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HIGHLIGHTS

e TiO, nanotube layers were decorated with TiO, nanoparticles (NPs) by wet chemistry.
o The resulting structure was used for the first time as anode in Li-ion microbattery.

o A significant increase in areal capacity is shown for an optimized amount of NPs.

o The areal capacity was stable over 200 charge/discharge cycles.
o A Coulombic efficiency of 99.8% was obtained using optimized NP amount.
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In this work, the utilization of TiO2 nanotube (TNT) layers decorated with TiO, nanoparticles (NPs) as anodes in
Li-ion microbatteries is reported for the first time. Such TiOy NPs decorated TNT layers possess an increased
amount of active material and a higher surface area compared with their non-decorated (blank) counterparts.
TNT layers decorated with several different amounts of TiO, NPs were tested by galvanostatic cycling tests. The

capacities of the TiO NPs decorated TNT layer anodes increase with the amount of NPs decoration due to the
enhancement of the capacitive effect. Indeed, an areal capacity of ~126 pAh cm™2 (vs 88 pAh cm ™2 for the non-
decorated TNT layer) at the 200th cycle has been obtained after optimizing the NPs loading. On the other hand, a
too high NPs loading of the TNT layers leads to a reduced areal capacity due to clogging of the nanotube exteriors
and a significant decrease in inner diameter of the nanotubes.

1. Introduction

The raising demand of microelectromechanical systems (MEMs) in
different fields, such as biological and medical applications or sensors,
possesses a great challenge for scientists to develop power devices on the
microscale with increased power and energy density as well as a long
life-time [1-3]. Possible power devices for MEMs are, for instance,
rechargeable Li-ion microbatteries (uLIBs). However, planar pLIBs do
not fulfill the requirements of showing a high energy density [4]. Thus,

in the recent years 3D pLIBs were introduced as an alternative to planar
uLIBs to overcome this problem. For such 3D pLIBs, nanostructured
electrodes, as for instance nanopillars, nanorods, or nanotubes, are
widely explored due to their high areal capacity, large surface area, and
short ion diffusion ways [5].

The most frequent anode material for (u)LIBS is graphite. However, it
suffers from safety concerns due to Li dendrite growth-induced short-
circuits as the Li intercalation potential is rather low (~0.1 V vs Li/Li™)
[6]. A possible material to replace carbon is TiOs, as it has a higher
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lithiation potential of ~1.6 V vs Li/Li" resulting in an enhanced safety.
Furthermore, TiO2 shows a good capacity retention upon cycling, low
self-discharge, and low volume changes of less than 4% upon Li inser-
tion/extraction from the lattice [2,7-9]. Many different TiO, nano-
structures can be prepared, e.g. nanofibers [10], nanoparticles [11] or
nanotubes [12]. Among these, anodic TiO, nanotube (TNT) layers
gained great attention in the last two decades, as their fabrication is
relatively easy, low-cost and their dimensions (e.g. diameter and TNT
layer thickness) can be controlled by optimizing the electrolyte, as well
as anodization potential and time [9,13,14]. Furthermore, these TNT
layers have the advantage of being produced directly on a Ti substrate,
which can be used as back contact for further applications without the
need of additional immobilization of the TNTs on a conductive sub-
strate. Due to the vertical alignment of the TNTs, anodic TNT layers
possess additionally a direct diffusion pathway for the Li™ ions resulting
in a high performance [13,15]. Thus, in the recent years, pure and
modified TNT layers have been extensively explored for their use as
anodes in LIBs and all-solid-state pLIBs [7,16-29], as well as for other
batteries systems [30-34].

