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Abstract: TiO, represents one of the promising anode materials for lithium ion batteries due to its high
thermal and chemical stability, relatively high theoretical specific capacity and low cost. However,
the electrochemical performance, particularly for mesoporous TiO;, is limited and must be further
developed. Elemental doping is a viable route to enhance rate capability and discharge capacity
of TiO, anodes in Li-ion batteries. Usually, elemental doping requires elevated temperatures, which
represents a challenge, particularly for sulfur as a dopant. In this work, S-doped TiO, nanotubes were
successfully synthesized in situ during the electrochemical anodization of a titanium substrate at room
temperature. The electrochemical anodization bath represented an ethylene glycol-based solution
containing NHyF along with NayS,0s5 as the sulfur source. The S-doped TiO, anodes demonstrated
a higher areal discharge capacity of 95 pAh-cm~2 at a current rate of 100 pA-cm~2 after 100 cycles, as
compared to the pure TiO, nanotubes (60 uAh-cm™2). S-TiO, also exhibited a significantly improved
rate capability up to 2500 pA-cm~2 as compared to undoped TiO,. The improved electrochemical
performance, as compared to pure TiO, nanotubes, is attributed to a lower impedance in S-doped
TiO, nanotubes (STNTs). Thus, the direct S-doping during the anodization process is a promising
and cost-effective route towards improved TiO, anodes for Li-ion batteries.

Keywords: doped TiO,-nanotubes; in-situ sulfur doping; titanium anodization

1. Introduction

In the last decade, with the increasing demand for rechargeable energy storage, significant
attention has been paid towards convenient fabrication of next generation electrode materials with
both high power and high energy densities [1]. Accordingly, research has been oriented towards
nanostructuring of electrodes for high-performance energy storage devices such as supercapacitors
and Li-ion batteries (LIBs) [2,3]. In this regard, mesoporous TiO; has attracted great attention as
a perspective anode for LIBs due to its high stability, low cost, and good rate performance [4,5].
Moreover, the high Li* insertion potential above 1.5 V vs. Li can effectively suppress the formation of Li
dendrites during cycling, in contrast to metallic Li and graphitic anodes [6]. A variety of TiO;-based
nanostructures had already been explored for energy storage, such as nanoparticles, microspheres, and
nanotubes [7]. Among those, TiO; nanotubes have gained the highest importance due to their high
surface area and uniform pore size distribution [7,8].
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Furthermore, TiO, has an advantage of cycling stability due to relatively low volume expansion
(less than 1%) during lithium insertion/extraction. In the sense of theoretical capacity, TiO, exhibits
a capacity of 336 mAh-g~!, as assumed for insertion of 1 Li per formula unit, which represents double
the theoretical capacity of a well-studied Lis TisO1; [6]. However, a slower Li* diffusivity and relatively
poor electronic conductivity for Ti-based oxides particularly impedes high rate performance, leading
to lower capacities [9].

To date, several strategies for improvement of the transport of lithium ions and electrons
in TiO, electrodes such as controlling morphology via nanosizing [10,11], hybridizing with other
conductive materials [12,13], and elemental doping of the TiO, networks [14,15] have been successfully
performed. In particular, doping of TiO, with non-metallic elements can remarkably increase
the electronic conductivity. For example, doping of crystalline TiO, with sulfur [16,17], nitrogen [18],
and fluorine [19] significantly enhanced the rate capability, as a result of the improved electronic
conductivity of the material. Among the non-metallic dopants, S exhibits a larger ionic radius compared
to N and F, which results in narrowing of the band gap in S-doped TiO, [20]. Up to now, numerous
efforts have been undertaken to synthesize S-doped TiO, networks, such as oxidation of TiS, using
hydrothermal synthesis [21] or a sol-gel method [22]. Li et al. prepared S-doped anatase TiO; electrodes
through a hydrothermal reaction at 500 °C for 2 h in an Ar-flow. The S-doped anatase TiO, could further
facilitate the electron and ion pathways during electrochemical cycling [23]. Ni et al. also presented
the preparation of S-doped TiO, array anodes for sodium storage by sulfidation of TiO, nanotubes
at a 500 °C with a robust rate capability of 167 mAh-g~! at 3.35 Ag~! [24]. However, in all of these
works, S-doped TiO; electrodes were fabricated at elevated temperatures to guarantee the penetration
of the S-dopants into the TiO, network. There are certain disadvantages associated with employing
a high temperature route for sulfur doping. It may affect the tubular morphology and decrease
the surface area. Moreover, it has been reported that the as-prepared TiO, nanotubes in an amorphous
state provide higher specific capacities [25] and better rate capability [26] than crystalline TiO, due to
a higher Li-ion diffusivity [7,27], while a high temperature processing step would lead to crystallization
and may neutralize the doping advantage. Since high temperature routes also generally involve higher
costs, facile synthesis of S-doped TiO; at lower temperatures is therefore highly desirable. Masahashi’s
group reported about visible light activity of sulfur-doped TiO, photo-electrodes, which were prepared
by a single-step electrochemical anodization in aqueous sulfuric acid as electrolyte [28]. Although
they showed that the doped sulfur ions with single step anodization could effectively narrow the TiO,
band gap, non-self-organized TiO; layers were fabricated. The self-organized porous amorphous TiO,
structure has a larger potential in view of rechargeable ion batteries [29], and hence the electrochemical
anodization approach for S-doping needs to be established.

