
1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

FeTiO3 as Anode Material for Sodium-Ion Batteries: from
Morphology Control to Decomposition
Gabriele Brugnetti, Michele Fiore, Roberto Lorenzi, Alberto Paleari, Chiara Ferrara,* and
Riccardo Ruffo[a]

Ilmenite, general formula FeTiO3, has been proposed as possible
conversion anode material for lithium- and sodium-ion bat-
teries, with theoretical capacity of 530 mAhg� 1. Experimentally,
the observed specific capacity for pristine ilmenite is far away
from the theoretical value; for this reason, the control of
morphology via alkaline hydrothermal treatment has been
proposed as possible strategy to improve the electrochemical
performance. At the same time FeTiO3 is prone to react with
sodium and potassium hydroxide, as already demonstrated by

studies on the degradation of ilmenite for the extraction of
TiO2. In this paper we demonstrate that the alkaline treatment
does not induce a morphological modification of the FeTiO3

powders but involved the degradation of the precursor material
with the formation of different phases. A complete physico-
chemical and electrochemical characterization is performed
with the aim of correlating structural and functional properties
of the obtained products.

1. Introduction

The continuous and urgent demand for more performing,
cheap and environmentally friendly electrochemical devices
promotes the research for new materials. In the field of
electrochemical energy storage, sodium-ion-based devices
(batteries and capacitors) are driving the research activities as
they can potentially overcome the main problems related with
lithium-ion based systems in terms of cost and sustainability. At
the same time, the technology of sodium-ion batteries (SIBs) is
still not mature, particularly the development of new electrode
components represents a crucial issue. Many different materials
have been investigated ranging from alloy, to carbon-based
systems, and transition metal oxides.[1–5] Between them ilmenite
(FeTiO3), has been recently proposed as possible negative
electrode material for lithium and sodium-ion batteries[6–8] and
for sodium-ion supercapacitor[9] thanks to the high theoretical
capacity, chemical stability and low cost. Similarly to Fe2O3,
FeTiO3 is considered as a conversion-type material, with
possible electrode reaction FeTiO3+3Li+ +e� !Fe+LiTiO2+

Li2O.
[6] The major drawbacks on these conversion materials are

the low electrical conductivity together with significant volu-
metric expansion associated with the ionic insertion/de-inser-
tion processes. To improve the overall electrode reaction
efficiency one of the most valuable strategy is the control of
morphology. Reduced particle size and high specific superficial
area can be obtained during the synthesis following wet

chemistry routes. Although synthesis of ilmenite with specific
morphology have been reported,[10–16] the bottom up approach
may not represent the best preparation method as FeTiO3 is a
cheap natural product and already commercially available. For
this reason, the top down approach has been followed: small
particles were obtained by ball milling processes followed by
hydrothermal treatment leading to a significant modification of
the particle’s morphology and the appearance of nano-flower
like structures. The good electrochemical performances ob-
served for nano-flower like material have been ascribed to the
peculiar morphology in case of both sodium-ion supercapacitor
and LIBs.[6,9] Subsequent works confirmed the improved electro-
chemical properties (improved capacity, cycling stability) of
modified ilmenite samples with respect to pristine ilmenite that
does not show satisfying results.[7,8]

Beside these possible advanced applications, ilmenite has
been exploited for decades as one of the most abundant Ti-
containing mineral and every year an amount of ~5 million
metric tons of ilmenite ores are processed for extraction of TiO2

and/or Ti.[17] Among the several different possible industrial and
laboratory procedures for the ilmenite degradation, recently
alkaline processes have been proposed.[18] Ilmenite powders
treated in NaOH or KOH 10 M solution in the temperature range
150–220 °C react giving sodium titanate and iron oxide phases;
subsequent acid leaching allows to obtain pure TiO2

powders.[18,19] On the base of these considerations, it is thus
essential to pay special attention to the control of experimental
conditions of the hydrothermal treatment as a method to tune
the morphology, as ilmenite is prone to react and degrade
under basic environment.

The aim of this work is to explore and characterize the
bottom up procedure that can lead to a morphology control of
ilmenite powders, namely the ball milling and hydrothermal
treatments. A detailed investigation of the effect of the ball
milling and hydrothermal treatments on the structure and
actual composition of the final products is performed together
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with the electrochemical characterization of the different
phases. The multi-technique approach (with the combined use
of TGA-DTA, XRD, ICP, SEM EDX) allowed us to determine the
degradation mechanism and reaction under the explored
experimental conditions. The subsequent electrochemical tests
coupled with ex-situ XRD measurements and operando Raman
data confirmed the ilmenite electrode reaction and demon-
strate its reversibility.

2. Results and Discussion

2.1. Preliminary Information

Prior the presentation on the experimental data some structural
features of ilmenite are here recalled to simplify the subsequent
discussion of the results. FeTiO3 ilmenite is a wide bandgap
(2.6–2.9 eV) anti-ferromagnetic semiconductor with a structure
derived from the hematite system. Ilmenite� hematite consti-
tutes a solid solution and members of this systems are often
observed as natural minerals associated with igneous and
metamorphic rocks. Fe2O3 hematite crystallizes in R-3c corun-
dum structure in which Fe ions occupy octahedral sites forming
layers in the (001) plane. Ilmenite emerges from the hematite
structure, with a change in symmetry to R-3, due to the
ordering of Ti cations substituting Fe (according to the
scheme 2Fe3+!Fe2+ +Ti4+) in alternating octahedral layers
along [001] direction,[20] as reported in Figure 1.

