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Introduction

Tracking areal lithium densities from neutron
activation — quantitative Li determination in
self-organized TiO, nanotube anode materials
for Li-ion batteriest

E. Portenkirchner,*® G. Neri,° J. Lichtinger,® J. Brumbarov,® C. Rudiger,®°
R. Gernhauser® and J. Kunze-Liebhauser*?

Nanostructuring of electrode materials is a promising approach to enhance the performance of next-
generation, high-energy density lithium (Li)-ion batteries. Various experimental and theoretical approaches
allow for a detailed understanding of solid-state or surface-controlled reactions that occur in nanoscaled
electrode materials. While most techniques which are suitable for nanomaterial investigations are restricted
to analysis widths of the order of A to some nm, they do not allow for characterization over the length
scales of interest for electrode design, which is typically in the order of mm. In this work, three different
self-organized anodic titania nanotube arrays, comprising as-grown amorphous titania nanotubes,
carburized anatase titania nanotubes, and silicon coated carburized anatase titania nanotubes, have been
synthesized and studied as model composite anodes for use in Li-ion batteries. Their 2D areal Li densities
have been successfully reconstructed with a sub-millimeter spatial resolution over lateral electrode
dimensions of 20 mm exploiting the °Li(n,a)*H reaction, in spite of the extremely small areal Li densities
(10-20 pg cm™2 Li) in the nanotubular active material. While the average areal Li densities recorded via
triton analysis are found to be in good agreement with the electrochemically measured charges during
lithiation, triton analysis revealed, for certain nanotube arrays, areas with a significantly higher Li content
('not spots’) compared to the average. In summary, the presented technique is shown to be extremely
well suited for analysis of the lithiation behavior of nanostructured electrode materials with very low
Li concentrations. Furthermore, identification of lithiation anomalies is easily possible, which allows for
fundamental studies and thus for further advancement of nanostructured Li-ion battery electrodes.

balancing the difference between supply and demand of renew-
able energy sources.”

The mobile world depends on Li-ion batteries which are
considered to be today’s ultimate rechargeable energy storage.
In particular, for small scale electronics, electrochemical energy
storage through Li-ion batteries is the method of choice owing
to their ability to provide high energy and sufficiently high power
densities."™ Furthermore, electrochemical energy storage in
Li-ion batteries is expected to be the key technology for electrically
powered vehicles, and is expected to substantially contribute to
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However, most of the electrode materials in commercially
available batteries are limited by low Li ion diffusion, slow
electron transport and high resistances at the electrode/electrolyte
interfaces, especially when charge and discharge are performed at
high rates. In order to improve the cycling performance of
batteries, various approaches have been implemented to develop
materials with superior transport properties of electrons and of
Li" ions. In particular, different designs of nanomaterials and
engineered nanostructures, such as nanowires, nanotubes, hollow
spheres and porous nanostructures, with diminished pathways
for Li" ion transport have been successfully designed and shown
to have stable cycling capacities and high rate capabilities.”™"°
Particularly, 1D structures have demonstrated outstanding per-
formances as they provide a direct path for electron transport
towards the current collector, and a high surface area for Li'-ion
insertion, which is shortening the path for Li* ion diffusion.'*
Significant attention has also been devoted to develop silicon
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coated nanostructures that can accommodate the lithiation-
induced strain due to extreme volumetric and structural
changes that occur during Li insertion/extraction into Si.

Among many other 1D-nanostructures, titanium dioxide (TiO,)
nanotubes (NT), which promise to provide important advantages
in terms of cost-effectiveness, safety and environmental
compatibility,”'* have been successfully applied for Li-ion inser-
tion/extraction.”"*'* The simple way of nanostructuring by anodic
oxidation of the parent Ti metal in fluoride containing electrolytes
makes self-organized TiO, NT highly attractive as the anode
material in Li-ion battery applications."* Furthermore, no con-
ductive binder is needed for the integration of the nanostructured
electrodes in the cell, because the NT are grown on Ti metal which
itself serves as a current collector. While this makes the system
less complex and thus better suited for fundamental research
than complex powder based electrodes, the low amount of the
active electrode material, which is usually less than one mg per
nanotube array, makes it almost impossible to accurately quantify
the absolute Li-content in the electrode.

To further develop advanced macro-sized nanostructured
anodes, such as self-organized TiO, NT arrays, it is essential to
visualize and quantify the distribution of the inserted Li over
macroscopic areas. Therefore, Li mapping over the millimeter
length scales of interest for electrode design combined with
sufficiently high spatial resolution is crucial. While in the
literature potentially quantitative methods for Li detection, like
X-ray diffraction (XRD),"> nuclear magnetic resonance spectro-
scopy (NMR)'® and X-ray photoelectron spectroscopy (XPS),"” are
reported, these methods cannot be easily employed to obtain
spatial information on the Li content.’® Other methods, like
electron energy loss spectroscopy and transmission electron
microscopy, can be used to image Li in a specimen volume of
the order of A to some nm,**?° which is suitable for the lattice
structure analysis of active materials, but does not allow for Li
mapping over the length scales of interest for electrode design.

