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ABSTRACT: Pure anatase TiO, and N-doped TiO, nano-
particles were prepared by a solvothermal method. X-ray
photoelectron spectroscopy showed that the surface of the
doped material was dominated by interstitial N, while
interstitial and substitutional N coexisted in the material
bulk. Both materials showed superior cycle stability. In
addition, the N-doped material exhibited much better rate
capability than pure TiO,. A discharge capacity of 45 mAh g™
was obtained at the 15 C rate, which was 80% higher than that
of pure TiO,. The electrochemical kinetic properties of the
materials were studied by a galvanostatic intermittent titration
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technique and electrochemical impedance spectroscopy. The charge-transfer resistance of TiO, was decreased by N doping.
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Meanwhile, the minimum lithium diffusion coefficient was increased to 2.14 X 107! cm® s™!, which is 13 times higher than that
of pure TiO,. This indicates that the electrochemical kinetic properties of TiO, were improved by N doping, which substantially

improved the specific capacity and rate capability of TiO,.
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1. INTRODUCTION

Lithium-ion batteries have been widely used in portable
electronics. They are also considered to be one of the most
promising power sources for electrical vehicles and stationary
energy storage in the near future. For these new applications, a
further decrease in cost and improvements in energy/power
densities, safety, cycle life, and environmental impact are
strongly required. Currently, graphite and other carbonaceous
materials are the most commonly used anode materials in
lithium-ion batteries. However, this kind of anode has severe
safety issues because it operates close to the Li*/Li redox
couple with a risk of metallic lithium plating and dendrite
formation at the overcharged state. In addition, it suffers from a
high irreversible capacity loss during the initial cycles because of
the formation of a solid electrolyte interphase film. Therefore,
new anode materials with enhanced electrochemical perform-
ance are strongly required for lithium-ion batteries.

Recently, anatase titanium dioxide (TiO,) has attracted great
interest as the anode material for lithium-ion batteries because
of its long cycle life, low cost, and minimum environmental
impact." Especially, the higher working voltage of TiO, (~1.6 V
vs Li/Li*) endows it with greater overcharge protection than
the traditional graphite anode, which significantly improves the
safety properties of the batteries. However, the poor rate
capability of TiO, seriously hinders its practical applications in
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lithium-ion batteries. The rate capability of electrode materials
mainly depends on their electrochemical kinetic properties at
the electrode/electrolyte interface, as well as their bulk
properties such as diffusion of Li* ions and electrical
conductivity. In order to improve the electrochemical kinetic
properties at the electrode/electrolyte interface, numerous
works have been done to monitor the surface of TiO, by the
preparation of mesoporous materials, or coating of the material
with carbon, polypyrrole, RuO,, etc.** In order to facilitate the
diffusion of Li* ions, it is a common practice to prepare
nanosized materials. Even though the intrinsic Li" ion diffusivity
of TiO, is rather low, the nanosized material provides a short
diffusion length, thus effectively shortening the diffusion time of
Li* ions.'® There are also different methods that can improve
the electrical conductivity of TiO,. For example, TiO,
composites with electronic conductive additives such as carbon
nanotubes, graphene, and RuO, have demonstrated an
increased Li* ion capacity at high charge—discharge
rates.'”"'> However, the conductive additives can only tailor
electron transport on the particle surface and between adjacent
particles; the intrinsic electrical conductivity inside the TiO,
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bulk is still poor. Recently, it has been shown that the intrinsic
electrical conductivity of TiO, can be improved by doping of
some aliovalent ions such as Nb**, P¥*, Zn**, Fe3*, N3~, §*7, and
F~.72! In addition, slight modification of the TiO, lattice is
achieved by doping of foreign atoms, which may improve the
diffusion of Li" ions. For example, Kim et al. prepared N-doped
TiO, nanofibers by the electrospining method. The N-doped
nanofibers showed a discharge capacity of 185 mAh g™' at the
0.1 C rate, which was much higher than that of the undoped
counterpart.'” Han et al. reported that the discharge capacity of
their N-doped TiO, hollow nanofibers (85 mAh g™') was
nearly 2 times higher than that of the ordinary TiO,
nanoparticles at the 2C rate.'® Liu et al. prepared N- and S-
codoped TiO, nanocrystals. The material showed superior high
rate performance because of increasing electrical conductivity.*’
Because the diffusion of Li* ions in the electrode is a key step
for energy storage and output, the chemical diffusion coefficient
of Li* (Dy,) is one of the most important kinetic parameters for
electrode materials. The galvanostatic intermittent titration
technique (GITT), which is based on the chronopotentiometry
at nearly thermodynamic equilibrium conditions, is a reliable
technique to determine D;; with highly resolved data.
Electrochemical impedance spectroscopy (EIS) is also a
powerful technique to determine Dy; because the low-frequency
Warburg region is directly related to Li* diffusion in the
electrode. Recently, the chemical diffusion coeflicients of
different electrode materials such as Li[Liy,3Coq;Mng4;]O,,
LiFeSO,F, Li[NiyMn,;Co(,]O,, and LiCoO, have been
studied by several groups.”>~>> However, there is still a lack
knowledge on the chemical diffusion coeflicient of TiO, and its
variation with the Li* content or working voltage. In this study,
we prepared N-doped TiO, nanoparticles by a solvothermal
method. The effects of N doping on the electrochemical
properties of TiO,, especially their electrochemical kinetic
properties, were studied by GITT and EIS techniques.

