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ABSTRACT

Demand for fast-charging lithium-ion batteries (LIBs) has escalated incredibly in the past few years. A conventional method to

improve the performance is to chemically partly substitute the transition metal with another to increase its conductivity. In this

study, we have chosen to investigate the lithium diffusion in doped anatase (TiO,) anodes for high-rate LIBs. Substitutional

doping of TiO, with the pentavalent Nb has previously been shown to increase the high-rate performances of this anode
material dramatically. Despite the conventional belief, we explicitly show that Nb is mobile and diffusing at room temperature,
and different diffusion mechanisms are discussed. Diffusing Nb in TiO, has staggering implications concerning most chemically

substituted LIBs and their performance. While the only mobile ion is typically asserted to be Li, this study clearly shows that the

transition metals are also diffusing, together with the Li. This implies that a method that can hinder the diffusion of transition

metals will increase the performance of our current LIBs even further.

1 | Introduction

There is no question that the world demands better, safer, and
more sustainable Li-ion battery (LIB) and Na-ion battery, which
entails finding materials with high capacity and long lifetimes.
One key parameter in electrode materials governing these at-
tributes is the diffusion coefficient (Dy; o). Traditionally, these
parameters are determined by electrochemical measurements
and have successfully contributed to battery development dur-
ing the last decades. However, the reactive surface area of a
porous liquid electrode is nearly impossible to estimate accu-
rately, and the determined Dy, n, usually has a large spread of
several orders of magnitude. Moreover, other effects like

interfaces can also play a role besides bulk diffusivity, and it is
sometimes impossible to separate different contributions.

To overcome these issues, Li/Na-nuclear magnetic resonance
(NMR) has become a common probe to measure and successfully
determine Dy;ng [1, 2]. However, an accurate determination of
Dy; no With NMR is challenging in case that the target compound
contains d- or f-electron spins (typically a transition metal), as its
fluctuation contributes to the spin-lattice relaxation rate (1/T1)
[3, 4]. Instead, the related technique, muon spin relaxation
(u"SR), has been adapted and developed for measurements on
battery cathode materials [5]. It relies on implanting nearly 100%
spin-polarised muons into the compound, which then acts as a
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small magnetometer. The high gyromagnetic ratio of the muon
allows it to detect even nuclear magnetic moments. Therefore,
any fluctuations of nuclear moments can be detected as well,
which includes fluctuations originating from diffusing ions with
nuclear moments, for example, I;; = 3/2 or Iy, = 3/2. Since the
first experiment [5], which showed that the determined value of
Dy ng is comparable to that obtained using first principle calcu-
lations, detailed thermal diffusion has been clarified in many
materials with u*SR [6-8].

Doping is a well-known strategy to enhance the electrochemical
performance of electrode materials to mitigate undesirable
structural transformations and thereby establish structural
integrity during Li-ion transfers. For example, the incorporation
of Mg and Al in the arch typical material LiCoO, showed the
suppression of the undesired phase transition at voltages above
4.5V [9]. Similar performance enhancement has been reported
using almost any element in the periodic table including Nb, Ta,
Ca, Mo, Te, and so forth [10]. However, there is a possibility
that the substituted transition metal is not structurally stable as
commonly believed. Since conventional electrochemical meth-
ods or other bulk techniques measure the whole sample, part of
the results may be affected by a diffusing transition metal.

To confirm the outlined scenario, we have chosen Nb,Ti;_,O, and
its lithiated phase as our target compounds to be investigated with
u*SR. From u*SR point of view, both Ti and O are practically
invisible, given their low nuclear moments. Nb, on the other hand,
has a very large nuclear moment with Iy, =9/2 and a natural
abundance of 100% and contributes strongly to the measured sig-
nal. The presence of O in the compound entails a thermally stable
muon as well [11]. Moreover, TiO,-based materials are considered
to be structurally stable and thereby promising materials for elec-
trodes. The value of the structure changes by about 4% during
cycling, which asserts stability for charging rechargeable batteries.
Here, substituting small amounts of pentavalent Nb ions at the
nominal Ti sites [12] has shown to significantly improve the life-
time by reducing the decay of capacity and increasing the specific
nominal capacity both at low and high current rates, which
nominally makes these materials highly attractive for low- and
high-rate capable fast rechargeable LIBs [13-17].

