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Li diffusion properties of mixed conducting TiO,-B nanowires
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Li, TiO,-B nanowires (0 <x=10.9) are considered to act as promising anode materials in secondary Li-ion
batteries. Li self-diffusion parameters in mixed conducting nanowires of the composition Liy3TiO, are directly
determined by mixing time (r,,)-dependent two-time 'Li spin-alignment echo (SAE) nuclear-magnetic-
resonance (NMR) correlation spectroscopy between 330 and 500 K. SAE NMR reveals extremely slow Li
self-diffusion processes in Li, TiO,-B. Li jump rates 7' range from 5 to 2.5X 10 s~!. The corresponding
hopping correlation functions F, can be well parametrized with stretched exponentials, F, «exp[—(#/1,,)"], with
an exponent y=0.35(2) being independent of temperature. The influence of spin-diffusion effects on the echo
amplitude is elaborated by evolution time-dependent 'Li SAE-NMR experiments. The results are compared
with those obtained by conventional Li NMR spin-lattice relaxation measurements.
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I. INTRODUCTION

The challenge of reducing global warming and the ever-
greater demand for alternative clean energy sources replac-
ing fossil fuels has driven the interest in battery research to
an unprecedented level.!3 Currently, there is intense interest
in materials science to advance fundamental developments in
ionically conducting solids for efficient energy storage sys-
tems. Electricity generated by wind, wave, or solar power
requires sustainable and low-cost energy storage as do hybrid
electric vehicles. Research activities are focus on lithium-ion
batteries>® which have a higher energy density and lower
toxicity than conventional batteries based on lead or nickel.
As well as the discovery of new materials, developing effi-
cient batteries requires new techniques to quantify ionic
transport. In particular, the latter is crucial when mixed con-
ducting materials have to be studied, i.e., solids which show
both electronic and ionic conduction.

Recently, Armstrong et al.”® have shown that Li-
containing nanowires of TiO,-B, the fifth polymorph of tita-
nium dioxide, perform well as an anode in secondary (re-
chargeable) Li-ion batteries. Here, Li, TiO,-B represents both
an anode material, gaining considerable current interest for
applications, and a model substance with which to study
mixed conduction with the help of the newly established "Li
spin-alignment echo (SAE) nuclear-magnetic-resonance
(NMR) method. SAE NMR is a promising method to char-
acterize macroscopic Li transport from an atomic-scale point
of view.!®13 Generally, conventional NMR methods are well
suited to quantify lithium diffusion parameters on a long
length scale, as recently outlined by us using different model
substance such as polycrystalline Li, TiS, as well as glassy
LiAlSi,Og, see Refs. 14—16. However, in the case of mixed
conductors the capabilities of standard NMR techniques to
probe dynamic properties are significantly limited because of
the rather short NMR relaxation rates in these materials
which result from the coupling of Li spins with conduction
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electrons and/or interactions of Li* with paramagnetic cen-
ters. Note the presence of mixed Ti**/Ti** valence states in
Li,TiO,-B. Therefore, NMR spin-lattice relaxation rates (in
the laboratory as well as rotating frame of reference) are
expected to show only shallow temperature dependencies
since they are not dominated by diffusion-induced contribu-
tions. Consequently, the extraction of reliable diffusion pa-
rameters such as Li jump rates or activation energies from
NMR spin-lattice relaxation data is fraught with difficulties
and far from straightforward.

The present paper greatly extends a short letter version
and includes preparation time-dependent NMR measure-
ments which are crucial for a detailed analysis of the features
of spin-alignment echoes. We will show how the measure-
ment of mixing and preparation time-dependent 'Li NMR
spin-alignment echoes can be used to study the diffusion
properties of Li, TiO,-B nanowires with the nominal compo-
sition x=0.3. Taking into account background effects such as
temperature-independent spin diffusion we were able to
record purely diffusion-induced echo decay curves from
which the diffusion parameters can be directly obtained. In-
terestingly, Li* self diffusion in Li, TiO,-B turned out to be
rather slow.!” Nonetheless, facile incorporation and removal
of Li is possible when the nanowires are used as an anode in
a lithium-ion battery. This suggests that the shorter diffusion
length in nanostructured materials compensates for the ob-
served slow Li self diffusivity probed by 'Li SAE NMR.