The capacity of TNT layers can be further increased by coating or
decorating them with secondary materials. These secondary materials
can be of different composition and nature, as for instance coatings
prepared by atomic layer deposition (ALD), such as ZnO, AloO3 or MoSz
[35-38], or a nanoparticle (NP) decoration, as Co30O4, NiO or Ag, using
various different decoration methods [26,39-42]. While homogenous
ALD coatings cover the whole TNT layer with the nanotubes’ interiors
being able to host possible volume expansions of the secondary material
upon lithiation, a NP decoration does not just add a secondary material
and increases mass and capacity, but additionally enhances the surface
area of the TNT layers. Though TNT layers with NPs prepared from
several different secondary materials have been employed as possible
anodes for (p)LIBs [26,39-42], somewhat surprisingly an additional
decoration of TNT layers with TiO2 NPs has not been shown yet in (p)
LIBS, although such decorations have been wused already for
dye-sensitized solar cells (DSSCs) or photocatalysis [43-46]. Such TiO5
NP decoration can significantly increase the already high surface area
and add additional mass to the electrode. Thus, the capacity of TNT
layers decorated with NPs for pLIBS can be increased by the same ma-
terial - TiOy - in the form of nanoparticles, without adding secondary
materials, which could eventually possess some distinct disadvantages,
such as high volume expansion upon lithiation or being toxic. A similar
approach on TiO, NP decoration on hydrothermally prepared,
non-ordered TNTs can be found in the literature [47]. However, as the
TNTs were prepared hydrothermally and have completely disordered
morphology; the Li-ion battery anode had to be prepared by mixing the
TNTs with conductive carbon additives and a binder, and to be printed
on a conducting support.

In this work, we employ for the first time TNT layers decorated with
TiO5 NPs of ~10 nm diameter as an anode in 3D pLIBs. It is shown that
the areal capacity of the TiO2 NP decorated TNT layers increases with an
increase of the NPs loading of the TNT layers until an optimized amount
of NPs was added. However, a too thick NP decoration clogs the exte-
riors of the nanotubes and as well decreases the diameter significantly.
As a result, the surface area and thus the discharge capacity of the TNT
layers decreases.

2. Material and methods

TNT layers (~5 pm thick with a diameter of ~230 nm) were pre-
pared by anodizing Ti foils (Sigma-Aldrich, 127 pm thick) in an elec-
trolyte consisting of 150 mM NH4F and 10 vol% H-O in ethylene glycol
at 100 V for 4 h using a high-voltage potentiostat (PGU-200 V, Elek-
troniklabor GmbH) [48]. In the electrochemical cell, the Ti foil was used
as anode and pressed against an o-ring leaving 1 cm? open to the elec-
trolyte. A Pt foil was used as counter electrode. After anodization, the
TNT layers were cleaned by sonication in isopropanol. The as-prepared
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amorphous TNT layers were further annealed at 400 °C for 1 h to receive
anatase structure.

For the modification with TiO, NPs, the TNT layers were immersed
into a 0.1 M TiCly4 solution (ice-cooled), sonicated for 15 s, and stored at
70 °C for 30 min. Afterwards, the TNT layers were dried in air for
~20-30 min [46]. This sequence refers to 1 dip TiO, NPs and was
repeated to receive 2, 3, 4, 7, and 10 dips TiO, NPs decorated TNT
layers. After reaching the required TiO2 NPs dips, the TNT layers were
once more annealed at 400 °C for 30 min to transform the attached NPs
into anatase TiO».

To study the electrochemical performance, the TNT layers were dried
at 60 °C under vacuum for 12 h before entering an argon filled glovebox
(MBraun LABStar) with <0.5 ppm H30 and <0.5 ppm Oy atmosphere.
Batteries were assembled in two-electrode Swagelok cells with 150 pL of
1 M lithium hexafluorophosphate (LiPFg) in ethylene carbonate (EC):
dimethyl carbonate (DMC) 50/50 (%vol) organic liquid electrolyte. In
the two-electrode set-up, a lithium foil served as a counter electrode, a
Whatman glass microfiber paper with a thickness of 180 pm was used as
a separator. Electrochemical tests were carried out at room temperature
using a Biologic VMP3 potentiostat, equipped with EC-Lab software.
Galvanostatic cycling tests with potential limitation (GCPL) were ob-
tained at 1 C-rate in the potential window of 1-3 V vs. Li/Li". Cyclic
voltammetry tests were performed in the same potential window at
different scan rates of 0.25, 0.5, 0.75, 1.0 and 1.25 mV s~L. The elec-
trochemical impedance spectroscopy (EIS) experiments were conducted
at open circuit potential (OCP). Measurements were carried out over
frequencies ranging from 200 kHz to 10 mHz with a sine modulation of
10 mV. Following the electrochemical tests, each electrode underwent a
two-step rinsing procedure in a Petri dish with pure DMC. The cleaning
process was required to remove salt contamination for post-mortem
morphological analysis.