2. EXPERIMENTAL SECTION

2.1. Synthesis and Characterization. Anatase TiO, nano-
particles were prepared by a solvothermal method. In brief, 12 mL
of tetrabutyl titanate was dissolved in 48 mL of 2-butoxyethanol and
12 mL of acetic acid. After magnetic stirring for 1 h at room
temperature, the resultant solution was placed in a 100 mL stainless
steel autoclave and then heat-treated at 150 °C for 10 h. After
solvothermal preparation, the autoclave was cooled naturally to room
temperature, followed by washing several times with deionized water
and acetone. The resultant powder was dispersed under ultra-
sonication in deionized water and then subjected to freeze-drying.
Finally, the precursor powder was annealed at 550 °C for S h in air to
obtain the pristine TiO, material. For the preparation of N-doped
TiO,, the TiO, precursor obtained from a solvothermal procedure was
first annealed at 550 °C for 2 h in air, followed by another heat
treatment at 550 °C under a NH; flow for 2 h. Finally, the N-doped
TiO, was annealed at 550 °C for 1 h in air.

The crystal structures of the samples were studied by X-ray
diffraction (XRD) on a Bruker AXS D8 X-ray diffractometer with Cu
Ko radiation. The lattice parameters were calculated using the Celref 3
Program. The morphology of the materials was observed by scanning
electron microscopy (SEM; Hitachi SU8020). X-ray photoelectron
spectroscopy (XPS) was performed on a VG scientific ESCALAB 250
spectrometer. The binding energy was corrected using the C 1s peak at
284.6 eV.

2.2. Electrochemical Measurements. The electrochemical
experiments were carried out using 2032-type coin cells. A metallic
Li foil was used as the anode electrode. The cathode electrode was
composed of 75 wt % active material, 15 wt % carbon black conductive
additive, and 10 wt % poly(vinylidene fluoride) binder dissolved in N-
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methyl-2-pyrrolidone. The cathode slurry was coated on Al foil. Each
electrode was 8 X 8 mm?” in size with a TiO, mass loading of ~4 mg
cm™2 The cathode and anode electrodes were separated by the
Celgard 2320 membrane. The electrolyte used was 1 mol L™" lithium
hexafluorophosphate dissolved in ethylene carbonate (EC), dimethyl
carbonate (DMC), and ethyl methyl carbonate (EMC) [EC:DM-
C:EMC = 1:1:8 (w/w/w) ratio]. Galvonostatic charge—discharge
cycling was performed on a Land-2100 battery tester. Cyclic
voltammetry (CV), EIS, and GITT were performed on a Bio-Logic
VSP multichannel potentiostatic—galvanostatic system. The impe-
dance data were recorded by applying an alternating-current voltage of
S mV in the frequency range from 1 MHz to 5§ mHz. GITT
measurement was performed throughout the discharge process. For
each GITT step, the battery was discharged with a current flux of 16.8
mA g~ for 0.5 h, followed by an open-circuit stand for 3 h to reach the
quasi-equilibrium state.