17

II. SPIN-ALIGNMENT ECHO NMR

The "Li spin-alignment echo NMR technique, which is
described in detail in Ref. 18, probes slow Li self-diffusion
processes by taking advantage of the interaction of the
nuclear quadrupole moment of the "Li spin (spin quantum
number /=3/2) with a nonvanishing electric field gradient
(EFG) tensor at the site of the nucleus. The respective secu-
lar part of the first-order quadrupolar interaction is given by
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the following Hamiltonian IEIQ which can be expressed by the
product of the irreducible spherical tensor operator flm of
rank /=2 and order m=0, and the quadrupole precession fre-
quency g,

A \r'g o

Hy= ———w,T 1
07 H21—1)Pe® )

with @y and T Ho given by
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Here, the angles 6, and ¢, specify the orientation of the
EFG tensor at the Li site with respect to the external mag-

netic field. iz and [ represent the nuclear-spin operators. 7,
denotes the asymmetry and dy=e’qQ/(2%) the anisotropy
parameter. Usually the strength of the quadrupole coupling is
discussed in terms of the quadrupole coupling constant Cy
=e?qQ/h, where e and eq are the proton charge and the
principle component of the electric field gradient tensor, re-
spectively. Q is the quadrupole moment of the nucleus and &
is Planck’s constant. Cy, usually is on the order of a few tens
of kHz. Second-order quadrupolar shift interactions are neg-
ligible when using an external magnetic field strength B of
the order of several tesla.

The principle of SAE NMR is the following. Different
crystallographic Li sites are characterized by a specific EFG
and thus by a specific quadrupole precession frequency wy.
Jumping of the ion between electrically inequivalent sites
renders o, time dependent and can be used to record single-
particle hopping correlation functions S, provided the EFGs
themselves are independent of time. S, yields information
about dynamic as well as geometric information about the
diffusion process.'®!? Its analogy to quasielastic neutron
scattering, operating on a much shorter time scale, was ex-
plicitly treated in Refs. 20 and 21. The pulse sequence used
to sample correlation functions was introduced by Jeener and
Broekaert (JB).?? Its systematic application to spin-3/2 nuclei
such as "Li or *Be was initialized by Tang and Wu?*25 as
well as by Bohmer et al.? followed by a number of further
studies utilizing also the °Li isotope with its much smaller Q
value.!%-16:27-33 The JB sequence reads as follows:

—-1,— —1,— —t,—echo.
Bl¢] 14 B2¢2 m B3¢3 14

B; denote the pulse lengths and ¢, the respective phases.
Note that proper phase cycling is needed to suppress un-
wanted coherences.!” The preparation time is denoted as t,

and the mixing period as ?,,. Starting from f%, the first two
pulses, separated by a short 7, in the case of ‘Li, generate a
spin-alignment state according to

~ BilgiHotpBolgy

3 N
Ty———m> - > \/; sin B, sin(28,)sin(wyt,) T (4)
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if ¢; and ¢, differ by 90°. The third pulse transforms qua-
drupolar alignment back into a detectable transverse magne-
tization via

1 3 ~ Bl Hol=t)
-3 \/; sin B sin(2By)sin(wgt,) Ty 23

><29—0sin B, sin(28,)sin(28;)

Xsin[wy(t,, = 0)t, Jsin[wy(2,,)1,].

(5)

The amplitude of the sin-sin stimulated echo generated after
the third (reading) pulse can be maximized when the pulse
lengths are chosen to be B;=7/2 and B,=B;=m/4, respec-
tively. For a powder average, denoted by the angular brack-
ets (...), the echo amplitude reads

Sy(tpstyat) = 29—0<sin[wQ(tm =0)z, Isinfwy(2,)1,]).  (6)

Generally, 7, is chosen to be smaller than the transverse
relaxation time 7, and is kept constant. 7, varies from
about 10 us up to the second range. The damping of S,
ocexp[—(t,,/ Tsap) Y] with 0<<y=1 is either due to (i) success-
ful hops of the ions implying sin[wy(z,=0)t,]
# sin[wy(t,,)1,] and/or (ii) due to other effects such as qua-
drupolar spin-lattice relaxation (characterized by the time
constant Ty,) or spin diffusion (7sp) leading to an addi-
tional echo damping according to

S5 % expl— (t,y/ Tsap) Tlexpl— (,/T10)? Jexpl— (t,/715p)”']
=~ exp[— (t,,/7.)"]. (7)