We report on a quantitative 2D determination of the overall
Li content in three different nanotubular anode arrays,
comprising as-grown amorphous titania nanotubes (TiO, NT),
carburized anatase titania nanotubes (TiO,_,~C NT) and silicon-
coated carburized anatase titania nanotubes (SiTiO,_,~C NT) by
triton analysis.>' The areal Li density in the nanotubular active
material is extremely small (10-20 ug cm™2 Li) compared to that
in ink-based electrodes (0.1-10 mg cm™> Li), which renders its
direct detection very challenging. This method allows for a non-
destructive, position dependent, Li areal density measurement,
with acceptable spatial resolution and very high sensitivity to Li
over the full lateral electrode dimensions.

Results and discussion
Electrochemistry

For lithiation of nanotube arrays, a specially designed cell has
been employed (Fig. S1la and b, ESIt) in order to avoid the use
of a glass fiber separator between the anode and the Li metal
counter electrode. Fig. S1a (ESIT) shows an exploded view of the
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lithiation cell with the position of the working electrode and
the fully assembled cell. This cell design allows for non-
destructive disassembly and recovery of the working electrodes
after lithiation inside an Ar-filled glovebox.

The nanotubular electrodes are first lithiated by a galvano-
static process at a rate of C/10 from OCP to 1.1 V, followed by
potentiostatic lithiation at 1.1 V until the lithiation current is
no longer changing by more than 3 x 10°® mA s~ '. This
procedure leads, in the first approximation, to full lithiation
of the TiO, NT. In this potential range, only TiO,, not the Si
coating, is lithiated. An example of the process is depicted in
Fig. Sic (ESIf). The galvanostatic lithiation curve of anatase
TiO,_,—C NT can be described by three different regions: (i) a
steady voltage decrease from 3 V to 1.73 V corresponding to the
formation of the Li-poor anatase phase Li,TiO, (0.01 < x < 0.21)
by diffusion of Li into the material, (ii) a plateau at 1.73 V corres-
ponding to a phase transition from the tetragonal Li-poor anatase
phase to orthorhombic lithium titanate Li.o55TiO,,>>>* and (iii) a
second, much smaller plateau at 1.43 V corresponding to a second
phase transition to fully lithiated LiTiO,. The theoretical capacity
of fully lithiated LiTiO, is 335 mA h g~ '.>>?® In the second step,
the NT arrays are galvanostatically lithiated from OCP to 40 mV
and potentiostatically until the lithiation current is no longer
changing by more than 1 x 1077 mA s~ ' (Fig. S4, ESIt). This
procedure leads to lithiation of both TiO, and Si.

In the case of nanostructured electrodes in general, the
uncertainties of the gravimetric capacities, induced by non-
accurate determination of the active masses, are high. In the present
case, uncertainties are induced by the nanoscopic dimensions
of the nanotubes and the low amount of Si in the thin film
coating, and by the high relative error of the morphological
parameters. A detailed error analysis of this system for the
determination of gravimetric capacities has been reported in
ref. 7. Consequently, in the present work, areal capacities (in
mA h cm?) are chosen to represent the lithiation capacities
because the error in area determination is as low as <2%, and
the data can be directly compared to the reconstructed 2D areal
Li density maps determined by triton analysis. Fig. S1d (ESIt)
shows an optical image of the working electrode area, consist-
ing of TiO,_,~C NT on the supporting Ti-substrate with a
diameter () of 20.00 (+£0.01) mm and a thickness (D) of
0.95 (£0.02) mm. For the calculation of the Li fraction x in
Li, TiO, however, the active electrode mass has to be taken into
account.

Nanotube morphology, structure and chemical composition

Fig. 1 depicts scanning electron (SE) micrographs of amorphous
TiO, NT, anatase TiO,_,—C NT and Si coated SiTiO,_,—C NT. The
SEM images reveal 1.1 pum average tube length, 15 nm average
wall thickness at the top, 115 nm average pore diameter, and a
solid hemisphere at the bottom of each tube (Fig. S2, ESIT).
Analysis of the SEM cross sections of the SiTiO, ,~C NT
reveals that the Si coating is about 10 nm thick and that it
covers about 160 nm of the nanotube top length at both inside
and outside walls (Fig. 1c, f and Fig. S2, ESI{). The mass of
deposited Si was estimated to be ~5 wt% of the SiTiO,_,—C NT
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Fig. 1 SE micrographs of (a—c) TiO, NT, TiO,_,—C NT and SiTiO,_,—C NT
after lithiation to 1.1 V and (d-f) the corresponding cross-sections.

composite by calculating its volume fraction determined from
the SE micrographs, a procedure already employed in ref. 7.