The magnetic structure and the ordering effect in the cation
sublattice have been subject of detailed investigation [ref. 20
and references therein], the discussion of these aspects goes
beyond the scope of this work. Ilmenite is one of the mineral
responsible in determining the natural Earth’s magnetism
together with hematite. Moreover, is the most abundant Ti-
containing mineral used for the production of TiO2.

[21] Natural
occurring ilmenite is often associated with variable amount of
impurity (mainly Cr, Mg, Mn, V, Al, Si, Ca rare earth depending

on the geological history),[21,22] variable content of titanium
ranging from 40 to 65% (and the formula can be expressed as
FeTiO3 : TiO2) and different possible combination of Fe2+/Ti4+ or
Fe3+/Ti3+.[10,15] Commercial extraction of titania from ilmenite
dates back the 1920’s and nowadays the world production is
about 5.3 million metric tons with continuous growing of the
worldwide TiO2 demand, while the ilmenite natural reserves
estimated for 800.000 tons.[17] Several industrial procedures are
applied for the production of TiO2 (mainly sulphate and chloride
process at high temperature) and Ti metal (Kroll
process).[19,21,23,24] Due to the huge volume of production, new
less energetic and cheap methods have been developed for the
titania extraction. In particular, recently the soda ash roasting
and treatments in basic conditions (KOH, NaOH) have been
reported.[18,19,25] The production of pure titania follows two steps:
initially the reaction with the alkaline hydroxide degrades the
ilmenite into a sodium titanate and iron oxide. In a subsequent
step TiO2 is recovered from the sodium titanate by acid leaching
following the scheme [Reactions (1) and(2)]:

3FeTiO3 þ 4KOH! K4Ti3O8 þ 3 FeOþ 2H2O (1)

K4Ti3O8 þ FeOþ 12 HCl! 3 TiOCl2 þ FeCl2 þ 4 KClþ

6 H2O
(2)

The separation of Ti-rich materials from Fe residues is
claimed to be facilitated by the insoluble nature of the Ti based
compound and, on the contrary, to the solubility in water of the
Fe-containing species.[22] In agreement with Liu et al..[18] Reac-
tion (1) was proposed also by another group[19] who used NaOH
in solid state reaction instead of hydrothermal treatment with
KOH obtaining the same results. Jardim et al. who performed a
hydrothermal treatment with 10 M NaOH obtained a different
degradation product, namely Nax� yHyTi2� xFexO4 with lepidocro-
cite structure.[26] In all these works the starting product was
natural ilmenite (used without further purification) obtained
from different geographical regions and containing different
impurities in terms of quantity and composition.[27] Other
authors report the reactivity of ilmenite in NaOH solution under
hydrothermal conditions, resulting in a new nonstoichiometric
compound containing Na, Ti and Fe[28] but conditions of the
hydrothermal treatment have not been specified. From the
available data it seems that the results of the degradation
process depend on the actual composition of the starting
material (the nature and the amount of the impurities, the
actual Fe : Ti ratio), the particle size of the starting powders, the
strength of the conditions (concentration of the hydroxide,
temperature, duration of the treatment) and seems to be
difficult to replicate the composition of the degraded products.

On these bases in this work we considered ball milling
process and hydrothermal treatment as two possible ways for
the reduction of the powder particles size and the morphology
control. To avoid the variability introduced by the presence of
impurities and Fe :Ti ratio, the ilmenite considered in this work
is characterized by high purity (99.9%); particular attention has
been devoted in reducing the particle size of the powders and
in controlling the experimental conditions of the ball milling

Figure 1. Ilmenite structure, Fe ion in gray, Ti ion in blue, O ion in red
together with FeO6 and TiO6 units.
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and hydrothermal treatments, as described in the following
section.

2.2. Ball Milling Treatment

The commercial powders were ball milled prior the electro-
chemical test and/or the hydrothermal treatment to reduce the
grains dimension. Both rotation speed and milling time have
been varied to identify the best conditions to obtain pure nano-
sized ilmenite; results of XRD analysis for different samples are
reported in Figure 2. The effect of the ball milling treatment on
the particle size has been evaluated monitoring the peaks
broadening, in agreement with the Scherrer equation. With low
rotation speed 300 rpm for 12 hours only partial size reduction
is obtained (sample FTO_BM312) while increasing the rotation

speed at 600 rpm for the same treatment time allows to
significantly reduce the grain size (sample FTO_BM612). A
further increase in the duration of the treatment up to 24 hours
does not lead to any significant difference in peaks position
and/or broadening (sample FTO_BM624). On the contrary an
increase of the milling time up to 48 h (sample FTO_BM648)
results in a shift of only some of the ilmenite reflections (see for
examples peaks at 41°, 54° and 57° in Figure 2a) that are also
affected by anisotropic broadening and inversion of the
intensities together with the appearance of a new reflection
centered at 30°; a modification of the background is also
observed (see Figure 2b). These effects are compatible with the
introduction of a strain along particular directions and/or
changes in the staking of the layered arrangement of the
ilmenite structure and in general with the disordering of the
structure.