Combining the two latter terms to a new one representing
nondiffusive echo damping in general, and disregarding the
constant prefactor of Eq. (6), i.e., focusing on normalized
echo amplitudes ranging between O and 1, the diffusion-
induced contribution of S is represented by

Fy = S)Hexpl- (1,/ Tup) O]} = exp[ = (1,,/ Tsap) "] (8)

The damping factor Syp=exp[—(2,,/ 7np) ™P] with 0<yp
=1 determines the lower limit of detectable decay rates, i.e.,
only if 7gog < 7yp holds, NMR experiments are reasonable.
Note, 7ygp is usually on the order of seconds whereas T is
theoretically given by the relation T/ T,,=25/8, where T is
the spin-lattice relaxation time.3*> However, deviations from
this ratio have been already observed.>® Since the ratio
Tsap/ Tnp Varies with temperature over several orders of
magnitude (see below) it is possible to discriminate between
F, and nondiffusive background effects.!® Usually a weak
temperature dependence is expected for myp at very low tem-
peratures, i.e., in the range wy7>> 1 where the motional cor-
relation time of the Li spins is negligible compared to wy, see
Ref. 15. In this 7 range the S, decay is solely determined by
exp[—(z,,/ Tnp) ™NP] so that F,, being exclusively influenced
by Li* hopping, will be available from the S, data recorded
at intermediate 7. At even higher temperatures solely the
F>-decay curve is measured or can be easily separated from
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background effects, e.g., when S, exhibits a two-step behav-
ior. This is generally expected for crystalline materials if the
difference between 7, and 7yp is large enough (see below).

III. EXPERIMENT

TiO,-B nanowires were prepared from NaOH and TiO,
(anatase) following a hydrothermal synthesis route. Details
of the sample preparation as well as the electrochemical in-
sertion of Li are described elsewhere, see Refs. 7 and 8 in-
cluding also the characterization of the sample.

"Li-stimulated echoes were mainly recorded on a Bruker
MSL 400 spectrometer connected to a shimmed Oxford
cryomagnet with a nominal field of 9.4 T. An MSL 100 con-
sole in combination with a field-variable magnet was used to
perform some measurements at 77.72 MHz. We have used
commercial broadband probes (Bruker) designed to operate
well between 123 and 433 K. For instance, the /2 pulse
length was about 4.5 us at a resonance frequency of 155.45
MHz. The temperature was monitored via an Oxford tem-
perature controller (ITC) in combination with a NiCr-Ni
thermocouple placed near the sample which was sealed in a
quartz tube under vacuum. The three-pulse sequence of
Jeener and Broekaert’? was employed to record the echoes.
Spin-lattice relaxation rates in both the laboratory and rotat-
ing frame of reference (1/7; and 1/T,) were recorded using
standard pulses sequences* such as the well-known recovery
saturation experiment and the spin-lock technique. For the
latter measurements we used a locking frequency of 14(2)
kHz. See Ref. 15 for details of the NMR setup.

IV. RESULTS AND DISCUSSION

Usually 'Li NMR spin-alignment two-time correlation
functions are recorded for variable mixing times ¢, and a
very short preparation time f, being typically less than
20 ws. The shorter ¢, is the better unwanted dipolar contri-
butions of the stimulated echo can be suppressed. Such con-
tributions arise from homonuclear "Li-’Li interactions lead-
ing to “central resonances” in the corresponding SAE-NMR
spectrum obtained after Fourier transformation of the echoes.
Such effects are explicitly treated in Refs. 30 and 35, for
example. In the ideal case, which is, e.g., present when
electric-quadrupole interactions are much larger than the
magnetic dipolar ones, the spin-alignment spectra of a spin-
3/2 nucleus such as 'Li are composed of satellite intensities
On1},'12,18