After carbothermal conversion at 400 °C and galvanostatic
lithiation to 1.1 V, the NT are found to have an anatase
structure. Ex situ XRD measurements in an argon atmosphere
show the most prominent anatase peaks (101), (004), (200),
(105) and (211) at 20 ~ 25, 38, 48, 54, and 55 for TiO,_,~C NT
(black) and SiTiO, ,~C NT (blue), respectively (Fig. 2a). XRD
reference measurements of the pristine samples before lithia-
tion are shown in the ESI,f Fig. S3a. Intriguingly, for both
TiO,_,~C NT (black) and SiTiO,_,~C NT (blue), after electro-
chemical lithiation to 1.1 V, no lithium-related new phase can
be identified from the XRD spectra, and the original phases are
well maintained, indicating that the lithiation process does not
change the phase composition significantly. This is consistent
with previous findings reported for similar systems.">*” A new
peak at 35.9° is however observed for SiTiO,_,~C NT (blue) that
is not present in the pristine SiTiO, ,—C NT (Fig. S3a, ESI{) and
could not be clearly identified. In the case of the as-grown
amorphous TiO, NT (red), only the Ti metal peaks are observed,
with the most prominent peaks at ~35° and 40°, corres-
ponding to the (100) and (101) signals, because these nano-
tubes consist of amorphous TiO,."* Additionally, a peak at 43.7°
is observed, which is only present in the lithiated, amorphous
TiO, NT (red). This peak is very likely related to an electro-
chemically driven transformation of amorphous TiO, to a face-
centered cubic crystalline phase,*® as previously reported by
Johnson and Rajh et al.”

Ex situ ATR-FTIR spectra of the nanotubes before lithiation
(Fig. S3b, ESIt) and after lithiation to 1.1 V (Fig. 2b) have also
been recorded. In the case of pristine and lithiated NT arrays, a
number of intense peaks that are found for amorphous TiO, NT
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Fig. 2 (a) XRD spectra, (b) ATR-FTIR spectra, and (c) micro-Raman
spectra of TiO, NT (red), TiO,_,—C NT (black) and SiTiO,_,—C NT (blue)
after lithiation to 1.1 V.

(red) are not present in the case of the annealed TiO,_,~C NT
(black) and SiTiO,_,~C NT (blue). The species on amorphous
TiO, NT can be identified as adsorbed OH groups,**~> or can
be attributed to adsorbed carbonate, carbon dioxide (CO,) or
COOH species, which are almost completely removed upon
annealing, which is consistent with the literature.*® The vibra-
tions in the region around 3375 cm ™' are characteristic of the
hydroxyl groups from Ti-OH where weak hydrogen bonds are
formed with the TiO, surface.’>** The relatively broad peak at
2100 cm ™" can be assigned to weakly adsorbed CO,,*® while the
double peak centered around 2350 cm ™ is due to atmospheric CO,
that could not be totally removed during the measurements. The
signal at 1630 cm ™" is associated with the deformation vibration of
-O-H from physisorbed water.** The absorption band at 1480 cm ™"
belongs to the symmetric and asymmetric stretching vibrations of
carboxylate groups.®® The band at 1415 cm ™ is related to antisym-
metric stretching modes of CO,>~ and HCO,®~ ions and is found to
strongly increase for TiO, NT (red) upon lithiation (compare
Fig. S3b, ESIt).***”?® The Ti-O stretching mode is observed at
837 ecm™ .*! The FT-IR spectrum of TiO,_,~C NT shows no signal
other than the double peak of atmospheric CO, and small features
at 1415 em™ ' (CO;>~ and HCO,? ) and 837 cm™* (Ti-O stretching).
In the spectrum of SiTiO,_,~C NT, a number of very small features
can be identified in addition to the double peak of atmospheric
CO,, ie., at 3630 cm ' (unsymmetrical stretching of water
molecules),** ~3300 cm ™" (Ti-OH stretching), 2100 cm™* (-CO,)
and ~1500 cm ' (-COOH). The small peak at 1045 cm !,
which is also present in the reference spectra of SiTiO, ,~C NT
(Fig. S3b, ESIY), is indicative of Si-0-Si.>**°

