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Abstract

We present here a novel simple method for the sgghof highly pure Tig{B). The fast
microwave-assisted synthetic route allows facilalessup of the process. Aiming at an
application of the titania polymorph as negativecebde for Li-ion batteries, we have
prepared a Fe-containing Ti®) and tested the electrochemical performancdsoti pure
and Fe-containing materials. Fe insertion in JB) allows enhancing capacity and rate

capability.



1. Introduction

Making technologies such as electric vehiclesrat gtorage viable calls for efficient
energy storage devices. Among these, Li-ion baierileveloped in the 90’s, have been a

revolution for the portable electronic devicesdidheir energy density is superior to that of

conventional batteries by a factor 2 to 33IL The Li-ion technology nowadays represents a

$11.7 billion market, and is still growing [2]. O@Ete this commercial success and high
energy density, the current device generation lkeéaively poor power output properties
compared to other energy storage systems suchpascapacitors, which on the other hand
present very small energy densities [4]. For high#gr applications, a compromise between

high energy density and power output might be estigng. This is where materials with

pseudocapacitive behaviorHB, such as titanium dioxide TiB), find an interest.

Among potential candidates to replace the commasBd carbon graphite as anode

material, also titanium-based materials, such @mdie spinel LilisO:, or the different

polymorphs of titanium dioxide, have been invesgda8-12]. Among the latters, TisB)

appears as very promising. Indeed, it exhibits tloxicity, is cost effective and has very good
rate capability and safety (because of its higitieiation potential, 1.6 V vs. Li/l'i compared
to that of graphite, 0.1V vs. Li/f) [13]. When compared to other polymorph, titaniarize
exhibits the highest capacity (335 mAh/g, compamed70 mAh/g for brookite, 250 mAh/g

for rutile and 285 mAh/g for anatase) [13]

Though, the main interest of Ti®) lies in its pseudocapacitive behavior towards
insertion of lithium ion [13—-16]. Recent studieskadhe surface structure responsible for this
substantial Li uptake. For high specific area materials withist@d morphology (such as

nanotubes or nanowires), surface sites are quitdkdg during the first part of discharge,



followed by the insertion of the absorbed ions itte interior of the material through radial
pathways connecting the different insertion siteg].[ However, the origin of this enhanced
high power cycling is still subject to debate. Eggnthesized in 1980 by Marchaatal.[18]
with solid chemistry methods, TiB) is a metastable phase that transforms intoageat
above 550°C at atmospheric pressure. The firshegig of nanostructured Ti) has been
reported by Kasuga and co-workers in 1999 [19]. Tlessical approach is hydrothermal
synthesis in strong alkaline conditions using ugrdd different starting materials (TpJ12],
TiCl, [9], Tetrabutyl titanate [20]). Under such seveamnditions, the isomorphous alkali
titanate precipitates. Subsequent ion exchangecalathation at relatively low temperatures
are used to remove the alkali ions and to obtasrbtionze polymorph. Preparation of }{B)

by this route raises several problems: first, itetamtability impedes high pressures or
temperatures during synthesis or calcination. Thezgeeven if the synthesis is performed at
low temperature, anatase impurities cannot be adoiidl the final product [21]. The presence
of such impurities is difficult to detect througimple X-ray Diffraction (XRD) analysis but
are efficiently revealed by Raman spectroscopy @addanostatic cycling (anatase shows a
characteristic plateau at 1.8 V). Secondly, longrbthermal syntheses are not viable for
many applications (reducing synthesis time redticeyield). Therefore, microwave-assisted
synthetic methods are an interesting alternativéhag have proven to be energy efficient,
cost effective and quicker than classical hydrottedrmethods for the production of anatase

[22].

Inorganic materials often have enhanced performamiecen containing aliovalent
cations. Notably, for other Ti¥Opolymorphs, cation insertion has proven to be féioient
technique to increase their low intrinsic condutyiy23]. When it comes to TighB), cation

insertion has already been performed and its effeahagnetic and photocatalytic properties



studied. Only very recently it has been shown thlatinsertion has positive effect on tap

density and microstructure of Ti®), leading to higher Li storage capacity [24].