In order to determine up to which preparation times
1,-stimulated echo NMR measurements are reasonable in the
present case and how the evolution of quadrupolar and di-
polar echo intensities scale with 7, we will focus briefly on
a range of echoes recorded at various preparation times f,
(5-300 us) and fixed mixing times t,,. Typical 'Li NMR
stimulated echoes of Liy;TiO, nanowires are shown in Fig.
1(a). A very short mixing time of 10 us ensures that the
decay of S is not influenced by Li* hopping taking place at
the temperature chosen (343 K) for this echo analysis. Even
at very short preparation times #, of less than 10 us the
stimulated echoes are composed of two parts: besides the
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FIG. 1. (Color online) (a) "Li NMR stimulated echoes of poly-
crystalline Lij;TiO, nanowires recorded at various preparation
times 7, and for 1,=10 ws. (T=343 K, w,/27=155.45 MHz).
The echoes are composed of a sharp decaying quadrupole and a
slowly decaying dipolar part. At 7,=5 us the ratio of the corre-
sponding amplitudes s,/s, is about six. Inset: position of the qua-
drupolar (t[',) and dipolar (t;;) echoes vs t, [cf. Eq. (9)]. The dashed
line refers to #,=1,=1,. (b) "Li NMR stimulated-echo spectra ob-
tained from the echoes shown on the left side. They were obtained
after Fourier transformation of the echoes beginning from the top of
the quadrupolar contribution, i.e., at 1=t,.

sharp decaying quadrupole part a second echo presumably
arising from homonuclear dipole-dipole interactions is
evident.3® The echoes recorded at different 1, values can be
roughly fitted with a combination of two Gaussian functions

according to
S(tp’tm e Ovt) = Sq(fp)exp{— [(t - t;;)za-cz]/z]}
+sy(t)exp{=[(t - 17?0321}, (9)

where 7 and #; specify the shift of the respective echo maxi-
mum with respect to the expected position at t=t,. Here,
after taking into account receiver dead-time effects of about
2 ws, the maximum of the quadrupolar echo shows up ex-
actly at t=¢,, i.e., t]’JzO. Within an accuracy of less than =5%
this holds also for the dipolar contribution if 7,<<100 us.
For larger #, we observed a slight shift obeying the relation
1,=0.91(1)t,. In the range 5=7,=100 us the ratio of the
variances o, and o, of Eq. (9), representing electric quadru-
polar and magnetic dipolar interactions, respectively, is given
by o,/0,~10. As an example, at 7,=25 us we obtain o,
=0.156(2) X 10° rad s™' and 0,=0.0154(3) X 10° rad s,
The corresponding shifts are 7,=25.7(1.2) us and 1

=27.4(2.2) ps, respectively. Whereas o, seems to be inde-
pendent of preparation time, o, depends on ¢, if the prepa-
ration time is chosen to be larger than 100 us. For example,
at 1,=300 pus it decreased to 0.0087(3) X 10° rad s™'. This

trend is also observed at much lower temperatures of about
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FIG. 2. (Color online) (a) Decay of the total "Li NMR echo
amplitude S(z,,1,,— 0,1=1,)=5,(t,)+5,(t,) as a function of prepa-
ration time. (b) Left axis: s,(¢,) and s,(t,) vs t,. Right axis: the ratio
5,(t,)/54(t,) vs t,. Data were recorded at =343 K and a resonance
frequency of 155.45 MHz

180 K. It is worth noting that o, of an SAE-NMR experi-
ment should not be mixed with the corresponding value of a
solid-echo NMR experiment.?’

Fourier transformation of the echoes beginning from their
tops leads to the two-component NMR-stimulated echo spec-
tra displayed in Fig. 1(b). The broad contribution refers to
the sharp decaying component whereas the superimposed
narrow one reflects the slowly decaying dipolar part of the
corresponding echo. The linewidth (full width at half maxi-
mum) of the Gaussian-shaped quadrupole contribution is,
when, e.g., an echo recorded at 7,=25 us is analyzed, about
A,=56.8 (1.0) kHz reflecting a rather large distribution of
different EFGs the Li ions are exposed to in nanowires of
Lig5TiO,. According to the relation A,=(c,\8 In2)/(2m),
which is valid for a Gaussian distribution of frequencies, this
yields 0,=0.152(3) X 10° rad s~!. Practically the same value
is obtained from the time-domain data (see above). A, is
about 5.8(2) kHz leading to ¢,=0.0155(5) X 10° rad s™'.