Herein, we report a direct method to prepare S-doped TiO, nanotubes using anodic oxidation.
Modification of the organic electrolyte enabled in situ S-doping during anodization without the need
for any additional processing. The S-doped TiO, anodes showed higher areal capacities as well as
improved rate capability in comparison to undoped TiO, anodes. Thus, we present a promising
approach for facile and cost-effective S-doping of mesoporous TiO, anodes with enhanced morphology
towards an improved electrochemical performance in LIBs.

2. Results and Discussion

2.1. Preparation and Characterization of TiO) Nanotubes

Pure TiO, nanotubes and S-doped TiO, nanotubes (henceforth referred to as TNT and STNT,
respectively) were obtained by anodic oxidation of titanium substrates. S-doping was done in situ
during the anodization with addition of Na;S,05 in the electrolyte as the sulfur source. Figure 1
shows current density-time (I-t) curves during the anodization process. For a single-step anodization
process, the I-t curve can be separated into three stages [30]. In Stage I, the current density drops
almost exponentially due to a passivation effect from the formed oxide film. In the next stage, local
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surface activation and pore formation takes place [7]. The establishment of steady state conditions
leading to self-organized structure growth marks the beginning of Stage III, whence the I-t curve
remains more or less constant. The profiles for the TNT and STNT samples are significantly different.
The addition of Na;S,05 affects the passivation and pore formation processes. Due to the S-species
in STNT synthesis, the ionic transport during anodization is likely affected, decreasing the overall
current density such that the I-t curve is located below that of the TNT sample [31].

15

——STNT
——TNT  +{Stagel

I

104 Stage Il Stage Ill

\ |

0 2 4 6 8 10 12 14 16 18 20

w

Current density (mA.cm2)

Ve
—

0-
0 10 20 30 40 50 60 70 80 90 100 110 120
Anodizing time (min)

Figure 1. Time-current density plots during anodization for TNT and STNT samples. The inset shows
the zoomed-in region around stage II.

A typical XRD pattern of as-prepared TiO; nanotubes with and without S-doping confirms
an amorphous character of the crystal structure (Figure S1 of supporting information). The amorphous
phase is typical for TiO, samples synthesized via an anodization process and further annealing 280 °C
is commonly done in literature in order to obtain crystalline anatase or rutile phase [7].

The morphology of the as-prepared nanotube structures was characterized by scanning electron
microscopy (SEM), and representative images of the top view of the TNT and STNT samples are shown
in Figure 2. Both samples exhibit a highly ordered tubular structure. The TNT sample shows a uniform
tube diameter of 60-70 nm, whereas a larger tube diameter of 140-160 nm was observed for the STNT
sample. Energy-dispersive X-ray spectroscopy (EDS) measurements were also performed on the STNT
samples and the data are given in Figure S2 of the supplement. The presence of S-doping was observed.
Therefore, with Na;S,05 addition to the electrolyte, not only could S-doping be realized, but it could
also improve the morphology towards electrochemical processes as a larger pore diameter should
facilitate ion transport inside the tubes.

