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A novel and efficient method is demonstrated to improve the
electrochemical performance of LisTisO;, and metal-oxide anodes.
In contrast to other methods, inexpensive red phosphorus powder
is used as a reducing reagent, and the reduction is conducted at a
relatively low temperature of 400 °C. This method offers a low cost
and effective way for Li;TisO;, and metal-oxide anode applications.

Lithium-ion batteries have been applied in various portable
electronic devices and recently considered as an ideal energy
device for electric vehicles." The current commercial Li ion
battery composed of a transitional-metal oxide cathode and
graphite anode cannot meet the demands of these vehicles due
to the poor rate capability and safety issues (dendritic lithium)
of the graphite anode.” Li, TisO;, (LTO) is used to replace
graphite because it is lithium dendrite free and shows a long cycle
life as a result of its minimal lattice expansion (less than 1%)
during the charge/discharge process.> However, its intrinsically
poor electronic conductivity has restricted LTO from showing high
rate performance.’ Many approaches have been used to increase
the electronic conductivity of LTO,>" which can be categorized
into the following three ways: (i) preparation of LTO small-particles
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with various morphologies, (ii) coating the surface of LTO with
carbon or other conductive agents and (iii) reducing Ti** to more
conductive Ti**. Among them, the reduction of LTO is considered
to be the most favorable method for practical applications.®

There are two main ways to reduce Ti*" in LTO to Ti*".
One method is done by using a transition metal, such as Cr,
Mo, Cu, Co, or Ta, to partially replace Li or Ti in the lattice,"*™®
and another approach is to use reducing reagents.'® Almost all
the reported methods require high temperature (higher than
600 °C),"*™*® which limits the application of these approaches.

In this work, we present a novel method to reduce Ti*" in
LTO to Ti*" using red phosphorus powder as a reducing
reagent, which can sublime at a relatively low temperature
(400 °C). When LTO and a trace amount of phosphorous
powder were mixed and sintered at about 400 °C, the red
phosphorus sublimed, taking away O in the LTO nanoparticle,
forming oxygen vacancies in the LTO lattice. X-ray diffraction
(XRD), X-ray photoelectron spectroscopy (XPS), and electron
paramagnetic resonance (EPR) are employed to examine the
change in Ti after phosphorus treatment. Scanning electron
microscopy (SEM) reveals that the reduction does not change
the morphology of the LTO sample, and high-resolution trans-
mission electron microscopy (HRTEM) shows that the LTO
after reduction maintains high crystallinity. The phosphorus
treated LTO/P electrode demonstrates greatly improved perfor-
mance in terms of capacity, rate, and cycling capability when
compared to the non-treated LTO electrode. Cyclic voltammetry
at different scan rates and EIS results disclose that both Li"
diffusion and electronic diffusion are enhanced for the LTO/P
electrode. This simple, inexpensive, and efficient method can
also be expanded to improve the electrochemical performance
of other metal-oxide anode materials such as MoOj;.

LTO was synthesized via a solid-state reaction at 800 °C.*
1 wt% red phosphorus powder was used as the reduction
reagent to modify LTO and the oxidation product of red
phosphorus (P,Os) sublimed at 360 °C. The non-modified
LTO was a white powder (Fig. 1la, inset) and the ground red
phosphorus LTO sample (LTO + P) was pink colored (Fig. 1a, inset),
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Fig.1 (a) XRD patterns of the LTO, LTO + P, and LTO/P samples, (b)
electron spin resonance spectra of the LTO and LTO/P samples recorded
at 140 K.