All the powders used for the following hydrothermal steps
and electrochemical tests in this work have been obtained with
ball milling treatment of 12 h at 600 rpm as no significant
changes in the particle size can be estimated between the
sample obtained at 12 h and those obtained at 48 h while on
the contrary this last one is affected by induced strain or defects
in the stacking. In previous report the ball milling treatment
was pushed up to 150 hours[9] but comparison with results of
the present work is not possible due to the different milling
system. From SEM images of the sample obtained at 600 rpm at
12 h (Figure 2c) it is possible to estimate the size of the
agglomerates in the range 100–200 nm, probably constituted
by smaller particles (cracked appearance due to the conductive
gold sputtered layer), in good agreement with the values
obtained from the analysis of the diffraction broadening.
Particles appear with a wide distribution of shapes, no
significant anisotropies are evidenced, and no ordered mor-
phology is detected, in good agreement with data previously
reported.[9]

2.3. Hydrothermal Treatment

A first attempt to prepare a nano-structured ilmenite sample
has been performed following the procedure previously
reported using a Schott bottle as reactor vessel, NaOH 2 M for
2 h maintained at 120 °C;[9] corresponding XRD patterns and
SEM images obtained for this sample are reported in Figure S1.
A significant change of the morphology can be observed as the
powders of the FTO_Schott samples are constituted by lamellar
components with average dimension of ~100 nm but at the
same time we were not able to replicate the literature data as
the peculiar well organized nano-flowers morphology was not
evident for any portion of the sample. Nevertheless, the XRD
pattern of the FTO_Schott sample presents an intense extra
peak at ~9°, as evident from Figure S1, suggesting the
appearance of a secondary phase after the hydrothermal
treatment.

Despite this evidence of the degradation of the sample, the
characterization of the FTO_Schott material have been com-
pleted with the collection of galvanostatic tests at different C-

Figure 2. a) XRD of commercial ilmenite (black) and samples ball milled at
300 rpm for 12 h (blue) and at 600 rpm for 12 h (orange) 24 h (green) and
48 h (purple) together with Bragg position for ilmenite structure (JCPDS 01-
075-1212); b) Direct comparison of patterns obtained for samples milled at
600 rpm for 12 and 48 h; c) SEM image for the sample ball milled for 12 h.
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rates and results have been compared with the profiles
obtained for the commercial FTO and FTO_BM612 samples (see
Figure S1). The cyclability of the FTO_Schott sample is signifi-
cantly improved respect to the ball milled and commercial
ilmenite and also respect to results previously reported.[6] The
capacity obtained for FTO commercial powder is low compared
to the theoretical value (~60 mAhg� 1) and shows only a weak
dependence with the C-rate. On the contrary, the FTO_BM612
and FTO_Schott samples can deliver higher specific capacity
values at low C rate while at higher C values the specific
capacity values drop. However, the performances of the FTO_
Schott sample are always better respect to those of the FTO
and FTO_BM612 samples. It is thus essential to understand the
correlation between the electrochemical performances, the
composition, and the morphology of the hydrothermally
treated sample. Motivated by this aim, different samples have
been prepared following the hydrothermal procedure trying to
minimize the presence of impurities. As the EDX analysis
obtained for the FTO_Schott sample reveal a significant
contamination of the powders (Si, Ca, Mg, Na) probably coming
from the deterioration of the reaction vessel, all the subsequent
samples have been prepared in a Teflon autoclave under the
same experimental conditions (continuous stirring, sealed vessel
with the same filling factor, thermostatic heating). A series of
samples have been prepared prolonging the duration of the
hydrothermal treatment (see the complete list in Table S1); the
variation of other parameters (temperature, NaOH concentra-
tion) has been discarded as stronger conditions can lead to a
sever decomposition of the ilmenite powder, as described in
the previous section.

The XRPD patterns obtained varying the duration of the
treatment are presented in Figure 3a. Peaks attributed to
ilmenite can be detected in each pattern but at the same time a
strong new reflection appears at ~10°, becoming dominating
already for short treatment time. Other reflections are observed
at 28°, 33° and 35°. As ilmenite was the only phase present
during the treatment and careful washing was performed at the
end of the procedure, the appearance of new reflections is
ascribed to the decomposition of ilmenite due to the presence
of NaOH, as already reported. Although it was not possible to
associate these reflections to any of the already reported
decomposition products discussed in the previous section, the
global decomposition mechanism is in good agreement with
literature data suggesting that the ilmenite under basic
conditions undergoes a phase separation resulting in iron rich
and titanium rich compounds.[18,19,22]