In this study, we evaluate the microscopic effects of Nb doping
via u*SR on the compounds Li,Nb,Ti; 0, (for x=0.1, y=1;
x=0.01,y=1;x=0.1,y=0 and x = 0.01, y = 0). As expected, we
find evidence of fluctuating Li ions in the sample (y=0).
Remarkably, we observe strong internal magnetic field fluctua-
tion in sample (y = 0) as well. These results suggest that Nb ions
are not structurally stable as often assumed in the literature and
show strong evidence of Nb diffusion, despite the robust struc-
tural stability of TiO,. This questions the legitimacy of doping as
a performance booster in LIBs. Another way of looking at it is
that a method to hinder the diffusion of transition metals will
most likely increase the performance of current LIBs.

2 | Results

Figure 1 shows the u*SR time spectra for Li,Nb,Ti;_,O, (x=0.1,
y=1;x=0.01,y=1; x=0.1, y=0 and x=0.01, y = 0) measured
in zero field (ZF) and longitudinal field (LF) configurations at

T =60 K. LF refers to the applied field direction, which is parallel
to the initial muon spin polarisation. Here, the muon state may
relax from one state to the other (which is called the spin-lattice
relaxation rate), and this relaxation is caused when the nuclear
dipole of a diffusing ion interacts with the muon. More details
about ion diffusion with u*SR are presented elsewhere [18]. A
Kubo-Toyabe (KT)-like depolarisation (originating from ran-
domly distributed magnetic fields) is observed at this tempera-
ture, which develops into an exponential-like at higher
temperatures. Since weak LF is able to decouple the time spectra,
it is underlined that this KT depolarisation is manifested mainly
from randomly oriented Nb and Li nuclear moments with
Inp =9/2 and Ip; = 3/2. Apart from the KT-like depolarisation, a
small offset is also observed, attributed to the fraction of muons
stopping inside the sample holder. However, a single Gaussian
KT function is not able to fully reproduce the time spectra.
A close inspection of the ZF curve reveals smaller anomalies.
Therefore, the ZF + LF time spectra were fitted using a combi-
nation of two dynamic Gaussian KT (G?%*7; sample) and a non-
relaxing asymmetry (sample holder) components:

2
Ao Prrir(t) = 3 Agri GPOKT (Hip, Ay, vy, t) + Agg, (€Y
i=1

where Ay is the initial asymmetry determined by the instrument
and Pypp(t) is the muon spin polarisation function in ZF and
LF configurations (H =0, 5 and 10 G). Agr, A and v are the
asymmetry, field distribution width and field fluctuation rate of
the KT component, respectively, while Apg is the asymmetry
fraction originating from the sample holder. The origin behind
the two separate KTs is discussed below.

To obtain accurate fit parameters, the collected data were fitted
in a so-called global fit procedure, where Ax7; and Agg were kept
as temperature-independent parameters across the measured
temperature range (60-410K). This assertion is based on the
assumption that the fraction of muons stopping on the Ti sample
holder is temperature-independent and that the sample does not
undergo a temperature-dependent structural transition. This is
corroborated by our temperature-dependent X-ray diffraction
(XRD) measurements which confirm the absence of any struc-
tural transition. Additionally, the applied magnetic LF can be
considered small and the spin-spin correlations are most likely
field-independent in this considered range. Thus, A and v were
kept common across the measured field configurations for the
given temperature. Finally, v; =v was set for each temperature.
Using the global fit procedure as described, Axr; =0.0228(4)
and Agr>=0.1235(5) for x=0.1, y=1; Agm =0.0228(4)
and Agr, =0.1254(4) for x=0.01, y=1; Agm =0.0340(3) and
Agr2=0.1212(3) for x=0.1, y=0 and Agr; =0.0398(4) and
Apxr2=0.1096(4) for x=0.01, y=0 were obtained for the
temperature-independent KT asymmetries.

The temperature-dependent parameters are shown in Figure 2.
As the temperature increases, the value of A decreases mono-
tonically, which is a result of an increase in internal magnetic
field dynamics. This decrease saturates into a new high-
temperature value and corresponds to a value in the motional
narrowing limit (see below). A more direct measure of the
dynamics is found in v, which increases as the A decreases. The
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FIGURE 1 | ZF and LF time spectra collected at T = 60 K for (A) LiNby ; Tip 9O,, (B) LiNbg g, Tip 9902, (C) Nbg 1 Tip 90, and (D) Nbg o, Tig.990,. The

solid lines represent the best fits using Equation 1.

increase in v resembles an exponential increase and corre-
sponds to an Arrhenius thermal activation process. Plotting the
natural logarithm of v as a function of the inverse temperature
shows a linear dependence, clear evidence of an Arrhenius
evolution (Figure 3). The derivative of the line corresponds to
the activation energy, while the intersect is the prefactor of the
Arrhenius equation (Table 1). It is noted that the dip in v
(Figure 2C,D) observed around 250-300K corresponds to a
point in which the internal field fluctuations increase above the
sensitivity of the u*SR technique. These kinds of dips in v have
been observed in many battery materials [5, 18-20] using a
similar experimental setup.

