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Abstract

Battery fast charging is pivotal for broader acceptance of electric mobility. While
demonstrated for lithium titanate (Li,TisO,,, LTO) anodes, the underlying mecha-
nisms are still poorly understood. Recently, NMR T relaxation time constants of ’Li
in the bulk of LTO were found to change if the surrounding electrolyte was altered.
It was explained by interdiffusion of mobile lithium ions between the two phases,
facilitated by unpinning of polarons from surface defects and leading to a pseudo-
capacitive effect that potentially influences fast charging. This effect is explored fur-
ther by systematically varying the lithium salt concentration in an aprotic electrolyte
in contact with LTO. Spectrally resolved ’Li T; NMR relaxation times were used
as a measure for bulk concentration changes of paramagnetic polaronic charges in
LTO. Correlation of electrolyte concentration and 'Li T, showed qualitatively dif-
ferent behavior above and below a salt concentration of about 5 mM, leading to a
relaxation dispersion maximum in the LTO bulk. At intermediate concentrations,
relaxation was consistent with a "Li exchange equilibrium between LTO and electro-
lyte. Upon contact of the two phases, yet without insertion into an electrochemical
cell or applying an external potential, lithium ions redistributed between LTO bulk
and liquid electrolyte. The results can be understood analogously to the distribu-
tion of mobile lithium ions between two phases separated by a Li* permeable mem-
brane. This is the first demonstration of such an equilibrium for non-faradaic lithium
exchange at an interface between a solid ceramic electrode and a liquid electrolyte
outside an electrochemical cell, substantiating our previous hypothesis of a polaron-
supported mechanism. This study provides a basis for more quantitative (surface)-
defect engineering, which is key to optimize battery fast-charging properties.
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1 Introduction

Driven by consumer demand, the development of battery materials capable of
sustaining fast charging is a major focus of current research [1]. Fast charging
represents a boundary between battery- and capacitor-type charging mechanisms
[2, 3]. The energy density of batteries and the power density of capacitors are
combined in supercapacitors to reinforce the positive features of both principles
[4, 5].

Materials for supercapacitors are often carbon based. Balancing of energy
and power density may be achieved by further employing either electrodes from
hybrid materials, or asymmetric cells containing one electrode with dominantly
non-faradaic or pseudocapacitive charge storage and one electrode that consists
of a lithium intercalation material [6]. Nanostructured lithium titanate (Li Ti5O,;
LTO) has been suggested as possible intercalation material for supercapacitors
due to its excellent cycling stability even at high C-rates [7]. Also, despite a low
lithium ion mobility and low electronic conductivity in the stoichiometric form,
variations of nano-LTO have been synthesized that can be cycled at rates of sev-
eral hundred C [8].

A major challenge is posed by the optimization of synthesis conditions to
obtain materials with the desired properties. It is not even well understood which
analytical parameters to employ as targets for material optimization. Only few
analytical techniques are available for a detailed analysis of the nature of these
defects [9—11]. Nuclear magnetic resonance (NMR) has long been used to inves-
tigate the dynamics in multi-phase systems [12, 13]. These techniques can also be
adopted for battery materials.

For LTO anode material, a correlation was proposed between vacancies on
electrolyte accessible surfaces and Li-ion mobility in the bulk of the material,
induced purely by contact of LTO with Li ion containing electrolytes. Thereby,
intercalative pseudocapacitance and fast-charging capability may be facilitated
[14]. Such a relationship was inferred from the spectrally resolved longitudinal,
or T, NMR relaxation behavior of 7Li in LTO. When brought in contact with a
liquid electrolyte, a T, change was observed not only in the electrolyte [15] or on
the directly affected surface, but also in the bulk of the ceramic material. Lithium
ions entered the defect-containing surface of the material, leading to the unpin-
ning of paramagnetic polaronic charges associated with these defects.

Polarons are mobile quasiparticles with negative charge that are neither fully
localized nor located in the conduction band of a solid material. Mobility is influ-
enced by dielectric properties and phonon oscillations of the material [9]. Polaron
mobility can be associated with an effective mass that differs from the electron
mass, and depending on the dimension of charge delocalization in relation to the
lattice constant of a material, large and small polarons are distinguished [16].
For the experimental characterization of battery materials, the polaron concept is
only occasionally employed [17], while theoretical studies have endorsed the con-
cept for some time [18]. More recently, properties of LTO have been discussed
theoretically in the context of polarons [19-21]. Experimentally, the absence of
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a room temperature electron paramagnetic resonance (EPR) signal in reduced or
aliovalently doped LTO despite the nominal presence of paramagnetic Ti** cent-
ers indicates the suitability of the polaron concept for this material, particularly
since freezing out of the electron mobility is possible and the EPR spectrum
becomes visible at low temperatures [10].