while the color of the LTO/P sample turned blue (Fig. 1a, inset),
which is a typical signal for the appearance of Ti*" and oxygen
vacancies in LTO.">*° Fig. 1(a) shows the XRD patterns of the LTO,
LTO + P and LTO/P samples. It can be observed that all XRD peaks
for these three samples are sharp, which implies their high crystal-
linity. Moreover, all these diffraction peaks are well indexed to a
cubic spinel structure of Li TisOy, (space group: Fd3m, JCPDS,
No. 49-0207). No diffraction peaks for red phosphorous (Fig. S1,
ESIt) can be found from LTO + P, since red phosphorous is
amorphous and the amount is low. However, upon zooming in
on the peak that is attributed to the 111 planes, we can observe that
the diffraction angle (20) increases slightly for the LTO/P sample
(18.34° for pristine LTO and LTO + P, 18.45° for LTO/P). On the
basis of Bragg’s equation, the higher diffraction angle means a
smaller lattice parameter, which is probably due to the reduction of
Ti*" to Ti*" and the generated oxygen vacancies.®

To confirm the existence of Ti**, XPS and EPR characterization
experiments were performed. The XPS results (Ti 2p spectra) for
the pristine LTO and LTO/P samples were compared and shown in
Fig. S2 (ESIT). As can be seen, two new peaks at 463.1 and 457.3 eV,
which are the characteristic peaks of Ti*" appeared for the LTO/P
sample, suggesting the potential reduction of Ti*" to Ti*". EPR
measurements were conducted at 140 K in order to further prove
the existence of Ti*". As can be seen in Fig. 1b, a peak at 332 MHz
appeared for the LTO/P sample, and according to Shiraishi et al.,>*
it can be ascribed to Ti** (g = 0.07145 x y (MHz)/H (mT) = 1.98),
again confirming the potential reduction of Ti** to Ti** in the LTO
lattice after phosphorus treatment. Furthermore, we examined the
EPR spectrum for the LTO/P sample at room temperature to see
whether there are signals for oxygen vacancies. As can be seen in
Fig. S3 (ESIt), three signals appear at g = 2.038, 2.008, and 1.975,
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which should be attributed to the single electron trapped in the
oxygen vacancies according to ref. 22.

The morphology of the LTO powder before and after phos-
phorus treatment was characterized by SEM and TEM. The SEM
image in Fig. S4 (ESIt) shows that LTO possesses submicron
sized particles connected to form a percolated network, and the
high magnification SEM image shows that the surface of LTO is
rough (Fig. S2b, ESIt). For the LTO/P particles, the morphology
is extremely similar to that of LTO, indicating that the phos-
phorus reduction did not disturb the basic morphology of LTO.
The TEM images show that the LTO and LTO/P nanoparticles
have particle sizes ranging from 30 to 100 nm (Fig. S5a and d,
ESIt). The HRTEM images (Fig. S5b, c and e, f, ESIT) reveal that
both LTO and LTO/P samples are highly crystalline with a
spinel structure. Energy dispersive X-ray spectroscopy (EDS)
mapping analysis (Fig. S6, ESIT) shows that the LTO/P sample
contains about 0.48 wt% phosphorus, which is less than that in
LTO + P and this means that P gets evaporated partly in the
form of P,0;. XPS was used to analyze the oxidation state of P,
in the LTO/P sample. As shown in Fig. S7 (ESIt), the peak
located at ~133 eV is assigned to metal phosphate, which is
most probably Li;PO,, implying that the red phosphorus was
oxidized from 0 to +5 valences and reacted with excess Li from
the pristine LTO. Since only 1 wt% red phosphorus powder was
used, the amount of Li;PO, formed on the surface of LTO/P is
negligible. Liz;PO, is ionically conductive, which might help
improve the ion diffusion between the electrolyte and the
electrode, and thus improve the electrochemical performance.

