25 and 0.5) as a function of iron composition, y. For x = 0 
reference data from Gover et al. [26] and Akimoto et al. [31] have been included. The dotted lines provide guides to the eye. 

Fig. 3. SEM images of ramsdellites (from left-to-right): LiTi2O4, LiFe0.125Ti1.875O4, LiFe0.25Ti1.75O4 and LiFe0.5Ti1.5O4 with the corresponding elemental mapping.  
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0.98 mm/s, QS = 2.46 mm/s), both associated with the ramsdellite 
phase. Again, values of IS and QS for both octahedral Fe3+ and Fe2+ are 
in agreement with those reported for Fe-doped Li2Ti3O7 ramsdellite and 
similar to those observed in composition x = 0.125. 

The relative fraction of the two ramsdellite spectral components 
accounts for 85% of total Fe (77% Fe3+, 8% Fe2+), which allows refor
mulation of nominal LiFe3+

0.25Ti3+0.75Ti4+O4, considering reductive for
mation of Fe2+ according to Eq. 3, to composition 
LiFe2+

0.02Fe3+
0.23Ti3+0.73Ti4+1.02O4. The third doublet is associated with iron 

atoms located in octahedral sites and oxidation state Fe3+ (IS =
0.27 mm/s, QS = 0.86 mm/s) of the spinel minor phase observed by 
XRD. IS and QS values are in the range for octahedral Fe3+ previously 
reported in Fe-doped Li4Ti5O12 [41] and LiTi1.9Ca0.1(PO4)3 [42]. 
Considering the weight fraction of the spinel phase determined from 
XRD (8 wt%), the higher relative fraction of this spectral component 
(15 at% Fe) suggests a higher iron content for the spinel phase, corre
sponding to a composition LiFe0.48Ti1.52O4, i.e. LiFe3+

0.48Ti3+0.52Ti4+O4. 
Since Fe2+ is ruled out in the present spinel phase, the similarity in 
lattice parameter (a = 8.404 Å) with previously reported LiFe2+

0.5Ti4+1.5O4 
[33] is ascribed to the presence of Ti3+, which also explains an increased 
lattice parameter compared to LiFe3+Ti4+O4 (a=8.362 Å), in agreement 

with Shannon ionic radii for Ti3+(VI) = 0.67 Å and Ti4+(VI) = 0.605 Å. 
The spectrum of the sample LiTi1.5Fe0.5O4 (x = 0.5) as seen from 

Fig. 4c is fit with three quadrupole doublets, and characteristic 
Mössbauer parameters together with the assignation of the three 
detected species are shown in Table 3. Two doublets were ascribed to 
iron atoms located in octahedral sites of the ramsdellite structure, 
centered at 0.36 mm/s and 0.97 mm/s indicative for Fe3+ and Fe2+

oxidation states, respectively. QS for octahedral Fe3+ (0.48 mm/s) and 
Fe2+ (2.33 mm/s) were comparable to those observed in compositions 
x = 0.125 and 0.25. Both octahedral sub-spectra associated with the 
ramsdellite phase account for 80% of total Fe (67% Fe3+, 13% Fe2+), 
which allows to reformulate nominal LiFe3+

0.50Ti3+0.50Ti4+O4, considering 
reductive formation of Fe2+ according to Eq. 3, to the composition 
LiFe2+

0.08Fe3+
0.42Ti3+0.42Ti4+1.08O4. IS of the third doublet (0.94 mm/s) is 

indicative for Fe2+ associated with iron atoms located in tetrahedral (8a) 
sites of the spinel minor phase observed by XRD with a smaller QS of 
0.77 mm/s. Taking into account the weight fraction of the spinel phase 
determined from XRD (10 wt%), the higher relative fraction of this 
spectral component (20 at% Fe) suggests a higher iron content for the 
spinel phase. Since all Fe2+ is associated with the tetrahedral 8c site in 
an inverse spinel structure, a reductive formation of Fe2+ in spinel 
LiFe3+

0.5Ti3+0.5Ti4+O4 according to Eq. 3 combined with the following 
substitution mechanism in Eq. 4 is proposed:  

(Ti4+)f + (2 Li+)c = (3 Fe2+)c                                                           (4) 

yielding the general composition Li1–2xFe2+
0.5+3xTi4+1.5− xO4. For x = 1/6, 

four-coordinated Fe occupies the 8c site in composition 
(Fe2+)t(Li+0.67Ti4+1.33)O4, matching both observed at% (Mössbauer) and wt 
% (XRD) Fe for the spinel phase. 

