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Titanium dioxide is a promising electrode material for lithium-ion capacitors. When using TiO, as an
electrode material, it is necessary to combine it with carbon at the nanometer level to improve its low
electrical conductivity and low reactivity with Li*. However, preparation methods of reported TiOy/
porous—carbon nanocomposites are generally not cost-effective, and their productivities are low. In this
study, the vacuum liquid-pulse chemical vapor deposition (VLP-CVD) technique was developed to easily
prepare TiO,/porous—carbon nanocomposites, where TiO, nanoparticles with a diameter of ~4 nm
could be homogeneously deposited inside the pores of meso- or macroporous carbons. Because the
deposited TiO, nanoparticles had access to effective electrically conductive paths formed by the
porous—carbon substrate, they showed a high discharge capacity of ~200 mA h g~'-TiO, (based on
TiO, weight). In particular, the composite prepared from macroporous carbon showed an extremely
high rate performance, where 50% of the discharge capacity was retained at a current density of
15 000 mA g~! when compared to that measured at 50 mA g~ In addition, the composite also showed
very high cyclability, where 80% of the discharge capacity was retained at the 10 000" cycle. Because
the VLP-CVD technique can be performed using simple apparatus and commercially available starting
materials, it can be expected to boost industrial production of TiO,/porous—carbon for lithium-ion
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1 Introduction

Lithium-ion capacitors (LICs) are attracting much attention for
their potential roles in various future applications because they
can achieve an energy density like lithium-ion batteries as well
as a power density like electrical double-layer capacitors. LICs
are generally constructed from a porous-carbon cathode and
a graphitic-carbon anode. Their energy density can be increased
to values higher than that of supercapacitors because the
graphitic-carbon anode can electrochemically react with Li* and
therefore has a larger electron-storage capacity than the porous-
carbon cathodes used in supercapacitors. On the other hand,
the charge and discharge potential of graphitic carbon is close
to the potential for metal-lithium deposition and electrolyte
decomposition.® It is therefore difficult to repeatedly use
graphitic carbon at high rates like supercapacitors. In order to
develop LICs which show higher rate and better cycling
performances, stable anode materials are required.

Titanium dioxide (TiO,) is one of the candidate materials for
the anode of LICs. When TiO, is used as an anode, metal Li
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deposition and electrolyte decomposition hardly occur because
it reacts with Li" at a potential of ~1.5 V vs. Li/Li".® While its Li-
storage capacity and operating potential are respectively lower
and higher than those of a graphite anode, its Li-storage
capacity is sufficiently large for a supercapacitor electrode.
However, its low electrical conductivity and low reactivity with
Li" hamper the use of TiO, as an electrode material. Combining
TiO, with a carbon material at the nanometer level is an effec-
tive approach to solve these problems.?

Composites of TiO, and carbon have frequently been re-
ported as electrode materials, and some of them, such as TiO,/
carbon nanotubes composites,®™ TiO,/reduced graphene
composites,”***®* macroporous TiO,/carbon composites,* TiO,
nanocrystals/carbon cloth composites,”® and TiO,/porous
carbon composites,” show high anode performances.
Producing these materials generally requires expensive precur-
sors and/or processes with low productivity. For their industrial
production, preparation methods with a high productivity must
be developed. Our group has recently reported that efficient
production of TiO,/C nanocomposites can be achieved by using
the liquid pulse injection technique.”® In this process, highly
concentrated Ti and carbon sources are simultaneously intro-
duced into a tubular reactor, and carbon-coated TiO, nano-
particles with TiO, contents above 90% can be obtained. While
the resulting nanocomposite shows a high discharge capacity, it

This journal is © The Royal Society of Chemistry 2020


http://crossmark.crossref.org/dialog/?doi=10.1039/d0ra07590f&domain=pdf&date_stamp=2020-10-15
http://orcid.org/0000-0001-8827-8880
http://orcid.org/0000-0003-2194-4513
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra07590f
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA010063

Open Access Article. Published on 16 October 2020. Downloaded on 10/21/2025 9:55:56 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

is difficult to improve its rate performance because the lower
limit of its particle size is ~20 nm. In order to produce a TiO,/C
nanocomposite as an anode material for LICs, the particle size
of TiO, must be further decreased, even at the expense of TiO,
content, because the rate performance of an LIC is more
important than its capacity.