3. RESULTS AND DISCUSSION

3.1. Structure and Morphology Properties. Figure 1
shows the XRD patterns of the TiO, and N-doped TiO,
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Figure 1. XRD patterns of the TiO, and N-doped TiO, samples.

samples. Both materials can be indexed to anatase TiO, with
the space group I4;/amd (JCPDS no. 21-1272). The lattice
parameters of the materials are calculated as a = 3.7883 A, b =
3.7883 A, ¢ = 9.5233 A, and V = 136.67 A® for pure TiO, and a
=3.7905 A, b = 37905 A, ¢ = 9.5331 A, and V = 136.97 A’ for
N-doped TiO,. The slight expansion of the crystal lattice may
be due to the larger N°~ anion (r = 1.46 A) than O*~ (r = 1.36
A).*® The narrow and sharp diffraction peaks indicate that the
samples are well-crystallized. The average crystallite size (d) of
the materials is calculated using Scherrer’s formula,27 D =KA/B
cos 6, where 4 is the wavelength of the X-ray radiation, B is the
angular width at half of the maximum intensity of the (101)
peak, 0 is the Bragg angle of the (101) peak, and K is a
constant, which is 0.9. Calculation shows that the average
crystallite size of pure TiO, (21.1 nm) is a little bit larger than
that of N-doped TiO, (20.2 nm).

The color of the TiO, powders changes from white to pale
yellow after N doping. SEM shows that both samples have
similar morphologies, as shown in Figure 2. The materials are
composed of ordinary spherical-like particles with particle size
of less than 50 nm. However, significant particle agglomeration
is observed, which is difficult to resolve using the present
synthetic route.
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Figure 2. SEM images of the TiO, (a) and N-doped TiO, (b)
samples.

3.2. XPS. XPS analysis was performed to investigate the
chemical states of Ti, O, and N of the materials. As shown in
Figure 3a,b, both the TiO, and N-doped TiO, samples exhibit
very similar Ti 2p and O 1s XPS curves no matter the peak
shape or the binding energies. The Ti 2p binding energy is
observed at 458.4 eV, which is consistent with that of Ti*.*
The O 1s binding energy at 529.6 eV confirms the O state of
the materials.”® The existence of N 1s XPS confirms the
successful doping of N in TiO,. The amount of N dopant in the
N-doped TiO, is measured as 1.17 atom %. In order to obtain
detailed information on the chemical state of N in the material
bulk, the N-doped TiO, sample was etched by Ar and then
subjected to XPS analysis. Evolution of the N 1s XPS with Ar
etching is displayed in Figure 3c. N 1s XPS at the sample
surface is dominated by a single peak at 400.0 eV, which is
attributed to the interstitial N anions in TiO, with an O—Ti—N
linkage.28 When the material is etched for 360 s, the O—Ti—N
peak decreases while a new peak appears at 396.8 eV. This new
peak is assigned to the Ti—N bond in TiN.>**° This indicates
that some of the O atoms are substituted by N, which generates
the direct linkage of the Ti and N atoms. The interstitial O—
Ti—N bond shows a higher binding energy than that of the
substituted Ti—N bond because the high electronegativity of O
reduces the electron density on N. Both the O—Ti—N and Ti—
N bonds can be observed with further etching, which confirms
the coexistence of interstitial and substitutional N in the TiO,
bulk. It has been reported that the site of N in the TiO, lattice
depends on the synthetic history of the material.”® Interstitial N
is preferred under O-rich annealing conditions, whereas
substitutional N is favored under O-depleted conditions. In
this study, the N-doped TiO, is prepared by annealing the

precursor in air. Therefore, the surface of the material is
dominated by interstitial N atoms, while there are plenty of
substitutional N atoms in the material bulk. The role of N on
the electrical conductivity of TiO, is mainly related to the
narrowing of the band gap. It has been reported that
substitutional N plays a key role in narrowing the band gap
by elevating the valence band maximum, while interstitial N can
only introduce some localized N 2p states in the gap.*