In this study, we report a novel soft chemistrythesis of phase-pure TiB) by
hydrothermal synthesis and microwave-assisted sgighwhich allowed us to reduce the
reaction time by over 95%. We also demonstrateptitential of the incorporation of third-
party element (here iron) in titania bronze to ioya its electrochemical cycling properties.
We have chosen iron in order to improve the elegtrconductivity of the final material.
Notably, the high atomic percentage of iron used {©%) makes this incorporation difficult
to describe as actual doping. The insertion methad also successfully extended to other

cations such as & Mn?*", Nb°*, W?*, which were not discussed here.

Crystallinity and phase composition of the synithexd materials were characterized by
XRD, and the phase purity was confirmed by Ramattspscopy. Size and morphology of
the nanoparticles were analyzed through TransnmsEiectronic Microscopy (TEM). The
efficiency of the Fe-insertion procedure was anedyky®'Fe Méssbauer spectroscopy. Li-ion

intercalation properties were tested by galvanmstgtling at different cycling rates.

2. Experimental

2.1. Synthesis
Phase-pure TigB)
Hydrothermal synthesis

1.0 g of titania (PC500) was mixed with 75 mL of aqueous solution of KOH

(15 mol.L'Y) under constant stirring. The resulting white snson was kept under vigorous



stirring for 30 min before alternating stirring adidgpersion in an ultrasonic bath (5 min each)

during 30 min. The resulting white solution wasngterred to Teflon-lined autoclaves and
kept at 15C°C for 72 h. The resulting white product was washeith deionized water until
the pH of the supernatant was lower than 12. Tktem,filtered solid was stirred with an

aqueous solution of HCI (0.1 mot’). for 4 h to exchange the intercalated #r protons.

Subsequently, the solid was washed again with dssdnwater until the pH of the
supernatant was higher than 5 and then dried 4C70r 15 h to produce hydrogen titanate.
The resulting white solid was finally annealed 804C for 3 h to obtain pure titania. The

procedure was successfully scaled-up by a factoB.ofhe typical yield is above 95 %

(950 mg).
Microwave-assisted synthesis

Phase-pure titania bronze was also obtained usicgowave-assisted heating. The
experimental procedure was similar to hydrotherowaiditions except for heating step. The

suspension of titania in 15 mol'lkKOH was transferred to Teflon microwave tubes keypk

at 150°C for 3 h. The following steps were identical km$e of hydrothermal synthesis. The

procedure could also be successfully scaled-upfhgtar of 3.

Fe-containing TiQB)

During the initial synthesis step, 0.506 g of FegN®H,O (corresponding to a Fe/Ti
atomic ratio of 0.1) was added to the dispersiotitafiia in 15 mol.[* KOH under constant

stirring. Alternative stirring and ultrasonic disp®n were carried out again (5 min each, for a



total of 30 min). For hydrothermal synthesis an@nmivave-assisted synthesis the following

synthetic steps were identical to those used foth&tizing pure TiQ(B).

These experimental procedures are summarized iitothiehart in Figure 1.

Figure 1. Flowchart of the synthetic methods to obtain purd &e-containing Tig{B)

2.2. Electrochemical tests

The titania powder was sieved using auh® mesh sieve, and intimately mixed with
carbon black (Y50A) and PolyViniliDene Fluoride (B%) in a weight ratio of 77 : 8 : 15,
respectively. The homogeneous slurry obtained loftiad of N-methyl-2pyrrolidone (NMP)
was tape casted on a roughened copper foil (pravigeSchlenk Metalfolien, for enhanced
adhesion) using a doctor blade system, to obtaipn2@hick films. The punched-out disks

were used as the working electrodes.

The working electrodes were assembled in Swad8lalells. Metallic lithium was
used as reference and counter electrode. Whatnaas-fiber was used as the separator and
impregnated with the electrolyte, a solution of 1LNPFs in a mixture of ethylene carbonate,
propylene carbonate and dimethyl carbonate in ghwemtio 1 :1: 3. Since both metallic
lithium and the electrolyte are sensitive to aid anoisture, the device was assembled in a

glove-box under argon atmosphere.