Figure 2. SEM images of the top-view of the samples prepared by anodic oxidation (a) TNT; (b) STNT.
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In order to detect the S-content accurately, X-ray photoelectron spectroscopy (XPS) was carried out
on the STNT sample; the elemental spectra are shown in Figure 3. As shown in Figure 3a, the Ti 2p3,,
and Ti 2py, peaks for STNT are located at 459.25 and 465.00 eV, respectively, which fit well with TiO,,
as reported earlier [8,12]. The presence of S-doping, at least at the surface, is confirmed. The elemental
percentage of S was found to be ~1.5 at.%. Both the O 1s and S 2p spectra were fitted as well, and
contributions from S-species were indexed. The O 1s peaks are located at 530.6, and 532.15 eV, which
can be assigned to S-O-Ti, and S-O bonds, respectively [32] (Figure 3b). In the S 2p spectrum, the S?~
species (161.7 and 164.0 eV) and the S°* species (168.8 eV), corresponding to the S-Ti, S-Ti-O and
sulfate bonds, respectively [32] (Figure 3c), are assigned. To evaluate the presence of sulfur in the bulk,
sputtering was done for 30 min (~2.5 nm-min~! based on silica standard). S is present is the material
after sputtering as well (shown in the S 2p spectrum in Figure S3). Although the substitution of O with
S at equilibrium states is unfavorable [33], the S doping is feasible with the anodization method.

a b

Tl 2p 2p3r2 O 15 O-Ti-S
s 3
s <
= = oS
) =
= c
—_— v . , : : . |
468 466 464 462 460 458 456 536 534 532 530 528
Binding energy (eV) Binding energy (eV)
S 2p S-Ti-O
3
s
2
]
| —
I}
£

; T T T T
174 172 170 168 166 164 162 160 158
Binding energy (eV)

Figure 3. XP spectra for STNT samples (a) Ti 2p; (b) O 1s (c) S 2p. The black line corresponds to
the measured spectra, the pink and yellow lines represent fitted data for each species, while the red line
represents the whole calculated spectrum for O 1s and S 2p.

2.2. Electrochemical Properties of TNT and STNT

The electrochemical performance of the STNT samples was investigated in half-cells vs. Li/Li*,
along with TNT samples as baseline for comparison. The as-prepared nanotube samples were directly
tested without annealing since previous reports have shown that amorphous TiO, performs better
than crystalline TiO,, which is attributed to a more disordered structure [7,24-26].

Cycling voltammetry (CV) was performed on both samples for multiple cycles and
the voltammograms for the 1st and 5th cycles are shown in Figure 4 (all the cycles are given in Figure 54
of the supplement). The CV behavior of the TNT sample is quite similar to that of amorphous TiO,
nanotube electrodes, as reported previously for the pure and mixed oxide system [34,35]. A pair of broad,
symmetric peaks are observed corresponding to Li-ion insertion and extraction in the amorphous
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material. For the STNT sample, the 1st cycle CV curve is noticeably different, likely due to the presence
of a surface-layer with a higher sulfur content. In the 5th cycle, the CV curve is rather similar to the TNT
sample (Figure 4b) although the reduction/oxidation peaks are even broader. Moreover, the area under
the curve is higher than that of the TNT anode, indicating a higher energy density, and is therefore
expected to show improved electrochemical performance.
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Figure 4. Cyclic voltammograms of TNT and STNT samples (a) 1st cycle; (b) 5th cycle.

Galvanostatic cycling was evaluated subsequently for both the samples. The voltage profile
curves of the STNT and TNT materials during the 1st, 2nd, 5th, and 10th cycles, which are performed
at a voltage range of 2.5-1 V vs. Li*/Li, are depicted in Figure 5a,b. The intercalation/de-intercalation
plateaus are rather similar, suggesting that the electrochemical behavior is comparable. The discharge
and charge capacities of STNT at a current density of 100 A-cm~2 are 110 and 80 pAh-cm ™ in the first
cycle, much higher than the initial discharge/charge capacities of the TNT sample (63 and 53 pAh-cm™2,
respectively). This irreversible capacity loss in the first cycle in both samples may be attributed to the
reaction of some functional groups and species on the surface of titanium oxide with the electrolyte,
which gives rise to decomposition of the electrolyte [8,15].

A similar improvement in the performance for the STNT anode is observed in the rate capability
cycling shown in Figure 5c. The STNT anode shows areal capacities of 96, 58, 57, and 55 pAh-cm™2
at 100, 250, 500, and 2500 pA-cm~2, respectively, significantly higher than those obtained for the TNT
anode at all current densities. When the current rate was reduced back to 100 pA-cm™2, the STNT
anode exhibits a stable capacity of 95 pAh-cm~% suggesting excellent reversibility. The subsequent
long-term cycling is shown in Figure 5d. Both STNT and TNT anodes show excellent cycling stability
and demonstrated 95 and 56 wAh-cm~?2 areal capacity, respectively, at the end of 150 cycles, with STNT
showing a higher average coulombic efficiency. Note that there is a small amount of irreversible
capacity during the discharge process, likely due to side reactions from the electrolyte, leading to
the Coulombic efficiency less than 100%. Such obtained results are comparable with previous reports
that include multiple preparation steps such as SnO,@TiO; NT [36] and MoOs-deposited TiO, [37]
electrodes, which showed average capacities of 113 and 116 pAh-cm 2, respectively, after only 50 cycles
at current densities of 100 and 50 pA-cm~2. Furthermore, STNT demonstrates higher areal capacity
and rate performance than N-doped-TiO, NTs tested under the same current rates [38].

