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Amorphous TiO2 nanoparticles are synthesized by microemulsion method using
cetyltrimethylammonium bromide (CTAB) as dispersant for the first time, and then they are used to
synthesize the Li4Ti5O12/C composite by a simple solid-state method. The amorphous TiO2
nanoparticles have high reaction activity with Li2CO3 to promote the synthesis of Li4Ti5O12/C
composite at lower temperature and shorter time. The grain size of prepared Li4Ti5O12/C composite
with different carbon additions is less than 400 nm. The Li4Ti5O12/C composite shows high specific
capacity and very long cycling life. The specific capacities of the Li4Ti5O12/C composite with 5%
carbon addition at 0.1, 1 and 5 C rates are 162.4, 147.4 and 114.9 mAhg-1, respectively, and its
capacity retention after 600 cycles at 1 and 5 C rates is respective 99.86% and 92.95%. The synthesis
method can be used for a mass production of Li4Ti5O12/C composite in industry.

Keywords: Amorphous TiO2 nanoparticles, Li4Ti5O12/C composite, solid-state method,
electrochemical performance

1. INTRODUCTION
Spinel Li4Ti5O12 material has an excellent reversibility of Li-ion intercalation and deintercalation with a theoretical capacity of 175mAhg-1, and also exhibits zero strain volume change
during charge and discharge cycles with an excellent safety performance [1-3]. It also has a very flat
voltage plateau at around 1.55V (vs. Li/Li+), which is higher than the reduction potential of most
organic electrolytes [4-6]. Being much safer and more stable than carbon-based materials, Li4Ti5O12
has been demonstrated as a good candidate of negative electrode material for long-life lithium-ion
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power batteries. However, the power performance of Li4Ti5O12 is greatly limited by its low electronic
conductivity. In order to improve the electrochemical performance of Li4Ti5O12, extensive works had
been concentrated on forming nanoparticles [7-10], doping [11-16] with metal cations and composing
with carbon or metal powder [14,17-22]. The formation of nanoparticles can reduce the Li-ion
diffusion path, as well as provide large contact area between the nanoparticles. Doping by other metal
cations and adding carbon or metal powder into the Li4Ti5O12 can increase the electronic conductivity
to improve the electrochemical performance greatly.
Even though nano-sized Li4Ti5O12 particles had been successfully prepared using advanced
techniques such as sol-gel process [3,17,23-24], the solid-state reaction remains as the most attractive
process for potential industrial application because of the abundance of TiO2 as titanium source at low
cost [11-15,25-26]. In spite of suffering from high calcination temperature, large grain size, impurity
phases and lithium evaporation, the solid-state method has obvious advantages of simple synthesis,
facile scale up and well-crystallized products. The solid-state method usually uses the TiO2 and
Li2CO3/LiOH as the raw materials. Anatase TiO2 is generally considered to be the most active Li-ion
insertion host, and has been used in most studies as the starting material for synthesizing Li4Ti5O12
[8,25,27-29]. However, it is difficult to synthesize the nano-sized Li4Ti5O12 using anatase TiO2 by
solid-state method.
It is well-known that the amorphous TiO2 has larger surface area, which also can react with the
Li2CO3/LiOH to form Li4Ti5O12. Yang et al. [30] reported that the Li4Ti5O12 with particles size of
2.66μm can be synthesized using the amorphous TiO2 (grain size≤1μ) and Li2CO3 at 950 oC for 24h.
We also found another report using the amorphous TiO2 and LiOH to prepare the Li4Ti5O12 at 800 oC
for 16h [31]. Whereas, above Li4Ti5O12 materials all showed bad cycling and rate discharge
performance, especially the high rate cycling performance. In this paper, we adapted the
microemulsion method to synthesize the amorphous TiO2 nanoparticles for the first time, which was
then used to synthesize the Li4Ti5O12/C composite with solid-state method. We find that the
amorphous TiO2 nanoparticles as prepared using microemulsion method have high reaction activity
with Li2CO3 to promote the synthesis of Li4Ti5O12/C at lower temperature and shorter time. The
Li4Ti5O12/C composite with particle size less than 400 nm was synthesized successfully using as
prepared amorphous TiO2 nanoparticles at 800 oC for 12h, which shows high specific capacity and
excellent cycling stability. This method has a potential for a mass production of Li4Ti5O12/C composite
in industry.