To prepare composites which include TiO, nanoparticles
with an extremely small diameter, an effective method is to
homogeneously deposit TiO, nanoparticles with an extremely
small diameter on a carbon substrate using chemical vapor
deposition (CVD). Various CVD techniques have been reported
for the deposition of TiO, nanolayers or nanoparticles. Gener-
ally, these techniques can only be used to deposit TiO, on plate
substrates®>® or on the outer surface of powder samples.”**”
Atomic layer deposition, which is a type of CVD technique, can
be used for TiO, deposition on some nanocarbon substrates.
However, this technique requires multiple operation steps and
can be applied for TiO, deposition only on substrates with
a large outer surface, such as graphenes””** and CNTs.”"* In
contrast, simple CVD techniques applicable to various carbon
substrates, including porous carbons, can be regarded as highly
productive and widely usable techniques if the carbon substrate
only needs to be placed in the reactor and the precursor gas is
only required to be simply fed to the reactor chamber. For
example, using an organic vapor or silane gas as the precursor,
carbon nanolayers**~° or Si nanoparticles,*** respectively, can
be homogeneously deposited on a porous substrate. As in the
cases of deposition of carbon and Si, TiO, nanolayers or
nanoparticles can also be deposited on porous carbon
substrates through the thermal decomposition of a vaporized Ti
source. Needless to say, material cost can also be largely
reduced if commercially available inexpensive porous carbons
can be used as the substrate. However, it is difficult to homo-
geneously deposit a sufficient amount of TiO, inside the
nanostructure of porous carbons because the vapor pressure of
most Ti sources is usually too low at low temperatures and the
reactivity of them is too high at high temperatures.

For homogeneous deposition inside nanostructures of
porous substrates, the pressure-pulse CVD (or chemical vapor
impregnation) technique has been developed.***” In this tech-
nique, the initial source vapor is momentarily injected into an
evacuated and heated reactor that holds the substrate. The
injected vapor then diffuses into the nanostructure of the
substrate, and nanolayers or nanoparticles can be homoge-
neously deposited. Even when this technique is employed, it is
difficult to deposit a sufficient amount of TiO, because of the
low vapor pressure of Ti sources. In this study, a new CVD
technique, vacuum liquid pulse (VLP) CVD technique, was
developed, where Ti sources were injected as liquid pulses into
a reactor maintained under vacuum. A highly concentrated Ti
source vapor can be momentarily generated around the evacu-
ated and heated porous carbon substrate, which allows the
vapor to homogeneously diffuse into the substrate. To evaluate
the potential of this technique as a practical production process
for nanocomposites, the differences between the VLP-CVD
technique and conventional continuous CVD techniques were
investigated, and the effects of the porous structure of the
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carbon substrate were examined. Based on the structural anal-
ysis of the obtained TiO,/porous-carbon nanocomposites and
evaluation of the performance of the nanocomposites as elec-
trodes, the mechanism of TiO, introduction and potential
applications of the nanocomposites are discussed.

2 Experimental
2.1 Sample preparation

To prepare TiO,/porous—carbon nanocomposites using the VLP-
CVD technique, an experimental apparatus was assembled as
shown in Fig. 1. A glass tubular reactor (inner diameter: 13 mm;
length: 600 mm) equipped with a glass filter at its center was
placed in an electric furnace (ARF-30K, Asahi Rika). A syringe
filled with a liquid Ti source was connected to the top of the
reactor through a solenoid valve. At the bottom of the reactor,
a rotary pump (GLD-051, Ulvac) was connected through a cold
trap. Titanium tetraisopropoxide (TTIP; 99.9%, Wako Pure
Chemical Ind.) was used as the Ti source. Commercially avail-
able porous carbons with different pore structures were used as
the porous carbon substrate: A-BAC (C(2), average pore diam-
eter: 2 nm, Kureha Co.); Cnovel MH (C(4), average pore diam-
eter: 4 nm, Toyo Tanso Co.); Cnovel M](4)030 (C(30), average
pore diameter: 30 nm, Toyo Tanso Co.); Cnovel MJ(4)150
(C(150), average pore diameter: 150 nm, Toyo Tanso Co.).
After 200 mg of the porous carbon substrate was placed on
the glass filter, the reactor was set into the electric furnace,
connected with the top and bottom caps, and heated to 180 °C
under vacuum. At this temperature, the solenoid valve was