As-built devices were tested in galvanostatic matdifferent cycling rates, from
C/10 to 5C, where C/n corresponds to a currenwfach one mole of lithium ion is inserted

per mole of TiQ in n hours.



2.3. Characterization

A Synthos 3000 microwave oven (Anton France) wsesddor heating the suspensions
under microwave irradiation. Powder XRD analysesewserformed with a Bruker D8 X-ray

diffractometer operating in the Brag-Brentano retften mode equipped with a nickel filter to

select the Cuk, radiation. The data were collected in the=210°-70° range with 0.05

steps. Pattern analyses were performed using th® IDD View PDF-4+ 2009 RDB base,
(JCPDS 00-021-1272, 00-021-1276 and 00-46-1238 doatase, rutile and Ti®B),

respectively).

The morphology and the average patrticle size efseimples were analyzed by TEM
using a Tecnai spirit G2 apparatus equipped witBatan CCD camera and operating at
120 kV (LaBs). Carbon-coated copper grids were used as sangbiiers. High resolution
TEM (HRTEM) and STEM EDX mapping were performed280 kV using a Jeol 2100F

apparatus (Lag.

Raman spectra were recorded using a LabRarm ARAIR#S(Horiba Jobin Yvon)

spectrometer with a helium neon laser working & 1&3.

Specific surface areas were measured byMsisorption at 77 K using a Belsorb
Max instrument. The Brunauer-Emmett-Teller (BET)thoel was applied to calculate the
specific surface area. Electrochemical cycling wagied out in galvanostatic mode on a

Biologic multichannel potentiostat.

57
Fe transmission Mdssbauer spectroscopy data wezerded in the constant

acceleration mode with HCo:Rh source. During the measurements, the souasealways



kept at room temperature whereas the temperatutieectample was varied between 4.5 K
and room temperature using a Helium gas-flow catosthe velocity scale was calibrated
with the magnetically split sextet spectrum of ahapurityo-Fe foil as the reference
absorber. The spectra of Fe-containing ;(B) were fitted to appropriate combination of
Lorentzian profiles by least-squares methods uthegcomputer program Isofit [25]. In this
way, spectral parameters such as quadrupole sglifl), isomer shift §), linewidth () and
relative resonance areas of the different spectralponents were determinedhe isomer

shifts are given relative t@-Fe metal.

3. Results and discussion

3.1. Synthesis
Hydrothermal synthesis

The synthetic method used allows facile and effitsynthesis of phase-pure 3{B)
with high yields. This method is a modificationtbat developed by Kasuga and co-workers
[19]. The main modification lies in the nature bétalkaline solution used (15 mof-IKOH
in our case). We tested different solid precurg@mstal PC500 Ti@Q Evonik P25 TiQ or
lab synthesized anatase [22] and rutile [11]). Vd&ced that when the precursors contain
rutile, insufficient alkaline treatment leads tatiles impurities in the final product. The

suspension is then submitted to thermal treatnmreatitoclaves under self-generated pressure
conditions (18C0C for 3 days). Reduction of the reaction time diympads to lower synthetic
yields (for this method, yield is over 95 %). THkatine titanate obtained in this step is then

subjected to ionic exchange to exchange the akkadins in the interlayer space for protons.

This step can be performed with several methodeagudCl or HNG;, in a concentration



range from 0.1 to 1 molt, for 4 to 24 hours. In our case, this exchangpeigormed by
dispersion of the alkaline titanate in HCI (0.1 rhd) for 4 h. A final calcination step leads to

dehydration and condensation of the layered titaoid to obtain TiQ(B).

Figure 2. XRD patterns for pure and Fe-containing %(iB), synthesized under hydrothermal
conditions (a) and for microwave-assisted synthé@spsAll patterns are plotted vs. the
reference for TiQB), black sticks.

The XRD of the final product is in good agreementhweference patterns for
TiOx(B) (JCPDS # 00-46-1238 for Ti®)) (Figure 2). However the low crystallinity
observed by XRD demands further characterizatioootdfirm the purity of the synthesized
phase. As previously reported [26], anatase-to{BPDratio in mixed phases can be easily

determined using Raman spectroscopy, even at lgstatlization level.