Fig. 2 shows the electrochemical performance of the LTO
and LTO/P electrodes. As can be seen from Fig. 2a and b, when
cycled at 0.2C (1C =170 mA g '), the LTO and LTO/P electrodes
delivered a capacity of 165 and 170 mA h g™ ', respectively.
Meanwhile, the LTO/P electrode showed lower hysteresis
(AV, Fig. 2b) than the LTO electrode (Fig. 2a). With the increase
of the current density, the overpotential of the LTO electrode
increased dramatically, while that of the LTO/P electrode
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Fig. 2 Charging/discharging profiles at different rates for LTO (a) and
LTO/P (b) electrodes; (c) cycling stability of LTO and LTO/P electrodes at
different rates; (d) cycling stability of LTO and LTO/P electrodes at 1C.
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increased slowly, indicating smaller polarization for the LTO/P
electrode during charging/discharging. It is observed that two
discharge plateaus appear at 16C in Fig. 2b, which are attributed to
different Li insertion processes. Normally, Li* from site 8a would
transfer to site 16c during discharging, however, at a high dis-
charge rate, this transfer might not happen, leading to a different
plateau. We discussed this phenomenon in our previous works.*’
Furthermore, as can be seen from Fig. 2c, when the rate increased
to 4C, the capacity of the LTO electrode decreased rapidly to
100 mA h g ', while the LTO/P electrode still maintained a
capacity of 140 mA h g '. Even at a rate of 16C, the LTO/P
electrode can still deliver a capacity of 75 mA h g™, which is very
promising for high-rate applications of LTO. Moreover, the LTO/P
electrode demonstrates a much better cycling stability than the
pristine LTO electrode. As can be seen in Fig. 2d, after being cycled
at 1C for 160 times, the LTO electrode maintained a capacity of
140 mA h g™, while the LTO/P electrode maintained a capacity of
156 mA h g™, corresponding to a capacity retention of 96%, which
is advantageous compared with the capacity retention of the
pristine LTO electrode (90%). The superior electrochemical per-
formance of the LTO/P electrode should be attributed to the
oxygen vacancies and Ti’* created by phosphorus reduction,
because it has been reported that oxygen vacancies and Ti*" could
enhance the electrical conductivity and lithium storage properties
of the LTO electrode.>*****

To better understand the reason why phosphorus reduction
enhanced the electrochemical performance of LTO, we conducted
CV and EIS analysis. Fig. 3a and b show the CV test for the LTO and
LTO/P electrodes at different scan rates (from 0.2 to 0.8 mV s~ ). As
can be observed, the CV profiles for the LTO and LTO/P electrodes
are similar. To clearly illustrate the difference, the peak current
ip (mA) for cathodic and anodic scans is plotted against the square
root of the scanning rate ((V s~*)*?) as presented in Fig. 3¢ and d.
For faradaic processes, 7, and v are linearly correlated.”

ip = (2.69 x 10°)n**ADy; + Cry'? (1)

where 7 is the number of electrons involved on each charge
carrier (n =1 for Li*), A (cm?) is the surface area of the electrode,
Cri+ (moles per cm?) is the bulk concentration of Li* (0.03) and
Dy (em? s71) is the Li* diffusivity. According to eqn (1), the
calculated Dy;+ values for the LTO and LTO/P electrodes at the
cathodic scan are 3.69 x 10" and 4.73 x 10~ cm? s,
respectively. While at the anodic scan, the D;;: values for these
two electrodes are 2.84 x 10 *® and 3.68 x 10 ** cm? s},
respectively. This suggests that, during charging and discharging,
the LTO/P electrode demonstrates a slightly higher Dy;- than the LTO
electrode. EIS was performed for the LTO and LTO/P electrodes. The
AC impedance spectra are fitted with two different equivalent
circuits as shown in the insets in Fig. 3e and f. After the 1st cycle,
an obvious semicircle can be seen for both LTO and LTO/P
electrodes. An intercept at the Z' real axis in the high frequency
represents the resistance of the electrolytes (Rs), while the semicircles
ending at frequencies of 40 Hz and 158 Hz, respectively, are
characteristics of charge transfer resistance (R.). After the 20th
cycle, two semicircles appear for both samples, in which the
semicircle in the high frequency region corresponding to R; is
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Fig. 3 Cyclic voltammetry of half-cell batteries employing (a) the LTO and
(b) LTO/P electrodes; a plot of the peak current i, vs. the square root of the
voltage scanning rate for the LTO and LTO/P electrodes at (c) cathodic and
(d) anodic scans; the fitted Nyquist plots of the LTO and LTO/P electrodes
(e) after the 1st cycle and (f) after 20 cycles, frequency range: 0.1 Hz to
5 x 10° Hz.

