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Highlights:

* TiO, and MWCNT@TIQ would potentially exhibit comparable specific caipa
* OQutstanding rate capability of the coated nanotibebserved compared to HO
«  MWCNT provides electrons through the Ti-C bond éhgrassisting Liion intake.

Graphical Abstract:

Abstract. Nanotechnology produces hybrids with sopeproperties than its individual
constituents. Here MWCNT@ T TiGcomposites have been synthesized by controlledohysis

of titanium isopropoxide over MWCNT, to be incorpted into Li-ion battery electrodes.
Outstanding rate capability of the coated nanotubebserved in comparison to pristine 7iO
Specific storage capacity as high as 250 mAhisyachieved for the nanocomposite electrode
which doubles that encountered for FHased anodes. The mechanism explaining the
enhancement in power performance has been revbgleteans of electrochemical impedance
methods. Although both pristine Ti@nd MWCNT@TiQ would potentially exhibit comparable
specific capacity, the charge transfer resistaacéhe latter is reduced by a factor 10, implying a
key role of MWCNTSs to favor the interfacial ‘Lion intake from the electrolyte. MWCNT
efficiently provides electrons to the nanostructtm@ugh the Ti-C bond which assists thé Li
ion incorporation. These findings provide accesshi detailed lithiation kinetics of a broad

class of nanocomposites for battery applications.



Keywords. Li-ion batteries, Core-shell materialgsiibn nanotubes, TOElectrode kinetics,

Electrochemical impedance spectroscopy.

1. Introduction

Li-ion batteries are considered as the most promtieaergy storage technology to be used in
diverse applications such as portable electroniccde and electric and hybrid vehicles, due to
its high specific capacity, low weight, and durdbpi[1, 2]. However, most of the likely materials
to be employed as electrodes in these cells ariéetinby low Li diffusion, scarce electron
transport, and high resistances at the electraat#felyte interfaces when the charge and
discharge cycle is carried at high rates. In orfdermprove the power performance of the
batteries, different approaches have been adoptddvelop materials with superior transport of
electrons as well as Lions [2, 3]. The use of nanostructured materiats heen widely explored
to diminish the pathway for Lion transport during the charging-discharging cydlethe cell
and to alleviate mechanical stress. Particularlid-sfructures have shown outstanding
performances as they provide a directional path diectrons transport toward the current
collector, and a high surface area fof ibin insertion, shortening the path for'lion diffusion

[4, 5].

Combining different materials allows to create cosifes with superior properties than its raw
constituents, bringing together the best propemiesach component in order to enhance its
functionality. Obtained composite materials based@bon nanotubes and TiGave exhibited

good results for this particular application, doethhe improvement in the electronic transport



offered by the carbon, the reversibility for libn insertion and mechanical stability provided by
the TiG, [4-6]. Additionally, these composites have shovettdr rate capability during cycling
that is one of the mayor disadvantages of theipestiO, due to its low electronic conductivity
[6-11]. Despite the evident connection between tedac availability and high power
performance, the exact mechanism responsible Betthanced rate capability is still unclear.
Most of the electrochemical characterization oftbomposite has been carried out by using
direct current techniques, obtaining informatioyasf the overall electrochemical performance
of the material, which provides little understargliof different steps involved during the

charging-discharging process of the electrodes.

Recently, we have proposed a model to study theation kinetic through equivalent circuit
analysis of the experimentally obtained electrodobahimpedance spectroscopy (EIS) spectra
[12, 13]. This approach facilitates the extractadmesistances involved in the overall lithium ion
storage, as well as the insertion-extraction pagsurring during the cycling of the battery.
Herein, it was synthesized MWCNT @ Ti@anocomposites with superior rate capability than
pristine TiQ, and the interaction between MWCNT and 7i® MWCNT@TiO, anodes during
the charging-discharging process was studied wigh i order to understand the specific role
played by each material. We observe that the Higttren conductivity of MWCNT renders the
charge transfer resistance accounting for the éntafkLi* ions from the solution to extremely
low values, independently of the electrode poténttm the contrary, pristine TigOanodes
exhibit a current limitation originated by high cba transfer resistances that severely reduces
power performance. The results obtained might beapalated to the family of core-shell
materials based on carbon nanotubes that recesly attracted much attention for developing

efficient lithium-ion battery materials [6, 14-16].