Here, it is investigated if there is a systematic correlation between lithium con-
centration in the electrolyte and the observed "Li T relaxation time constant in the
solid using a concentration series of the electrolyte salt. The observed results are
compared with theoretical predictions, and a model is devised for polaronic electron
mobility in stoichiometric nano-LTO. For intermediate electrolyte concentrations,
the suitability and limitations of a simple two-phase equilibrium model for lithium
redistribution are discussed.

2 Sample and Experiment Details

All preparation steps were done in a glove box with argon atmosphere. For each
experiment, a Young-type NMR tube was filled with 100 mg of nano-LTO powder
from Sigma-Aldrich, with a manufacturer-specified particle size below 200 nm and
a specific surface area of 32.6 m?/g. Then, 1.5 mL of electrolyte was added, which
consisted of dimethylcarbonate (DMC) and lithium bis(trifluoromethanesulfonyl)
imide (LiN(SO,CF;),; Li-TESI), see Fig. 1. The concentrations of the prepared elec-
trolytes were 0.13 mmol/L, 0.6 mmol/L, 2.7 mmol/L, 12.2 mmol/L, 54.6 mmol/L
and 250.0 mmol/L. The tube was shaken until a homogeneous slurry was obtained,
and then left undisturbed during a settlement period of 24 h to ensure that the sam-
ple was in equilibrium state during NMR measurements. As shown schematically in
Fig. 1a, a dense slurry was formed at the bottom of the tube, with excess electrolyte
as clear supernatant.

With the tube placed in the probe such that the sensitive volume of the NMR coil
contained only the slurry, static ’Li saturation recovery 7| relaxation measurements
were performed on a Bruker Avance III HD 600 wide-bore spectrometer equipped
with a gradient probe (Bruker PA BBO 600W2/S4 BB-H &F-D-05 DIFF). The
number of accumulations was 8, using 7 /2 pulses of 15 ps duration at 50 W radio
frequency (rf) power. A series of up to 35 delays was used, logarithmically spaced
between 107 s and 500 s, to determine the buildup of the ’Li signal. Afterwards
the supernatant electrolyte was decanted and transferred into another NMR tube. '°F
spectra were acquired on the same instrument, accumulating 16 scans, using z/2
pulses of 23 ps at 27.6 W rf power. To determine the relative change of the electro-
lyte salt concentration in the supernatant of the electrolyte/LTO suspension, an equal
amount of the supernatant and of the neat electrolyte were filled into separate NMR
tubes and the area of the I°F signal compared. The relative change was calculated by
dividing the areas.

Laplace inversion was performed on two-dimensional, spectrally resolved relaxa-
tion data using uniform penalty regularization [22], which is a Tikhonov regulariza-
tion algorithm in generalized form. Regularization was also conducted along the spec-
tral, not inverted dimension [23]. A zero-crossing penalty instead of a non-negativity
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Fig. 1 Illustration of the LTO/electrolyte sample and the data analysis procedure. a Schematic of the
sample after settling. Relaxation measurements were conducted by placing the suspension in the sensi-
tive volume of the NMR coil. b Spectrally resolved 7Li T relaxation time distribution of the LTO sample
in contact with 250 mmol/L. Li-TFSI in DMC electrolyte. The 7Li NMR spectrum consists of a broad
signal from Li in LTO and a narrow resonance from Li in the electrolyte. The spectrum was referenced
to the electrolyte resonance at O ppm. To emphasize weak signal contributions, the pseudocolor plot was
scaled with the square root of the amplitude while maintaining the sign of the distribution. At the top, the
7Li NMR spectrum obtained with the longest recovery delay is shown. The y-axis shows the signal-to-
noise ratio (SNR). The magenta, blue, and red bars represent the spectral regions that were integrated to
obtain the 1D distributions to the right of the 2D plot. The three distributions showed a similar amplitude
without additional scaling. The negative contributions in the distribution were caused by Li exchange
between the electrolyte and LTO. ¢ Residuals between data and fit, also in units of SNR. No systematic
features are apparent that would indicate signal contributions not consistent with the chosen exponential
kernel. The black line represents the spectrally resolved standard deviation of the residuals. Since the
data were scaled to unity variance before conducting the Laplace inversion, the standard deviation should
be equal to one across the whole spectrum (color figure online)

constraint was used to minimize sign changes in the calculated distribution that are
not supported by the data [24]. Analyses were done with GNU Octave (version 4.0.3)
[25] using a home-written function for Laplace inversion. The regularization param-
eters have been chosen as detailed in [26]. The T distribution was calculated with 100
logarithmically spaced time constant values between 1072 and 10* s. Thereby, it was
possible to separate relaxation processes in solid lithium conducting materials [27, 28].
Since the signal relaxes towards a maximum in saturation recovery experiments, the
signal value at infinite time was fitted as a single data point for each frequency rather
than as part of the distribution at very long time constants [22].