characteristic of the surface film formed on the electrodes,?” while
the semicircle in the low frequency region is characteristic of the
charge transfer resistance (R related to the lithium ion interfacial
charge transfer. The relatively high R for both samples at the
beginning (1st cycle) is due to the bad wetting between the
electrolyte and the electrode. Further, Fig. 3e shows that LTO/P
has a lower R, value than LTO, indicating that the former shows
better wettability than the latter and it can be ascribed to the
existence of Ti** in the former, which improved the conductivity.
After 20 cycles, the resistance of both samples decreases to less
than 100 ohms, which may be due to the wetting of the electrodes
after cycling that promoted the Li" diffusion. After 20 cycles, the
wettability of both electrodes became better, so the Ry decreased
and got close. It can be noticed in Fig. 3f that the R for LTO/P
(10 Q) is about 1/5 of that of the LTO electrode (50 Q), indicating a
sharply decreased interfacial resistance for the fast charge transfer
process of the phosphorus treated sample during charging/
discharging due to more Ti** in the LTO/P sample.>"* Therefore,
it can be concluded that more Ti*" in LTO/P is not only beneficial
for the charge transfer process, but also can reduce the R,. What's
more, the overall electrode resistance (R, + R.) of LTO/P (15 Q) is
3 times less than that of the LTO electrode (60 Q), resulting in
better rate performance.

Phosphorus reduction was also conducted on MoO; to
partially reduce Mo®" and test its effect on the metal oxide
electrode. MoO; was mixed with 1 wt% red phosphorus powder

This journal is © The Royal Society of Chemistry 2018
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Fig. 4 (a) Charging/discharging profiles for the MoOs and MoOs/P elec-
trodes at 0.1C (1C = 300 mA h g™%); (b) cycling of the MoOs and MoO3/P
electrodes at different rates.

and sintered under vacuum at 400 °C for 2 h. The electrochemical
performance of the MoOj; and phosphorus treated MoOj; electrodes
(marked as MoO3/P) is shown in Fig. 4. As can be seen, the MoO3/P
electrode delivers a capacity of 250 mA h g¢™', and the MoO;
electrode delivers a capacity of 280 mA h g~ * at the first cycle.
However, the MoO;/P electrode shows better rate performance
(Fig. 4b), and at a rate of 10C, the MoO,/P electrode can deliver a
capacity of 40 mA h g . The improved rate capability of the MoO,/P
electrode may be due to the oxygen vacancies that are brought about
by phosphorus reduction.

In brief, a novel, simple and efficient method is introduced
to reduce the transitional metal Ti*" to the more conductive
Ti*" and induce oxygen vacancies in the Li Ti;O,, lattice. Red
phosphorus powder is used as a reducing agent due to its
sublimation at a relatively low-temperature of 400 °C. XPS,
XRD, and EPR characterization results prove the existence of
Ti*". The electrochemical performance reveals that the phos-
phorus treatment improves the capacity, rate, and cycling
capability of the LTO electrode. Cyclic voltammetry at different
scan rates and EIS results disclose that both Li* diffusion and
electronic diffusion are enhanced for the LTO/P electrode.
Extended experiments on MoO; also show a positive result,
indicating that phosphorus reduction can be effective for other
metal oxide electrode materials. This method requires a relatively
lower temperature compared to the reported similar works, which
could greatly save production costs and is favorable for the
practical applications of the LTO material and even universal use
for other metal oxide electrode materials.
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