3.4. Electrochemical study of LiFexTi2− xO4 ramsdellites 

3.4.1. Low voltage range. Discharge from ocv to 1 V 
Fig. 5 shows the discharge-charge profiles of the four ramsdellite 

samples (x = 0, 0.125, 0.25 and 0.5) down to 1 V at a 5.3 mA g− 1 con
stant current density equivalent to a C/30 rate. The first discharge ca
pacities are 118 mAh g− 1 (x = 0), 179 mAh g− 1 (x = 0.125), 137 mAh 
g− 1 (x = 0.25) and 135 mAh g− 1 (x = 0.5). In addition, the progressive 

Table 3 
57Fe Mössbauer spectral parameters for ramsdellite samples with nominal 
composition LiTi1.875Fe0.125O4, LiTi1.75Fe0.25O4, and LiTi1.5Fe0.5O4 at room 
temperature.  

Sample ISa (mm/s) QS (mm/s) H (T) A % Attribution 

LiTi1.875Fe0.125O4  0.36(2)  0.65(4) -  9(1) (Fe3+)O R   
0.98(2)  2.29(4) -  7(1) (Fe2+)O R   
0.21(2)  0.04(4) 20.5(1)  17(1) Fe3C   

0.001(1)  0.001(2) 32.8(1)  67(1) α-Fe 

LiTi1.75Fe0.25O4  0.366(1)  0.475(4) -  77(1) (Fe3+)O R   
0.98(2)  2.46(2) -  8(1) (Fe2+)O R   

0.272(6)  0.86(1) -  15(1) (Fe3+)O S 

LiTi1.5Fe0.5O4  0.367(3)  0.480(7) -  67(1) (Fe3+)O R   
0.970(6)  2.33(1) -  13(1) (Fe2+)O R   
0.94(2)  0.77(4) -  20(1) (Fe2+)T S  

a IS relative to α-Fe center shift. 

Fig. 4. 57Fe Mössbauer spectra of ramsdellites: a) LiFe0.125Ti1.875O4, b) LiFe0.25Ti1.75O4 and c) LiFe0.5Ti1.5O4 at room temperature. Red line: (Fe3+)O, blue 
line: (Fe2+)O. 
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Fe substitution is accompanied by an increase in the ocv rest potential, 
from ca. 1.8 V vs. Li+/Li in x = 0 to 2.65 V vs. Li+/Li in x = 0.5. For 
x = 0 and x = 0.125, two “S”-shaped profiles at the beginning and the 
end of discharge enclose a plateau (a quasi-constant voltage region) 
developed at 1.3–1.4 V. This characteristic has been previously inter
preted in ramsdellite LiTi2O4 as a two-phase domain sandwiched by 
solid solutions at both ends of the biphasic region [19]. For compositions 
x = 0.25 and x = 0.5, discharge curves exhibit an “S”-shape profile, 
which may indicate a single-phase insertion mechanism for lithium 
throughout the whole discharge process. On the other hand, increasing 
internal resistance due to progressive Fe substitution, in combination 
with increasing cell polarization, may also lead to a less horizontal, more 
curved voltage profile, as it has been demonstrated for V-substituted 
LiTi2O4 ramsdellites [22]. A closer look at the discharge profile reveals 
an emerging second electrochemical process at a potential > 2 V with 
increasing iron content, which is clearly visible for x = 0.50 (Fig. 4c) 
and also developed upon charge. Considering its absence in the undoped 
sample (x = 0), this process is hence ascribed to the reversible redox 
behavior of the Fe3+/2+ redox pair. Worth mentioning that the reduction 
of Fe3+ in other Fe-substituted ramsdellites (Li2Ti3O7) or in the 
compositionally related spinel Li1+xFe1–3xTi1+2xO4 [43,44] is not 