2. Experimental

MWCNTSs were synthesized by spray pyrolysis of atori of 0.2M ferrocene (Aldrich, 98 %) +
turpentine oil (70 %m-pinene, 18 %$-pinene), following the procedure reported elsewHéi.
The core-shell composite of MWCNT@Ti@vas obtained by controlled hydrolysis of titanium
isopropoxide over the MWCNT as follows: 20mg of MWCNT were suspended in 60mL of
2-propanol in an ultrasonic batin) 600uL of titanium isoproxide was added to thepsuasion
and kept it during 30 min in the ultrasonic baiih) the suspension was transferred into a
volumetric flask with continuous stirring, and 6Q0pf Millipore water dissolved in 20mL of
iso-propanol was added drop by drop into the suspenandyv) the suspension was heated at
boiling point during 6h keeping the stirring andngsa reflux system to avoid the change in the
solvent volume. In order to obtain the pristine Fi® was carried the same procedure but
missing the step. Finally, the obtained suspensions were filtedgted at 120°C during 2h and
heat treated at 400°C during 4h to obtain the polpin anatase in the T3OThe obtained
materials were characterized by TEM using a JEMBEOIFASTEM, and by Raman

Spectroscopy using a Thermo Scientific DXR Ramatraosicope.

The electrochemical characterization was carrigdusing a two-electrodes Swagelok cell with
metallic lithium as both the counter and the refeeselectrode. The working electrode was
prepared by mixingthe active material (e.g. MWCNTQ, and MWCNT@TiQ)with carbon
black and poly(vinylidenedifluoride) in a 85:10:5ight ration, respectively. The electrolyte
used was 1.0 M LiRFAn a 50:50 (w/w) mixture of ethylene carbonate drethyl carbonate, and
a glass fiber (Grade GF/C2@0-thick) from Whatman was used as a separator. &skmbly

was carried out in an Nilled glovebox. Electrochemical characterizatiwas performed using



a PGSTAT-30 potentiostat from Autolab equipped vathimpedance module. 1C was defined

as 168 mA g'or the charge-discharge tests [5].

3. Resultsand discussion
3.1 Structural characterization

TEM images of the synthesized materials are showiig. 1. The MWCNT (Fig. 1a) shows an
external diameter among 40-90 nm, with the presefiderrous impurities in the inner part of
the nanotubes formed during the synthesis that metréeached during its functionalization with
concentrated HN® Moreover, the TiQ synthesized in absence of MWCNT is composed by
crystals around 10 nm of diameter as observedgn H. When the titanium isopropoxide was
hydrolyzed over the MWCNT a core-shell structureswatained, with a Ti@shell thickness of
around 100 nm (Fig. 1c-d). The morphology of th®;I¢rystal in the MWCNT@Ti@seems to

be the same to that of the pristine TiO



Figure 1. TEM images of (a) MWCNT, (b) TiQanatase and (c and d) MWCNT@%IO

nanocomposite material.

The Raman spectra for the synthesized materialstaren in Fig. 2. MWCNT@Ti@exhibits

the five characteristics peaks for anatase asasgethe D, G and 2D bands characteristic for the
carbon nanotubes [9]. When the i grown over the MWCNT a change in the shape and
Raman shift is provoked in the anatase peaks canipahat of the pristine TiQthis variations
can be associated either with the interaction betmtee TiQ and MWCNT or to the formation

of structural defects such as oxygen vacanciekess, probably, carbon doping during the heat
treatment [17]. XRD spectra for the MWCNT, Ti@nd MWCNT@TIQ materials were
measured informing that crystallite size of thetasa is not altered by adding the MWCNT
during the synthesis (see Supporting Informatidijen, the blue shift in the 1) vibration
mode seems to be related to the strain in the, T&used by the interface MWCNT/TiO

Additionally, in the MWCNT@TiQ composite two vibrational modes related to Ti-Qdbavere



detected at 265 cmand 420 cri [18], evidencing the formation of Ti-C bond in tbere-shell
interface during the synthesis of the compositee ptresence of these defects will surely affect
the Ti"/Ti* reaction during Liion insertion, however, little is known on thipie. On the other
hand, the shape of the G-band for the MWCNT cordiit® metallic nature which is required to
improve the electronic transport of the composted, 19]. The ratio of the D and G band is
slightly altered when the TiQis forming a shell around the MWCNT probably dwean
increase in the disorder caused by Ti-C bondsaeririterface. Then the formation of Ti-C bonds

might have a determinant role in the charge traresieancement (see below).