The crystalline phases of as-grown TiO, NT, TiO,_,—C NT
and SiTiO,_,~C NT before lithiation (Fig. S3c, ESIt) and after
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lithiation to 1.1 V (Fig. 2c) have been further investigated using
Raman spectroscopy. After lithiation, no distinct Raman sig-
nals are measured in the case of amorphous TiO, NT (red). Four
main Raman peaks are observed for TiO, ,~C NT (black) and
SiTiO,_,~C NT (blue) at 145, 399, 516, and 634 cm ™' that can be
ascribed to the Eg, Byg (1), A1/Big (2), and E, (2) vibration modes
of the anatase phase for pure TiO,.*"** The weak features
between 700 and 800 cm™* may be attributed to the combination
bands of anatase TiO, (indicated by (A)),** while the peaks
detected at ~460 cm ™" (only in the spectrum of SiTiO,_,~C NT)
and at 826 cm™ ' can be assigned to the E, and By, bands of rutile
TiO,.** In the presence of anatase TiO,, the small B,, band of
rutile at 143 em™" is usually obscured due to its proximity to the
anatase E, band. However, there is also no distinct peak visible at
612 cm ™! that is caused by the Raman active A;; mode of rutile,
suggesting a very low fraction of the rutile phase compared to the
anatase phase in TiO,.**** In line with the XRD results (Fig. 2a),
no lithium-related new phase can be identified from the micro-
Raman spectra after electrochemical lithiation to 1.1 V compared
to the pristine samples before lithiation (Fig. S3c, ESIt). However,
the band maximum position of the anatase E, mode slightly shifts
from 639 to 634 cm™ !, which is consistent with previous findings
reported for similar systems.*® Furthermore, the Raman spectra of
TiO,_,~C NT and SiTiO,_,—C NT show two weakly resolved bands
at 1352 and 1457 cm ' that may originate from amorphous
carbon®” and adsorbed polyenes present on TiO, after acetylene
treatment at 400 °C.*""** It has been shown earlier that this carbon
in TiO,_,~C NT and SiTiO,_,~C NT originates from carburization
treatment during nanotube preparation.’* The band at 1125 cm ™"
(SiTiO,_,—C NT) is attributed to the asymmetric stretching vibra-
tion of Ti-0-Si.***

Triton analysis

Tritons from the °Li(n,&)’H reaction are measured using a
position-sensitive silicon detector having a spatial resolution
of 300 um. Local count rates are used to determine the areal Li
concentrations in TiO, NT, TiO,_,—C NT and SiTiO,_,—C NT on
Ti-substrates with diameters of 20.00 (£0.01 mm), Ti substrate
thicknesses of 0.95 (+£0.02 mm) (Fig. S1d, ESI{), and thick-
nesses of the nanotubular active materials of ~1 pm (Fig. 1). In
Fig. 3, an example of a reconstructed 2D areal Li density of
lithiated TiO, ,—C NT is shown, where the nanotube array has
been partially peeled off upon rinsing with DMC after the
electrochemical lithiation process. The reconstructed areal Li
density (Fig. 3c) is compared to an optical microscopy image of
the same electrode (Fig. 3b). Fig. 3d shows an overlay of both
graphs; the electrode areas fully covered with lithiated NT are
shown in black and red, respectively. Areas where the nanotube
film has been removed are shown in beige and blue, the
transition states also coincide in both pictures. For this partially
removed lithiated TiO,_,—C NT array, it is clearly visible that the
reconstructed 2D areal Li density from triton analysis exactly
resembles the area that is still covered with NT. This is a proof of
principle for the applicability of the method to Li detection in
self-organized TiO, NT electrodes.
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Fig. 3 Proof of principle: triton analysis on a partially removed lithiated
TiO,_x—C NT array: (a) scheme of the electrode surface area and the analyzed
area reduced to 11 x 8 mm? (red cut), (b) optical micrograph of the electrode
surface with the analyzed area (red cut), (c) reconstructed areal Li density on
the 11 x 8 mm? target region (red cut), (d) position dependent areal Li density
in pg cm~2 super-imposed over the microscopy image.

Fig. 4 shows galvanostatic lithiation to 1.1 V (C/10), followed by
potentiostatic lithiation at 1.1 V of (a;) TiO, NT, (b,) TiO,_,~C NT,
and (c;) SiTiO,_,—C NT, the corresponding reconstructed areal Li
densities on a 2 x 2 mm?” area in ug cm > (Fig. 4a,-¢,), and areal
Li density distributions over the analyzed area in Fig. 4a;—c;. The
as-grown amorphous TiO, NT show a steady voltage decrease
within the given potential range from 3.0 to 1.1 V. In the case of
the TiO,_,~C NT, the plateau that indicates the phase transition
from Li-poor anatase TiO, to Li-titanate ends at 31 pA h cm™>
(Lig33TiO,), which indicates that not all of the active mass is
undergoing the first phase transition to LiyssTiO, under the
applied lithiation conditions.

For SiTiO,_,—C NT, the same plateau ends at 38 pA h ecm™
(Li41TiO,). The lithiation behavior to 1.1 V of TiO, ,~C NT
and SiTiO,_,-C NT is similar since Li insertion into Si starts
at ~0.25 V.” A relatively homogeneous lithiation behavior over the
analyzed surface area is observed in all three cases. For TiO, NT,
the areal capacity for galvanostatic lithiation to 1.1 V is deter-
mined to be 61 pA h ecm™> and the areal Li density does not
show remarkable changes over the analyzed surface area
with an average value of 14.2 ug cm™> determined from triton
detection (Fig. 4a,-a;).