Under the experimental condition here reported, the extra-
peaks can be associated to the presence of a mixture of phases;
the main constituent can be identified as a layered titanate of
general formula (Na/H)2Ti2O5*H2O and hematite Fe2O3 (see
Figure 3b). Hematite structure is strictly correlated to that of
ilmenite resulting in similar reflections (see Figure 3b) as
discussed in the Preliminary Information paragraph. Layered
titanates and titania nanotubes are generally obtained from
hydrothermal treatment of TiO2 with concentrated NaOH at
moderate temperature[29–33] under conditions very similar to
those considered in the present work. A wide variety of layered

and nanotubes titanates have been reported, corresponding to
different stoichiometry and compositions (H2Ti3O7,

[29] HxTi2� x/4� x/
4O4,

[30] Na2Ti2O4(OH)2,
[31] H2Ti4O9)

[34] often undetermined.[32,33]

These systems are generally composed by layers of TiO6 units
stacked along c direction and spaced by layers containing H+,
OH� , H2O, Na

+ ions; both composition and structure strongly
depend on the synthesis and washing conditions. For most of
these systems the crystal structure has not been reported due
to the complexity of the hierarchical layered structure. The
reflections observed in this work for the hydrothermally
prepared samples are affected by a significant broadening,
relatable with the non-completely crystalline nature of the
system and are compatible with different nanotubes poly-

Figure 3. a) XRD patterns for samples prepared in autoclave varying the
treatment duration (2–70 hours) and pattern for the FTO_BM612 sample as
reference; b) pattern for the FTO_hyd70 samples together with the reference
Bragg peaks for the FeTiO3 (JCPDS card 01-075-1212), Fe2O3 (JCPDS 33-0664)
and H2Ti2O5*H2O (JCPDS 47-0124) structures; c) SEM image obtained for the
FTO_hyd70 samples.
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morphs and species mentioned above. Due to the low level of
crystallinity of the phases in the mixtures it is not possible to
perform a detailed quantitative analysis of the diffraction
patterns. The position of the peak at ~8–10° is strongly
dependent on the duration of the hydrothermal treatment and
washing conditions. A sharp correlation between the content of
the layers (Na+, H+; H2O, OH

� ) and the position of this peak
(related to the elongated dimension of the unit cell) has been
described and exploited for the evaluation of the actual
composition of the system.[35,36]

The SEM EDX data acquired for the same compositions
clearly show the effect of the hydrothermal treatment on the
morphology of the powders with the appearance of lamellar
formations and agglomerates resembling the nano-flowers
systems previously reported[6,9] (see Figure 3c). The composition
analysis reveals that on average no significant variation from
Fe :Ti 1 :1 stoichiometry is detected, in good agreement with
previous report[9] and locally only small variations (in the order
of ~10%) are observed.

The appearance of lamellar and nano-flower like particles is
thus to be ascribed to the degradation of the sample with the
formation of new phases and not to a purely morphological
effect of the hydrothermal treatment on the ilmenite powders.

These results are confirmed also by ICP analysis performed
on different portion of the solid sample FTO_hyd70 and the
residual waters at different stages of washing with deionized
water (corresponding at different pH values). The analysis (see
Table S2) highlight as only a small loss of Fe from the powder
to the solution can be observed under the experimental
conditions (quantified as lower than 4%), differently from what
reported for the degradation of ilmenite under basic conditions
with the formation of soluble iron complexes. It must be
stressed that in our study the starting material was FeTiO3 with
purity >99%, while previous studies on the hydrothermal
treatment of ilmenite for Ti extraction were obviously dealing
with natural ores with a wide variety of impurities in terms of
amount and composition. As already discussed, these impurities
have been observed to significantly affect the mechanism and
products of the degradation process as similar hydrothermal
conditions result in very different products starting from differ-
ent natural ores.[29–33] The combined analysis of XRD, ICP, and
SEM-EDX data suggest that the FTO_hyd70 sample has, on
average, the same nominal Fe :Ti composition of the precursor
materials but is composed by different crystal phases. The
identification of the degradation phases is further supported by
the TGA/DTA profile obtained for the FTO, FTO_BM612, and
FTO_hyd70 reported in Figure S2a. While in the explored
temperature range (25°-1000 °C) the FTO and FTO_BM612
sample do not present significant weight loss and/or thermal
phenomenon on the contrary the profile of FTO_hyd70 sample
shows two distinct weight losses below 400 °C and two thermic
processes in the 800°–1000 °C range. The TGA features can be
ascribed to structural changes in the (Na/H)2Ti2O5*H2O compo-
nents with the first part related to the loss of hydration water
molecules (25°–150 °C) and interlayers H+/H2O/H3O

+ species
(150°- 400 °C), as already reported for similar layered
systems[37,38] leading to the formation of sodium rich layered

titanates (possible formula derived from the former one:
NaTi2O5). The species present melting temperature in the range
for which DTA curve shows endothermic features (800°-
1000 C°),[39] supporting the idea of dehydration and subsequent
melting of layered sodium titanates. This trend is compatible
with the average composition of the titanate evaluated by the
EDX data; Ti :Na ratio is 1 : 0.25, compatible with partial
substitution of H with Na during the hydrothermal treatment.
Ex-situ XRD data acquired for the FTO_hyd70 sample treated up
to 900 °C (see Figure S2b) further validate this hypothesis as the
titanate main reflection (~8–10°) undergoes a shift at higher
angles in the range 25°–400 °C related to water loss from the
intra-layers water molecules; treatment at highest temperature
involves the collapse of the layered structure followed by phase
transitions and reaction with the other species present in the
samples with the formation of different sodium titanate and
sodium iron titanate phases. At higher temperature the sodium
titanate and the remaining hematite start reacting forming
again ilmenite compound. Based on the XRD, DTA-TGA, ICP,
and EDX analysis the FTO_hyd70 estimated composition is
1 : 1 molar ratio of Fe2O3 and (H/Na)2Ti2O5*H2O.