2. EXPERIMENTAL
2.1 Preparation of amorphous TiO2 nanoparticles
The saturated solution of cetyltrimethylammonium bromide (CTAB) was prepared with the
deionized water under continuous stirring for 2h. The butyl titanate (Ti(OC4H9)4) was then added into
the CTAB solution under ultrasound mixing. Then the stoichiometric ammonia was added under
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ultrasound mixing for 15min and continuous stirring for 2h. The resultant solution of amorphous TiO2
was filtrated and dried to obtain the amorphous TiO2 nanoparticles.
2.2 Preparation of Li4Ti5O12/C composite
Li4Ti5O12 was synthesized by solid-state method using the amorphous TiO2 nanoparticles
prepared above and the Li2CO3 obtained commercially. The precursors of amorphous TiO2
nanoparticles and Li2CO3 were mixed at the Li:Ti molar ratio of 4.2:5. The precursors were ground for
6 h by a wet ball-milling in an acetone solution. The resultant stable gel was dried at 80 °C to form a
mixed dry precursor. The dried powder precursor was then calcinated at 800 oC for 12 h in argon
atmosphere to obtain Li4Ti5O12. The Li4Ti5O12/C composite with different carbon contents was also
prepared by using a similar solid-state method mentioned above. In this case, however, it was prepared
from a ternary precursor mixture of the amorphous TiO2, Li2CO3 and glucose. The thermogravimetric
(TG) measurements for precursors of the amorphous TiO2 and Li2CO3 at air and argon atmosphere
were conducted with a heating rate of 10 oCmin−1 from room temperature to 800 oC by using a Rigaku
Thermo Plus TG8120 system.

2.3 Structure and morphology characterization of prepared powders
X-ray diffraction (XRD) patterns of the samples were obtained by a Rigaku D/max 2500/PC
diffractometer using Cu Kα radiation in an angular range of 10-90o (2θ) with a 0.02o (2θ) step. The
microstructure and morphology of the prepared powders was observed with an environment scanning
electron microscope (FE-SEM, HITACH S4800) and transmission electron microscopy (TEM, JOEL
JSM-2100F). The specific surface areas of samples were measured using the multi-point (8) BrunauerEmmett-Teller (BET) technique (Micromeritics ASAP 2020).

2.4 Cell assembly and testing
2032-type coin cells were manufactured to study the electrochemical performance of
Li4Ti5O12/C composite. The coin cells used the Li4Ti5O12/C composite as cathode material, lithium foil
as anode, and polypropylene as separator. The cathode consisted of 80 wt% Li4Ti5O12/C composite, 10
wt% Super-P and 10 wt% poly(vinylidene fluoride) (PVDF). The electrolyte was 1 M LiPF6 in a 1:1
mixture of ethylene carbonate and diethyl carbonate (1 M LiPF6/ EC+DEC). The cells were assembled
in a glove box filled with high purity argon gas.
The electrochemical workstation (VMP3) was used to measure the cyclic voltammograms (CV)
and the electrochemical impedance spectrum (EIS) of cells. EIS of the coin cells were measured at half
state of charge using Li4Ti5O12/C as the working electrode and lithium as both the reference and
counter electrodes. The impedance was measured by applying a 5 mV ac oscillation with the frequency
ranging from 100 kHz to 0.01 Hz. The CV of coin cells were measured with Li4Ti5O12/C electrode as
the working electrode, lithium foil as both the reference and counter electrodes. A scanning rate of
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0.1mVs-1 was applied with a sweep voltage range of 2.5~0.5 V (vs. Li/Li+). The cycling and rate
discharge performance were characterized by using a Land 2001A cell test system (Wuhan, China) at
room temperature.