3 Results
A series of colloidal suspensions was prepared, consisting of nano-LTO powder

in DMC electrolyte containing six different Li-TFSI concentrations, ranging from
0.1 mmol/L to 250 mmol/L. Figure 2 shows the T relaxation time distribution
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of "Li in the LTO solid of the different samples. It was obtained by calculating a
spectrally resolved T distribution, as shown in Fig. 1b, and then integrating this
distribution in the spectral region downfield and, independently, upfield of the
electrolyte resonance of the ’Li NMR spectrum. The projections do not include
the resonance from "Li in the electrolyte; thus, the relaxation mode caused by the
solvent at T, of about 1 s is not visible. This analysis protocol provided results
that were consistent with, yet more robust than summing the spectra for the dif-
ferent recovery delays and then performing a Laplace inversion of a one-dimen-
sional data set. In addition, three previously published data sets of the pure sol-
vent, of 1 M and of 2 M LiPF, recorded with the same parameters but recovery
delays only up to 400 s, were used to extend the range of concentrations [14]. As
was shown previously, the effect of varying the anion from Li-TFSI to LiPF; on T
of "Li in LTO is marginal.

With a particle size of about 200 nm, the main contribution of the broad reso-
nance in the 'Li NMR spectrum (Fig. 1b) originated from Li in the bulk rather
than the surface of LTO. Therefore, the obtained 7, values represent primarily
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Fig.2 T relaxation time distributions of "Li in LTO for different electrolyte concentrations. To exclude
the contribution from "Li in the electrolyte itself, the distributions were obtained by summing the spec-
trally resolved 7 distributions downfield (a, ¢) and upfield (b) of the electrolyte resonance. d Signal
decay towards equilibrium vs. recovery time for the downfield contribution of the resonance. The legend
in a represents electrolyte concentrations in mmol/L
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bulk properties. However, the surface area was large enough that surface species
with a different relaxation behavior should be distinguishable.

At low concentrations, the 7 distribution was monomodal, i.e., it showed a sin-
gle, symmetric feature whose position was dependent on the electrolyte concentra-
tion. Therefore, the large majority of Li ions in LTO experienced the same averaged
relaxation behavior. If only the surface of the LTO would be affected by the electro-
lyte, a distribution consisting of multiple relaxation components characteristic for
a core—shell configuration would be expected. A gradient from the surface to the
interior would cause an asymmetric broadening of the distribution, which was also
not observed. The relaxation mode shifted as a function of concentrations, but did
not broaden.

At 250 mM, the distribution started to broaden and become asymmetric, indi-
cating the emergence of a distinguishable second component or a distribution of
relaxation properties from the surface to the core. This became more apparent as
concentrations were increased further, where two different yet still overlapping
contributions started to emerge. This is also visible more directly when looking at
the relaxation curves whose signal value at infinite time was subtracted, shown in
Fig. 2d. At high concentration, the initial signal decay still got faster, yet the tail
started to relax more slowly. While a still increasing fast relaxation component may
become too fast for effective averaging if motional averaging would be the reason
for the monomodal distribution at low concentration, the observation that the slowly
relaxing wing of the relaxation distribution at high concentration increases again
suggests an emerging spatial dependence of relaxation.

Since nominally stoichiometric, diamagnetic LTO was used, Li mobility would
not be sufficient to average out 7, globally [29]. For overlithiated LTO, a decrease of
T, is well known [30, 31]. However, the samples investigated here were suspensions
that had not been chemically or electrochemically overlithiated, and they had never
been inserted into an electrochemical cell. Furthermore, the electrolyte solvent did
not lead to swelling of the LTO. Nevertheless, the results showed that just bring-
ing LTO in contact with an electrolyte solution containing a lithium salt sufficed to
globally alter 7', in the bulk of the solid phase.

Li exchange between the electrolyte and the LTO solid was responsible for fea-
tures with negative amplitudes in the distributions, which are visible more clearly
in the relaxation distribution of spectral components upfield of the electrolyte reso-
nance (Fig. 2b). Residuals for the Laplace inversion compatible with random white
noise, as shown in Fig. 1c, could only be obtained by allowing for negative compo-
nents in the distribution. The possible existence of such negative contributions has
been justified theoretically for samples with exchanging species [32]. However, it
cannot be excluded either that the chosen exponential kernel for the Laplace inver-
sion may not be compatible with the exchange affected signal decay. To distinguish,
exchange processes would have to be measured more directly [33].