As can be seen in Fig. 1(a), the amplitudes s, and s,
which refer to the two parts of the echoes recorded at T
=343 K, do not show the same 7, dependence. Whereas the
quadrupole echo is already fully developed at about ¢,
=5 us, the broader dipolar one reaches its maximum at a
longer preparation time of 7,=50 us. This behavior reflects
approximately the ratio of the strengths of the two interac-
tions (see above). At t,—0 the ratio s,/s, is about 6,
whereas at 7,=50 us the amplitude s,(z,) is already de-
creased to about 60% of its initial value s,(0) [see Fig. 2(b)].
The decay of s,(t,), and above 7,=50 us also that of s,(t,),
follows a single exponential. Whereas the total echo ampli-
tude S is proportional to exp(-t,/T;) with T,=108(4) us the
characteristic transversal decay times of s,(z,) and s,(t,) are
91(3) and 122(4) us, respectively. At a sufficiently long
preparation time 7, the ratio s,(t,)/s4(t,) reaches a value of
about 2. This is in agreement with calculated ratio of 2.02
reported by Tang and Wu, see Ref. 24 for an metallic glass
for which chemical and Knight-shift interactions are not neg-
ligible. Thus, besides homonuclear dipole-dipole interac-
tions, coupling to conduction electrons and/or unlike dipolar
interactions between the 'Li spins and paramagnetic centers
have to be taken into account, too, when explaining the ori-
gin of the unwanted dipolar contribution of the spin-
alignment echo NMR spectra.
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FIG. 3. (Color online) (a) 'Li SAE-NMR two-time correlation
functions of Lij3TiO, nanowires recorded at 7=153, 343, and 413
K. The decay curves were recorded at #,=10 us and 155.45 MHz.
(b) 'Li SAE-NMR echo recorded at 7,,=100 us and t,=10 s,
respectively, showing its decomposition into the quadrupolar
(dashed line) and dipolar echo (solid line). The arrows marks a
small undershoot of the signal appearing when #,~ 10 u is chosen.
This feature gives rise to slightly distorted spin-alignment spectra,
see Ref. 27 for analogous results obtained for polycrystalline
LiySiOy.

The echo analysis shows that, as expected for a quadru-
pole nucleus such as "Li, suppression of dipolar echo inten-
sities works well when ¢, is chosen as short as possible.?*
Since a clear determination of s, and s, is also possible for
larger L, with values up to 100 us, we have in addition car-
ried out mixing time-dependent 'Li SAE-NMR measure-
ments at longer preparation times than 10 us. In general, the
sensitivity of SAE NMR with respect to temporal changes in
w increases the larger 7, is set.

Three selected two-time correlation functions Sz(tp,tm,t)
of Liy3TiO,, which were recorded at fixed #,=10 ws, are
plotted as a function of mixing time z,, in Fig. 3(a). The echo
amplitude §,, which was determined at 7=1,, takes only the
intensities of the quadrupole echoes into account. Prior to the
determination of S, the Gaussian-shaped dipolar contribution
[cf. Fig. 3(b)] was subtracted from the total echo S(z,.1,,,1)
for each mixing time (10 ws=r,=1 s) leading to
Sy(ty.t,)=54(t,,t,). The temperature-dependent decay
curves S,(t,,1,) can be well parametrized with stretched ex-
ponentials S,(t,,t,) *exp{-[t,/7.(t,)]]} reflecting the super-
position of different damping factors [see Eq. (7)]. The cor-
responding decay rates 1/7, are plotted in Fig. 4 vs the
inverse temperature. At temperatures 7<<220 K we found
1/7" =1/ 7yp(t,) as deduced from the very weak temperature
dependence of the decay rate in this low-7 range. Note that
Tﬁ}) depends significantly on ¢,, see below. The normalized
S, curve recorded at the lowest accessible temperature
of 153 K (Flg 4) is given by 52’153 K(tp):SND(tp)
=exp{—[t,,/ 114(5) ms]*)} According to Eq. (8) it is used
to obtain the F(t,,t,) curves and therefore to determine
1/ 7gag- At intermediate T the decay curves are given by Eq.
(7), whereas in the limit of high temperatures (7>400 K)
they are solely damped by Li jump processes, i.e., 5413 k
~F, 413 k- The F, curves [cf. Fig. 5(a)] are characterized by
the same, temperature-independent stretching exponent 7y
=0.35(2) [see Fig. 6(a)] indicating that between 300 and 450
K the same Li diffusion process is probed. In Fig. 6(a) the
temperature dependence of 7y, as well as that of the y values
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FIG. 4. (Color online) (a) Decay rates 7';12 f(t,) obtained from
the S,(7,.1,) (see Fig. 3) as a function of the inverse temperature.
The rates were recorded at the preparation times indicated. T;l(T)
can be subdivided into three regions: below T=220 K the rate 7'
approximates T;IID; at intermediate temperatures it is governed by
Eq. (7) whereas at higher T the decay rate is given by 7';] ~ Tng.
Above 335 K T;}\E(') can be directly obtained from S, because of
its two-step decay behavior [Eq. (11)]. The dashed line indicates the
sublinear temperature dependence of T;IID following a power law
T = T, Crosses (X ) display the rates 74 as deduced from the
two-step S,-decay curves recorded around 7=453 K. (b) Tempera-
ture dependence of the TELE rates determined according to Eq. (8).
TE}XE is independent of ¢, indicating Li jumps between sites charac-
terized by quite different EFGs.