3. RESULTS AND DISCUSION
3.1 Structure and morphology of amorphous TiO2 nanoparticles
The amorphous TiO2 was synthesized using microemulsion method in which the surfactant,
cetyltrimethylammonium bromide (CTAB), was used as dispersant. Fig.1 shows the XRD patterns and
SEM images of as-prepared TiO2. From Fig. 1a, it is found that the XRD patterns do not contain the
peaks corresponding to the anatase and rutile phases. Thus, the as-prepared TiO2 is predominantly in
amorphous phase. As shown in Fig. 1b and 1c, the amorphous TiO2 consists of spherical particles with
average diameter of 200-300 nm, which are the agglomerates of much smaller primary particles with
diameter of about 10-20 nm. The amorphous TiO2 nanoparticles show highly ordered structure with
well-defined secondary and primary particles. The smaller primary particles help to improve the
reaction activity of amorphous TiO2 with Li2CO3.
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Figure 1. XRD patterns (a) and SEM images of as-prepared TiO2 at 20k×(b) and 50k×(c).
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3.2 TG analysis of amorphous TiO2 and Li2CO3
Fig. 2 shows the TG curves of precursors of amorphous TiO2 and Li2CO3 in air and argon
atmospheres. It is seen that the weight loss of the precursors in air is 40.54 wt% and that in argon is
38.87 wt% from 60 to 800 oC. Thus, the amount of residual carbon in the Li4Ti5O12 material in argon is
about 1.67 wt%. The weight loss of precursors in air atmosphere is mainly due to the quickly
dehydration of amorphous TiO2 and decomposition of Li2CO3. In addition, the filtration products of
amorphous TiO2 could not be washed completed with the deionized water, i.e., some CTAB still
existed in the amorphous TiO2 nanoparticles. Thus, the CTAB also was decomposed to the residual
carbon at argon and the residual carbon was further combusted in air at about 500 oC. It is also found
from the TG curves that the weight remains constant above 500 oC in argon and 550 oC in air, which
indicates that the Li2CO3 has been decomposed. As it is well-known that the decomposition
temperature of Li2CO3 is above 700 oC, and the low reaction temperature between amorphous TiO2 and
Li2CO3 (≤500 oC) suggests that the amorphous TiO2 has high reaction activity with Li2CO3 to promote
the synthesis of Li4Ti5O12/C at lower temperature. The formation temperature of Li4Ti5O12 using
amorphous TiO2 and Li2CO3 is obviously lower than others reported [14,30,32]. We also tested the
actual carbon content of Li4Ti5O12/C composite with 3 and 5 wt% carbon additions using glucose by
calcination at air atmosphere, it was found that the actual carbon content is higher, of about 4.5 and 6.3
wt%, due to the decomposition of CTAB in addition to that of glucose.
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Figure 2. TG curves of precursors of amorphous TiO2 and Li2CO3 in air and argon environments.

Int. J. Electrochem. Sci., Vol. 6, 2011

3215

(444)
(551)

(533)

(440)
(531)

(511)

(331)

(311)
(222)

(111)



Intensity (a.u.)





c

(400)

3.4 Phase analysis of Li4Ti5O12/C composite
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Figure 3. XRD patterns of Li4Ti5O12/C composite with different carbon additions using glucose: (a) 0
wt%, (b) 3 wt%, and (c) 5 wt%.