The areal capacities of TiO,_,—C NT for galvanostatic lithiation
to 1.1 V are determined to be 44 pA h ecm > (Fig. 4b,) and for
SiTiO,_,~C NT with 50 uA h cm ™2 (Fig. 4c,). Both electrochemistry
(EC) and triton analysis reveal the highest Li areal density for
the amorphous TiO, NT with 15.8 (£1.9) pg;; cm™ > measured
electrochemically and 14.2 (£1.8) pgy cm > from triton
analysis. The Li content detected for anatase TiO, ,—C NT is
11.4 (+1.4) and 12.1 (£1.5) pg; em™> and that for SiTiO,_,~C
NT 13.2 (£1.7) and 11.4 (£1.4) ugy; cm™ > from electrochemistry
and triton analysis, respectively. These results are in agreement

2
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Fig. 4 Galvanostatic lithiation to 1.1 V (C/10), followed by potentiostatic lithiation at 1.1 V of (a;) TiO, NT, (b;) TiO,_,—C NT, and (cy) SiTiO,_,—C NT,
(as—C») the corresponding reconstructed areal Li densities in pg cm™2 reduced to 2 x 2 mm? and (az—cs) areal Li density distributions in pg cm~2 over the

analyzed area.

with the literature, where in general amorphous TiO, nano-
particles are shown to reveal higher capacities, especially on the
first discharge, compared to anatase nanoparticles.*® The Li
content measured electrochemically is typically higher than the
corresponding value recorded via triton analysis. This can be
explained by surface lithiation and subsequent removal of
Li containing species during electrode emersion and rinsing,
and/or through side reactions taking place during the electro-
chemical lithiation process. Electrochemistry and triton analysis
reveal much higher Li contents for all three materials after lithia-
tion to 0.04 V compared to lithiation to 1.10 V (Fig. S4, ESI{). The
contribution of Si is visualized through a comparison between
TiO, ,~C NT and SiTiO, ,~C NT (Fig. S5, ESIt). After galvanostatic
lithiation to 0.04 V, the gravimetric capacity of the SiTiO,_,~C NT
composite is determined to be 462 (£114) mA h g~ ', whereas
that of TiO, ,~C is 332 (£82) mA h g ', yielding a gravimetric

capacity of 2671 (£662) mA h g~ * for Si alone. These results are
comparable to previous findings reported for a similar system.”
A summary of the average Li surface densities for all three
materials measured via triton analysis and EC and their corres-
ponding error estimations is provided in Table 1. The differences
between the results obtained via triton analysis and EC in the
case of amorphous TiO, NT are 1.62 pg;; cm ™2 when lithiated to
1.1 V and 6.72 pgy; cm™ > when lithiated to 0.04 V. For lithiation
to 1.1 V, the areal Li densities obtained from both methods are
comparable, given the uncertainties in the measurements of
+1.75 pgy; em > (trition analysis) and +1.97 pgy; cm™ > (EC). For
anatase TiO,_,—C NT the differences between triton analysis and
EC are 0.75 ugy; cm™ > when lithiated to 1.1 V and 6.46 ug;; cm ™2
when lithiated to 0.04 V. For SiTiO,_,~C NT the variation is
1.74 pgy; cm ™2 when lithiated to 1.1 V and 12.83 ML cm > when
lithiated to 0.04 V. In summary, Table 1 shows that in most

Table 1 Average areal Li density in pg cm™2 from triton analysis and from electrochemistry (EC) and their corresponding error estimations

Structure/ Lithiation Areal Li density -  Error Areal Li density -  Error Areal Li density

sample potential [V,s yri+]  triton [ugri em 2] [pgr em™*]  EC [pgpi cm ] [ngri em™?]  difference [pg; cm ™ *]  x in Li, TiO,*
TiO, NT 1.10 14.18 +1.75 15.80 +1.97 1.62 0.58

TiO, NT 0.04 24.18 +2.96 30.90 +3.86 6.72 0.99
TiO,_,~C NT 1.10 12.15 +1.51 11.40 +1.42 0.75 0.50
TiO,_,~C NT 0.04 22.98 +2.82 29.44 +3.68 6.46 0.94

SiTiO, ,-~C NT 1.10 11.43 +1.42 13.17 +1.65 1.74 0.47
SiTiO,_,~C NT  0.04 23.66 +2.90 36.49 +4.56 12.83 0.97

“ Mole Li per mole TiO,, calculated from the areal Li density measured by triton analysis and using the average 24.4 pg; cm > as x = 1.

8606 | Phys. Chem. Chem. Phys., 2017, 19, 8602-8611

This journal is © the Owner Societies 2017


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7cp00180k

Open Access Article. Published on 02 March 2017. Downloaded on 12/4/2025 4:40:00 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

x/ mm

Fig. 5 Example of inhomogeneous areal Li density: (a) optical micrograph
of the TiO,—C NT electrode, with indicated areas for SEM analysis (blue
circles) and the corresponding areal Li densities in pg cm™2 highlighted
in the red and green textbox, and (b) position dependent areal Li density
in pg cm™2 overlaid with the micrograph. The red cut shows the area used
to determine the average Li content. SEM images (c) and (d) show details of
TiO,_x—C NT after lithiation for standard areas (green) and ‘hot spots’ (red).
Insets: Cross sections of the TiO,_,—C NT.

cases the average areal Li densities determined via EC and
triton analysis are quite similar. The absolute differences are
sometimes within the given range of errors when the NT are
lithiated to 1.1 V. For all NT arrays a surplus of Li is measured
electrochemically, except for TiO, ,~C NT lithiated to 1.1 V. In this
measurement however, the absolute difference (0.75 pgy; cm™?) is
within the given error (+1.51 pgi; cm ™ ?).