reversible. From discharge-charge profile, the amount of electrochemi
cally active Fe3+ involved in the electrochemical lithium 
insertion-deinsertion during the first discharge-charge cycle was esti
mated to be 0.10 Fe/f.u. for x = 0.25 and 0.25 Fe/f.u. for x = 0.50, 
suggesting that not all Fe3+ is actively involved (theoretically 0.23 
Fe3+/f.u. for x = 0.25 and 0.42 Fe3+/f.u. for x = 0.50). In this sense, 
capacities developed below 1.75 V, ascribed to the reversible Ti4+/3+

redox pair, are also systematically lower than the amount of Ti4+ present 
in the ramsdellite: x = 0 (0.75 vs. 1 Ti4+), x = 0.125 (1.0 vs. 1.175 Ti4+) 
x = 0.25 (0.65 vs. 1.02 Ti4+), and x = 0.50 (0.60 vs. 1.08 Ti4+). It turns 
out that ramsdellite LiFe0.125Ti1.875O4 (x = 0.125) exhibits the highest 
percentage of active Ti4+ (89%) among the studied ramsdellites. 

Table 4 compares experimental first discharge and reversible ca
pacities with theoretical capacities of LiFexTi2− xO4 ramsdellites. Two 
values of theoretical capacities are given. One is based on 1 Li+/formula 
unit (f.u.), reported by other authors as the maximum amount of 
insertable lithium into the tunnel space of the ramsdellite structure. The 
second one considers the amount of all reducible metal ions, i.e. the sum 
of Fe3+ and Ti4+ available in the ramsdellite structure as deduced from 
X-ray diffraction and Mössbauer spectroscopy. Remarkably, the rams
dellite LiFe0.125Ti1.875O4 (x = 0.125) shows the best electrochemical 
behavior; its discharge capacity exceeds the theoretical 1 Li+/f.u. in the 
first discharge and is withstood in the following cycles close to the 
theoretical capacity. Moreover, the irreversible capacity loss is signifi
cantly lower (18%) when compared to ramsdellites with higher iron 
content, x = 0.25 (23%) and x = 0.50 (30%). 

The better cycling properties of ramsdellites LiFe0.125Ti1.875O4 
(x = 0.125) are clearly observed in Fig. 6, which compares cycle sta
bility and Coulombic efficiency at the low current rate of C/20 (upper 
row of Fig. 6) and the higher current of C/5 (lower row of Fig. 6) for the 
ramsdellite series x = 0, 0.125, 0.25, 0.5 (Fig. 6a-d). In all ramsdellites, 
Coulombic efficiencies achieve values close to 100% after the first five 
cycles. 

Further prove of the outstanding electrochemical properties of 
LiFe0.125Ti1.875O4 is given in Fig. 7 which compares the capacity 
retention of LiFe0.125Ti1.875O4 with that of undoped LiTi2O4 ramsdellite 
at increasing C rates (Fig. 7a) and upon longer cycling at the higher C/5 
current rate (Fig. 7b). Two active redox pairs, Ti4+/3+ and Fe3+/2+, 
combined with a higher amount of available active Ti4+ and better 
electrical properties due to the presence of metallic iron, boosting 
farther electronic conductivity in LiFe0.125Ti1.875O4, allow the remark
able capacity of 179 mAh g− 1 at the low C/30 (5.3 mA g− 1), whilst a 
noticeable capacity of 71 mAh g− 1 is still held at the high current of 2 C 
(320 mA g− 1) (Fig. 7a). In line with this, the discharge capacity of 
LiFe0.125Ti1.875O4 at higher C/5 (Fig. 7b) after cycle 2 (125 mAh g− 1) 
and cycle 60 (120 mAh g-1) are impressively higher compared with 
undoped LiTi2O4 at identical current (75 mAh g− 1 after cycle 2, 70 mAh 
g− 1 after cycle 60). 

Table 5 shows a summary with selected TiO2-based ramsdellite 
electrodes reported in literature and in this work for LIBs showing 
remarkable electrochemical properties. 

The cell bearing LiFe0.125Ti1.875O4 as the active material of the 
positive electrode was investigated by impedance spectroscopy. A 
typical Nyquist plot of the impedance data of the two-electrode cell at 
open circuit voltage but subjected at 10 mV ac perturbation inducing a 

Fig. 5. Discharge-charge capacities for 1st, 2nd and 5th cycle of ramsdellites 
LiFexTi2− xO4 with x = 0 (a), x = 0.125 (b), x = 0.25 (c) and x = 0.5 (d). All 
cells were cycled at C/30. 