3.3. Charge—Discharge Cycling. The electrochemical
properties of the materials were studied in the voltage window
of 1.3—3.0 V. The charge—discharge experiments were first
performed at the 0.2 C rate (1C = 168 mA g'), and then the
charge—discharge rate was gradually increased to 15 C. Figure 4
shows the voltage profiles of the materials at different charge—
discharge rates. It has been well-accepted that Li" intercalation
into TiO, undergoes a two-phase transition between the
tetragonal TiO, and orthorhombic LiysTiO, phases.’’ This
means that the TiO, phase continuously decreases while the
LiysTiO, phase spontaneously increases with Li" intercalation.
Normally, the charge—discharge profiles exhibit a voltage
plateau under the two-phase mechanism, as observed in our
undoped and N-doped TiO, samples. The theoretical capacity
with 0.5 mol of Li" insertion into TiO, is 168 mAh g .
Recently, someone reported that the end phase of the two-
phase transition is LiyssTiO,>> There are no substantial
differences between the two point of views, but the later one
gives a slightly higher theoretical capacity of 185 mAh g™'. In
this study, the discharge capacities of the TiO, and N-doped
TiO, samples at the 0.2 C rate are 170.6 and 181.7 mAh ¢,
respectively, which fit well with the above two-phase transition
mechanisms. It has been reported that for nano- or mesoporous
TiO, materials interfacial Li* ion storage is not negligible,
which will give an extra discharge capacity.33 However, this
seems to not happen for our TiO, and N-doped TiO, samples
because they have relatively large particle size and serious
particle agglomeration, as observed from the SEM images.

The charge—discharge cycling performance of TiO, and N-
doped TiO, at the 0.2 C rate is displayed in Figure S. Both
samples exhibit superior cycle stability in that only very small
capacity fade is recorded after 100 cycles. The Columbic
efficiency remains at nearly 100% after the initial cycles, which
is an indication of excellent electrochemical reversibility. The
rate-dependent cycling performance of the samples is displayed
in Figure 6. It is clear that N-doped TiO, exhibits better rate
capability than pure TiO,, especially at higher charge—discharge
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Figure 3. Ti 2p (a), O Is (b), and N Is (c) XPS of the TiO, and N-doped TiO, samples.
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rates. For example, a discharge capacity of 45 mAh g™ is
obtained at the 15 C rate, which is 80% higher than that of pure
TiO,. In addition, it is noticed that the Columbic efficiency of
TiO, begins to vibrate above the 10 C rate, while that of N-
doped TiO, remains stable even at the 15 C rate. This indicates
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that N-doped TiO, has better high rate stability than the
undoped material.

3.4. CV. Figure 7 shows the CV curves of TiO, and N-doped
TiO, at different scan rates. All of the CV curves are
characterized by a couple of cathodic/anodic peaks, which are
due to Li" intercalation/deintercalation under the two-phase
transition mechanism. The overall shape of the CV curve is
maintained well with an increase of the scan rate. The voltage
gap between the cathodic and anodic peaks is known as the
electrode polarization, which is closely related to the electrical
conductivity of the active material>**> The cathodic/anodic
voltages for the undoped TiO, at a scan rate of 0.4 mV s™" are
2.13/1.62 V, resulting in an electrode polarization of 0.51 V. In
a similar manner, the electrode polarization of N-doped TiO, is
0.42 V. Obviously, a decrease of the electrode polarization is
due to the higher electrical conductivity of N-doped TiO,.