The positions of the relaxation distribution maxima, shown in Fig. 3, were used
for further analysis.

A finer scale was obtained by interpolating the data points from Laplace inver-
sion with a cubic spline. Without lithium salt in the electrolyte, 7} = 71 s was deter-
mined. Upon increasing the electrolyte concentration to 2 mmol/L, T increased to
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about 78 s. A further increase of the electrolyte concentration caused a decrease
of T, to a value of 9 s in a 2000 mmol/L solution. When comparing T in spectral
regions downfield and upfield of the electrolyte resonance, different results were
obtained below concentrations of 10 mmol/L. At intermediate concentrations below
250 mmol/L, the relaxation behavior was more uniform as a function of ’Li NMR
frequency; while at higher frequencies, the difference increased again.

Also shown in Fig. 3 is the electrolyte salt concentration change in the superna-
tant of the electrolyte/LTO suspension relative to the neat electrolyte by calculating
the ratio of the '’F NMR signals. In the range of 0.1-10 mmol/L, the supernatant was
substantially depleted of electrolyte salt compared to the neat solution. It is indica-
tive of !F-containing electrolyte anion adsorption on the LTO surface. The relative
adsorption decreased linearly with the logarithm of concentration, which indicates
a saturation of strongly adsorbed anions. At higher concentrations, the salt or ions
adsorbed on the LTO surface only marginally changed the electrolyte concentration
in the supernatant. At 250 mmol/L, the effect may even be reversed, yet the rela-
tive change was on the order of the estimated uncertainty of 2% of this experiment.
Nevertheless, a similar effect had been reported in an experiment where the volume
of added electrolyte was changed, and the salt concentrations were varied indepen-
dently [34]. It was suggested that at low amounts of electrolyte, the saturation of
small pores in the solid with electrolyte would cause the observed concentration var-
iation, and that as the electrolyte concentration was increased, ion exchange would
play a more important role. In the present experiment, where a surplus of electrolyte
was available compared to the total pore volume of LTO, the results suggested the
existence of an equilibrium between anions adsorbed on the LTO surface and in the
electrolyte. As the electrolyte salt concentration was increased, the LTO surface got
progressively more covered with anions from the electrolyte; hence, less sites on the
LTO surface that allow a strong electrolyte adsorption were available.
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Fig.3 7Li T, relaxation time distribution maxima in LTO during contact with electrolytes at different
concentrations. (Black) Maximum of 7 relaxation time distribution of the whole signal, but without
the electrolyte contribution. (Green) 7} maximum of the signal downfield of the electrolyte resonance.
(Orange) T}, maximum of the signal upfield of the electrolyte resonance. (Purple) Relative change of Li-
TFSI concentration in the protruding solution after contact with LTO, determined using '°F NMR. The
dashed lines show the result of fitting the 7 values at intermediate concentrations (color figure online)
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The point where the electrolyte salt concentration difference assumed zero coin-
cided with the point where the difference of the T, relaxation between upfield and
downfield spectral regions disappeared. This indicates that the range between 5 and
10 mmol/L may correspond to a transition region of a multi-step equilibrium [35],
although the experimental data did not provide direct evidence regarding the exact
nature of the involved equilibria.

4 Discussion

Little information is available regarding the surface structure of polycrystalline
ceramic nanoparticles such as the investigated nano-LTO. Rather than a well-
defined crystalline surface, a surface complexion, as outlined in Fig. 4, is expected
that includes defects to minimize the energy of the surface towards its environment
and that may incorporate Li* and adsorbed TFSI™ from the electrolyte [36]. Possible
defects may be neutral Li,O vacancies, or the expulsion of two LiO radicals to form
Li, 0, is also conceivable. Furthermore, LTO synthesis under reducing atmosphere
leads to oxygen-deficient material with a blue color [23]. The investigated stoichio-
metric LTO was white, but the surface contained intrinsic defects from interruption
of the lattice periodicity. Moreover, additional Li ions that are charge compensated
by a reduction of diamagnetic Ti** to paramagnetic Ti** are possible as well, facili-
tated by a small excess of Li during synthesis to compensate for Li loss during heat
treatment [10] and the ‘zero-strain’ behavior of LTO upon intercalation of additional
lithium [37]. The presence of excess Li in LTO has been suggested by the reported
increase of "Li T, in bulk LTO if an electrolyte containing a sodium salt is used [14].
Sodium cannot intercalate into LTO, but it may charge compensate the release of Li
into the electrolyte at the LTO surface. However, no specific information regarding
the surface chemistry can be gathered directly from the presented relaxation data of
a static sample.