Based on the detailed physicochemical characterization of
the FTO_BM and FTO_hyd series of samples it is finally possible
to rationalize and differentiate the effect of the ball milling and
hydrothermal treatment. While with the former it is possible to
reduce the particle size of the powders under mild milling
conditions, the latter induces a degradation of the initial
compound to Ti and Fe rich phases; the observed changes in
the particles morphology must be associated to the formation
of these new phases that cannot be neglected when the
material is tested for electrochemical applications. It must be
stressed that the degree and mechanism of the decomposition
are strongly affected by the level and nature of the impurities in
the starting ilmenite powders.

The FTO_BM612 and FTO_hyd70 samples have been
selected for further electrochemical tests and allowed us to
explore the two end member cases: pure ilmenite characterized
by nano dimension of the powder particles (FTO_BM612
sample) and fully degraded ilmenite, constituted mainly by
layered titanate and hematite-based phases (FTO_hyd70 sam-
ple).

Quasi-equilibrium PCGA curves of the cells assembled with
FTO_BM612 and FTO_hyd70 materials are reported in Figure 4a
and 4d. The first cathodic scan of FTO_BM612 is significantly
different respect to the profiles reported for the successive
cycles, showing an irreversible reaction at ~0.45 V (sharp peak
in Figure 4b). On the contrary, the anodic profiles are stable
upon cycling, indeed, two broad peaks are detected at ~0.9
and ~1.7 V. Similar differences between the cathodic/anodic
profiles have been observed also for the Co3O4 conversion
anode material.[40] The strong irreversibility of the first cycle is
typically of conversion electrode materials,[40–42] and similar
behavior has already been observed for ball milled ilmenite
tested vs metallic Li and related to the possible electrode
reaction FeTiO3+3Li+ +e� !Fe+LiTiO2+Li2O.

[6]

The profiles of the FTO_hyd70 sample (see Figures 4d and
4e) are significantly different from those of FTO_BM612 based
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cell. The profile difference between the first and subsequent
cycles is much less pronounced, supporting the idea that the
main component in the FTO_hyd70 sample is the layered
titanate behaving as insertion type material, indeed, the
position of the cathodic and anodic peaks is different respect to
those observed for the FTO_BM612 sample. This type of
evolution of the profiles with cycling have been observed for
similar layered titanate systems.[43–45]

The comparison of the PCGA profiles supports the idea that
the two samples are different in terms of crystal phase
composition, resulting in different electrochemical behaviours.

These results are also confirmed by galvanostatic cycling
with potential limitation (GCPL) profiles reported in Figure 5.
The first sodiation of FTO_BM612 differs from the following
ones in both capacity and potential profile, due to the presence
of the first conversion step. The sample shows a Coulomb
efficiency of 62% at the first cycle which then increases to
about 95%. The specific capacity is around 150 mAhg� 1 at the
first anodic desodiation and stabilizes to 125 mAhg� 1 after 5
cycles. The average anodic and cathodic potentials are 1.51 and
0.89 V, respectively. A larger irreversibility in the first cycle is
observed also for FTO_hyd70, however the first cathodic
potential profile is similar to the following ones. In this case, the
nanometric morphology leads to larger surface area and thus
increased electrolyte decomposition. The electrochemical per-
formances of the sample are similar with those of the milled
sample in term of specific capacity but differ for the average
potentials (0.74 and 1.40 for the cathodic and anodic process,
respectively). These results are further supported by the electro-

chemical impedance spectroscopy (EIS) data (Figure 4c and 4f).
For a more meaningful comparison of the results, the spectra
were acquired over several charge and discharge cycles in the
de-sodiated state (end of the anodic branch) after waiting for
OCV stabilization. The Nyquist impedances of compound FTO_
BM612 show a substantial change following the first charge and
discharge cycle, while remaining substantially unchanged in the
subsequent 9 cycles. The change concerns both the low
frequency characteristics, where it passes from a capacitive to a
diffusive system, and the response to higher frequencies, where
the interface resistance varies from about 500 to 40 Ω and then
remains unchanged in the subsequent cycles. On the other
hand, the FTO_hyd70 sample shows a very similar spectrum
from the first measurement and Nyquist impedances vary only
for the diffusive part, while the interface resistance remains
substantially unchanged (around 275 Ω). The observed cycling
stability reported in Figure 5b and d of the two materials up to
60 cycles further support the idea of different electrode
reactions. The capacity retention of the FTO_BM612 sample
calculated on 60 cycles is ~45% and the specific capacity value
is not stabilized yet while for the FTO_hyd70 the capacity
retention is significantly higher (~62%) and the specific
capacity is almost stabilized after 30 cycles (capacity retention
calculated after cycle 30 for the FTO_BM612 sample ~87% and
~94% for the FTO_hyd70 sample). The poor capacity retention
of the FTO_BM612 is typical of a conversion type electrode
material, the poor cycling performance are generally associated
with the mechanical degradation of the anode material due to
the volume variations associated to the reaction mechanism;
this effect has already been observed for iron based oxides
both in LIBs and SIBs.[46–49] The higher capacity retention
observed for the FTO_hyd70 sample is in turn related to the
electrochemical activity of the layered titanate as insertion like
anode material. The layered structure characterized by huge
interlayer distance[31–34] allows for facile insertion/de-insertion of
Na ions and thus in improved stability upon cycling respect to a
conversion-type anode material, as already reported for similar