Figure 3. Raman spectra of pure and Fe-containing2{E), synthesized under
hydrothermal conditions (a) and for microwave-atsissynthesis (b)

High purity of the obtained phase was confirmedtbis technique, as no peak
corresponding to anatase can be seen on the gpeffigure 3, main peaks positions for
anatase (144, 398, 518, and 639nHowever, whether the high vield in TiB) phase,
meaning higher phase stability, is due to the redutardness of Kvs. Nd and/or to the
increased size of Kimposing steric constraints favoring the formatasrthe layered titanate

phase cannot be answered with certainty at thistpoi

The morphology of the particles and their size riistion was analyzed by

transmission electronic microscopy (TEM). Nanopdes are single crystals (Figure 4) and,



in agreement with previous studies [12,27], theyeha nanorod morphology, probably

formed from rolled nanosheets, which width is ie 819 nm range and length up to 100 nm.

Analysis of micrographs shows lattice fringes wdibtances of 6.24, corresponding to the

[001] interlayer spacing along the nanorods of ;{BB). That is possibly consistent with
previous studies that report morphology retentitong the synthetic path (from alkaline
titanate to titania bronze)[28] and tbexis perpendicular to the rods, at least untiltitamic

acid intermediate [29]. These results are confirimgelectron diffraction (not shown), which
does not show any signal typical of anatase ortleérotitania polymorphs in the diffraction

patterns. This result confirms the high phase pwfthe final product.
Microwave synthesis

As highlighted by previous studies, formation of tastable TiQ(B) is strongly
dependent on synthesis parameters such as thereticte, making the synthesis of TiB)
with microwave-assisted processes by no means mvidde synthetic route previously
described was tested with an alternate heating maatker microwave irradiation. T§B)
was successfully obtained in this way. At this poihe different characterization techniques
used exhibit no significant differences betweenrovi@ve-assisted and classic hydrothermal
syntheses neither by XRD (Figure 2) nor by Ramaattspscopy (Figure 3). As an example,
Figure 4 shows TEM images of the particles obtainedler hydrothermal conditions.
Microwave synthesis allows subsequent reductionthef reaction time by about 95 %,
increases cost-effectiveness (by reducing energguwuption) of the synthesis and allows an

easier scale-up of the synthesis.

Figure 4. TEM micrographs for pure Ti{B)(a) and Fe-containing TigB)(b) synthesized
under hydrothermal conditions.



Fe-containing TiQB)

A Fe precursor was added to the initial dispergbmnatase in KOH to obtain Fe-
containing TiQ(B). The following synthetic steps were identicalthose performed in the
case of phase-pure TiB). This synthetic methodology was also succebsfapplied to
CU*, Mn**, Nb** or WP* cations (not shown). We also successfully transpdke synthetic
path for Fe-containing Tif0B) to microwave-assisted synthesis. The final penschave an

ochre-like coloration, and the UV-Vis absorptiorsjpa of the Fe-containing samples exhibit

an additional peak around 48/, (Figure 5) which is in line with Fe insertion time TiG.

According to XRD (Figure 2), samples obtained bthidweating modes are very similar as for
phase-pure titania bronze. XRD patterns do notleixhew peaks, nor shift of TiB) peaks.
This result rules out the presence of additiongdtalline phases such as iron oxides, but not

of additional Fe-containing amorphous phases.

Figure 5. UV/VIS spectra without B&a) and (b) with F& synthesized under hydrothermal
conditions