Fig.4 Schematic depiction of
the LTO/electrolyte sample

in equilibrium, including the
relevant diffusion and redox
processes. The red curves
indicate qualitatively the chemi-
cal potential g ;+ for different
electrolyte concentrations (color
figure online)
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A simplified thermodynamic model is outlined in Fig. 4. Electrolyte and LTO
are not chemically reactive towards each other. In the absence of an external poten-
tial, no solid—electrolyte interphase (SEI) forms; hence, the equilibration effects are
purely physical.

The LTO surface acts as a semi-permeable membrane for Li* ions. No other
ionic or non-ionic species present in the sample can penetrate the surface. At the
same time, if we rule out anionic redox reactions that have been described to occur
in cathodes of electrochemical cells [38], the titanium ions are formally the only
redox-active species, supporting transitions between Ti** and Ti**. Therefore, for
simplicity it is assumed that redox activity is limited to Ti** /Ti** processes, which
are restricted exclusively to the solid LTO material but distinguished between the
LTO bulk and its surface complexion. Exchange is possible between the two envi-
ronments, accompanied by a transfer of a Li* ion,

Lig )+ Tigh + Tigry = Tigk + Lid e + Tigr- (1)
Subscripts refer to the environment, with (bulk) representing the crystalline environ-
ment in the core of an LTO particle and (cx) the surface complexion. This mobil-
ity of non-conduction electrons in combination with the possible delocalization of
charge between different Ti centers is the primary reason why the polaron concept is
suitable for the description of dynamic processes in LTO. To maintain local charge
neutrality, the polaron and Li* mobility may be correlated [17], but for a qualitative
thermodynamic discussion this is disregarded. In the LTO bulk, it is assumed that
every Ti?l:; ) is charge compensating a surplus Li*, while in the complexion different
types of defects may occur. As long as they are immobile, they are of lower direct
importance for the measured "Li T relaxation time constants.

In equilibrium, the electrochemical potential fi ;+ of lithium ions is equal in the
solid and in the liquid phase. For a semi-permeable membrane between two liquids
or, more generally, soft matter reservoirs, this is described by the Donnan equilib-
rium, leading to osmosis [39]. However, while the conceptual principle still holds,
the details are somewhat different here. Li* generally has a different standard poten-
tial in the liquid electrolyte and in the solid phase, and rather than having multiple
mobile ionic species, a redox capable immobile transition metal ion is present in the
solid phase. Nonetheless, an electrochemical equilibrium may be established, pro-
vided that local charge neutrality can be maintained in both phases. For this, three
situations have to be distinguished, depending on the electrolyte concentration. Let
us first consider a pure electrolyte solvent without salt (0 M). If a small stoichiomet-
ric surplus x of lithium is present in LTO, i.e., Li,, Ti;O, with x > 0, a thermody-
namic chemical equilibrium would require Li* to diffuse into the liquid phase. Since
there are no negative ions available, no charge compensation is possible, causing a
potential difference A¢ between the two phases for an electrochemical equilibrium.
Likewise, if electrolyte salt is present at high concentration but the solid phase does
not contain any Ti*" as formal negative charge, i.e., perfect stoichiometric LTO with
x = 0 and without defects, no equilibration of the Li* chemical potential is possi-
ble either. In between these border cases, a chemical equilibrium, which requires
A¢ =0, may be achievable. In fact, the electrolyte concentration-dependent 'Li
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T, data could be interpreted in the context of a transition between these two cases.
Thereby, availability of Ti*" in the solid and the structure of the LTO surface play a
crucial role, and NMR may—indirectly—shed some light on the interplay between
surface and bulk lithium in LTO.

In the absence of electrolyte salt, the electrolyte contains no ionic species, and charges
near the LTO surface are only stabilized by the dielectric properties of the electrolyte sol-
vent [40]. While it has been reported that polaronic charge in LTO has some energetic
preference to be located near the surface [20], a more uniform distribution of polarons
across the LTO volume would be entropically stabilized. The measured Li 7, is repre-
sentative for the balance between the two concurrent influences. 7', in the LTO bulk in
the absence of an electrolyte salt is likely affected by some mobile polarons that ‘dress’
excess Li ions and, thereby, move as a formally neutral exotic polaronic atom [17]. Notice
the similarity to a Rydberg atom, for which considerable diamagnetic shifts have been
discussed [41], which may explain at least in part the observed difference of the spectra
upfield and downfield of the electrolyte resonance [23, 30].