Electrochemical impedance spectroscopy (EIS) has also been applied to further understand
the improvement in the performance. The charged-state Nyquist plots of the TNT and STNT materials
are presented in Figure 6. For both samples, a well-defined semicircle at high frequencies was observed,
corresponding to the charge transfer resistance of Li ions within hosts [35,39]. The EIS results were
fitted with an equivalent circuit (shown in the inset of Figure 6), and STNT has a lower charge transfer
resistance (31 + 3 (2) compared to the TNT anode (92 + 2 (}). Similar reduction in the charge transfer
resistance was noticed after doping anatase nanoparticles prepared by hydrothermal reaction [23].
S-doping therefore improves the charge transfer in amorphous TiO, which, in conjunction with a larger
pore diameter, enhances the electrochemical performance, particularly at high rates.
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Figure 5. Galvanostatic voltage profiles at 100 uA-cm~2 for (a) TNT sample; (b) STNT sample, along
with electrochemical performance; (c) rate capability for TNT and STNT samples showing areal
discharge capacities; current rates are mentioned above the corresponding cycles in the unit of pA-cm=2;

and (d) subsequent long-term cycling for TNT and STNT anodes; corresponding y-axes are marked
with arrows.
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Figure 6. Nyquist Plots of STNT and TNT anodes along with the fits based on an equivalent circuit
(shown in the inset).

In order to further explore the influence of the Na,S,Os5 concentration on the morphology and
electrochemical performance, anodization was carried out with a lower (0.045 M) and a higher
concentration (0.135 M) of Nay5,05 as compared to 0.09 M in the samples described above. Figure S5
in the supplement shows the time—current density plots for the anodization process. The anodization
for 0.045 M concentration is quite similar to that of the TNT sample, whereas the 0.135 M concentration
is similar to the STNT sample. Accordingly, the morphology of the sample prepared with 0.045 M
concentration is quite similar to the TNT sample (Figure 7a); however, for 0.135 M concentration,
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only a porous TiO, structure with irregular pores is observed instead of self-organized nanotubes
(Figure 7b). Rate capability tests were done to evaluate the change in electrochemical performance,
and are shown in Figure 7c, along with the data for TNT and STNT for comparison. The areal capacities
obtained for 0.045 M samples at different rates are almost exactly the same as that for the TNT sample,
suggesting that the S-doping is negligible with a small concentration of NayS,05 and, therefore, does
not lead to any noticeable change in the performance. In contrast, the rate capability of the 0.135 M
sample is even lower than that of TNT, likely due to the absence of a uniform nanotubular structure,
which is unfavorable for the lithiation/de-lithiation process. Thus, the 0.09 M Na;S,0s5 concentration
leads to better results since it not only enables S-doping, but also leads to advantageous morphological
changes, while maintaining the self-organized nanotubular structure.
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Figure 7. SEM images of the top-view of the samples prepared by anodic oxidation with (a) 0.045 M
Nay5;0s; (b) 0.135 M NayS;0s5, along with (c) rate capability data of the prepared electrodes
in comparison to TNT and STNT samples.

3. Materials and Methods

3.1. Fabrication of Pure TiO) Nanotubes and S-Doped TiO, Nanotubes

Pure TiO, nanotubes were fabricated by a typical anodic oxidation process described elsewhere in
detail [8]. Samples were prepared using an ethylene glycol/water solution (5% v/v) containing 0.09 M
NH4F (99% purity, Merck, Darmstadt, Germany) as electrolyte. The anodization process was carried
out at room temperature in two electrode Teflon cells where a 12 mm diameter titanium substrate
(99.5% purity, 0.25 mm thickness, Alfa Aesar, Karlsruhe, Germany) was utilized as the working
electrode and platinum as the counter electrode, with a 2 cm distance between the electrodes. A voltage
of 40 V was applied for 2 h at a rate of 20 mV-s~! using a programmable DC-power supply (Keithley
2400 source master). After anodization, samples were washed with deionized water to remove
the residual debris. S-doped TiO, nanotube samples were prepared using the same anodization process.
For the sulfur source, sodium pyrosulfite (NayS,Os, analytical grade, Union Chimique Belge) was
added to the electrolyte. Different samples were prepared with varying concentrations of Na;S,05
(0.045 M, 0.09 M, and 0.135 M).

