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Electrochemical Behaviour of Nb-Doped Anatase TiO,
Microbeads in an lonic Liquid Electrolyte

Simon Lindberg,” Carmen Cavallo,®®

Patrik Johansson,™™ and Aleksandar Matic*'

TiO, is a promising material for high-power battery and
supercapacitor applications. However, in general TiO, suffers
from an initial irreversible capacity that limits its use in different
applications. A combination of a microbead morphology, Nb-
doping, and the use of an ionic liquid electrolyte is shown to
significantly decrease the irreversible capacity loss. A change in
the electrochemical response in the first cycles indicates
formation of a solid—electrolyte interphase (SEl) or a modifica-
tion of the structure of the surface layer of the TiO,/Nb
microbeads, which apparently stabilises the performance. The

1. Introduction

Supercapacitors can play an important role in future energy
systems in parallel with Li-ion batteries! Compared to
batteries, supercapacitors possess higher power density, longer
cycle lifetime, lower cost of active materials and increased
safety.”’ However, supercapacitors are hampered by compara-
tively low energy densities. For many applications, such as
electromobility, an increase in energy density from 2-8 Whkg™
to >15Whkg ™' on a cell level is desired."” A common strategy
to improve the energy density of supercapacitors is to replace
the active material, typically carbon, in one of the electrodes
with a battery-type active material that can store energy
through electrochemical reactions, together forming a hybrid
supercapacitor. In order to maintain the advantage of super-
capacitors, high-power performance of the battery-type active
material is essential.
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change in the response is manifested in an increased charge
transfer resistance and the presence of two charge transfer
contributions. During prolonged cycling the TiO,/Nb electrode
shows an excellent stability over 5000 cycles. Ex situ analysis
after cycling shows that the overall microbead morphology is
intact and that there are no changes in the crystal structure.
However, a decrease in the intensity of the XRD pattern can
point to a decrease in size of the nanocrystals building up the
microbeads or the formation of amorphous phases.

TiO, has been studied extensively for its high-power
performance in batteries® as well as in hybrid
supercapacitors.” The Li-insertion/extraction in TiO, has been
described previously for conventional organic electrolytes and
found to depend on the structure of the TiO, material.” In
anatase TiO, Li-insertion occurs in different stages, a pseudoca-
pacitive behaviour with interfacial energy storage up to —1.4V
(vs Ag/Ag™) (corresponding to 1.75 V (vs Li/Li*), two phase bulk
intercalation around —1.4V (vs Ag/Ag*) and a solid solution of
Li and TiO, at higher potentials.” Overall the Li-insertion and
extraction mechanism can be described by [Eq. (1)]:
Ti(IV)O, + xLi* +xe~ < LiTi(l)0O, (x < 1) )

For fast and reversible reaction, the Li-insertion is usually
confined to x<0.5, in which case the theoretical capacity is
limited to 168 mAhg '@

Different strategies have been proposed to improve the
high-power performance, including new polymorphs,®'? creat-
ing oxygen deficiencies"'® or doping with hetero-atoms,*'
with the aim to optimize structure, morphology and to increase
the electronic conductivity to ensure fast kinetics of the
electrochemical reactions. However, an irreversible capacity
loss when using common organic electrolytes limits the
applicability of TiO,."*"” To mitigate this problem different
electrolyte formulations have been proposed and a promising
route is the use of ionic liquid (IL) based electrolytes."®' It has
been suggested that the presence of an IL stabilizes the surface
of the active material and in this way reduces the irreversible
capacity loss. ILs can in addition also improve the safety and
the electrochemical stability.”°?" ILs have so far typically been
used mixed with organic solvents and studies of the electro-
chemical behaviour of TiO, with neat IL electrolytes are
scarce.”?
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We have recently reported on a new route to achieve high
power-performance and good cycling stability by a microbead
morphology of anatase TiO,.” Another route that can be
explored is doping by aliovalent ions to tune the electronic
properties of anatase and a few studies have been reported on
doping TiO, (rutile and/or anatase) with Nb>*.*** |t was found
that Nb doping can increase the rate capability by improved
Li* diffusion and electronic conductivity.***’ Here we combine
these two routes by investigating a new TiO,/Nb microbead
material in a hybrid supercapacitor set-up using an IL-based
electrolyte. In particular we target the electrochemical response
of the material, the effect on irreversible capacity loss, and the
role of Nb-doping in stabilizing and improving the cycling
performance.