Table 4 
Theoretical and experimental discharge capacity at C/30 rate of LiFexTi2− xO4 ramsdellites.  

Nominal x in 
LiFexTi2− xO4 

Theoretical capacity (mAh g− 1) (1 Li+/ 
f.u.) 

Theoretical capacity (mAh g− 1) 
(Fe3++Ti4+) 

1st cycle discharge capacity (mAh 
g− 1) 

2nd cycle capacity (mAh 
g− 1) 

0 161 161 113[13] 
118 (this work) 

- 
84 

0.125 162 198 179 146 
0.25 159 199 137 105 
0.5 157 236 135 94  
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Fig. 6. Evolution of specific capacity and Coulombic efficiencies with cycle number at the low C/20 (upper row) and the higher C/5 current rate (lower row) for 
ramsdellites LiFexTi2− xO4 with x = 0 (a), x = 0.125 (b), x = 0.25 (c) and x = 0.50 (d). 

Fig. 7. Rate capability at various rates ranging from low C/30 to high 2 C (a) and discharge-charge cycling at C/5 (b) of ramsdellites LiTi2O4 (black dots) and 
LiFe0.125Ti1.875O4 (red dots). 

Table 5 
Electrochemical performance of selected TiO2-based ramsdellites as anode materials for Li-ion batteries.  

Compound Electrolyte Cycle performance (mAh g− 1/mA g− 1) Rate performance (mAh g− 1/mA g− 1) Potential (V) Reference 

TiO2 1 M LiClO4 in EC:DEC (1:1) 190 (60th)/-  0.0–3.0a [20] 
1 M LiPF6 in EC:DMC (1:1) 241 (12th)/-  0.8–2.8a [9] 

CNT-TiO2 1 M LiPF6 in EC:DMC (1:1) 230 (50th)/26.8 280/5.4 1.2–3.0a [21]   
100/1608 1.2–3.0a  

Li0.47TiO2 1 M LiPF6 in EC:DEC (1:1) 200 (4th)/130 208/130 0.8–3.0a [45]   
160/649 0.8–3.0a  

V-doped TiO2 1 M LiPF6 in EC:DMC (1:1) 250 (20th)/-  1.0–4.2a [24] 
LiTi2O4 1 M LiClO4 in EC:DEC (1:1) 113 (1st)/-  1.3–2.0 [20]  

75 (20th)/5.4 75/8.0 1.0–2.0 This work 
1 M LiPF6 in EC:DMC (1:1) 70 (60th) 32.1 10/161 1.0–2.0  

LiTiVO4 1 M LiPF6 in EC:DMC (1:1) 155 (1st)/-  1.0–2.8 [22] 
LiCrTiO4 1 M LiPF6 in EC:DMC (1:1) 95(15th)/-  1.0–3.5 [23] 
LiFe0.125Ti1.875O4 1 M LiPF6 in EC:DMC (1:1) 175 (20th)/8.0 130/8.0 1.0–2.0 This work  

115 (70th)/32.1 72/332 1.0–2.0  
LiFe0.25Ti1.75O4 1 M LiPF6 in EC:DMC (1:1) 100 (10th)/8.0  1.0–2.8 This work  

95 (40th)/32.1  1.0–2.8  
LiFe0.50Ti1.50O4 1 M LiPF6 in EC:DMC (1:1) 75 (10th)/8.0  1.0–2.7 This work  