3 | Discussion

The absolute value of A is determined by the muon coupling to
the nuclear bath, and the value in the static regime (at low
temperature) can be reproduced by Van Veck formalism for a
given muon site. Therefore, we have performed density func-
tional theory (DFT) calculations on TiO, (Supporting Infor-
mation S1: Table 1) to predict the most probable muon sites. A
self-consistent calculation using the pseudopotential-based
plane-wave method, as implemented in Quantum Espresso
[21], is performed to evaluate the charge landscape, in which
the minimum is asserted to be the muon site. In this case,
(1/2,1/2,0) is predicted as the main muon site. Surprisingly,
only one muon site is suggested by DFT. To verify if this site

belongs to the first (Axr;) or the second signal (Akr,), the ex-
pected A value is computed using the Van Vleck formalism and
is shown in Figure 2. This calculation considers the static limit,
that is, the low-temperature behaviour. These calculations
confirm that the largest portion of the signal (Akr,) originates
from the predicted site: 84% for x=0.1, y =1; 85% for x=10.01,
y=1; 78% for x=0.1, y=0 and 73% for x=0.01, y=0. Small
mismatches between the calculated and measured A are com-
mon as the calculations do not consider minimal local distor-
tions on the lattice induced by the muon. We confirm that
better agreement can be achieved by introducing smaller dis-
tortions. However, a quantitative assessment of these distor-
tions is challenging, and they are therefore not considered in
the referenced values. That being said, the signal from the
smaller portion (Agr) is not predicted within our method. We
shall however point out that a hypothetical lattice NbO, yields
A =0.550136 us ™! at the position (1/2,1/2,0), which is consistent
with the measured Agr;. This would suggest that there is a
small fraction of the sample that contains a cluster of Nb ele-
ments. Structurally, NbO, and TiO, are very similar, and such a
cluster is most likely not observable with XRD.

This subtle distinction is possible to observe because of the high
contrast between Nb and Ti nuclear moments, which is
observable using a sensitive technique as u"SR. Nonetheless,
the main results and conclusion drawn (that Nb ions are dif-
fusing at room temperature in both lithiated and non-lithiated
samples) are not affected by this fact.
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FIGURE 2 | Temperature-dependent Kubo-Toyabe (KT) fit parameters obtained from Equation 1 using the procedure described in the main text,
for (A) LiNbg ;Tip 905, (B) LiNbg ¢1Tip.990,, (C) Nbg1Tig 90, and (D) Nbg ;Tig.990,. The solid lines represent the expected Agr values for Li,Nb,.
Ti; <O, structure (black) and the hypothetical NbO, structures (red) at (1/2,1/2,0) in the static limit (i.e., at low temperatures).

We propose that the decrease in A and an increase in v is due
to motional narrowing and diffusing Nb (and Li). Apart from
the direct observation of an increase in v, this assertion is
confirmed once again by calculating the expected A but
having the Nb (and Li) nuclear moments set to 0 (due to
motional narrowing). In the motional narrowing limit, the
affected nuclear moments will be fluctuating outside the
sensitivity of u*SR technique, which is approximately
equivalent of having them not contributing to the spectra. In
this approximation, A =0.030 us™" is obtained. This value is
close to the measured value of Agr; and Agp, at room tem-
perature for the non-lithiated samples (Figure 2C,D). It is
also noted that Akt = Agr, at room temperature. These are
yet other strong evidence of Nb diffusion in title compounds.
These assertions are consistent with reported u*SR results on
other battery compounds [5, 18, 19].