The morphology of the TNT layers was characterized by a field-
emission scanning electron microscope (FE-SEM, JEOL JSM 7500F,
FEI Verios 460L) and an image corrected high-resolution transmission
electron microscope (HR-TEM, FEI Titan Themis 60-300, operated at
300 keV) equipped with a high angle annular dark field detector for
scanning transmission electron microscopy (HAADF-STEM) and Super-X
energy dispersive X-ray (EDX) spectrometer. The structure was analyzed
by X-ray diffraction (XRD, 45 kV, 40 mA) measurements (Panalytical
Empyrean) using a Cu X-ray tube and a scintillation detector Pixcel3D.

3. Results and discussion

Fig. 1 shows SEM images of TNT layers with and without TiO, NP
decoration. As one can see, the blank (non-decorated) TNT layers have a
nanotube diameter of ~230 nm and a thickness of ~5 pm. The TNT layer
decorated with 1 dip TiOy NPs reveals very few TiO2 NPs. SEM images
with higher magnifications can be found in Fig. S1. The amount of TiO,
NPs increased with every additional dip into the TiCl4 solution, with the
open diameter of the nanotubes being reduced due to the occupancy of
TiO5 NPs. For the TNT layer decorated with 7 dips TiO2 NPs, the exte-
riors between the nanotubes were completely clogged and the inner
diameter was significantly decreased. However, the nanotube interiors
were not clogged. An SEM image of a TNT layer decorated with 10 dips
TiO5 NPs is shown in Fig. S2. It can be seen that such high NP loading
leads to a complete clogging of the TNT layer outside as well as inside
individual nanotubes.

Cross-sectional SEM images of the TNT layers with TiO, NP deco-
ration are shown in Fig. S3. Similar as on the top view images in Figs. 1
and S1, just very few nanoparticles can be seen for the TNT layer with 1
dip TiO2 NPs. However, on TNT layers with TiOy NP decoration by
higher numbers of dips, the NP decoration along the TNT walls and at
the bottoms can clearly be seen. Thus, the complete TNT layers from the
tops to the bottoms were decorated with TiO; NPs.

A homogenous distribution of the TiO NPs was confirmed by TEM
investigation of the 4 dips TiOy NP decorated TNT layer, as shown in
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Fig. 1. SEM images of the a) blank TNT layer, and TNT layers decorated with b) 1 dip TiO2 NPs, c¢) 2 dips TiO NPs, d) 3 dips TiO3 NPs, e) 4 dips TiO3 NPs, and f) 7
dips TiO5 NPs. The inset in part a) shows a cross section image of the TNT layer. All scale bars show 200 nm.