Once a small amount of electrolyte salt is added, A¢ between LTO and electro-
lyte attracts negative charges from the electrolyte towards the LTO surface, caus-
ing a significant reduction of the Li-TFSI concentration in the electrolyte bulk, as
detected by '°’F NMR of the supernatant. However, since no counter electrode is pre-
sent, no macroscopic charge separation between cations and anions evolves. Charge
separation occurs only microscopically within the surface complexion, while in the
bulk electrolyte and in LTO, local charge neutrality is maintained. Assuming only
a small amount of electrolyte salt, a chemical equilibrium would still require the
extraction of Li ions into the electrolyte. A double layer forms with TESI™ directly
on the LTO surface to counteract the resulting potential difference. Charge compen-
sation is achieved with Li* ions from the electrolyte on the LTO averted side of
the TFSI™ layer, leading to a surface dipole with the electronegative pole towards
the LTO surface [42, 43]. This stabilizes Li* dopant ions in LTO near the surface
compared to the sample without electrolyte salt. A reduced Li* dopant concentration
with accompanying reduced paramagnetic polaron concentration in the LTO bulk is
consistent with the observed increase of "Li T values in the low electrolyte concen-
tration case, which suggests, according to the equilibrium in Eq. 1, a stabilization
of polaronic charge in the surface complexion. Notice that this is not a static immo-
bilization of polaronic charge on a particular Ti center, which would correspond to
a physically implausible polaronic phase transition from a non-local to a localized
behavior [44], but a gradual change of charge density delocalization.

As the Li-TFSI concentration is increased, A¢ decreases until a chemical equi-
librium between the two phases can be achieved, as shown schematically in Fig. 4.
When the electrolyte concentration is increased further, maintaining a chemical
equilibrium would require Li ions to diffuse into the LTO bulk. If defects are pre-
sent in the surface complexion that can provide a charge for Li—polaron pairs, such
a chemical equilibrium may be maintained over a certain electrolyte concentration
range, and unpinned charges are locally compensated by TFSI™. In this case, the
TFSI™ surface layer is not stabilized by a potential difference anymore, but by the
necessity for local charge compensation. The surface dipole vanishes, which is eased
by the capability of Li* to be located on the electrolyte as well as on the LTO side
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of the surface. Nonetheless, due to the absence of an external potential, a complex
rearrangement of charge, as has been described for ionic liquids near surfaces [45],
rather than a classical double layer may be the consequence.

If the electrolyte concentration is increased further, eventually A¢ gets reestab-
lished with inverted sign and a surface dipole with the electropositive pole towards
the LTO surface is formed. In that case, Li* ions are drawn to the LTO surface side
of a TFSI™ layer. The surface layer is likely still primarily formed by TFSI™ ions,
since Li* can diffuse into LTO, yet remain in the complexion for charge neutrality.
Electrostatically, this would stabilize defect Li* in the bulk of LTO while, at the
same time, stabilize polarons near the surface. The consequence could be a stabi-
lization of neutral Li—polaron pairs near the surface, with polarons more localized
on a particular Li*, or a minor charge separation between complexion and bulk. In
both cases, surface pinning of polarons would be strengthened. Such an additional
surface pinning of polarons would be consistent with a preferred polaron mobility
along the LTO surface, as predicted theoretically [21]. Furthermore, it could be an
explanation for the observed emergence of a two component Li T distribution, with
fast T in the shell and slow T in the core of LTO.

A model to explain the measured data is summarized in Fig. 5.

The surface complexion of pristine LTO contains some defects, which are charge
compensated by polaronic Ti**, to minimize the energy towards its environment.
For stoichiometric LTO, numerical simulations have suggested that polarons show a
weak energetic preference to be surface pinned [20]. Therefore their effect on NMR
relaxation would be localized, and when observing bulk TLi T,, only a minor influ-
ence is expected. However, in stoichiometric battery grade nano-LTO with a large
surface area, surplus lithium cations may become more mobile if they move syn-
chronously with polarons from the surface as a neutral entity [17]. In pristine LTO,
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there are fewer free lithium ions than polarons, because it can be assumed that oxy-
gen vacancies in the solid are charge compensated by Ti** centers. These vacancies
may interact with Li* from the electrolyte.

"Li T, showed a defined, continuous concentration dependent dispersion. As
shown in Fig. 2c it was, however, not monotonic, suggesting that it is necessary
to distinguish between a low concentration and a high concentration electrolyte
regime. If a small concentration, here less than approximately 2 mmol/L, of lithium
salt was added to the electrolyte, the anion concentration close the surface increased
and formed additional negative charge carriers that stabilized mobile overstoichio-
metric Li* in LTO near the surface. In this process, some spectral heterogeneity of
"Li T, was observed that may be interpreted by the formation of a core—shell struc-
ture. The core lost polaron concentration with increasing TFSI™ concentration in the
electrolyte, which prevented paramagnetic relaxation processes and caused a minor
increase of bulk "Li 7, in LTO. The polarons showed a stronger preference to be
located in a shell on the LTO surface [20].