In order to gather more information on the cheinstate of the iron in these samples,
they were studied by’Fe Mdssbauer spectroscopy both at room temperahdeat 4.5 K.
The spectra at both temperatures of the samplénebtdy hydrothermal synthesis are shown
in Figure 6. Both spectra show a single paramagroiiublet with hyperfine parameters
typical of trivalent iron in the octahedral coordiion. The similarity of the two spectra, and
the lack of magnetically split components at lomperature are in line with the absence of

iron oxides in the samples. In fact, nanosized oritles usually show a superparamagnetic



behavior at room temperature, thus leading to lgirdoublet in the Mdssbauer spectrum
which could be confused with that of Fe atoms ipoaated in the TiQ lattice. At liquid
helium temperature, however, even very small irgid® nanoparticles are expected to be
largely below the blocking temperature, giving risea magnetic hyperfine splittinge., to a
hyperfine magnetic sextet, in the Mossbauer spectiithe lack of magnetic ordering at low
temperature observed in our case is thus in link thie absence of any kind of more or less
crystalline iron oxide, and confirms that the imioms are most probably incorporated in the

TiO2(B) lattice.

Figure 6. MdssbauePFe spectra of Fe-containing TB), synthesized under hydrothermal
conditions, measured at 295 and &5

TEM micrographs show the same characteristic nitgtst as in pure T¥(B). The

Raman spectrum (Figure 3) exhibits a peak interiaityease in the case of Fe-containing

samples, especially in the 220-26@™ area, which origin could not be attributed yet. v

band, however, could be identified in the Ramanctspeof iron containing samples.

Moreover TEM-EDX mapping analyses clearly showgakdect homogeneous repartition of
Fe in the TiQ sample (for HT and MW samples) which not only destimtes the presence of
iron in the final product, but also is in line withhe homogeneous incorporation of iron in the

lattice of TiGy(B) (Figure 7).

Figure 7. STEM-EDX for Fe-containing T¥B) synthesized under hydrothermal conditions,
elemental maps for Ti, O and Fe.



In conclusion, Méssbauer spectroscopy, UV and SE#in perfect agreement and
show that, for the hydrothermal as well as for therowave-assisted samples, a single Fe

containing phase is present.

3.2. Electrochemistry

Both samples were tested at several cycling rétas, C/10 to 5C. For both samples
(with or without iron), classic hydrothermal synsigeeor microwave-assisted synthesis, were
electrochemically tested in lithium batteries. Rdrsamples, galvanostatic curves show no
plateau at 1.8 V, which is characteristic of th@atase phase (Figure 6). This confirms the
phase-purity of the synthesized samples and a nmasapinsertion mechanism for Ti®),
without phase transformation throughout cycling,884. Furthermore for all curves the first

cycles are quite similar confirming the absenceaf oxide active phasesLi.

The samples were cycled 5 or 10 cycles at subsdgu@creased cycling rate as
presented in Figure 8. For all samples, the capdeitreases when the cycling rate increases.
Note that the offset between charge and dischargewacycling rates (C/10, Figure 8, or
lower, not shown) which is attributed to parasdaations of the electrolyte cannot be seen at
higher cycling rate. This phenomenon is most likishked to the electrolyte degradation
processes slower than the' linsertion in TiQ. Galvanostatic curves evidence a higher
coulombic efficiency at increased cycling ratesjolihis consistent with the pseudocapacitive
behavior of TiQ(B) and with presence of secondary processes warelkinetically limited.
Both significant irreversible capacity upon firgscharge and systematic higher capacity on
discharge than on charge in further cycling areeplexd for all samples. These phenomena
are much more enhanced for HT samples than for Miiptes whereas the surface area of

the HT powder (260 fng™) is the same than the MW one (267.git). These findings are in



agreement with studies stating reduction potetideC, DMC and PC in the range of 0.9-

1.3V [31,32].

These reactions might also be linked to the istcimature of this material. On the one
hand, TiQ features well-known catalytic properties, whicmdaad to destabilization of
electrolytes, and on the other hand, the,I8Grface carries always chemi- and/or physisorbed
H,0O andOH groups. Upon contact with lithium, they form irresily strong Ti-O-Li bonds
accounting for the main part of the capacity lopsrufirst cycle, while the liberation of

proton is likely to initiate electrolyte reducti¢d3].