The electrochemically measured Li excess, especially when
lithiated to low potentials (i.e. 0.04 V), can be explained by a
loss of unreacted Li through electrode emersion and rinsing
prior to triton analysis. The highest variance (12.83 pgy; cm ?)
is observed for SiTiO,_,—C NT when lithiated to 0.04 V, where
the high Li amount measured electrochemically might originate
from surface reactions on SiO, that are absent on TiO,_,—C NT.

Due to inhomogeneities of the nanostructured electrodes,
the areal Li density is prone to lateral variations when mea-
sured macroscopically. This is most likely the reason for the
observed variations in lithiation/delithiation performance for
identically prepared electrode materials, which have been
especially noticeable in the case of anatase TiO, NT."* In Fig. 5,
the TiO,_,~C NT array, the central position of which has been
probed to determine the areal Li density depicted in Fig. 4b, is
examined over its complete width. In contrast to the homo-
geneous Li distribution in the center, the areal Li density of the
anatase TiO,_,-C NT depicts a ‘hot-spot’, i.e., an area with a
significantly higher Li content compared to the average, at the
rim of the array (Fig. 5b). While the corresponding lithiation
curve does not indicate any special feature (Fig. 4b,), SEM
analysis after lithiation reveals the presence of nanotubes
with an increased length of 1.7 (+£0.1) um (Fig. 5d) compared
to an average of 1.1 (+0.1) um (Fig. 5c) at the spot where a
higher Li density is detected.

This journal is © the Owner Societies 2017
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Fig. 6 Example of inhomogeneous areal Li density in SiTiO,_,—C NT:
(a) position dependent areal Li density in pg cm™2 super-imposed with the
micrograph, (b) and (c) SEM images of SiTiO,_,—C NT after lithiation to
1.1V for areas with an average Li content (green) and 'hot spots’ (red). Insets:
Cross sections. (d) Example for optimal EC lithiation of TiO,_,—C NT*
showing the potential over the molar fraction x in Li,TiO, and the different
lithiation stages emphasized by different background colors, which are in
accordance with the corresponding phase transitions in the lithiation curve.
The corresponding molar fractions of the hot spots and areas with average
Li content are indicated by red and green dashed lines.

When this increased length is taken into account, the degree
of lithiation at the hot spot, with ~ 0.64 (£0.20) mole Li per mole
TiO,, is comparable to the average Li density of ~0.54 (+0.10)
mole Li per mole TiO,. The nature of this ‘hot spot’ may be
attributed to an edge effect which can occur in the vicinity of the
O-ring during anodization and which results in an increased
nanotube length.

However, inhomogeneous lithiation behavior cannot always
be explained by an increased amount of active material caused by
morphological inhomogeneities. Fig. 6 shows a second example
where inhomogeneous lithiation behaviour is observed using
triton analysis of the Li concentration in SiTiO, ,—C NT after
lithiation to 1.1 V. In a ‘hot spot’ of about 11 mm length and
5 mm width, the Li areal density reaches values as high as
25 pg cm %, while the average Li areal density is 15 pg cm 2.
Investigation of the electrode morphology in the areas of interest
reveals that the average nanotube lengths (950 (+100) nm) and
outer diameters (135 (+20) nm) are identical for regions with
high and average Li concentrations (Fig. 6b and c). In Fig. 6d, a
lithiation curve of optimally performing anatase TiO,_,~C NT* is
depicted, showing the first and second phase transition to
Lip55TiO, and to fully lithiated LiTiO,. The formation of LiTiO,
is indicated by a small plateau at ~1.50 V (Fig. 6d). The x-axis
has been translated to the molar fraction x in Li, TiO, and the
different lithiation stages are emphasized by different back-
ground colors, which are in accordance with the corresponding
phase transitions in the lithiation curve.