The XRD patterns of Li4Ti5O12/C composites with different carbon additions are shown in
Fig. 3. It is seen that the crystal structure of the samples is greatly changed with carbon addition. The
XRD patterns of Li4Ti5O12 without the glucose addition shows obviously the impurity phase peaks of
rutile and anatase TiO2, but not the phase peaks of carbon. Thus, the carbon is in amorphous state.
When 3 wt% carbon is added into the precursors of amorphous TiO2 and Li2CO3, no impurity phase
peaks can be identified in the Li4Ti5O12/C composite.
The XRD pattern is in good agreement with JCPDS file (card No. 26-1198), confirming the
formation of pure Li4Ti5O12. The diffraction peaks can be indexed on the spinel structure of Li4Ti5O12
with the space group Fd3m. No diffraction response of carbon in XRD patterns is observed due to low
content and amorphous state of carbon. When 5 wt% carbon is added into the precursors of amorphous
TiO2 and Li2CO3, the XRD patterns of Li4Ti5O12/C composite contain again the slight impurity phase
peaks of rutile and anatase TiO2. Therefore, it can be concluded that the amount of glucose in the
precursors of amorphous TiO2 and Li2CO3 affects the syntheses of Li4Ti5O12/C composite materials
greatly. The carbon addition plays an important role in controlling the impurity phases of anatase and
rutile TiO2.
It is well-known that the formation of the impurity phases of rutile and anatase TiO2 is mainly
attributed to the lithium evaporation. The added glucose is at first uniformly distributed in the matrix
of amorphous TiO2 and Li2CO3, which can reduce the lithium evaporation at high temperature.
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However, too much carbon will hinder the reaction of amorphous TiO2 and Li2CO3, and also lead to
some lithium evaporation, which results in the formation of the impurity phases of rutile and anatase
TiO2.
3.5 Morphology of Li4Ti5O12/C composite
The SEM and TEM images of the as-prepared Li4Ti5O12/C with different carbon contents as
shown in Fig. 4 were obtained to characterize the effect of the carbon addition on the morphology of
Li4Ti5O12/C composite. It is seen that the grain size of as prepared Li4Ti5O12/C composite with
different carbon addition is less than 400 nm.
Fig. 4a presents that some small particles and free amorphous materials exist in the sample.
From the XRD patterns as shown in Fig. 3a, it can be found that the free amorphous materials may be
the carbon and the small particles may be the anatase TiO2. The Li4Ti5O12 particles are relatively
smooth and show the characteristics of spinel structure. From the high resolution TEM image (Fig.
4b), it can be identified that the Li4Ti5O12 particles are coated with thin-layers of thickness of 0.5 nm,
which may be the carbon thin film. The carbon nano-layers and free carbon are attributed to the
decomposition of CTAB at high temperature.
Whereas, the samples with 3 wt% carbon addition almost neither contain small particles nor
amorphous materials (see Fig. 4c). Combining with the XRD patterns shown in Fig. 3, it can be
inferred that the samples neither contain the amorphous carbon nor the anatase TiO2. It is also
interesting to note that the Li4Ti5O12 particles are covered by relatively thick surface layers and almost
does not show the characteristics of the spinel structure from the morphology of samples.
The TEM image shown in Fig. 4d indicates that several carbon layers of thickness of 2-5 nm
with interlayer spacing of around 0.5 nm are uniformly coated on the well-crystallized Li4Ti5O12
particles. The layered carbon images are obvious different from those reported by others [17-18]. The
multilayer carbon is attributed to the decomposition of CTAB and glucose. With the increase of carbon
addition, it can be seen also from the image of Fig. 4e that the samples with 5 wt% carbon addition
contain some free amorphous carbon materials, which indicates that too much carbon addition may
lead to the agglomeration of carbon.
The TEM image of Fig. 4f also shows that the surface of large Li4Ti5O12 particles is covered by
irregular carbon particles to exhibit a rougher surface. The amorphous carbon is formed because the
temperature of heat-treatment is below 1000oC. During the heat-treatment, fine Li4Ti5O12 particles
aggregate together to become larger particles. Meanwhile, the CTAB and added glucose turn into
carbon, with one part of carbon given away to produce carbon oxides to hinder the agglomeration
process. The remaining carbons move to the surface of the fine Li4Ti5O12particles and appear as a nano
coating layer [8,18]. Of course, too much remaining carbon would lead to the agglomeration of carbon
as shown in Fig. 4e.
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Figure 4. SEM and TEM images of Li4Ti5O12/C composite with different carbon additions using
glucose: 0 wt % (a) and (b), 3 wt% (c) and (d), and 5 wt% (e) and (f).

Table 1 shows the BET surface areas of the Li4Ti5O12 with different carbon additions. The
BET surface areas of samples with 0, 3 and 5 wt% carbon addition are 19.6, 13.4 and 28.4 m2g-1. The
sample with 3 wt% carbon addition has the least BET surface area, which increases greatly as carbon
addition increases to 5 wt%. This result indicates that the sample with 3 wt% carbon addition contains
almost no free amorphous carbon, which is consistent with the image shown in Fig. 4. The existence of
free amorphous carbon as shown in Figs. 4a and 4e results in an obvious increase in the surface area of
Li4Ti5O12/C composite.
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Table 1. BET surface areas of the Li4Ti5O12/C composite with different carbon additions
Carbon addition (wt%)

0

3

5

Surface areas (m2g-1)