The capacity is stable regardless of the appliadinty rates. The capacity observed

for hydrothermal syntheses appears higher than dbaerved for microwave ones, 180

mAh/g to 130mAh/g for HT, and 140nAh/g to 100mAh/g for MW for phase-pure Ti{B),

230mAh/g to 170mAh/g for HT and 170nAh/g to 125mAh/g for MW for iron-containing

TiOy(B), at C/10 to 5C cycling rate, which cannot bglaied by a variation of the surface
area of the powders which might enhance the surddaeaction with Li. Presumably the
crystallinity of MW samples is lower than that betHT samples, promoting the solubility of

particles in the electrolyte and leading to lowelumbic efficiency.

We evidence overall capacity increase up to 3@eclassic hydrothermal syntheses

and 15% for microwave-assisted syntheses, foraamtaining samples.

Figure 8. Galvanostatic curves of pure Ti®) (a) and (c); and Fe-containing Ti() (b)
and (d) prepared by hydrothermal and microwavesissi synthesis respectively.



3. Conclusion

We present here a simple a soft-chemistry syrghesihighly pure TiQ(B), by
hydrothermal and microwave-assisted synthesis,ldtter being much faster and energy
efficient and therefore attractive for up-scale. i&mg these simple methods we succeed in
the preparation of highly pure Fe containing X&) samples. The iron insertion in the
TiOy(B) has been demonstrated by microscopy (TEM abX BEnalysis) and Mdssbauer
spectroscopy. TighB) HT and MW have been electrochemically tested.ivg-ormer show
higher capacity and rate capability than latterisTik attributed to a higher crystallinity for
HT powder in comparison to MW one, which leadsadetter stability of the active material
towards the electrolyte. Fe-TiB) samples, HT as well as MW, show higher perfarosa
than TiGQ(B) without Fe, likely due to an increase of theotlonic conductivity, since neither

structural crystallographic nor morphologic chadmve been evidenced in Fe-samples.

Indeed a 23@nAhg* capacity can be stabilized at low rate.

This work of doping of Ti@(B) is pioneering and the preliminary electrocheahic
results show that this way is efficient to imprdhe electrochemical performance in term of
energy density as well as of power. These resudg pave the way for a low cost and

environmentally benign electrode presenting goatbpmance in lithium battery.
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Figure Captions

Figure 1. Flowchart of the synthetic methods to obtain purd &e-containing Tig{B)

Figure 2. XRD patterns for pure and Fe-containing {B), synthesized under hydrothermal
conditions (a) and for microwave-assisted synthg&@s All patterns are plotted vs. the
reference for TiQ(B), black sticks.

Figure 3. Raman spectra of pure and Fe-containing ;{B), synthesized under hydrothermal
conditions (a) and for microwave-assisted synth@gis

Figure 4. TEM micrographs for pure Ti{B)(a) and Fe-containing TiéB)(b) synthesized
under hydrothermal conditions.

Figure 5. UV/VIS spectra without B&a) and (b) with F& synthesized under hydrothermal
conditions

Figure 6. Mdssbauer’Fe spectra of Fe-containing TiB), synthesized under hydrothermal
conditions, measured at 295 and 4.5K.

Figure 7. STEM-EDX for Fe-containing T¥B) synthesized under hydrothermal conditions,
elemental maps for Ti, O and Fe.

Figure 8. Galvanostatic curves of pure Ti®) (a) and (c); and Fe-containing T¥) (b)
and (d) prepared by hydrothermal and microwavesissi synthesis respectively.
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TiO,+15 mol.L-' KOH
Stirring for 30 min
Stirring/Ultrasonic bath, 5 min each, for 30 min

!

72 h at 150°C in autoclaves

!

Removal of supernatant
Washing with DI water
until pH<12

!

Washing with DI water

{ HCI 0,1 mol.L-, 4 h
until pH>5

!

Drying, 70 °C-15 h
Annealing, 400 °C -4 h
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Facile synthetic route towards nanostructured Fe-TiO,(B), used as negative

electrode for Li-ion batteries
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Highlights:

Highly pure TiO,-B and Fe-TiO,-B were synthesized via a novel soft chemistry approach
The fast microwave-assisted synthesis allows facile scale-up of the process

Microwaves reduce the reaction time by about 95 % and increase cost-effectiveness

Fe-TiO,-B allows enhancing capacity and rate capability in lithium batteries