While the high-temperature data clearly show dynamic internal
magnetic fields, there is a possibility that muon is the diffusing
species. u*SR has in the past successfully determined diffusing

species in various battery materials, mostly Li [5, 22], Na [19, 23]
and even K [24] ions. Even though the stability of the muon has
been a question, a recent combined study using both positive and
negative u*SR has clarified and confirmed the stability of muons
in these compounds [20, 22]. Moreover, similar compounds such
as LiyTisO;, or LiTi,0,4 [25] have shown the muon to be stable up
to 400 K. Therefore, we can safely assert the muon to be static in
our compounds as well. This implies that the dynamics observed
at higher temperatures are originating from Nb and Li ion dif-
fusion. This is also corroborated by the fact that the activation
energies of the lithiated and nonlithiated samples are not the
same (Table 1). If the muon was diffusing, one would expect the
activation energies to be comparable. By similar arguments,
fluctuations caused by any hypothetical impurities (e.g., H dif-
fusion) are unlikely. This assertion is also corroborated by
energy-dispersive X-ray spectroscopy (EDX) spectra of these
samples presented in Cavallo et al. [12], which show the absence
of such impurities. Instead, the average activation energies for
Nb =14.85meV and Li= 53.1 meV are obtained. In fact, Li-NMR
data on LiTiO, [26] show clear motional narrowing effects at
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FIGURE 3 | The natural logarithm of the field fluctuation rate
presented in Figure 2, plotted against the inverse temperature. The solid
lines represent the best fits using the line equation.

TABLE 1 | The obtained Arrhenius parameters (v = Ae 2¢/¥BT)
from the line fits presented in Figure 3.

Sample Ea (meV) In(A)

Lip Nbg,TiO, 51.6 (3.6) 0.26 (15)
Lig.g9 Nbg 01 TiO 54.6 (4.4) 0.23 (16)
Nby , TiO, 12.5 (1.7) —0.80 (12)
Nbg0: TiO, 17.2 (2.9) 0.01 (23)

temperatures comparable to our results. This is a clear indication
that the muon is static in TiO, and our assertions are correct,
namely that Li and Nb are diffusing at higher temperatures
(including room temperature). Nevertheless, we hope our find-
ings can be directly verified via future p”SR or neutron
scattering.

With the diffusing species clarified, we wish to discuss what
consequences a diffusing Nb has in terms of battery point of
view. While it is not possible to determine the diffusing
mechanism of Nb directly from the data, we can make an
educated guess based on the observed behaviours and the
crystal structure. We shall first note that even in the lithiated
sample, Nb is most likely diffusing already before the Li dif-
fusion starts. This is seen in Figure 3, in which a slope is
observed at a lower temperature of x=0.1, y=1. A similar
slope is not observed in x=0.01, y=1 because of the low
fraction of Nb compared with Li. The activation energy and
the absolute value of v, which is directly proportional to Dy;,
are comparable between the two samples of y =0. This sug-
gests that the diffusivity in itself is not hindered by the pres-
ence of diffusing Nb. Moreover, an Arrhenius process clearly
describes diffusion activation in the compounds (y =1); the
y =0 activation does not seem to be as well described by this
model (Figure 3). This in turn implies that the diffusing

mechanism/path of Nb is different from that of Li. It is well
known that Li diffuses thermally through interstitial or
vacancy mechanism [27]. The conclusion is therefore that Nb
diffusion is not interstitial/vacancy (as such diffusion would
physically hinder the diffusion [28]). Instead, the Nb is likely
to directly or indirectly frequently exchange positions with Ti.

The Nb atoms occupy the same crystallographic position as Ti.
Chemically, breaking an O—Nb bond by leaving a neighboring Nb
site unoccupied is unfavorable and leads to lattice reconstruction.
Additionally, since Nb is larger than Ti, a transition to an interstitial
position is unlikely. Instead, Nb diffusion must proceed without
disrupting Li diffusion while preserving the structural integrity. One
mechanism that satisfies these conditions involves Nb swapping
positions with Ti, as both occupy the same Wyckoff sites. This
process can occur without hindering Li thermal diffusion in these
compounds. Furthermore, this is consistent with the observation
that Nb diffusion occurs without any structural phase transition.
Detailed calculations are required to validate the exchange path-
ways and mechanism, which will be addressed in future work.

Compared to other high-rate materials such as Li;TisO;, and
Nb-doped LiMn,0, [29, 30], our findings provide a new insight
into transition metal dynamics, setting a precedent by revealing
that Nb ions exhibit mobility even at room temperature. Recent
reviews have highlighted the advantages of TiO, as an anode
material due to its low volume fluctuations (< 4%), safety and
structural durability [31]. However, these studies have focused
on lithium-ion intercalation and did not consider the possibility
of dopant mobility. Emerging techniques, such as machine
learning-based predictions of doped TiO, performance, have
emphasized the importance of dopants in enhancing electronic
and electrochemical properties. Yet, the potential mobility of
the doped transition metals themselves was not addressed [32].
In addition, studies on layered structure 2D MZXene/TiO,
composites have demonstrated excellent electronic conductivity
and high structural stability [33], but transition metal mobility
within these systems remains unexplored.