2. Results and Discussion
The morphology of the pristine TiO,/Nb micro-bead material

with 1% Nb content is shown in Figure 1. The diameter of the
beads is about 1 pm and it has previously been shown that

Figure 1. SEM image of the anatase TiO,/Nb microbeads with 1% Nb
content.
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Figure 2. CVs of the first four cycles of cells with the undoped TiO, material
and the three different Nb-doping concentrations acquired at 10 mVs™'.
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they are built up of anatase nano-crystallites (around 25 nm).”®

The crystal structure and morphology are both independent of
the Nb doping concentration.?**

To investigate the electrochemical response and under-
stand the charge transfer processes of the TiO,/Nb material in
the IL-based electrolyte we applied CV, EIS and CC cycling. The
four first CVs for the different Nb-doping concentrations, and
for the undoped reference material, are shown in Figure 2. The
CV response in the 1% cycle is similar for the all electrodes and
are similar to previous results for anatase.'®'® The insertion
peak in the first cycle is located around —1.3 to —1.4V (vs Ag/
Ag™) and can thus be related to the two-phase intercalation
region."” Furthermore, in the first cycle there is a continuous
narrowing of the insertion peak with Nb-doping, which
indicates an improved electron transfer in the electrode during
Li insertion. There is also a systematic decrease in the peak
separation, between insertion and extraction, with increased
Nb-doping. The biggest change is observed going from the
undoped material to 0.1% doping and with further addition of
Nb-ions the decrease continues, but to less extent. The
decreased peak separation indicates more reversible electro-
chemical processes and might be attributed to higher Li*
concentration accumulated at the surface. The results indicate
that a small amount of Nb has the ability to stabilize the
structure which could be related to reduced strain during
lithium insertion, as will be discussed further below.

In the CVs from the 2™ cycle there is a clear shift of both
the insertion and extraction peaks to lower potentials for the
electrodes with the undoped, 0.1% Nb and 1% Nb materials.
Thus, the contribution from charge storage at the surface now
dominates and the bulk contribution is decreased. In addition,
the insertion peak is split into two distinct components. After
the 2™ cycle no major changes occur in the CVs for these three
materials. Overall, the shape of the CVs in the 2™ cycle have a
resemblance to the CVs previously reported for the TiO,(B)
polymorph,??? and could indicate that some kind of structural
change has occurred at the surface of the microbeads. With
10% Nb doping, the CV evolves a bit differently with cycling.
The shift of the peaks is more gradual from the 2™ to the 4"
cycle and only one extraction and one insertion peak is
observed.

The discharge capacities over the first four cycles were
calculated by integrating the CVs. From this analysis discharge
capacities in the range 19-32 mAhg™" are found. Thus, only
10-20% of the theoretical capacity of the material is utilized
which underlines that only a surface layer of the TiO,/Nb
microbeads is lithiated. The initial capacity loss is limited and
found to be 12% for the electrode with undoped TiO, and
decreases further with Nb-doping, 10% and 7% for 0.1% and
1% Nb-doping, respectively. For the electrode with 10% Nb
the capacity actually increases with 3%. The initial capacity
losses are substantially smaller than values reported literature
which around 40%.%°*" The origin of the irreversible capacity
loss has been explained by strain in the structure induced by
Li-insertion® or different parasitic reactions at the surface,
restricting lithium diffusion.®® The rather low irreversible
capacity losses for our materials indicate that the microbeads

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA
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are more stable and might develop some surface modifications
with the IL-based electrolyte which improves the stability and
doping with Nb seems to further stabilize the material.