Eio(M) —— MWCNT
—— MWCNT@TIO,
— TiO,

E,(2) 2D
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Figure 2. Raman spectra of the materials studied. The Rapantra are divided in different

section in which are shown the principal vibrationdes of the materials.
3.2 Electrochemical response

The voltammetric characterization of the Jiend MWCNT@TIQ is shown in the Fig. 3. The
faradaic processes related to thé ibn insertion and extraction from the TiQattice were
detected in a similar potential window for the Ti@hd MWCNT@TIiQ, with a higher potential

difference between both processes for the formefditionally, the L ion insertion and



extraction in the Ti@exhibit two broader peaks, compared with the mapeaks shown by the
MWCNT@TIO,. It is worth mentioning that the anodic peak rdato the Li ion extraction

decays with the cycling for the TjQoristine, meanwhile it remains almost constant tho
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Figure 3.Voltammetric characterization (scan rate = 100f)Vef the (a) TiQ and (b)

MWCNT@TIOs.

In Fig. 4a-b is shown the third cycle of the chadiggcharge curves obtained at different rates for
the TiG, pristine (a) and the MWCNT@TiJb). Herein reported pristine Tias low capacity

compared to other crystallographic and morpholdaf@, electrodes [20, 21] but close to the



theoretical gravimetric capacity of anatase nartapes (165 mAh d). In the first charge the
measured capacity is 123 mAhalthough decrease to 100 mAhig the third cycle (figure 4 a)
at charge rate of C/10. The lower capacity candgeilzed to the size of the synthesized Jileat
has strong influence on both the capacity and s#viity of the electrode [22]. MWCNT@Ti©
shows higher capacities at every charging-dischgrgate with an outstanding better rate
capability in comparison with pristine TiOAdditionally, the charge and discharge poten@as
closer for the MWCNT@Ti@at lower rates, with a large plateau for both psses centered at
ca. 1.6 V, behavior that has been previously repofor this material [8, 10, 11]. Fig. 4c shows
the effect of the cycle number and the chargingtdisging rate over the capacity of the anode.
Pristine TiQ rapidly shows a shrink in the specific capacityhweycle number, vanishing its
capacity at 1C, meanwhile MWCNT@Ti®@emain almost constant at low rates with capacity
values around 250 mAHgand maintaining a capacity of ~180mAleyen at 1C. The excellent
reversibility of MWCNT@TIiQ electrode in the range of 1-3 V is also importenavoid the
degradation of the electrolyte (reduction phenommwurs at voltages lower than 1 V) and the

necessity of a passivation layer at the electrdeletfelyte interface [20].

In order to discern if an additional amount of cartbased material, as that introduced with
MWCNT, could be the origin of the enhanced capaaity rate kinetics, electrodes comprising
11.8% more CB content were analyzed (see Suppomifagmation). It is confirmed that the

improvement in the performance of the MWCT@7i®due to the presence of MWCNT and to
the core-shell morphology, and no to a merely iaseein the quantity of conductive material

present in the electrode

10



(@) 30 ¢ o Jeno (b) 3.0 c/i5 | f cMo
= 5
= 25 = 2.5
2] [
> >
> 20 > 20
o Tio, o MWCNT@TiO,
815 S 15
(©] O
> >
1.0 1 ' ' ' ' ' 1.0 ' ' ' ' ' '
0 50 100 150 200 250 0 50 100 150 200 250
Capacity (mAhg™) Capacity (mAhg™)
300
(c) " MWCNT@TiO,
~250{ 0 o ¢ 04
'-8) [ ]
< 200 - ° ° o
E CHO  C5  1C = 42C  5C
= 150 - s .
.6 n
® 100 | TiO,= ®
@© o ® 9
o 50 1 L™
0 . — 5 = 3 m m 8= =u
0 3 6 9 12 15

Cycle number

Figure 4. Charge-Discharge curves (third cycle) at differeates for (a) TiQ and (b)
MWCNT@TIiO,, and effect of cycle number and charge rate olwercharge capacity for the

TiO, and MWCNT@TIiQ anodes.