Our study demonstrates, for the first time, the mobility of Nb
ions in doped TiO, anodes for high-rate LIBs. This discovery
fundamentally challenges the conventional belief that transi-
tion metals remain immobile in systems where structural
stability is crucial to improving performance and increasing
D;;. Since the most common diffusion mechanism for Li in
LIBs is interstitial or vacancy diffusion, we suggest that hin-
dering Nb diffusion in LiNb,Ti;_,O, will improve the per-
formance even further. In fact, this assertion is consistent with
the observed behaviour of Mn dissolution in LiMn,O, due to
corrosion [34]. On the other hand, previous electrochemical
studies on Nb-doped TiO, suggest increased cycle lifetime [12,
35], attributed to reduction in strain during the Li insertion,
and it may be that this reduction in strain is assisted by Nb
diffusion. As a matter of fact, recent phonon studies have
suggested a mechanism in which phonons assist the diffusion
of the alkali ions [36]. It would be interesting to continue
similar study on the presented compound considering
the mobile Nb. Finally, we wish to state that while we have
asserted Li and Nb to be mobile in the title compounds, we
cannot assert the situation for Ti given that its signal is
undetectable in this case from u*SR point of view.
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4 | Conclusions

While chemical substitution is a common method to enhance
the performance of various battery materials, this study shows
that even transition metals are mobile, diffusing at room tem-
perature. We provide strong, direct and microscopic evidence of
Nb diffusion in Li Nb,Ti;_,O,. Although alkali ions are typi-
cally considered the primary diffusing species in transition-
metal-based battery materials, our results suggest that this
assumption does not always hold. Moreover, diffusing transi-
tion metals may affect the measurements presented in the lit-
erature and inevitably the battery lifetime and performance. We
hope this study encourages the wider use of microscopic probes
to measure battery materials to ensure their microscopic sta-
bility in regard to the transition metals. Finally, we wish to note
that u*SR has been used to detect the diffusion of Li, Na and
even K ions but this is the first instance of Nb diffusion.

5 | Lead Contacts

Inquiries regarding the data and sample related to this paper
can be directed to Dr. Ola K. Forslund (ola.forslund@physik.
uzh.ch) or Dr. Carmen Cavallo (cc@cenate.com).

6 | Experimental Setup

Titanium(IV) isopropoxide (TIP) (97" %), ammonium hydroxide
solution (30%-33%), potassium chloride (KCl) (99.99%, trace
metal basis), 1-hexadecyl amine (HDA) (technical, 90%) and
niobium(V) ethoxide (99.95% trace metals basis) were pur-
chased from Sigma Aldrich and used as received. The meso-
porous anatase beads doped with Nb>* were prepared according
to the previous methodology [12]. Sample characterisations are
presented in Supporting Information File S1 and in our previ-
ous work [12].

Temperature-dependent XRD patterns were recorded using a
Bruker D8 diffractometer equipped with a LynxEye position-
sensitive detector (PSD, 4° openings) using CuKal radiation
(A =1.5406 A). The measurements were performed between 100
and 300K (26 range of 10°-100°). All patterns could be fully
refined using the anatase structure (space group I4;amd) using
one Ti(Nb) position (0, 1/4, 3/8) and one O position (0, 1/4,
~0.165). The difference in unit cell parameters on cooling from
300 to 100K for each sample was minuscule, less than 1%.
Additionally, no extra features appeared during cooling, indi-
cating phase transitions in the samples. More details are pre-
sented in Supporting Information File S1.

The w"SR measurements were performed in double pulse
mode at the surface muon beamline S1 in J-PARC (Japan).
About 700-900 mg of samples were each prepared inside a He
glove box, mounted into a Ti-made sample cell and sealed
with a Ti-window (50 um thick) and Au O-ring. A standard
“He cryo-furnace was used to reach temperatures from 60 up
to 410 K. Finally, the software musrfit [37] was used to ana-
lyse the muon data. Detailed descriptions of u*SR are found
elsewhere [38, 39].
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