If a larger amount of lithium salt was added with a concentration above about
2 mmol/L, a critical concentration was reached that exerted an osmotic pressure on the
solid, which is capable of taking up additional Li ions without significant structural
adaptation. The Li* now diffused from the electrolyte into the solid. Additional Li*
ions unpinned polarons from surface defects, forming electrically neutral, paramagnetic
Li—polaron pairs with a reduced hopping barrier and, therefore, a higher diffusivity com-
pared to a charged Li*. This caused a homogeneous ’Li T relaxation enhancement. The
unpinned polarons from the surface were locally charge compensated by a TFSI™.

At very high electrolyte concentrations, suitable defects in LTO are used up, and the
formation of a less permeable core—shell configuration is indicated by ’Li T, data. Such a
configuration may be stabilized by a space charge layer that forms a surface dipole, albeit
direct evidence for such a mechanism is not apparent from the NMR data.

While the cases with low or very high electrolyte concentration require a better
understanding of the surface structure and defects for an equilibrium model, a sim-
plified model of the intermediate electrolyte concentration range may be attempted
using the presented data. If we assume a chemical equilibrium between Li in the
LTO bulk and in the electrolyte, then no electrical potential difference between the
two phases exists, i.e., A¢ = 0.Li* in the complexion is in equilibrium as well, and it
becomes possible to cascade the different equilibria such that eventually the Nernst
potential between Li ions in the LTO bulk and in the electrolyte can be balanced by
the redox potential of titanium ions. Let us consider the simplified equilibrium

S+ - 3+ A+
Li @ T TFSI(SD +TiT +Ti

= - 4t i+ 3+
(cx) (bulk) ~ TFSI(CX) + Ti + Li + Ti

(cx) (bulk) (bulk)®
where the subscripts (el), (cx), and (bulk) represent the electrolyte, the complexion,
and the LTO bulk, respectively. Charge in each environment is balanced locally on
the two sides of the equilibrium. For a qualitative discussion, an equilibrium con-
stant based on concentrations rather than activities can be written as
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[Li (bulk)][Tl(bulk)] [TFSI(cx)][Tl(cx)]

K= X = = K; X Kyggy- 2)
[Li (el)][Tl(bulk)] [TFSI(el)][TI(cx)]

Here, [Ll(b lk)] is only the overstoichiometric lithium concentration. If an equilibrium
is assumed between Li* in the LTO bulk and in the electrolyte, as represented by the
first term, K| ;, then the second term, Kppg;, representing TFSI™ must form an equi-
librium as well. Only Kj; is dependent on lithium concentrations, hence only this
term is required for the discussion of 7Li NMR data. It can further be simplified by
remembering the assumption that in the LTO bulk, each Ti’* is charge compen-

(bulky> thus [Ll(bulk)] = [Tl(bulk)]
for the intermediate electrolyte concentration region that [Li

(bulk)
It is also assumed
(el)] ~ [Ll(el)]o’
[Ll( 1)]0 is the concentration of the neat electrolyte. Finally, while both concentra-

sated by an overstoichiometric Li’

where

tions [T1 ] and [T14+ ] in the complexion may change signiﬁcantly, the amount
of 0verst01ch10metrlc L1 diluted into the bulk is rather low, hence [Tl(bulk)] can be
approximated by the stoichiometric concentration [Tl(b 1k)]0 and is, therefore, con-
stant. The simplified equilibrium to be considered then becomes

2
K [Ti (bulk)]
KTFSI [ (el)] [Tl(bulk)]o

If constant terms are combined into K = /K [Ti?l:; lk)]O /Krps;> then the bulk polaron

concentration becomes

3)

[Ti (bulk)] = [Li (el)]o' 4)

The link with the experimentally observable T, relaxation time constants can be
made by assuming the presence of mobile paramagnetic polarons in the LTO bulk

with concentration [Tl(bulk)] and modeling the observed relaxation rate R, = 1/T as

R =R+ p[Tl(bulk)] R+ pKy /[Li(*él)]o, 5)

where R is the relaxation rate in the absence of paramagnetic species, and p is
an empirical paramagnetic relaxivity parameter that is characteristic for a particular
material, temperature, and magnetic field strength. Results are shown in Fig. 6.

The model is capable of fitting the intermediate concentration region well, indi-
cating that the model assumptions are sufficiently justified. The low concentration
region, however, cannot be represented adequately, which is in line with the sugges-
tion of a qualitatively different equilibrium. Fitting is possible in a robust manner,
with T}y = 1/R, ; on the same order as reported for sodium containing electrolyte,
where the cation is not able to enter the LTO matrix [14].