3.2. Characterization

Scanning electron microscopy (SEM) was performed using a Gemini LEO 1530 (Zeiss, Oberkochen,
Germany) field-emission scanning electron microscope. Energy-dispersive X-ray spectroscopy (EDXS)
was done using a Bruker XFlash 4010 detector equipped with the QUANTAX software. X-ray
photoelectron spectroscopy (XPS) measurements were carried out at a Physical Electronics PHI 5600 CI
system using a hemispherical analyzer at a pass energy of 29 eV and a step size of 0.1 eV and with
monochromatic Al K radiation (350 W) for excitation. The binding energy scale of the spectrometer
was calibrated with metal foils of Au for the binding energy (BE) of Au 4f;, at 84.0 eV and Cu foil
for the BE of Cu 2p3), at 932.7 eV. The binding energies of the spectra were calibrated according to
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C 1s (284.8 eV). Elemental concentrations from the XPS were calculated using standard single-element
sensitivity factors. The core level signals were fitted with a Gaussian function using a nonlinear
Shirley-type background. Amorphous state of TiO, nanotubes, prepared at room temperature without
and with S-doping, was confirmed by X-ray powder diffraction (STOE Stadi P, Co-K radiation, Dectris
Mythen 1K detector).

3.3. Electrochemical Testing

The electrochemical testing was done in Swagelok-type cells in the half-cell configuration.
The as-prepared samples were utilized as working electrodes without additional binder or conductive
additives. A pure lithium film (99.9%, Alfa Aesar) served as the counter electrode, and two
pieces of glass fiber separator (Whatman, GF/D) were used. The electrolyte was LP30 (1 M LiPF,
ina 1:1 (v/v) mixture of ethylene carbonate and dimethyl carbonate, battery grade, BASF). The cells were
assembled inside an argon filled glove box with water and oxygen content less than 0.1 ppm. Cyclic
voltammetry, galvanostatic cycling, and electrochemical impedance spectroscopy (EIS) were conducted
on a multichannel potentiostat (VMP3, Bio-Logic, Seyssinet-Pariset, France). Cyclic voltammetry tests
were carried out between 1 and 3 V versus Li/Li* at a scan rate of 0.1 mV-s~!. The areal capacity is
defined as total discharge/charge capacity per unit area of the electrode. The Coulombic efficiency
was calculated as a percentage of Qcharge/Qdischarge a8 it is common for Li-free anode materials being
tested in half-cells. The galvanostatic cycling was carried out within the voltage range of 1 and 3 V
vs. Li/Li*. EIS measurements were performed in a frequency range of 0.01 Hz-100 kHz at a potential
of 1.7 V with a perturbation signal of 5 mV. All electrochemical measurements were performed at 25 °C
in controlled climate chambers.

4. Conclusions

We hereby successfully demonstrated direct S-doping of TiO, during the anodization process
by addition of Na;S,0s. XPS studies confirmed the presence of differently charged sulfur species,
which resulted in an improved conductivity of the TiO, framework. Moreover, the concentration
of S-species in the electrolyte affected the morphology of the nanotubes. As a result, in combination
with changes in morphology, the areal capacity was significantly improved (95 uAh-cm=2 after 80 cycles
versus 56 pAh-cm~2 for pure TiO,), along with an enhanced rate capability in LIBs (demonstrating
more than twice the specific capacity of pure TiO, at 2500 pAh-cm~?2), thereby making the approach
promising for practical implementation. Furthermore, beyond a certain Na;S,0Os5 concentration
in the electrolyte, porous, non-tubular morphology was observed for TiO, which deteriorated
the electrochemical performance.

Supplementary Materials: The following are available online at http://www.mdpi.com/2313-0105/6/4/51/s1.
Figure S1: Typical X-ray diffraction patterns of as-anodized Ti substrate with and without S-doping, Figure S2:
EDXS measurements for the STNT samples showing clear signal for sulfur, Figure S3: S 2p spectrum for STNT
sample after sputtering for 30 min, Figure S4: Cyclic voltammograms of TNT and STNT samples, Figure S5:
Time-current density plots during anodization for samples prepared with different concentration of Na;S,05
along with that of TNT and STNT samples.
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