Figure 4. From the top, PCGA profiles, specific capacity, and EIS profiles
obtained in 5 � 10 cycles for cell assembled with a–b–c) FTO_BM612 and d–
e–f) FTO_hyd70 active materials.

Figure 5. GCPL profiles and specific capacity as function of the cycles
number for cell assembled with a–b) FTO_BM612 and c–d) FTO_hyd70 active
materials.
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systems.[50–52] The performance of the FTO_hyd70 are not
directly comparable with the highly promising literature data
for layered titanate systems[43–45,50� 52] as in our case the layered
titanate is only a fraction of the active material, in which also
Fe2O3 is present. Moreover, the formulation of the anode
mixture in terms of binder and relative ratio of carbon :bin-
nder : active materials has not been optimized to obtain the
best possible performance, goal that was out of the scope of
the present study.

In conclusion, the electrochemical studies presented in
Figure 4 and 5 highlight the differences between FTO_BM612
and FTO_hyd70 samples, confirming the modification in the
phase compositions of the two materials. The FTO_BM612
performances are compatible with the conversion reaction
previously reported for ilmenite phase[6] and generally the
profile evolution upon cycling is similar with the trend already
observed for other oxides considered as conversion type anode
materials, e.g. Co3O4

[40,53] and Fe2O3
[42,54] and generally of

transition metal oxide materials considered as anodes[46–49] On
the contrary, the electrochemical behavior of FTO_hyd70
sample can be associated with a insertion like mechanism as
already observed for similar systems.[43–45,50� 52] A detailed
analysis of the FTO_hyd70 curves is not straightforward as the
actual composition of the sample is in turn not clear; while the
different degradation products have been identified, it was not
possible to perform quantitative analysis and determine the
relative ratio of the different phases. As already stated, the
FTO_hyd70 PCGA and GCPL profiles are typically observed for
insertion materials and other layered titanate systems;[43–45] thus,
the sodium titanate seems to be the active component in the
mixture. The Fe2O3 hematite (the other phase identified in the
FTO_hyd70 sample), is also electrochemically active as already
reported.[54,55] It must be considered that the composition of the
active material, in terms of selection of carbon source and
binder and relative amount between the different components,
is not optimal for the detection of the electrode activity of
hematite particularly considering the low carbon content of the
present composition (10%) respect to the amount commonly
used (30%) necessary to overcome the low electrical conductiv-
ity of Fe2O3.

[54]

To confirm the FTO electrode reaction and its reversibility,
operando Raman measurements have been collected on a
working cell and coupled to GCPL experiment. Due to the
complexity of the system, the impossibility to clearly determine
the composition and the number of different phases, the FTO_
hyd70 was not considered for this analysis and only the FTO_
BM612 sample was further investigated.

Results of the combined operando Raman-GCPL analysis are
reported in Figure 6. The Raman spectra of the assembled cell is
the result of the superposition of two contributions, from the
electrolyte and from ilmenite. The electrolyte spectra (grey line
in Figure 6a) presents several peaks, related to the PC solvent
(454, 715, and 849 cm� 1) and to the ClO4� solute and its
derivatives (548, 633, 910, 930 and 957 cm� 1), in agreement
with literature data.[56,57] The spectrum of the as-prepared cell
(black line in Figure 6a) is instead governed by a strong peak at
685 cm� 1 which matches with the strongest Raman mode in

ilmenite.[58] This mode corresponds to the Ag symmetric
stretching of the TiO6 octahedra. Sodiation (red line in Fig-
ure 6a) and desodiation (blue line in Figure 6a) processes
reversibly alter the intensity of this peak. A detailed analysis of
this modification during charging/discharging is summarized in
Figure 6b, c and d. First, we used an internal standard signal as
normalization peak to overcome possible errors on the
determination of the absolute value of the Ag intensity.
Specifically, we adopted the ring deformation mode at
715 cm� 1 as normalization peak. This solvent-related signal is
less sensitive to possible variation induced by voltage change
with respect to ClO4� anion that may undergo to migration
and/or dissociation.