EIS analysis was used to investigate any possible changes in
the electron transfer processes. Starting with the reference
LP30 electrolyte, which is known to be stable to low potentials
and to not form a traditional solid electrolyte interphase (SEI)
on TiO,®¥ only a slight evolution of the frequency response
after the initial cycle is found, see Figure 3a. In contrast, the IL-
based electrolyte shows an increase of the semi-circle radius
after four cycles, Figure 3b, reflecting an increase in the charge
transfer resistance as commonly found when an SEl is formed
or from other surface modifications. Similar changes in the EIS
spectra upon cycling have been reported previously for IL-
based electrolytes with carbon based electrodes and related to
SEl formation.’**® Furthermore, with increased Nb-content
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Figure 3. EIS-spectra of: TiO,/Nb electrodes in a) 0.5 M LiTFSI in EMIMTFSI at
OCV, b) before cycling and after four cycles of undoped TiO, in LP30, and ¢)
0.5 M LiTFSI in EMIMTFSI.
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Figure 4. Comparison of coulombic efficiencies, calculated from the CVs in
Figure 2, as a function of cycle number for different Nb concentrations.
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there is a decrease in the semi-circle radius reflecting reduction
in the charge transfer resistance in the electrode, Figure 3c.
Thus, there is a clear influence of Nb on the charge transfer
process which could be related to the difference cohesive
energies between the two phases LiTi,0, and LiNb,0,*”*® and
thus also thermodynamically infers that the Nb-doped structure
is less stable and more easily subject to accepting (electronic)
structure changes such as Li" intercalation.

The formation of an SEl, or other non-reversible reactions,
should also be manifested in a reduced coulombic efficiency
(CE).B The CEs calculated from the CVs, Figure 4, show that
some side reactions occur in the first two cycles, but that there
is a stabilization with further cycling. The exception is the 10%
Nb material which shows a slower increase of the CE and a
stabilization only after the 3" cycle.

To investigate how the charge transfer resistance changes
during the initial cycles, EIS was performed at different
potentials: 0, —0.9 and —2.1V vs. Ag/Ag™ during charge and
discharge of the undoped TiO, electrode, see Figure 5. When
the potential is lowered, and lithium is inserted, the charge
transfer resistance is reduced, illustrated by a decreased size of
the semi-circle, which is in agreement with previous results for
other Li-insertion materials.*” When the electrode is delithiated
to 0V at the end of the 1* cycle the charge transfer resistance
has increased compared to before cycling. In the 2™ cycle the
charge transfer resistance is still reduced upon Li-insertion, but
the effect is smaller. At —0.9V it is almost the same as at 0V,
which can be explained by the peak shift of the insertion peak,
i.e, at —0.9 V in the 2™ cycle no, or very few, Li-ions have been
inserted, thus the charge transfer resistance is unchanged. In
the 2™ cycle a second semi-circle, visible to the left of the large
semi-circle is also present in the spectra. It indicates that there
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Figure 5. EIS of the undoped TiO, electrode at different potentials in the 1*
(left) and 2™ (right) cycles with 0.5 M LiTFSI in EMIMTFSI. Investigated
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is a second phase forming in the material with a separate
charge transfer resistance in agreement with the formation of
co-existing TiO,-phases at the surface as discussed above and
in the literature.*"

To evaluate the capacity performance of the electrodes CC
cycling was performed and the results are shown in Figure 6.
For undoped TiO, and the electrodes with 0.1% and 1% Nb
doping the potential profiles are similar, showing pronounced
plateaus, indicating that the insertion/extraction mechanism is
similar. The electrode with 10% Nb doping displays a some-
what different voltage profile, with less marked plateaus and at
the higher current densities the profile shows a high degree of
linearity. Linear potential profiles for insertion type materials
can be ascribed to an increased contribution of surface storage
sites for lithium,*? and that at high Nb content Li-ion
interaction is restricted to the surface. Increasing the current
density, the profiles become more linear in all samples, which is
expected since the charge storage will be more and more
confined to the surface and a larger contribution to the
capacity comes from a double layer charge storage mechanism.

The capacity at the different current densities is calculated
from the CC cycling, Figure 7. When the current density is
increased the capacity decreases, as expected. However, upon
increased Nb-concentration there is a dramatic improvement in
the capacity retention as a function of cycling rate. The highest
capacity is obtained for 1% Nb doping for all current densities
and it also shows the best capacity retention, 75 % of the initial
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capacity is retained at 20 Ag™' compared to 30% for the
undoped material. In a prolonged cycling test at 10 Ag™"' this
electrode reveals a stable capacity over 5000 cycles and the CE
is around 96% throughout cycling - in agreement with
previous results using IL-based electrolytes and explained by
the relatively low conductivity of the electrolyte."