obtained from the F, curves are shown. For better compari-
son, in Fig. 5(a) F; 343 k and S, 343  are shown as examples.
The decay rates 1/7555(1/7T) [see Eq. (8)] recorded at ¢,
=10 us are presented in Fig. 4(b). They follow an Arrhenius
relation according to

a) b)
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o
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o
o

mixing time (s) mixing time (s)

FIG. 5. (Color online) (a) Comparison of S,(t,=10 us,,) and
F>=S,/Snp=S,/{exp[-(t,,/ 7ap) NP]}  with myp=114(5) us and
wp=0.60(5), respectively. S, was recorded at 343 K and 155.45
MHz. (b) 'Li NMR two-time correlation function S, which was
recorded at 7=453 K. It shows a two-step decay behavior. The
solid line shows a fit according to Eq. (11). The second decay step
showing up at larger ¢, reflects Syp which is shown for comparison,
too. Note that Syp depends strongly on 7, [see Fig. 6(b)] and only
weakly on temperature. For comparison, Syp, which is scaled such
that its maximum is given by S, is also shown.
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FIG. 6. (Color online) (a) Temperature dependence of 7y, ob-
tained from the S, decay curves recorded at #,=us. At low tempera-
tures vy, approaches ynp=0.6 whereas at the highest 7 we found
v, =~ v. Inset: magnification of the data ranging from 313 to 450 K.
(b) 7,(t,) recorded between 7,=10 and 100 us, and measured at
T=183 K and 155.45 MHz. The solid line shows a fit according to

7oty 1>,

Tsap = To.sak €Xp[— Eo/(kgT)], (10)

where kg is Boltzmann’s constant. The activation energy E,,
and the pre-exponential factor 7gag are 0.56(3) eV and
2.5(5)x 10710 57!, respectively. The fit shown in Fig. 4(b)
considers the rates recorded at £,=10 us and takes into ac-
count the individual errors of the data points which increase
with decreasing 7, i.e., when S, approaches Syp. Interest-
ingly, when 7, becomes less than 1 ms and the ratio mp/ 7,
reaches approximately 100, which is fulfilled at temperatures
higher than 430 K and a very short preparation time of
10 ws, the S, decay curves exhibit a two-step behavior ac-
cording to

SZ(tp7tm) = {[1 - SOO(tp)]FZ + Soo(tp)}exp[_ (tm/TI,\ID) VND]
(11)

with F,(t,,t,)=exp[-(t,/7ssp)”]. As an example, in Fig.
5(b) S4s53 k(ty.1,) Vs t, is shown in a double-logarithmic
plot. The plateau value turned out to be about 0.13(3). For
comparison, S..-Syp is also included in the figure. Generally,
S.. is related to the number N of electrically inequivalent Li
sites the ions visit along their diffusion pathway via S.
=1/N." However, as shown recently S., can be additionally
affected by influences of homonuclear dipole-dipole cou-
plings leading to smaller values than expected crystallo-
graphically.*® For comparison, the rates 7, are also in-
cluded in Fig. 4(a). As expected, they are in good agreement
with the rates mp(7) after extrapolation these to higher T
according to mp(T) o« 700 (see dashed line in Fig. 4).