Fig. 2. a) TEM image of a fragment of a TNT layer decorated with 4 dips TiO, NPs, b) HR-TEM of a TiO; NP, ¢) HAADF-STEM image. The lower row shows the STEM
EDX elemental maps with the distribution of Ti and O of the 4 dips TiO, NPs decorated TNT layer shown in part c).
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Fig. 2. The NPs had a diameter of ~10 nm. As expected, XRD analysis
(see Fig. S4) revealed that all TiO2 NP decorated TNT layers are fully
composed crystalline TiO, in anatase phase after the annealing pro-
cedure at 400 °C in air. The HR-TEM image in Fig. 2b shows one TiO2 NP
attached to the nanotube wall, confirming that the NPs are crystalline.
The HAADF-STEM image in Fig. 2c shows a fragment of the nanotube
layer, while a detailed EDX mapping of this fragment in the lower row of
Fig. 2 reveals the equal distribution of Ti and O within the nanotubes.
Fig. 3a shows the effect of the increasing amount of TiO5 NPs on the
electrochemical performance of the TNT layer anodes for 3D pLIBs at a
rate of 1 C for 20 cycles. It is apparent that the capacity values increased
with the NP loading. The variations of the 1st discharge capacity ranging
from 147 pAh cm™2 for the blank to 245 pAh cm™2 for the TNT layer
decorated with 7 dips TiO2 NPs can be at the first glance attributed to the
increasing amount of the active material. Although the 1st irreversible
capacity, i.e. the difference between the 2nd and 1st discharge capacity,
can be observed for all TNT layers due to the formation of the solid
electrolyte interphase (SEI) layer (as confirmed by the post-mortem
analysis, see Fig. S5) and irreversible side reactions, the TNT layer
decorated with 4 dips revealed unexpectedly the highest capacity value
after 20 cycles. Indeed, the discharge capacity of the TNT layer deco-
rated with 7 dips TiO2 NPs dropped gradually during the cycling tests
and only 53.6% of the initial capacity was retained while all other TNT
layers showed good electrochemical behaviors with capacity retentions
higher than 80% (i.e., the ratio between the capacity of the 20th charge/
discharge cycle and the second discharge capacity). The exact values are
given in Table 1. Thus, the control of the NP loading turned out to be
crucial for the improvement of the electrochemical performance of the
TNT layers. In order to investigate the electrochemical behaviors in
more detail, charge/discharge experiments have been prolonged up to
200 cycles at the same kinetics for the blank and the TNT layers deco-
rated with 4 dips and 7 dips TiOy NPs, as these TNT layers showed
significant differences in areal capacity during the initial 20 cycles. The
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Fig. 3. Discharge capacity values of blank and TiO, NPs decorated TNT layers
at 1C for a) 20 cycles and b) 200 cycles.
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Table 1
Main electrochemical characteristics. Q — Capacity, CE — Coulombic efficiency,
IC - 1st irreversible capacity, CR — Capacity retention.

Blank 1 dip 2 dips 3 dips 4 dips 7 dips
NPs NPs NPs NPs NPs
Cycle #1 Q (pAh 147 155 173 181 225 245
cm?)
CE (%) 68.7 73.3 70.7 73.2 73.1 75.5
Cycle #2 Q (pAh 109 117 132 141 170 191
cm?)
CE (%) 90.2 92.4 91.1 91.8 92.7 92.7
IC (uAh 38.0 37.9 40.9 40.6 55.3 54.3
cm?)
Cycle#20 Q (uAh 97 103 111 123 143 102
cm’z)
CE (%) 98.4 99.3 98.5 98.6 98.9 98.5
CR (%) 88.5 88.1 83.9 87.6 84.1 53.6
Cycle Q (uAh 84 - - - 122 71
#100 cm?)
CE (%) 99.7 - - - 99.8 99.9
CR (%) 86.0 - - - 72.1 37.3
Cycle Q (uAh 92 - - - 126 71
#150 cm?)
CE (%) 99.8 - - - 99.8 99.6
CR (%) 84.6 - - - 74.0 37.2
Cycle Q (pAh 88 - - - 126 72
#200 cm?)
CE (%) 99.8 - - - 99.8 99.6
CR (%) 81 - - - 74.1 37.6