28 (100th)/32.1  1.0–2.7   

a Ramsdellite electrodes were studied in the wide potential range. At most half of the here stated capacity corresponding to the low potential range would be suitable 
for practical application as anode material in LIBs. 
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lithium intercalation/deintercalation of a small amount of lithium 
(dilute conditions) is shown in Fig. 8a. The corresponding plot after 
cycling at C/20 (as in Fig. 6) is shown in Fig. 8b. The equivalent circuits 
used to model the impedance response in each case are shown in the 
corresponding insets. Capacitors have been replaced by constant phase 
elements (CPE) to account for the inhomogeneities and roughness of 
surfaces. For the cycled cell it consists in an inductance (L1) arising from 
cell components. R1 is used to take into account the fast migration (high 
frequency) of lithium through the electrolyte and separator. Two semi- 
circles can be seen at intermediate frequency. The one at higher fre
quency is modelled with a R2CPE1 element that may be due to the 
resistance and capacitance of interfaces (Rint and CPEint), while the one 
at lower frequency, modelled with R3CPE2 element may correspond to 
charge transfer resistance and capacitance of electrical double layer (RCT 
and CPEEDL). Because the Fe-substituted ramsdellite is electronically 
conductive (high content of Ti3+) the ascription of this semicircle to bulk 
electronic resistance and polarizability of ramsdellite has not been 
considered. It follows an inclined sloping line at low frequency which 
corresponds to mass diffusion. Despite the slight dispersion of experi
mental data, it can be seen that it follows a straight line with slope= 1 
and thus, it has been modelled with a Warburg resistance (Ws) with a 
0.48 exponent (ideally 0.5 when semi-infinite linear diffusion, SILD, 
occurs). On the other hand, for the fresh cell a modified circuit was used, 
inasmuch as only one semicircle is clearly seen, and a higher dispersion 
of experimental data was observed at low frequencies that was not 
included in the modelling. Fitting to the two contributions (interfaces 
and charge transfer) would be in this case highly dependent on the 
starting values. Thus, individual components have not been determined. 
However, relevant information can be extracted. The resistance of the 
fresh cell due to electrolyte, interfaces and charge transfer is very much 
reduced (from 257 to 47 ohms) upon cycling. LiFe0.125Ti1.875O4 is 
therefore a low impedance electrode sustaining its high capacity at high 
rate as it is shown in Fig. 7a. Data also indicate that it forms a very stable 
cathode electrolyte interface and electrolyte is not consumed. 

Visible spikes corresponding to mass diffusion are observed in Fig. 8. 
However, it cannot be used for determination of lithium diffusion co
efficient of LiFe0.125Ti1.875O4 because the contribution of the anode may 
be also significant in the low frequency range. Thus, a three-electrode 
cell was run using metallic lithium disks as counter and reference elec
trode, respectively. By doing so it is confirmed that impedance of lithium 
in the low frequency range is only one order of magnitude lower than the 
working electrode. Therefore, lithium diffusion coefficient had to be 
determined using a three-electrode cell to avoid counter electrode 
contribution. The 3-electrode cell with the positive electrode made of a 
composite pellet having 85% active ramsdellite material, 10% 

conductive carbon and 5% PVDF, was discharged to 1 V and charged 
back to 2 V under PEIS conditions as indicated in the experimental 
section. Impedance measurements were taken after 6 h voltage equili
bration at different potentials. In the first discharge, very noisy spectra 
were recorded except for 1.2 V. On charge reliable data were obtained at 
1.5, 1.7 and 2.0 V denoted as circles in the potentiostatic discharge- 
charge curve shown in Fig. S4. 

The impedance response of the working electrode is very similar at 
every voltage. Fig. 9 shows the impedance obtained at 1.7 V, x = 0.272, 
as an example of the typical response. It shows both the experimental 
data and the fitted spectrum using the circuit model shown in the inset. 
This circuit is like the one described above for the fitting of the cycled 
two-electrode cell. However, although fitting has been made using such 
circuit with two RCPE, there is an overlapping of both elements due to 
close relaxation frequencies. Thus, caution must be exerted on the in
dividual values. Hence, R2 + R3 values corresponding to Rint + Rct is 
better used for the analysis. In fact, in some cases (at 1.0 and 1.2 V, not 
shown) fitting can be made using only one RCPE. The resulting values 
obtained from the high and medium frequency range are listed in 
Table S2. They show that both Re and Rint + Rct remain constant and 
very low in the whole 1–2 V voltage range. 

The low frequency range has been modelled with a Warburg 
element. However, as the observed spike deviates from SILD towards 
finite space diffusion at the lowest frequencies a Warburg open-circuit 
element has been used. This behaves as a capacitor at the lowest fre
quencies due to charge accumulation as ions are blocked at the surface 
because diffusion cannot progress at such short time scale. 