In addition, the CV measurement can be used to evaluate the
diffusion kinetics of intercalation materials via the equation®®

I, = 2.69 x 10°*°SD, %' *AC, (1)
where 7 is the number of electrons per species reaction, S is the
surface area of the electrode, Dy; is the chemical diffusion
coefficient of Li*, AC, is the concentration of Li* ions, and v is
the scan rate. From the inset of Figure 7, the cathodic current
shows a linear relationship versus (scan rate)'/2 Therefore, we
can approximately compare the chemical diffusion coefficient of
TiO, and N-doped TiO, using the above equation. It shows
that the chemical diffusion coeflicient of N-doped TiO, is about
2 times higher than that of TiO,. However, the CV
measurement, which is based on a dynamic process, is not
critical for calculating Dy; with high accuracy. In order to obtain
more accurate results, GITT or EIS, which can stabilize at
nearly thermodynamic equilibrium conditions, must be used.
3.5. GITT. The GITT method, which was first introduced by
Weppner and Huggins, has been widely used to determine the
chemical diffusion coefficient of Li* ions in electrode materials.
Using the traditional GITT method, the electrode system is
subjected to a small constant current, and potential changes are
measured as a function of time. Assuming one-dimensional
diffusion in a solid solution electrode without consideration of
the ohmic potential drop, double-layer charging, charge-transfer
kinetics, and phase transformation, the ion diffusion coefficient
can be calculated using Fick’s law through the equation®**’

dx.doi.org/10.1021/am5002053 | ACS Appl. Mater. Interfaces 2014, 6, 4458—4465
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typical titration step of TiO, and N-doped TiO, at x = 0.16. It
is seen that N-doped TiO, has a smaller ohmic polarization and
a smaller overpotential, which is due to its higher electrical
conductivity. In addition, the N-doped material allows higher
Li" ion intercalation during each single titration, indicating its
better kinetic properties. The evolution of E; versus x is
obtained from the GITT results, as shown in Figure 9. From
this figure, the first-order derivative of dE,/dx as a function of x

is obtained as given in the inset of Figure 9. Figure 10 shows an

t1/2 (s1l2)

Figure 10. Typical E vs t/2 plot of the TiO, and N-doped TiO,
samples. Inset: dE/dt/? values of the samples.
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example of E versus 72 plots recorded for the two materials. It
can be seen that, in the time domain from 60 to 300 s, the plot
is nearly linear. The slope is taken from this linear range to
calculate dE/d#% In the inset of Figure 10, we plot the dE/

dx.doi.org/10.1021/am5002053 | ACS Appl. Mater. Interfaces 2014, 6, 4458—4465



ACS Applied Materials & Interfaces

Research Article

d#'/? values as a function of x of the materials. The chemical
diffusion coefficient of Li" can be calculated by eq 2 using the
values of dE/dx and dE/dt"/* Figure 11 displays the D;; values
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Figure 11. Dy; values of the TiO, and N-doped TiO, samples as a
function of the Li* content.

of the TiO, and N-doped TiO, samples as a function of the Li*
content. It is seen that the variation of Dy; strongly depends on
the discharge process. Pure TiO, has a Dy; value of 1.34 X 10~
cm® s7' at the beginning of discharge. Then Dy; rapidly
decreases and reaches a minimum value of 1.65 X 107 cm* s~
at the center of the discharge plateau. Afterward, Dy; increases
to 1.0 X 107 cm® 57" and then slightly decreases again to 1.34
X 107 cm? s™!. Finally, Dy; increases to 9.06 X 107™* cm? s™* at
the end of the discharge. It is seen from Figure 11 that N
doping increases the chemical diffusion coefficient of TiO,.
Especially, the minimum Dy; at the voltage plateau region is
2.14 X 107" cm® s7', about 13 times higher than that of pure
TiO,. This indicates that Li" ions can diffuse faster in N-doped
TiO,, which results in its higher capacity and better rate
capability.