3.3 Electrochemical impedance spectroscopy

Aiming at uncovering the origin for the superior tera capability exhibited by
MWCNT@TiO.anodes, the assembled half batteries were chaescderby means of
electrochemical impedance spectroscopy to discéen different steps involved in the

charge-discharge process. EIS measurements wefedcer the potential window between 0.5
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V and 3.0 V vs Li/LI. In the same way than CV and charge-dischargeactaization, the EIS

measurements were carried first charging the aaadehen dischanging it at a very low rate to

ensure the steady state, measuring the EIS spmatatiostatically at different stages of thé Li

ion insertion and extraction. Figure 5 shows asn®gta three different Nyquist diagrams

experimentally obtained during the charging (and @) and discharging process (b, d and f). In

this study, MWCNT were included as a blank andupp®rt the discussion derived from these

results.
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Figure 5.Nyquist diagrams experimentally measured at diffestages of charge (a, c and e) and

discharge (b, d and f) for: (a and b) FjQ@ and d) MWCNT@Ti@ and (e and f) MWCNT.
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All the Nyquist spectra exhibit two patterns witlstthguishable time constants associated to
specific electrochemical mechanisms.At high fregiena flattened arc is formed related to the
interfacial charge transfer resistariRgin parallel with the double layer capacitari@g These
are processes occurring at the interface betweehythrid nanostructure and the electrolyte. At
low frequencies the electrodes show a capacitivealder associated with the 'Lion storage

inside the material which is manifested by its cleaincapacitanceC,, [23]. This capacitance

relates to the differential change in electroderghaipon voltage variation and it is connected to
the ability of the oxide matrix to react with*Lions. In fact it is a slow-rate version of the layc
voltammetry experiment, and strictly correspondthderivative of the charge-discharge curve

as C, =-dQ/dV in the case of extremely slow (quasi-equilibriuraJe. For intercalation

compounds the diffusion of Lion inside the active matrix significantly contribs to the
rate-limiting mechanisms. In those materials aarmediate frequency resistance arises from the
transport of Li ion before reaching stable sites within the mafé®]. More recently this
resistance has been connected to the electrochdithéaion reaction forming in this specific
case LiTiO, [12, 13]. It is worth mentioning that for TiCat high voltage for charging and
discharging, the charge transfer resistance isigb tinat it does not allow detecting other
processes in the frequency range employed in taecterization as observed in Fig. 5a-b.These
considerations suggest a simple equivalent cirathich accounts for the high-frequency
response by means Bf; andCgy, and models the low-frequency part using a seaesbination

of resistive R, (lithiation reaction) and capacitive (chemicdl), elements. An additional

capacitive eIementE:I_i + accounts for the contribution of inserted biefore lithiation reaction is

accomplished to form LTiO» [12]. This capacitance accounts for the interntedisequency arc

of the impedance plots in Fig. 5. Figure 6 showes gloposed equivalent circuit, along with a

13



schematic representation of the MWCNT-provided tetexs to assist Liion intake from the

electrolyte.
(a)
er C“
—AM——]
Ret
—r—AAA— —

CLl'
Il
L1

Cal

1

Figure 6. (a) Equivalent circuit showing the principal d@lechemical mechanisms: charge
transfer resistancBy, double layer capacitand®y, chemical capacitandg,, Li* capacitance

CLi +, and lithiation-reaction resistand®;. (b) Scheme of the Linsertion mechanism into the

TiO, that is favored by electron conduction through MMIT Carbon nanaotubes efficiently
provide electrons to the oxide, allowing for a oeént in the interfacial charge transfer

resistance.
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Figure 7. The main parameters derived from fitting of EISadda) Charge transfer resistance,
R, (b) double layer capacitanc€q, (c) charge capacitanc€, and (d) lithiation-reaction

resistanceRy.