The stable behaviour under prolonged cycling points to
stability of the structure and morphology of the material. To
investigate if any changes of the electrode morphology, such
as cracked particles, have occurred, SEM-images before and
after prolonged cycling were compared and no changes can be
observed, see Figure 8a-b. The TiO, particles remain intact and
well dispersed in the carbon matrix, the only feature that
separates the two images are residuals from the glass fibre
separator found in the image of the electrode after cycling.

The effect of cycling on the crystal structure of the TiO,/Nb
particles is investigated by XRD before and after 5000 cycles,
see Figure 8c-e. The diffractograms show no signatures of new
structures formed during cycling, but if changes are limited to
the surface, the contributions to the diffraction patterns might
be too small to be discerned. Though, a reduction in the
intensity of the diffraction peaks after cycling, which could be
related to reduced crystallite size or formation of amorphous
phases, is observed. There is also a slight shift in the peak
positions. This shift is largest in the diffraction patterns from
the undoped sample and can be related to strain introduced
with Li-insertion and indicates that the presence of Nb-ions
stabilizes the structure. Rietveld Refinement on the data
provides a quantitative analysis of the XRD patterns and the
parameters obtained in the analysis are reported in Table S1.
Both the cell parameters and the particle size increases slightly
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Figure 8. Comparison of SEM-images of the TiO, electrode with 1% Nb
doping a) before, b) after 5000 cycles and c-d) the XRD patterns for the four
different electrodes acquired before and after 5000 cycles.

Figure 7. Specific capacities at different current densities (left) and cycle
lifetime of the electrode with 1% Nb-doping at 10 Ag™' (right).
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with niobium doping, the former due to the difference in ionic
radius of Ti** (0.64 A) and Nb°* (0.605 A) and the formation of
a substitutional solid solution.**? After cycling, there is
virtually no change in the particle size (within error bars), but a
slight increase of lattice parameters can be observed.

To further investigate potential surface modifications as a
result of cycling XPS measurements were performed on electro-
des with 1% Nb doping in the pristine state, after the initial
10 CV cycles and after 5000 cycles. The results in Figures 9 and
S2 show a change in the XPS spectra as a function of cycling. In
the pristine material we find as expected contributions from Ti,
Nb, O and C. The origin of the carbon peak in the pristine
material is related to the added conducting carbon and the
PVDF binder. As the electrode is cycled the surface composition
changes and spectral components corresponding to surface
groups containing oxygen, sulfur and nitrogen appear. The
presence of nitrogen is explained by the decomposition of
both EMIM cations and TFSI anions, previously described™*”
and sulfur originates only from the decomposition of the TFSI
anion. These contributions are present from the initial cycles
and shows that and interphase layer is formed directly upon
cycling and that it is stable over extended cycling. The decrease
in the intensity of the Ti2p peaks further strengthens the
hypothesis that an interphase layer is formed of decomposed
electrolyte and covers the active material. The Ti2p of the
pristine electrode is assigned to Ti** species, however, the
bonding energy is slightly higher than previously reported,*”
which is explained by the charge compensation of the added
Nb-atoms.”® After the initial cycling a shift in the peaks towards
lower energies is observed potentially pointing to a decrease of
Nb concentration in the surface layer.

3. Conclusions

We have investigated the electrochemical response of a Nb-
doped TiO, electrode material in an IL-based electrolyte. We
show that with the combination of Nb-doping and microbead
morphology anatase TiO, can show excellent cycling stability in
an IL-based electrolyte without a large irreversible capacity loss.
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In the first cycles there is a modification of the surface of the
active material, potentially with the formation of an SEI with
the IL-based electrolyte. There is also a change from bulk
charge storage to surface charge storage in the first cycles. The
introduction of Nb-doping is shown to lower the charge
transfer resistance of the electrode which is further supported
by narrowing of the peaks and reduced the peak separation in
the CVs from the first cycles. Through a prolonged cycling test
(5000 cycles) we also demonstrate that the microbead
morphology and crystal structure remain intact and that the
presence of Nb-doping stabilizes the structure.