19.6

13.4

28.4

3.6 CV and EIS characterization of Li4Ti5O12/C composite
It has been shown in Figs. 3 and 4 that the microstructure and morphology of Li4Ti5O12 samples
change greatly with the increase of carbon addition. Here we investigate the electrochemical
performance of Li4Ti5O12 samples with different carbon additions. Figs. 5a and 5b show respectively
the CV and EIS of Li4Ti5O12 with 0, 3 and 5 wt% carbon additions. It can be seen from Fig. 5a that the
cathodic peaks occur at 1.71, 1.67 and 1.70 V for the Li4Ti5O12 sample with 0, 3 and 5 wt% carbon
additions, respectively, while the corresponding anodic peaks are 1.42, 1.45 and 1.41 V. Note that the
sample with 3 wt% carbon addition has higher lithiation potential and lower delithiation potential than
those of other samples. In addition, the lithiation and delithiation peak currents of Li4Ti5O12 sample
with 3 wt% carbon addition are obviously greater than other samples, with the sample with 5 wt%
carbon addition showing the least peak current, whereas it is seen that the sample with 5 wt% carbon
addition shows obviously characteristic of double-layer and redox capacitance due to the high BET
surface areas. Thus, it can be concluded that the Li4Ti5O12 sample with 3 wt% carbon addition have the
least electrochemical reaction polarization. The polarization increases as the carbon content increases
or decreases.
We have known from Fig. 3 that only the sample with 3 wt% carbon addition does not
show the agglomeration of carbon, but not the samples with 0 and 5wt% carbon additions. Since
higher electronic and ionic conductivities imply higher the electrochemical reaction rate, it is
easily understandable that, the more the agglomerration occurs with increasing carbon fraction, the
larger is the tortuosity of voids that decreases greatly the ionic conducition through the pore space
of the electrodes [18]. Although the agglomerration can improve the electronic conductivity of
active material to some extent, the much lower ionic conducitvity increases the polarization
greatly. Therefore, the lithiation/delithiation of Li4Ti5O12 samples become difficult with the
increase of carbon fraction. It is observed that the oxidation and reduction peaks of sample with 5
wt% carbon addition is lower and wider, indicating that the charge storage mechanism may include
the lithium ion lithiation and capacitive behavior due to the BET surface areas. When the
amorphous carbon fraction increases, considerably large charge of the double-layer and side
interface reactions on Li4Ti5O12 sample surface may occur.
The EIS results of Li4Ti5O12/Li half cells after five cycles are plotted in Fig. 5b. All cells were
cycled 3 times before the EIS measurement to ensure the complete formation of Li4Ti5O12 electrode. It
is interesting to note that the EIS of Li4Ti5O12 without and with 3 wt% carbon addition are composed
of one depressed semicircle at high to middle frequency and a slope line at low frequency, while the
EIS of Li4Ti5O12 with 5 wt% carbon addition are composed of two partially overlapped and depressed
semicircles at high to middle frequency and a slope line at low frequency [33-36].
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Figure 5. CV (a) and EIS (b) of Li4Ti5O12/C composite with 0, 3 and 5 wt% carbon additions.

From Table 1, the BET surface area of Li4Ti5O12 sample with 5 wt% carbon addition is much
larger than those of other samples. This much higher content of free amorphous carbon may contribute
to the secondary depressed semicircle of EIS. The intersection of the slope line with real axis refers to
a bulk resistance (Rb), which reflects the electronic and ionic resistance of two electrodes and
electrolyte/separator. Obviously the sample with 5 wt% carbon addition has a larger Rb than other
samples. The Li4Ti5O12 electrodes were charged and discharged three times between 1.0 V and 2.5 V
(vs. Li/Li+) before EIS test. Thus, there is no SEI formation on the Li4Ti5O12 material surface during
the charge and discharge process, since the reaction of SEI formation occurs below 0.8 V (vs. Li/Li+)
[37-38]. The primary depressed semicircle at high to middle frequency for the Li4Ti5O12 without and
with 3wt% carbon addition can be attributed to the charge-transfer resistance (Rct) and CPE1, and the
secondary depressed semicircle at medium frequency range as that of Li4Ti5O12 with 5 wt% carbon
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addition can be attributed to the resistance of surface redox Faradaic reactions and CPE2. CPE1 and
CPE2 are the constant phase elements used in places of double-layer capacitance and redox
capacitance, respectively. The slope line at low frequency corresponds to the Warburg impedance (Zw),
which is related to the Li-ion diffusion in the electrodes [35]. Fig. 5b also shows that the Rct of
Li4Ti5O12 with 3wt% carbon addition is the least and that with 5 wt% carbon addition the largest. The
larger Rct is mainly attributed to the agglomeration of carbon resulting in a great decrease of ionic
conductivity. It is seen that the EIS results are consistent with those of the CV.