The normalized spectra collected during sodiation and
desodiation are reported in Figure 6b and 6c, respectively. The
peak profile does not change during the experiment, neither as
regard the full width at half maximum nor in the position. These
evidences give us a valuable hint about the possible mecha-

Figure 6. a) Normalized Raman spectra obtained for the optical cell
assembled with FTO_BM612 as active material before GCPL experiments
(black line), during sodiation (red line) and desodiation (blue line), and
Raman spectrum of the electrolyte (gray line). Normalized spectra to the ring
deformation mode at 715 cm� 1 during charging (b) and discharging (c). d) Ag

amplitude as a function of the molar fraction of Na+ ions introduced (red
points) and extracted (blue points) during charge and discharge, respec-
tively. e) The corresponding GCPL profiles collected on sample FTO_BM612.
Spectra in (a), (b) and (c) are upshifted for clarity.
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nisms of the sodium intake and release. On the one hand, the
broadness of the ilmenite peak is directly related to its
amorphousness[59] while its position strongly depends on the
Ti� O bond length as confirmed by high-pressure Raman
experiments[60] and spectral modification upon cation
substitution.[58,61] On the other hand, the Raman activity of the
Ag mode is very sensitive to the local symmetry of the TiO6

octahedra. Thus, a probable mechanism for sodium insertion
involves the intercalation of Na+ within the Ti� O planes. In this
hypothesis, the Ag symmetry is abruptly removed rather than
perturbed by minor TiO6 rearrangements, as encountered in
case of tilted, compressed, relaxed and/or amorphous config-
urations. In fact, this change is reversible (unlikely related to
amorphization) and starts to occur at the very early stage of the
sodiation process, when Na+ intercalation cannot cause
appreciable long or medium range structural deformations. In
Figure 6d the intensity of the Ag mode is reported as a function
of the Na+ molar fraction introduced (or extracted) during
battery charge (discharge). During charge, the signal drastically
falls when about 0.01 molNa+/molFeTiO3 are incorporated in
the system. During discharge, the 80% of the original signal is
recovered when about 0.002 molNa+/molFeTiO3 left to full
discharge. These values correspond to the ranges 0–10 mAhg� 1

and 170–180 mAhg� 1 of the specific charge measured during
charge and discharge GCPL experiments (as reported in Fig-
ure 6e), respectively. The reversibility of the electrode reaction
is further support by the ex-situ XRD pattern collected on the
same electrode immediately after the disassembling of the cell;
results are reported in Figure S4. The reflections associated to
ilmenite compound are almost fully recovered after the electro-
chemical cycling. Similar dynamics have been registered in
repeated measurements (not shown) and agree with that
reported in Raman and XRD operando study of Na+ insertion/
extraction in NaFeTiO4 batteries.[62] As a matter of fact, the Ag

mode is below the detection limit at 0.033 mol Na+/molFeTiO3.
This amount corresponds to an occupancy of ilmenite unit cells
by Na ions of 20%. The latter value is sufficient to break the
collective motion of TiO6 octahedra responsible for the
observed phonon mode.

3. Conclusions

FeTiO3 has been considered as possible anode material for
rechargeable lithium- and sodium- ion batteries based on the
possible conversion reaction leading to the formation of
metallic iron and alkaline titanate, resulting in high theoretical
capacity values.[6,7] The possibility to improve the electrochem-
ical performance of such material controlling the morphology
of the powder particles via basic hydrothermal treatment has
been proposed.[6] As basic treatment has been proposed as
simple and effective route for the degradation of natural
ilmenite to recover TiO2, in this study we carefully explored the
possible top down approaches to produce nano-sized ilmenite
powders, namely ball milling and basic hydrothermal treat-
ments, devoting particular attention in controlling the exper-

imental condition and performing a full structural and electro-
chemical characterization of the obtained products.

The results obtained from Raman, TGA-DSC, and diffraction
analysis indicate that only the mild ball milling treatment allows
to obtain FeTiO3 nano powders while maintaining the composi-
tion and crystal structure of the pristine materials. On the
contrary hydrothermal treatment – for the range of the
experimental parameters explored in this study – always leads
to a decomposition of the pristine material, accompanied by a
change in the morphology. The final electrochemical character-
ization for the two materials further supports these results.

The degraded sample FTO_hyd70 potential profiles are
compatible with an insertion like material; this feature can be
associated with the presence of the layered sodium titanate.
The second major component of the FTO_hyd70 is hematite,
for which no clear evidences of electrochemical activity can be
detected due probably to its electrical conductivity combined
with the lack of favorable experimental conditions.

FTO_BM612 behaves like a conversion material, character-
ized by an irreversible step during the first cycle and specific
capacity values oscillating around 107–105 mAhg� 1, almost
stable after 60 cycles, in good agreement with the previously
reported data on similar material.[6] Operando Raman measure-
ments confirm the conversion mechanism of the electrode
reaction and its reversibility; the crystal structure of ilmenite is
retained for insertion of ~0.01% mole of Na, while the features
associated with the crystal structure disappear for higher values
of inserted sodium ions.

Experimental Section

Sample preparation

Commercial FeTiO3 (FTO) powder purchased by Sigma-Aldrich and
stored in Ar filled glovebox ([H2O], [O2] <0.1 ppm) was used as
starting material without any further purification. Preliminary check
of ilmenite structure and composition has been performed.