Nevertheless, lithium diffusion coefficient can be calculated from the 
frequency range data for which SILD is observed. Eq. 5, derived from 
Fick`s law of diffusion, can be used for such purpose [46]: 

DLi+ =

(
Vm

zFA

)2(dE
dx

)2( 1
̅̅̅
2

√
mσw

)2

(5) 

Vm is the molar volume of LiFe0.125Ti1.875O4 that is assumed to 
remain nearly constant upon intercalation, z is the number of exchanged 
electrons in the redox reaction, F is the Faradaýs constant, A = 4.26 cm2 

mg− 1 is the specific area determined by BET method on the pristine 
compound and also assumed to remain constant upon intercalation, 
dE
dx is the slope of the tangent line to the E vs. x near-equilibrium curve 
at the x value for which impedance was measured, m is the electrode 
mass, and σW is the Warburg coefficient. This coefficient has been 
determined in the region where semi-infinite diffusion occurs in which 
Warburg impedance, Zw, is expressed as in Eq. 6: 

Fig. 8. Nyquist plots corresponding to the impedance of two-electrode cells LiFe0.125Ti1.875O4 (composite 85:10:5)// Li; a) fresh cell and b) cycled cell (40 cycles at 
different rate). The experimental data are shown as red circles while the solid blue line depicts the fitting to the equivalent circuit shown in the inset. 
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Zw =
σw
̅̅̅̅
ω

√ − i
σw
̅̅̅̅
ω

√ (6)  

where ω is the radial frequency. Therefore, under such conditions Z´=
-Z´́ as it happens in the frequency regions for which the experimental 
points of the Nyquist plot are aligned onto the black solid straight line 
depicted in Fig. 9a with slope= 1. Using this frequency range Warburg 
coefficient has been obtained from the slope of Z´or -Z´́ vs. ω− 1/2 

(Fig. 9b) [47]. Because both representations should provide the same 
slope the average value has been taken (in the case shown in Fig. S4 σW 
= 1.51 ohm rad1/2 s− 1/2 or 0.6 ohm s− 1/2) Note that in the example given 
in Fig. 9 the frequency region where Eq. 6 is fulfilled is very narrow as 
due to the transition to a finite length diffusion due to the accumulation 
of charge at the electrode surface (finite space) as mentioned above. The 
same was observed at any potential indicating limited diffusion in the 
whole intercalation range. 

Table 6 shows the values of Warburg coefficient and other parame
ters used for determination of DLi+ at different voltages and the corre
sponding x values (marked with blue circles in the voltage composition 
curve shown in Fig. S4. Most data correspond to regions of the voltage 
composition curve where a steady change of voltage occurs because Eq. 
5 cannot be applied in a region where a biphasic change takes place 

( dE
dx =

0
)
. However, data recorded at 1.5 V likely correspond to a composition 

(x = 0.4) very close to a two-phase region even although a flat voltage 
variation is not observed due to thermodynamic and kinetic effect. 
Hence, a non-zero slope can be read. Use of this value to determine 
diffusion coefficient provides the so called “apparent chemical diffusion 
coefficient” [48–50]. 

From the results it can be deduced that lithium diffusion is faster in 
the high voltage region (low lithium content) than in the low voltage 
range (high lithium content) with the diffusion coefficient being two 
orders of magnitude lower in the low voltage range. Worth mentioning 
that fully lithiated Li2Ti2O4, obtained after full discharge of pristine 
LiTi2O4 through a two-phase transition, retains the ramsdellite structure 
as proved by operando synchrotron diffraction study [19]. Hence, 

assuming an identical structural scenario for Fe-substituted LiFe0.125

Ti0.875O4, increased occupancy of available Li+ sites with stronger Li+ - 
Li+ repulsions would explain more sluggish lithium diffusion at low 
voltage. 