As shown in Fig. 4(a) as well as temperature, 7y depends
also on the preparation time #, chosen. This is explicitly
shown for T=183 K in Fig. 6(b). The solid line corresponds
to 7np(t,) Mt;'s(l). A tﬁ dependence would point to an echo
damping which is caused by small frequency changes the
ions are exposed to—a situation which is comparable to that
of spin diffusion. The deviation found here indicates that the
Snp decay is presumably affected by additional processes
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FIG. 7. (a) Arrhenius plot of 7';1 recorded at two different radio
frequencies viz 155.45 and 77.72 MHz. For comparison, the corre-
sponding spin-lattice relaxation rates measured in the laboratory
(TTI) and rotating frame of reference (TT:)) are also shown. The
dotted line is to guide the eye. The dashed one indicates the fit of
the TSAE(t =10 us) rates shown Fig. 4 The solid line represents a
fit according to the Arrhenrus law 77" «exp[-E! /(kBT)] Note the
frequency dependence of T' and its absence for TS Below 250 K
the ratio 7T(155.45 MHZ)/T| (77.72 MHz) is about five. See text
for further details. (b) Temperature dependence of the stretching
factors which were obtained after parametrizing the magnetization
transients of the NMR spin-lattice relaxation measurements with
stretched exponentials. For comparison, y,(1/7) is also shown.

such as coupling of the spins with paramagnetic centers.
However, although a relatively strong dependence of 7, is
observed at low 7, the corresponding F, curves determined
at 1,=50 ws and 7,=100 us, respectively, are much less af-
fected by this circumstance The above mentioned correction
procedure yields 75hj rates which are independent of t, [see
Fig. 4(b)] indicating that the "Li SAE-NMR measurements
performed are sensitive to Li* jumps between sites charac-
terized by quite different EFGs.

Additionally, we have carried out SAE-NMR experiments
using a smaller magnetic field strength B, corresponding to a
"Li resonance frequency of wy/2mw=77.72 MHz (Fig. 7).
Above 250 K the corresponding S,(z,=10 us,t,) decay
curves coincide with those measured at larger magnetic field.
Whereas the rates r;‘ turn out to be independent of wj,
which is expected for a motional correlation rate, the corre-
sponding spin-lattice relaxation rates Tl‘l measured at 77.72
and 155.45 MHz, respectively, clearly exhibit a frequency
dependence. For example, decreasing the external magnetic
field By by a factor of 2 leads to an increase in 7;'(100 K)
from about 1 s~! to approximately 3.2 s~! while the corre-
sponding rates 7' are 217(5) s~ and 208(7) s7', respec-
tively. The magnetization transients from which the T rates
were extracted can be parametrized by stretched exponentrals
only. The respective stretching factors are shown in Fig. 7(b)
as a function of inverse temperature. For comparison, those
of the "Li SAE-NMR measurements are also included.

Below 250 K the rates Tl_l(l /T) measured at 155.45 MHz
are governed by nondiffusive background effects. Above
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room-temperature longitudinal relaxation is primarily in-
duced by short-range Li diffusion. The solid line in Fig. 7
yields E/=0.11 eV. It represents the low-T flank of the rate
peak T, (1/7) whose maximum is expected when the mo-
tional correlation time 7 reaches the order of the inverse
Larmor frequency wy=27X155.45 MHz, i.e., when 7 is
about 1 ns.

Reducing the resonance frequency to 77.72 MHz leads to
a strong increase m T' so that the relevant diffusion-induced
contributions of T cannot be separated out any more. Simi-
lar to 7y, the short and almost temperature-independent
background rate showing up below 250 K is presumably
caused by coupling of the spins with conduction electrons
and the interaction with paramagnetic centers in Liy3TiO,.
Note, the stretching factors of both the 7, magnetization
transients at 77.72 MHz as well as those recorded at 155.45
MHz approximate a value of about 0.55 which is similar to
vnp Of SAE NMR [see Fig. 7(b)]. This observation rein-
forces the assumption that the mechanism-inducing ’Li
NMR spin-lattice relaxation appears likely to be identical to
that causing the damping of the corresponding stimulated
echoes.

Expectedly, measurements of spin-lattice relaxation rates
Tl'rl) in the rotating frame of reference, which were carried out
using a locking frequency of approximately 14 kHz, are
fraught with the same difficulties inhering the Tl_l measure-
ments at 77.72 MHz. Therefore, below 7=450 K a pro-
nounced diffusion-induced flank and thus a reliable activa-
tion energy cannot be extracted from such data in the present
case. As indicated in Fig. 7(a), we expect that the rates
TT:)(l/ T) follow an Arrhenius law with the same activation
energy as probed by SAE NMR before the diffusion-induced
rate maximum is reached.