3.6. EIS. In order to study the electrochemical kinetic
properties of the materials, EIS was performed at several typical
states of discharge (SODs), ie, 1.93 V (start of the voltage
plateau), 1.79 V (center of the voltage plateau), 1.59 V (end of

the voltage plateau), and 1.48 V (lower voltage limit). The
Nyquist plots of TiO, and N-doped TiO, are shown in parts a
and b of Figure 12, respectively. From the Nyquist plots, the
intercept at the highest frequency is due to the internal
resistance (R;) of the cell arising from the electrolyte, separator,
current collector, etc. The semicircle in the high-to-medium-
frequency region is majorly due to the charge-transfer process,
which can be described by the parallel combination of surface
capacitance C4 and charge-transfer resistance R,. The sloping
line in the low-frequency range, called the Warburg region, is
due to Li* ion diffusion in the electrode bulk. Based on this, the
Nyquist plots are simulated using the equivalent circuit, as
shown in the insets of Figure 12a,b. First of all, it is seen that
the charge-transfer resistance is relatively stable with Li
intercalation, only showing a slight decrease at the discharge
plateau (1.7 V). R, of pristine TiO; is in the range of 70—81 Q
and then decreases to 41—45 Q after N doping. The smaller R,
values of N-doped TiO, could be due to its larger electrical
conductivity.

The Warburg region in the Nyquist plots has been used to
determine the chemical diffusion coefficient of Li" in electrode
materials. By using the model proposed by Ho et al, Dy; of
TiO, can be calculated by the equation®®

()] 0

where V,, is the molar volume of TiO,, S is the surface area of
the electrode, F is the Faraday constant, and dE/dx is the first-
order derivative of the discharge profile. ¢ is the Warburg
coefficient, which obeys the relationship

dz’

da)—l/z

V.

m

FSo

1
2

dE
dx

Li —

o =

(4)

o can be obtained from the slope of the linear fitting of Z’
versus /2 plots, as shown in Figure 13. Based on these, the
Dy; values of TiO, and N-doped TiO, under different SODs are
calculated by eq 3 and are also displayed in Figure 11. It is seen
that the Dy; values obtained from EIS fit well with those
obtained from GITT. This verifies again that N doping
improves the Li" diffusion coeflicient of TiO,. However, it
should be noted that, although the similar results obtained from
GITT and EIS establish the validity of both methods, GITT
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Figure 12. Nyquist plots of the TiO, (a) and N-doped TiO, (b) samples at different SODs. Inset: equivalent circuit models.
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Figure 13. Linear fitting of the Z' vs @™"/? relationship of the TiO, (a) and N-doped TiO, (b) samples at different SODs.

may provide a somewhat more precise result because the ohmic
potential drop during GITT titration can be readily eliminated,
which guarantees that Dy; can be obtained at the most quasi-
equilibrium state, as mentioned by Levi and Aurbach.***

4. CONCLUSIONS

TiO, and N-doped TiO, nanoparticles have been prepared by a
solvethermal method. The N anions reside on the interstitial
and substitutional sites in the material bulk, which slightly
expands the crystal lattice of TiO,. The N-doped TiO, shows
better rate capability than pure TiO,. A discharge capacity of 45
mAh g_1 is obtained at the 15 C rate, which is 80% higher than
that of pure TiO,. The poor rate capability of TiO, is attributed
to its small lithium diffusion coefficients, which is only 1.65 X
1072 cm? 57" at the center of the discharge plateau. Because
most of the discharge capacity is obtained at the discharge
plateau, the small lithium diffusion coefficients in this region
seriously hinder the specific capacity and rate capability of
TiO,. N doping can improve the lithium diffusion coefficient of
TiO,. Especially, the minimum diffusion coefficient is increased
to 2.14 x 107! cm? s7!, which is 13 times higher than that of
pure TiO,. This substantially improves the specific capacity and
rate capability of TiO,.
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