The corresponding molar fractions at the points of analysis
for high (~25 pgr; cm ™2, Lig ¢oTiO,) and medium (15 pgy; cm ™2,
Lip.60TiO,) Li content are depicted as vertical dashed lines. For
the areas where an average Li content (green) is measured,
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lithiation of SiTiO,_,—C NT leads to the formation of Lij ,TiO,
(~15 pgy; ecm ?). The areas of high Li content (red), with
~25 pgp; em 2, indicate full lithiation of the NT to LiTiO,
and may indicate Li storage at the surface of the material. In this
context, it is important to note that triton analysis does not
distinguish Li intercalated in the nanotube bulk and Li that is
adsorbed at the surface. In order to analyze the nature of
adsorbates on the surfaces of SiTiO, ,~C NT at the positions
of high and medium Li concentration, local ATR-FTIR and
micro-Raman analysis have been conducted. Both methods do
not show any significant difference between areas with high and
medium Li content. The amount of adsorbates is lower than that
detected on amorphous TiO, NT (Fig. S6, ESIT). Therefore, the
origin of the high areal Li density at the ‘hot spot’ does not seem
to be related to surface lithiation, as sometimes reported to
explain exceptionally the high Li content in amorphous TiO,
electrodes.’>®® It can thus be assumed that the observed
‘hot spot’ is rather explainable through a bulk phenomenon,
possibly due to the kinetic effects during nanotube lithiation.>*
It can be assumed that at the positions where ‘hot spots’ are
detected via triton analysis, the lithiation kinetics are faster.
This could be due to a different texture of the NT at
that particular position, which in turn can be caused by
inhomogeneities in the local fluoride and water concentrations
during nanotube growth. Another reason for the different Li
concentrations could be the presence of adsorbates, as for
example LiF, which is nonabsorbing in the mid-IR region
(~600-4000 c¢cm™').>** However, LiF should show defined
Raman peaks at 288, 470 and 659 cm™' for Eq A and Tye
modes,”® which we should have detected.

Further endeavors to fundamentally understand these inho-
mogeneous areal Li densities of TiO, _,-C NT and SiTiO,_,~C NT
are ongoing in our group.

Conclusions

In conclusion, three different electrode compositions, comprising
as-grown amorphous titania nanotubes (TiO, NT), carburized
anatase titania nanotubes (TiO,_,-C NT) and silicon-coated
carburized anatase titania nanotubes (SiTiO,_,~-C NT), have
been synthesized and investigated in terms of their lithiation
behavior. The 2D areal Li densities have been reconstructed
with a new position sensitive triton analysis technique. The
results have been compared to electrochemical lithiation mea-
surements. In general, the average Li areal density determined
by both methods is found to be quite similar. In particular, for
anatase TiO,_,-C NT, the differences between triton analysis
and EC (0.75 pgr; cm~ %), when lithiated to 1.1 V, is within the
given range of errors (+1.51 pgy; cm™ ). The highest difference
between both methods is observed for SiTiO,_,-C NT after
lithiation to 0.04 V, where the electrochemically measured Li
excess may be explained by surface lithiation reactions taking
place on SiO, and removal of Li upon emersion. For certain
nanotube arrays, triton analysis reveals areas with a signifi-
cantly higher Li content compared to the average (‘hot spots’).
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In some cases, the locally higher Li content is explained by the
locally confined presence of NT with increased length. Other
‘hot spots’, however, are not yet fully understood and may
originate from inhomogeneities in the local fluoride and water
concentrations during nanotube growth, resulting in different
textures of the nanotubes that can cause differences in the bulk
lithiation kinetics or differences in the occurrence of Li containing
adsorbates not detectable with the analysis techniques used in this
paper. While this is subject to further studies, the straightforward
and simultaneous identification of such local heterogeneities in
lithiation characteristics, together with the possibility to detect
relatively small Li densities (<10 pg Li cm™?), on a considerably
large electrode area, is essential for an efficient analysis of the
performance of the nanostructured electrode. This type of local
Li density determination therefore allows us to control large-area
changes due to solid-state or surface-controlled reactions, when
using Li as the active element, however it does not allow for
discrimination between Li inserted in the bulk of the active
material and surface Li. The insights obtained from triton
analysis will therefore provide guidance for designing optimized
nanostructured Li-battery electrodes.

Experimental
Nanotube synthesis and Si deposition

TiO, NT were grown electrochemically on mechanically polished
(4000P SiC grinding paper) Ti disks (99.6%, Advent) by exposing
the polished surface (2.54 cm?) to an electrolyte containing 50%
ethylene glycol by volume (99.5%, Merck) in water (18.2 MU cm,
Milli-Q, Millipore) and 1 wt% NH,F (99.99%, Merck), and by
applying an anodic potential of 20 V for 1 h, after a voltage ramp
of 1V s~". After anodization, the sample was thoroughly rinsed
with deionized water to prevent further etching of the surface. In
order to increase the electronic conductivity and to modify the
Li insertion properties of the as-grown amorphous TiO, NT,
carbothermal annealing was carried out in a horizontal tube
furnace. The reactor tube was first purged with 750 scem Ar for
2 h at room temperature (RT) to remove air. The Ar flow was then
reduced to 200 sccm and kept constant until the end of the
annealing procedure. Prior to increasing the temperature, 5 sccm
acetylene were added to the Ar flow for 3 min. To avoid thermal
stress during the temperature increase to 400 °C, the ramping
speed was gradually reduced from 10 °C min~" until 200 °C, to
5°C min~" until 300 °C, and finally 3 °C min™~" until 400 °C. After
20 min at 400 °C, 0.1 sccm acetylene was added to the Ar flow for
1 h. The system was then kept for another 280 min at 400 °C to
allow for the complete transformation of the NT and then cooled
down to RT at 3 °C min~". PECVD (Oxford Plasmalab 80p) with
Ar diluted SiH, was used to coat the annealed NT with silicon, at
1 Torr total pressure, with 465 sccm Ar and 35 scem SiH, at
250 °C for 1 min.