The discrepancy between the activation energies probed
by spin-lattice relaxation (0.11 e¢V) on the one hand and SAE
NMR (0.56 V) on the other hand might be explained by the
different time and length scales to which the two methods are
sensitive. In the case of SAE NMR long-range transport pa-
rameters are probed!® while in the limit 7wy> 1 the rate Tl‘1
is mainly controlled by (localized) short-range Li dynamics.
Taken together, this points to a highly heterogeneous nature
of Li hopping in Lij;TiO,-B which becomes also apparent
regarding the strongly stretched F, correlation functions
pointing to a broad distribution of jump rates. This is cor-
roborated by 'Li NMR line-shape measurements. In Fig. 8(a)
the linewidth (full width at half maximum) of the NMR cen-
tral transition of Liy3;TiO,-B nanowires is plotted against
temperature. As can be clearly seen, motionally induced nar-
rowing of the Li NMR line [Fig. 8(b)], which is due to
averaging of 'Li dipolar interactions with increasing 7!, ex-
tends over quite a large temperature range of nearly 300 K.
This reflects the presence of a large distribution of hopping
processes taking place on different length scales.

When interpreting activation energies deduced from spin-
lattice relaxation NMR measurements one should keep in
mind that the slope of the low-T flank can also be affected by
correlation effects resulting from Coulomb interactions be-
tween the moving ions and/or structural disorder. Such a
situation usually leads to much smaller slopes and thus acti-
vation energies than expected. Therefore, the interpretation
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FIG. 8. (a) 'Li NMR linewidths (full width at half maximum) of
Li intercalated TiO,-B nanowires vs temperature. The solid line is
to guide the eye. (b) Corresponding "Li NMR spectra recorded at
155.45 MHz and at the temperatures T indicated.

of activation energies deduced from NMR relaxation mea-
surements is less straightforward compared to that of SAE
NMR. In particular, this is the case when the observed NMR
spin-lattice relaxation behavior deviates from standard
theory introduced by Bloembergen et al® predicting 7'
% w,” in the limit 70> 1. If on the other hand correlation
effects are mostly absent and a solitary diffusion mechanism
prevails, the differences are expected to be much smaller or
even vanish when an elementary jump process can be iden-
tified as the relevant transport mechanism.'> In such a case
the shape of the hopping correlation function is mainly de-
termined by the dimensionality of the diffusion process and
might deviate from a pure exponential. Note that in the
present case Li diffusion is anticipated to be primarily con-
fined to two dimensions in the TiO,-B structure. The pres-
ence of a low-dimensional diffusion process might addition-
ally influence the stretching exponent 7.

Whereas the stretching factors of Fig. 7(b) of the T, and
SAE-NMR measurements behave quite similar at low tem-
peratures as discussed above, they show the opposite tem-
perature dependence for 7>300 K. While v, decreases with
increasing 7T reaching the final value y=0.35, which deter-
mines the shape of F, (see above), the corresponding stretch-
ing factors of the 77 NMR spin-lattice relaxation measure-
ments exhibit an increase resulting in less stretched
magnetization transients. Obviously, spin-lattice relaxation
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NMR on the one hand and stimulated-echo NMR on the
other hand are influenced by quite different correlation func-
tions. Presumably, longitudinal relaxation is determined by a
multiple-particle correlation function governed by (short-
range) dipole-dipole interactions which are increasingly av-
eraged with increasing 7. In contrast to this, a single-spin
correlation function is at the basis of quadrupolar stimulated-
echo NMR, directly reflecting the nature of the hopping pro-
cess without also being affected by multiple nuclear specific
interactions.

V. SUMMARY AND CONCLUSION

In the present study we have investigated the application
of "Li spin-alignment echo NMR to mixed conducting nano-
structured materials of interest as promising electrodes in
Li-ion batteries. Li self-diffusion parameters were extracted
from preparation and mixing time-dependent echo decay
functions. In the case of a mixed conductor this is, when
conventional spin-lattice relaxation NMR techniques are ap-
plied in the temperature range covered here, usually fraught
with difficulties such that insights into Li hopping processes
are rarely available.

Interestingly, Li self-diffusion in nanowires of
LipsTiO,-B seems to be highly heterogeneous. This mani-
fests itself in correlation functions which can be fitted with
stretched exponentials only. The decay rates determined by
'Li SAE NMR indicate that overall Li hopping is rather
slow. However, the material shows good performance when
used as an anode in rechargeable Li batteries.” Obviously,
the shorter ¢~ and Li* diffusion lengths in the nanowires
compensate for this fact so that facile incorporation and re-
moval of Li is possible while cycling a TiO,-based battery.
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