variation of the discharge capacity values vs cycling number, given in
Fig. 3b, confirms the tendency observed for the initial 20 cycles. The
TNT layer decorated with 4 dips TiO, NPs exhibited the highest capacity
of 126 pAh cm~2 with a Coulombic Efficiency (CE) of 99.8%, while the
TNT layer decorated with 7 dips TiO5 NPs, reaching 72 pAh cm ™2, could
retain only 37.6% of the initial capacity. Remarkably, the highest NP
loading had a negative influence on the storage properties of the TNT
layers as the capacity of the TNT layer decorated with 7 dips TiO,
became lower than that of the blank TNT layer after 30 charge/
discharge cycles. This might be attributed to the entire clogging of
nanotube exteriors and a strong decrease of the nanotube diameter,
resulting in a significant decrease of the accessible surface area. To
confirm this expectation, the influence of the nanoparticle decoration on
the specific area of nanotubes has been evidenced by electrochemical
impedance spectroscopy (EIS) (Fig. 4). As the electrode resistance de-
pends on its surface (R ~ 1/S), EIS spectra obtained before cycling ex-
periments reveal that the resistance of the nanotube layers decreased
after 4 dips but became higher than of the bare layer after 7 dips.
Compared to the blank TNT layer, TNT layer decorated by 4 dips TiO4
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© 400 R
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Fig. 4. EIS spectra of the blank, 4 dips and 7 dips TiO, NPs decorated TNT
layers before cycling experiments.
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NPs offers a bigger surface area while the TNT layer decorated by 7 dips
TiO2 NPs leads a lower one. The main electrochemical results obtained
from the cycling tests are summarized in Table 1.

It must be noted that the areal capacity of the blank TNT layer ap-
pears lower compared to our previous studies [37,38]. This is, however,
attributed to different nanotube dimension used in this study (diameter
~230 nm, thickness ~5 pm) while in our previous studies TNT layers
with a diameter of ~130 nm and a thickness ~20 pm were employed.
Thus, the specific area of the TNT layers used in this study was signifi-
cantly smaller. When comparing the areal capacity of non-modified
samples herein and in the previous studies per 1 pm of the TNT layer
thickness after 100 charge/discharge cycles, similar values were
received, i.e. ~17 pAh cm™2 pm ™! for the 5 pm thick TNT layers in this
study and ~11 pAh em™2 pm™! for the 20 pm thick TNT layers in the
previous studies [37,38]. The differences per 1 pm can be attributed to
different thicknesses of the TNT walls.

The observed electrochemical characteristics and trends can be
explained by a competition between the increase of active material mass
and the modification of the specific area of the TNT layers. Owing to the
spherical morphology of the added NPs, the walls of the TNT layers
decorated with TiO2 NPs offered a larger surface area, compared to the
blank TNT layers, that can enhance the storage of charge in the outer
part of both tubes and NPs as long as the porosity of nanotubes is pre-
served. Thus, the capacitive effect involving the non-faradaic reaction of
LiT at the surface of TiO, was less predominant for the TNT layer
decorated with 7 dips TiO3 NPs, as the nanotubes were almost clogged
by the huge amount of NPs. In addition, the SEI formation occurring
during the first cycling tests probably plugged the nanotubes
completely, leading to poor electrochemical performance after 50 cy-
cles. It can also be noticed that the 1st irreversible capacity is higher for
decorated nanotubes, which is consistent with the increase of the
nanotube surface leading to the increase of reaction sites promoting the
SEI formation.

In order to explain the higher performance of the TNT layer deco-
rated with 4 dips TiOy NPs compared to the other TNT layers and to
obtain insights into the electrochemical behavior, cyclic voltammetry
(CV) was performed. Fig. 5a and b displays the CV curves of the blank
TNT layer and the TNT layer decorated with 4 dips TiO2 NPs. During the
reduction process, the peaks centered at 1.6 V can be attributed to the Li
* insertion into anatase TiO,, while the anodic peaks around 2.2 V are
ascribed to the Li* extraction [16,36,49]. As the sweep rate increases,
there is a noticeable peak shift from higher to lower potentials for Li*
insertion and inversely for the Li" extraction. The increase of the po-
tential difference between the anodic and cathodic peaks is due to ki-
netic and ohmic drop effects. Compared to the blank TNT layer, higher
current densities are registered for the TNT layer decorated with 4 dips
TiOy NPs that can be explained by the added TiOy NPs attached to the
TNT layers resulting in higher mass and higher surface area enhancing
the capacitive effect. Thus, an enhanced Li" storage was obtained for the
TNT layer decorated with 4 dips TiOy NPs.