3.4.2. High voltage range. Charge from ocv to 4.5 V 
LiTi2O4 ramsdellite shows a single process upon charge to 4.5 V 

centered at 2.2 V vs. Li+/Li, ascribed to the reversible Ti3+/4+ pair, 
delivering a reversible capacity of 80 mAh g− 1 (0.5 Li/f.u.) in good 
agreement with previous reports [8,20]. For Fe-substituted ramsdellites, 
first charge capacities are 100 mAh g− 1 (x = 0.125), 40 mAh g− 1 

(x = 0.25), and 49 mAh g− 1 (x = 0.5). The flat deinsertion potential in 
ramsdellite LiTi2O4 at ~2.2 V was ascribed to a two-phase domain 
within two narrow solid solutions at the beginning and the end of the 
biphasic region [19]. Interestingly, ramsdellite LiFe0.125Ti1.875O4 

Fig. 9. Nyquist plots corresponding to the 
impedance of the working electrode of a 
three-electrode cell bearing LiFe0.125

Ti1.875O4 (composite 85:10:5) as the active 
material (a). The experimental data are 
shown as red circles while the solid blue 
line depicts the fitting to the equivalent 
circuit shown in the inset. The black solid 
line with slope= 1 is a guide for the eyes to 
visualize the region in which SILD condition 
is fulfilled. b) Warburg impedance, -Im(Z) 
and Re(Z) as a function of the angular fre
quency in the frequency range in which 
SILD is fulfilled.   

Table 6 
Warburg coefficients and other parameters used for determination of DLi+.  

Li1+xFe0.125Ti0.875O4 dE/dx V mol σw Ω s− 1/2 DLi+ cm2 s− 1 

1.2 V (discharge) 
x = 0.916  

-0.98  12.5 1.55 × 10− 13 

1.5 V (charge) 
x = 0.371  

-0.1  0.44 1.3 × 10− 12 

(apparent) 
1.7 V (charge) 

x = 0.272  
-2.32  0.6 3.8 × 10− 10 

2.0 V (charge) 
x = 0.084  

-1.63  0.6 1.87 × 10− 10 

(Vm = 42.79 cm3 mol− 1; A = 4.26 cm2 mg− 1; m = 14.64 mg) 
Fig. 10. Charge-discharge capacities of LiFe0.125Ti1.875O4 (a), LiFe0.25Ti1.75O4 
(b), and LiFe0. 50Ti1.50O4 (c) ramsdellites upon charge to 4.5 V vs. Li+/Li. 
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(Fig. 10a) exhibits the same flat charge curve at the same potential, 
hence associated with the Ti3+/4+ pair. For both ramsdellites reversible 
capacity is clearly lower than the theoretical one based on 1 Ti3+ in 
LiTi2O4 (80 mAh g− 1 vs. 161 mAh g− 1) and 0.7 Ti3+ in LiFe0.125Ti1.875O4 
(60 mAh g− 1 vs. 113 mAh g− 1), denoting some hindrance of lithium 
deinsertion. This becomes more noticeable as iron content increases 
(Fig. 10b and c) for which a pronounced diminution in the process at 
2.2 V is observed. In contrast to undoped LiTi2O4, all Fe-doped rams
dellites exhibit a second charge process at higher 3.5 – 4.0 V (Fig. 9). 
This high-voltage process could in principle be attributable to the 
Fe3+/4+ redox pair, although absence of the corresponding high poten
tial process during the following discharge curve testifies to irrevers
ibility. Moreover, electrolyte decomposition could also account for 
irreversibility at higher potential. Note that Fe2+/3+ oxidation has not 
been considered due to the low Fe2+content in all studied Fe-doped 
ramsdellites (0.02 – 0.08 Fe2+/f.u.). On the other hand, for ramsdellite 
LiFe0.125Ti1.875O4 first charge capacity developed in the 3.5–4.0 V range 
clearly exceeds that of the one calculated from available Fe3+ (37 mAh 
g− 1 vs. 7 mAh g− 1). 