Main parameters extracted from fitting using theieglent circuit in Fig.6a are summarized in
Fig.7. Experiments were performed both during chamgd discharge in potentiostatic mode.
The high-frequency elemen&; andCy (Fig.7a-b) exhibit rather voltage-independent galéor
electrodes comprising MWCNT, with and without Fidnterestingly, the loweR; is observed

when only MWCNTs are checked (~0C1 g). The deposition of Ti©@shell increase&; in

15



approximately one order of magnitude (Q1g). This fact allows connecting this last resis&an
to the process of lithium intake from the soluttorthe TiQ solid matrix (see Fig. 6b), and not to
the electron transport in MWCNTSs. Pristine Ji@resents a much larger charge transfer
resistance for potentials in excess of 1.5 V (€1@). Compared to MWCNT@Ti£ which
keeps it at ~X2 g, this is a huge increment. At lower potentiad$hbTiO, and MWCNT@TIQ

are able to insert Liions with similar (diminished) hindrance. It haseh observed for other

insertion compounds thaRy is directly related to the electronic conductivity the host

material [25]. High conductive hosts facilitate thg ion to overcome the potential barrier
appearing at the electrolyte/semiconductor intexfdt should be stressed here the role of
MWCNTSs to assist the Lion incorporation into the Ti©matrix. MWCNTSs not only assure the
presence of electrons needed to complete thetlihiaeaction, but also are able to favor thé Li
ion intake by enhancing the Ti@lectron availability through the formation of Ti{fonds. The
nanostructure then simultaneously fulfills the thasic requirements that a battery electrode
should offer: enhanced electron conductivity of litteation compound and large surface area to
foster Li" incorporation. This is the main mechanism thatl@&rg the superior rate capability

(power performance) observed in Fig. 3c of MWCNT@.lin comparison to Ti@electrodes.

Since the interfacial charge transfer resistanceighe only current-limiting element, it is also
necessary to explore the behavior of the low-fragyecircuit elements. The chemical
capacitanceC, in Fig. 7c exhibits well-defined peaks both for NDONT@TIO, and TiGQ
electrodes in the lithiation-reaction voltage intdr By examining Fig. 7c one can obse@ﬁp

comparable values around 25-50'Fgr both MWCNT@TiQ and TiQ electrodes. A voltage

shift approximately equal to 0.2 V is observed thatiates the MWCNT@Ti©composite

16



lithiation reaction peaks at slightly higher potelst, presumably because of the interaction

between Ti and C atoms as observed in Raman spxckig. 2. Despite the voltage offset,

peaks reach comparable heights that reveal a sisitaage capacity at quasi-equilibrium
conditions for both MWCNT@Ti® and TiQ electrodes. The resistance accompanying the
lithiation reactionR, exhibits also a similar behavior giving values BB Q g. (Fig. 7d).
Differences of a factor two are observedRp between MWCNT@TIi@ and TiQ electrodes
probably related to the strain in Ti@articles caused by the interface MWCNT/Zi@hich
slightly modifies the lithiation reaction kinetic$his reinforces our previous claim connecting
the superior MWCNT@Ti@ rate capability to the lower values observed fog tnterfacial

charge transfer resistance of Fig. 7a.

4, Conclusions

In summary, by separating kinetic and thermodynaraamponents of the lithiation process, we
have shown that the inclusion of MWCNT is benefiétat an extreme enhancement of the rate
capability of Li uptake and release in TiQAlthough both pristine Tipand MWCNT@TiQ
would potentially exhibit comparable specific capacMWCNTSs favor the interfacial Liion
intake from the solution by reducing the inherdmrge transfer resistance. MWCNT efficiently
provides electrons to the nanostructure throughfdhmation of Ti-C bonds, then effectively
assisting Li ion incorporation. We also highlight the excelleaversibility of MWCNT@TiQ
electrode in the range of 1-3 V which is importémtavoid the degradation of the electrolyte
(reduction phenomena occurs at voltages lower 1th&f). Well-designed core-shell composites

are then promising structures to fulfill both eneamnd power requirements of storage systems.
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