Fig. 5c shows the variation of the anodic peak current, Ip, as a
function of the scan rate, v, which can be used to determine, whether the
storage mode occurs preferentially in the bulk (I, « v} or at the surface
(Ip y1). In the case of mixed Li* storage mechanism (I}, v%), the two
contributions can be estimated by comparing the exponential values, a.
The best fits of the I, vs v using an apparent power-law dependence give
exponential values of 0.51 for the blank and 0.58 for the TNT layer
decorated with 4 dips TiO2 NPs. The larger exponential value, deviating
from 0.5 toward 1 for TNT layer decorated with 4 dips TiO2 NPs con-
firms that the superior electrochemical performance is due to the
enhancement of the capacitive effect as it has been already reported for
TNTs and other systems [50,51].

Thus, it can be summarized that the TiO4 NPs decoration of the TNT
layers can promote the areal capacity as long as the nanotubular
morphology is preserved.

Post-cycling SEM analysis is shown in Fig. S5 for the TNT layer
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Fig. 5. CV curves of the a) blank TNT layer and b) TNT layer decorated with 4
dips TiO, NPs recorded at various scan rates, and c¢) variation of the anodic peak
current vs. scan rate for the blank and TNT layer decorated with 4 dips
TiO, NPs.

decorated with 1 dip TiO3 NPs. As one can see, a SEI layer was formed on
the TNT layer as discussed above. However, after rinsing of the TNT
layers with DMC the preserved nanotubular structure as well as the NPs
decoration was observed for all TNT layers (Fig. S6). Thus, the SEI layers
formed on the TNT layers were washed out during the short washing
step in DMC after the cycling test to remove the rests of the electrolyte.
Fig. S7 shows post-cycling XRD analysis of the TNT layers with and
without NP decoration. In all cases, pure TiO; phases were detected, i.e.
without any Li;TiyO,.

Fig. 6a shows post-cycling TEM investigations of TNT layer deco-
rated with the 4 dips TiO3 NPs. A homogenous distribution of the ~10
nm large TiOy NPs between the nanotubes can be seen even after 200
charge/discharge cycles. This confirms the stability of TiO2 NPs on the
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100 nm
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Fig. 6. a) Post-mortem TEM image of a fragment of a TNT layer decorated with 4 dips TiO, NPs, b) post-mortem HR-TEM of a TiO, NP, ¢) post-mortem HAADF-STEM
image. The lower row shows the STEM EDX elemental maps with the distribution of Ti and O of the 4 dips TiO, NPs decorated TNT layer shown in part c).

TNT layer. Fig. 6b shows a HR-TEM image of one TiO, NP attached to
the nanotube wall, showing that the NP is crystalline. Fig. 6¢ shows the
HAADF-STEM image of a fragment of the nanotube layer. A detailed
EDX mapping of this fragment in the lower row of the figure reveals the
equal distribution of Ti and O within the nanotubes. Other elements
were not detected. Overall, the comparison of TEM/STEM and EDX re-
sults between Figs. 2 and 6 clearly confirms, that TNT layers with
decorated TiOy NPs did not undergo any change upon cycling.

4. Conclusions

In summary, a beneficial effect of the use of TiO, NPs decorated TNT
layers as anode in 3D pLIBs was shown for the first time. Compared to
blank TNT layers, the TiO, NPs decorated TNT layers with a moderate
loading of NPs showed an increased areal capacity over 200 charge/
discharge cycles, due to an increase of active material and surface area.
However, if the NP loading was too high a strong decline in areal ca-
pacity was observed during the first ~30 charge/discharge cycles. The
approach shown here can be very important for the further fabrication of
3D pLIBs for small devices as it significantly enhances the performance
of the TNT layers used as anodes.
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