Electrochemistry

The electrolyte (SelectiLyte battery electrolyte LP 30, Merck)
used in all measurements was 1 mole LiPFs in a 1:1 (w/w)
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mixture of ethylene carbonate (EC) and dimethyl carbonate
(DMC) with or without a 2 wt% vinylene carbonate (VC)
additive.®® All potentials herein provided are with respect to
the Li/Li* reference electrode unless stated otherwise. All cells
were assembled in an Ar-filled glove box with water and oxygen
contents below 0.1 ppm. The assembled cells were connected to
a potentiostat (BioLogic VSP) outside the glove box, and all
measurements were performed at room temperature. Galvano-
static lithiation with potential limitation was carried out in the
potential window from 0.04 to 3.0 V vs. Li/Li" at a constant
current of j,/10 = 6.7 pA cm ™ > corresponding to a lithiation rate
of approx. 0.07C, where the C-rate of 1C = 96 pA cm™ > is derived
from the maximal theoretical capacity of 96 pA h em™>. Error
estimations regarding the calculation of the volume and mass
of the active electrode were done by applying the Gaussian error
propagation with independent parameters.

For transfer of the lithiated samples to the PGAA experi-
ment, an airtight target box has been used (Fig. S7, ESIf) to
avoid contact with the ambient atmosphere.

Spectroscopic, diffractometric and microscopic
characterization

Scanning electron microscopy (SEM) images (using the Cross-
Beam NVision 40, Zeiss spectrometer), were used to determine the
active electrode TiO, volume and corresponding mass fraction of
deposited Si. Micrographs were recorded for TiO, NT, TiO, ,~C NT
and SiTiO,_,—C NT before and after Si deposition. The micro-
graphs were acquired with an electron acceleration voltage of
15 kV using the inlens detector. Structural and compositional
information about the NT films was obtained by X-ray diffrac-
tion (XRD). The XRD analysis was performed on a Siemens
D5000 diffractometer. Diffractograms were acquired between
15 and 75 degrees (2 theta) with a step size of 0.02 degrees
(2 theta) and an acquisition time of 1 s per step in an argon
atmosphere. Additional ATR-FTIR (Nicolet iS5) and micro-
Raman spectra of SiTiO,_,—C NT were used for surface and
structural characterization. ATR-FTIR absorption spectra were
recorded in the —AT/T mode with a spectral resolution of
4 cm™ ', using a polished Ti-disk as a reference sample. An
Olympus BX40 micro-Raman instrument equipped with a He/Ne
laser (632.8 nm) was used in a non-focal operation mode and
without a polarizer to analyze the average chemical composition
and structure of the films for the micro-Raman spectra. The size
of the focused laser spot on the sample was determined to be
about 1 mm using 50x magnification of the optical microscope.
Back-scattered Raman signals were recorded with a resolution
of less than 2 ecm ™" (as determined by measuring the Rayleigh

line) in a spectral range from 90 to 2000 cm ™"

Triton analysis

The method is based on the neutron capture reaction °Li(n,o)*H.
®Li occurs in natural Li with an isotopic abundance of 7.42%,>”
and has a large thermal neutron capture cross section oy, =
940 + 4.°® In the case of neutron capture, the compound
nucleus immediately decays into an alpha (x) and a tritium (t)
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Fig. 7 Scheme of the PGAA experiment. Upon neutron absorption 6L
decays into one a (Ey, = 2055 keV) and one tritium (Eyin = 2727 keV)
particle. The measurements were performed in compact (left) and open
(right) geometry. The compact geometry allowed for 8x enlargement but
a low area of analysis (2 x 2 mm?) and the open aperture geometry
allowed no enlargement but a larger area of analysis (11 x 8 mm?, drawing
not true to scale).

particle (triton) which, in the laboratory system, are emitted in
opposite directions due to momentum conservation.

Because of the reaction Q value, the o and the t particles
obtain a fixed and relatively high kinetic energy of E, = 2055 keV
and E, = 2727 keV, respectively.>® The basic concept of the
detection method is schematically depicted in Fig. 7. A position
sensitive silicon detector (Fig. S8, ESIf) is facing the target
which is irradiated by cold neutrons where the cross section
0. = 3474 barn is about 3.6 times larger than in the case of
thermal neutrons. Both alpha particles and tritons emitted in
the Li capture reaction are detected alternatively (Fig. S9, ESIT).
A pinhole aperture at different distances between the target and
the detector is used for imaging. The detector as well as the
target are tilted by 0 = 25° with respect to the axis of the neutron
beam.® For quantitative analysis, the spectrum of a Li reference
sample coated by vapor deposition with a well-defined amount
of Li (e = 50 pg LiFn, cm™2) has been used.
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