3.7 Rate-discharge performance of Li4Ti5O12/C composite
Figure 6 shows the rate-discharge performance of Li4Ti5O12/C composite. The specific
capacities of Li4Ti5O12 with 0, 3 and 5 wt% carbon addition at 0.1 C (the current density of 1 C is
175mAg-1) are 159.9, 165.6 and 162.4 mAhg-1, respectively, which are very close to the theoretical
capacity of Li4Ti5O12 (175 mAhg-1). For the Li4Ti5O12 sample without carbon addition, the capacities
with discharge rates of 1, 3 and 5 C are 145.3, 121.2 and 106.0 mAhg-1, respectively. The capacities of
1, 3 and 5 C discharges of the Li4Ti5O12 sample with 3 wt% carbon addition are respectively 151.4,
132.1 and 117.5 mAhg-1, which are slightly larger than the correspondent results of 147.4, 127.9 and
114.9 mAhg-1 of the Li4Ti5O12 sample with 5 wt% carbon addition. It is seen that the carbon addition
can improve the specific capacity and rate discharge performance of Li4Ti5O12 samples. However,
excessive carbon addition, as of the case of 5 wt%, results in a slight decrease in the specific and rate
discharge capacity and the discharge potential. This decrease is attributed to the larger polarization
resulted from the much agglomeration of carbon. In a word, the Li4Ti5O12/C samples synthesized by
the solid-state method using amorphous TiO2 nanoparticles exhibit high specific capacity and good rate
discharge performance. The Li4Ti5O12/C samples show much more excellent rate discharge and
voltage plateau properties than previous reports using amorphous TiO2 [30-31].
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Figure 6. Rate-discharge of Li4Ti5O12/C composite with different carbon additions: (a) 0 wt%, (b) 3
wt%, and (c) 5 wt%.

3.8 Cycling performance of Li4Ti5O12/C composite
Fig. 7 presents the cycling performance of nano-Li4Ti5O12/C composite at 1 and 5 C. It is
interesting to not that the Li4Ti5O12/C composite with 5 wt % carbon addition shows much better
cycling performance than that of samples of 0 and 3 wt % carbon addition. The capacity retention of
samples with 0, 3 and 5 wt % carbon addition after 600 cycles at 1 C is 83.72, 81.54 and 99.86%,
respectively, and that after 600 cycles at 5 C is respective 78.90, 81.70 and 92.95%.

180

120
-1

140

Specific capacity / mAh g

Specific capacity / mAh g

-1

160

120

0 wt%
3 wt%
5 wt%

100
80
60
40

100

20
0

(a)

0

100

200

300

400

Cycle number

500

80

40
20
0

600

(b)

0 wt%
3 wt%
5 wt%

60

0

200

400

600

Cycle number

Figure 7. Cycle performance of Li4Ti5O12/C composite with different discharge rate: (a) 1C and (b)
5C.
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This result seems contradictory with the results of CV and EIS. Whereas, from CV of Fig. 5a,
we obtain that the charge storage mechanism the sample with 5 wt% carbon addition may include the
lithium ion lithiation and capacitive behavior. The larger polarization is attributed to the much
agglomeration of carbon, and does not due to the bad reversibility Li4Ti5O12 crystal. Thus, it can be
obtained that the capacitive behavior of the sample with 5 wt% carbon addition is beneficial for the
improvement of its cycling performance.

3. CONCLUSIONS
The amorphous TiO2 nanoparticles were prepared by microemulsion method, and then were
used to synthesize the Li4Ti5O12/C composite. It is found that the Li4Ti5O12/C composites with
excellent electrochemical performance can be synthesized under lower temperature and shorter time
and their grain size is less than 400 nm. The carbon addition plays a significant influence of structure,
morphology, and electrochemical performance of composite. The sample with 3 wt% carbon addition
almost does not contain free amorphous carbon and impurity phases, and shows highest specific
capacity and they are 165.6, 151.4 and 117.5 mAhg-1 at 0.1, 1 and 5 C rate, respectively. Whereas, the
sample with 5 wt% carbon addition shows best cycling performance and the capacity retention after
600 cycles at 1 and 5 C is respective 99.86% and 92.95%. Its capacitive behavior is beneficial for the
improvement of the cycling performance.
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