To clarify whether the high-potential process is related to (oxidation 
of) Fe3+ of the ramsdellite or side reactions such as electrolyte decom
position, operando X-ray diffraction measurements were conducted 
during a full charge-discharge cycle in the 2.0 – 4.5 V range. The evo
lution of XRD patterns of LiTi1.875Fe0.125O4 in the whole angular range 
upon oxidation to 4.5 V and further reduction to 2.0 V is shown in 
Fig. S5. To better illustrate changes, Fig. 11 collects the evolution of 110 
and 130 diffraction peaks of the ramsdellite structure. It is clearly seen 
that charge to ~3.0 V produces a shift of hk0 reflections towards higher 
angles, in connection with a decrease of both a and b axis, indicating 
transition to a higher oxidation state of titanium, in agreement with 
previous reports [19,20,30]. By means of higher resolution synchrotron 
X-ray diffraction conducted in operando it was shown that the apparent 
single-phase lithium deinsertion (as one might infer from the continuous 
shift of diffraction maxima observed in Fig. 11) actually consists of a 
two-phase region of two closely related ramsdellite structures [19]. The 
overall small changes in lattice parameters upon (de-)insertion of 
lithium in the ocv-4.5 V range Δa/a = − 1.20%, Δb/b = − 1.15%, Δc/c 
= +0.12%, and ΔV/V = +2.13% are a clear proof of the robustness of 
the ramsdellite structure for lithium (de-)insertion. However, no sig
nificant changes regarding either position or intensity of diffraction 
maxima are observed upon further charging above 3 V and to the 
maximum voltage investigated, 4.5 V. Thus, it can be concluded that 
lithium deinsertion and concomitant oxidation of Fe3+ was not possible 

in Fe-doped ramsdellite phase to the maximum potential studied (4.5 V). 
On the other hand, the progressive retrogression of diffraction maxima 
when discharged to 2 V nicely proves the reversibility of the Ti4+/3+

redox pair in the lower voltage range (2.2 V). The evolution of cell pa
rameters during the full charge-discharge cycle are portrayed in Fig. 12. 

4. Conclusions 

In conclusion, iron substituted ramsdellites LiFexTi2− xO4 are suc
cessfully obtained in the compositional range 0 ≤ x ≤ 0.5 by the high 
temperature ceramic method. 

57Fe Mössbauer spectra allowed to discern between Fe2+ and Fe3+, 
both octahedrally coordinated in the framework of the ramsdellite 

Fig. 11. Evolution of 110 and 130 reflections of ramsdellite LiTi1.875Fe0.125O4 upon charge to 4.5 V and further discharge to 2 V.  

Fig. 12. Evolution of cell parameters a, b and c and the cell volume during a 
full charge-charge cycle in the 2.0–4.5 V range. 
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structure. 
The electrochemical results showed that introduction of low iron 

content improved the electrochemical behavior as compared to undoped 
LiTi2O4. From galvanostatic discharge/charge curves, the contribution 
to the total capacity for iron substituted specimens in the low voltage 
zone, ocv to 1 V, is much higher than in the high voltage range, ocv to 
4.5 V. The outstanding and outperforming electrochemical properties of 
LiFe0.125Ti1.875O4: extended capacity and improved cyclability at high 
current rates, are ascribable to: 1) two active redox pairs, Ti4+/Ti3+ and 
Fe3+/Fe2+; 2) a higher amount of available Ti4+ ions; 3) a high lithium 
diffusion coefficient at higher potentials in the low voltage range 
(~10− 10 cm2 s− 1) with stable interfaces, and 4) better electrical prop
erties due to the presence of metallic iron, boosting farther electronic 
conductivity in LiFe0.125Ti1.875O4. This allowed an attractive lithium 
storage capacity of up to 180 mAh g− 1 at low current of C/30 
(5.3 mA g− 1) and a still noticeable capacity of 71 mAh g− 1 at high 
current of 2 C (320 mA g-1). Moreover, ramsdellites with higher iron 
content showed clear signature of reversible Fe3+/Fe2+ redox couple, in 
contrast to other related iron substituted titanate ramsdellites, in which 
irreversible capacities related to Fe3+/Fe2+ redox couple were found. 
The surprising reversible Fe3+/Fe2+ redox couple in this work may 
therefore draw a path to designing high-capacity electrodes with 
reversible multi-metal electron transfer using earth abundant and 
environmental benign iron and titanium element sources for building 
high energy and power density lithium batteries. However, there is need 
to improve the electrochemical behavior of iron substituted titanate 
ramsdellites in the high voltage range (ocv-4.5 V), where contribution to 
total capacity is limited except for LiFe0.125Ti1.875O4. Moreover, the 
significant irreversible capacity developed in the high voltage range, 
attributed to electrolyte decomposition as shown by operando XRD 
would have to be addressed to unlock potential availability of reversible 
Fe3+/Fe4+ redox couple improving farther lithium storage ability. 
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