Ball milling treatment

Powders have been milled for 12, 24 and 48 h with the use of a
Retsch PM 100, equipped with zirconia jars and spheres, prepared
and sealed in Ar filled glovebox using spheres with 2 mm of
diameter with 10 :1 ball: powder weight ratio, 300–600 rpm rotation
speed using small amount of ethanol. After the treatment the
powders are recovered and characterized.

Hydrothermal treatment

0.3–0.5 g of ball milled powders are insert in Schott bottle or Teflon
autoclave with 20–33 ml of 2 M NaOH, corresponding to a NaOH/
FeTiO3 molar ratio 1 :0.012; temperature was maintained with a
thermostatic bath at fixed temperature (120 °C) varying the
duration of the hydrothermal treatment between 2 and 72 hours;
during the treatment vigorous magnetic stirring was maintained.
After the treatment the system was cooled down to ambient
temperature before subsequent handling of the powders. The
recovered powders have been washed with milliq water until
neutrality and then dried at 80 °C under vacuum overnight.
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X-ray diffraction

Experimental patterns have been collected on a Rigaku Miniflex
600 in the angular range 5°–70°, with step size 0.02° with the use
of Cu Kα radiation. Ex situ measurements have been performed
with the same instrument immediately after the disassemble of the
cell.

ICP OES analysis

ICP OES have been carried out on powder samples after acid
digestion and washing waters after proper dilution, analysis have
been collected with ICP-EOS Optima 7000 DV PerkinElmer instru-
ment.

TGA/DTA measurements

The thermal profiles have been acquired with the use of a Mettler
Toledo instrument under constant Ar or air flow with heating rate
5 °C/min scan in the range 25°–1000 °C.

SEM/EDX measurements

Scanning electron microscope (SEM) and energy dispersive micro-
analysis (EDS) have been performed using a Zeiss Gemini 500
instrument.

Electrochemical test

Electrochemical tests have been performed on a VMP3 BioLogic,
assembling conventional CR2032 coin cells with metallic Na as
counter electrode, active material based on 80 :10 :10 mixture of
FTO :binder :C prepared on Al foil current collector as working
electrode and NaClO4 1 M in PC with 2% FEC as electrolyte (1.5–
2.5 mg of active material deposited for each electrode). Super P has
been used as carbon source; c� PAA� CMC has been selected as
optimal binder for electrochemical tests of conversion electrode
materials.[63] The binder has been prepared according to the
procedure previously reported,[63] results in very good agreement.

Electrochemical tests have been performed with the use of
galvanostatic cycling with potential limitation (GCPL) technique to
explore the behavior (reversibility and stabilization upon cycling) of
the active material and to determine the specific capacity in 60
cycles with fixed current 20 mAg� 1 for the first 30 cycles, 50 mAg� 1

for cycles 31–50 and 20 mAg� 1 for the 51–60 cycles. Such slow
current conditions have been chosen to get the proper material
performances, avoiding high current long cycling, a condition that
often hides material irreversibility. Potentiodynamic cycling with
galvanostatic acceleration (PCGA) tests have been performed up to
5 cycles for different samples using a potential step of 4 mV and a
current threshold of C/50 compared to the theoretical capacity
(10 mAg� 1) to explore the electrode reaction mechanism in quasi
thermodynamic behaviour.

Electrochemical impedance spectroscopy data (EIS) have been
acquired using Swagelok cells (3 electrode configuration) as-
sembled with the same working electrode used for the preparation
of the CR2032 coin cells, and Na discs as counter and reference
electrode. EIS spectra have been acquired on a VMP3 BioLogic with
a sinus amplitude of 10 mV, and frequencies ranging from 1 MHz to
100 mHz.

RAMAN measurements

Micro-Raman measurements were carried out by a confocal labRAM
(Horiba Jobin-Yvon) spectrometer, operating in backscattering
configuration with a focal layer thickness of few microns. A
helium� neon laser line at 632.8 nm was used as exciting source
with spectral resolution of about 2 cm� 1. The scattered light was
detected by a charge coupled device (CCD-Sincerity, JobinYvon). A
microscope (Olympus BX40) was used to focus the excitation on
the samples and to collect the scattered radiation, by a Long
Working Distance 50x objective with a numerical aperture of 0.60,
with a resulting sampled areas of ~5 μm in diameter, and a laser
power on the sample of <1 mW. During operando Raman experi-
ments, an EL-CELL ECC-Opto-Std test cell in Raman configuration
was assembled in its sandwich setup, using metallic Na as counter
electrode, NaClO4 1 M in PC with 2% FEC as electrolyte and the
same mixture of FTO :binder :C reported previously prepared on Al
mesh current collector as cathode (38–45 mg of active material
deposited for each electrode). Focus position have been checked
before the acquisition of each measure. Errors from defocussing
due to contraction/expansion of the active material during electro-
chemical test does not exceed 5% of the signal intensity.
Acquisition times were set in the range 30–600 s, ensuring an
acceptable signal-to-noise ratio and a sufficiently fast measure with
respect to changes in the charging/discharging current measure-
ments.

All the samples prepared and cited in the following discussion are
reported in Table S1 together with the labels used in the discussion
and the experimental conditions considered for the preparation.
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