Experimental Section

Mesoporous anatase TiO, beads doped with 0.1 at%, 1.0 at% and
10 at% of Nb were synthesized following a previously reported
solvothermal method.?**"! Hydrolysis of titanium isopropoxide (TIP)
in hydroalcoholic medium for 18 h with hexadecylamine (HDA) and
Potassium Chloride (KCl) is controlled to allow the formation of the
bead structure. HDA is necessary as a structure-directing agent and
KCl to regulate the ionic strength. The hydrolysis is followed by
autoclaving at 160°C in hydroalcoholic ammonia for 16 h and
calcination at 500°C for 2 h in air. Niobium was introduced by
substituting the appropriate amount of TIP with niobium (V)
ethoxide during the synthesis. The doping precursor was dispersed
by ultrasonication in 1 mL of absolute ethanol and mixed with TIP
before addition to hydroalcoholic HDA-KCI.

1-ethyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide
(99%) (EMIMTESI), lithium bis(trifluoromethanesulfonyl)imide (99 %)
(LiTFSI) (Solvionic) and LP30 (1 M LiPF, in ethylene carbonate/
dimethyl carbonate 50/50) (95%) (Sigma-Aldrich) were all used as
received. The IL-based electrolyte was prepared by mixing 0.5 M
LiTFSI in EMIMTFSI and stirring at ambient temperature in the
glovebox for 1 hour. Glass fibre separators (Millipore) were dried
under vacuum at 100°C overnight before being transferred into
the glovebox for cell assembly.

Working electrodes were prepared by mixing 80 wt% of Nb/TiO,
powder, 10 wt% Super-P and 10 wt% Kynar in NMP as solvent. The
slurry was stirred overnight and then coated onto Cu-foil with a
TQC AB3400 motorized automatic film applicator equipped with a
stainless-steel doctor blade. The coated film was left to dry at room
temperature overnight and then at 80°C for 12 hours resulting in
homogenous 150 pm thick electrodes. The electrodes (¢ =10 mm,
1.8 mgcm? electrode mass) were transferred into the glove box
(H,0<0.1 ppm, O,<1 ppm), dried additionally in a Buchi oven
before assembly of 3-electrode cells. Activated carbon (Kuraray YP
50F, 2096 m?’g~') was used as counter electrode (10 mm,
4 mgcm? electrode mass) and was prepared following the same
procedure as for the working electrode, but with thickness of
300 um. The reference electrode was a silver foil (99.99%) (Alfa-
Aesar), cleaned with concentrated HCI, rinsed in propanol and
dried before use.

Electrochemical measurements were performed using a Biologic
VMP-3 potentiostat. Cyclic voltammetry (CV) was performed at
10 mVs ™' in the potential window 0 to —2.1 V vs. Ag/Ag*. Constant
current (CC) cycling was performed with current densities in the
range 1-20 Ag™' with respect to the electrode mass, starting with
the lowest current density. Electrochemical impedance spectro-
scopy (EIS) was performed in two different frequency intervals,
10 MHz to 10 mHz for the measurements before cycling and
10 MHz to 1 Hz for the in situ measurements in order to reduce the
acquisition time. The X-ray diffraction (XRD) measurements were

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA
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performed on an X'Pert Pro diffractometer (Cu Ko radiation)
equipped with an X'Celerator ultrafast RTMS detector. The cycled
samples were washed in dimethyl carbonate and transferred to
capillaries for XRD experiments in a glovebox. The capillaries were
sealed inside the glovebox to prevent exposure to air. The Rietveld
analysis of the obtained XRD patterns was performed using the
MAUD software package."®

The electrode morphology was investigated by scanning electron
microscopy (SEM) on a JSM 7800F instrument.

The XPS measurements were performed using monochromatic Al
X-ray source (E=1486.6 eV) with a beam diameter of 100 um and
an energy resolution of 0.646 eV. The samples were washed in
dimethyl carbonate and left to dry overnight in the glovebox
before being transferred to the XPS sample chamber in a
designated transfer chamber ensuring that no exposure to the
atmosphere occurred.
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ARTICLES

Subtle effects: A combination of a
microbead morphology, Nb-doping,
and the use of an ionic liquid electro-
lyte is shown to significantly
decrease the irreversible capacity
loss of TiO, and improve its electro-
chemical performance. A change in
the electrochemical response in the
first cycles indicates formation of a
solid-electrolyte interphase (SEI) or a
modification of the structure of the
surface layer of the TiO,/Nb microbe-
ads, which apparently stabilises the
performance. The change in the
response is manifested in an
increased charge transfer resistance
and the presence of two charge
transfer contributions. During
prolonged cycling the TiO,/Nb
electrode shows an excellent stability
over 5000 cycles.
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