Despite the apparently homogeneous 7 time constants at intermediate electro-
lyte concentration, upfield and downfield regions of the spectrum provided different
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Fig.6 Fit of "Li 7| relaxation time distribution maximum in LTO vs. electrolyte concentration using
Eq. 5 for the downfield (Green) and the upfield (Orange) spectral regions. For both data sets, four data
points were used for fitting (diamonds). The data points shown as circles were not used for the fit. Fitted
parameters were pK = 2.14 + 0.06 X 1073 s} (mM)%> and R, ; = 7.8 + 0.5 x 1073 s™! for the downfield,
and pK = 1.81+0.02x 1073 57! (mM)~*% and R,y = 9.9 + 0.3 x 103 57! for the upfield spectral region.
For both fits, the coefficient of determination was above 0.999 (color figure online)

fitting parameters. Using high resolution magic angle spinning (MAS) “Li NMR of over-
lithiated LTO, an upfield Knight shift or paramagnetic shift was observed due to the for-
mation of paramagnetic Ti** [23, 30]. While MAS NMR experiments would be neces-
sary to confirm such a correlation, the observed variations of the fitted parameters, with
a shorter 7'  for the upfield region, is consistent with such an origin.

5 Conclusions

The "Li T, relaxation behavior of LTO in the presence of lithium-salt-containing
aprotic electrolytes was reported as a function of electrolyte concentration. It was
shown that there is a defined relationship between the bulk "Li T relaxation time
in LTO and the lithium ion concentration in the surrounding electrolyte. At elec-
trolyte concentrations larger than about 2 mmol/L, the relaxation time in the solid
state shortened with increasing lithium ion concentration in the electrolyte. This
could be explained by the lithium interdiffusion equilibrium that occurs between
the LTO solid and the electrolyte. Lithium ions diffuse into the solid, which is
possible because polaronic electrons can be released from existing defects in
the LTO complexion. The Li ions and the polarons move as a neutral quasipar-
ticle, allowing local charge balance for the newly introduced Li*. The positive
defects at the LTO surface are charge compensated by anions from the electro-
lyte, which are not able to enter the solid. If the concentration of the lithium salt
is below 2 mmol/L, lithium ions no longer diffuse into the bulk. Instead, ani-
ons are adsorbed at the LTO surface, where they form a space charge layer that
acts, together with the Li* ions from the electrolyte, as a surface dipole with its

@ Springer



Li Cation Equilibrium Across Solid-Electrolyte Interface 1477

electronegative pole pointing towards the LTO to stabilize the defects. A model
based on a core—shell structure was presented. This leads to an "Li NMR fre-
quency dependent relaxation behavior at low electrolyte concentration, with faster
relaxation in the upfield region and slower relaxation in the downfield region,
while spectrally more homogeneous relaxation was observed at concentrations
larger than 10 mmol/L and up to about 250 mmol/L.

An empirical equilibrium model was devised for the intermediate electrolyte con-
centration region, which showed adequate fits of the experimental data. It is con-
sistent with and further refines previously established connections with pseudoca-
pacitance, implying an adsorption pseudocapacitance at low and possibly very high
concentrations, and redox or intercalation pseudocapacitance in intermediate con-
centration regions [46, 47]. Therefore, it correlates with defects in the material [48].

A tool for investigating the influence of doping, either deliberate or accidental, on
properties of battery materials was presented, using the example of battery grade LTO.
The presented approach may prove useful for material development, either empirically as
presented here, or based on a more physics-based analysis in combination with additional
experiments and numerical simulations. In particular, mutual stimulation may occur by
combining such measurements with simulations. To extract more physically meaningful
parameters from measurements, certain constraints are required. Recent methodologi-
cal developments in atomistic simulations of LTO and its surface suggest that such con-
straints may be obtained numerically [19, 49]. At the same time, the presented experi-
ments may become a realistic target for direct simulations in the future. Furthermore,
microstructure-resolved simulations, which strongly depend on the availability of a large
number of accurate physical parameters [50], may benefit from measurements of battery-
relevant material combinations that avoid the complexity of an electrochemical cell. How-
ever, substantial hurdles still exist. As one example in the case of LTO or, more generally,
battery electrode materials, the relaxivity parameter p may be sensitively dependent on
the Li* concentration in LTO, since the Li-ion mobility in the material changes as a func-
tion of overlithiation [31]. A more detailed analysis may be possible and worthwhile, but
would require a more involved model of relaxation that takes into account both the Li ion
mobility dependence on the degree of overlithiation and the additional relaxation effects
by the paramagnetic polaronic charges. For both of these problems, no quantitative theo-
retical basis exist. For its development, various magnetic resonance techniques need to
be combined, including MAS NMR, EPR, or field-cycling relaxometry, and potentially
supplemented by electrochemical tests [S1]. If successful, a more direct interpretation of
presented results and their subsequent use for material optimization may be envisioned.
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