Syringe
TTIP _Solenoid valve

A S

O e—

On-Off timer

Electric furnace

Porous carbon substrate
Glass filter

Glass tubular reactor

Rotary pump

Fig.1 Experimental apparatus for the VLP-CVD technique.
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opened for 0.1 s by using an on-off timer to draw TTIP into the
reactor, and this injection was repeated 100 times at intervals of
1 min. In this condition, 50 uL of TTIP was injected into the
reactor as a liquid pulse for every injection. The injected TTIP
was rapidly heated and vaporized. The resulting highly
concentrated TTIP vapor can smoothly penetrate into the
evacuated porous carbon substrate. Through this process, TiO,
nanoparticles were deposited on/in the porous carbon substrate
by thermal decomposition of TTIP. The obtained sample was
then heat-treated at 700 °C for 1 h under a N, flow (100
mL min '), using another tubular reactor to complete the
decomposition reaction and increase the crystallinity of TiO,.
The samples obtained using different porous carbon substrates
are hereafter denoted by TiO, followed by the abbreviation of
the porous carbon, e.g., TiO,/C(4), TiO,/C(30), TiO,/C(150).

For comparison, TiO, was also deposited on/in C(150) using
a conventional continuous CVD technique: TTIP was continu-
ously introduced into the reactor at a rate of 100 pL min~" for
100 min along with a N, flow (100 mL min~", continuous-flow
CVD) or under vacuum (continuous-vacuum CVD). The ob-
tained samples were also heat-treated at 700 °C for 1 h.

2.2 Characterization

For the comparison of different TiO,/C nanocomposites, all
samples were used after heat-treatment at 700 °C for 1 h. The
nanostructure of the samples was observed using a trans-
mission electron microscope (TEM; JEM2100, JEOL) and a field-
emission scanning electron microscope (SEM; JEM7500F,
JEOL). The crystal structure of the samples was analyzed using
a X-ray diffractometer (XRD; Ultima IV, Rigaku) operated at 30
kV and 40 mA using a Si non-reflective sample holder. The TiO,
content of each sample was calculated from the weight change
which occurred between 100 and 800 °C when the samples were
heat treated under an air flow in a thermogravimeter (TG) (DTG-
50H, Shimadzu). The porous properties of the samples were
evaluated through N, adsorption experiments using an
autoadsorber (BELSORP mini, Microtrac Bel Co.) after
pretreatment at 250 °C for 6 h under a N, flow of 100 mL min .
From the obtained isotherms, the specific surface area (Sggr) of
each sample was calculated using the Brunauer-Emmett-Teller
(BET) method. Micropore volumes (Vo) Were calculated
using the Dubinin-Radushkevich (DR) method. Using Viicro
and total pore volumes calculated at relative pressures of P/P, =
0.96 (Vo.06) and 0.99 (V;.99), mesopore volumes (Vineso = Vo.os —
Vimicro) and macropore volumes (Vinacro = Vo.99 — Vo.06) Were then
obtained.

2.3 Electrochemical measurements

The samples were mixed with carbon black (CB; Denka Black,
Denka Co.) and polyvinylidene fluoride (PVDF; KF polymer
#1120, Kureha Co.) at a weight ratio of sample : CB : PVDF =
8:1:1, using N-methyl-2-pyrrolidone (99.9%, Wako Pure
Chemical Ind.) as the solvent. The obtained slurries were coated
on copper foils. After drying, the foils were cut into disks with
a diameter of 16 mm where ca. 2 mg of the sample was loaded.
Three electrode cells (Toyo System Co.) were assembled using
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the obtained disks as the working electrode, lithium foil (Honjo
Metal Co.) as the counter and reference electrodes, and 1 M
LiPF, in an ethylene carbonate and diethyl carbonate (EC-DEC)
mixture (EC : DEC = 1: 1, Kishida Chemical Co.) as the elec-
trolyte. The cells were galvanostatically charged and discharged
between 1.0 and 2.5 V vs. Li/Li" using a charge/discharge
apparatus (charge/discharge system HJ1001SD8, Hokuto
Denko Co.). Note that the current densities were calculated
based on the total weight of the composite samples.

3 Results and discussion
3.1 Effect of the CVD technique used for synthesis

To investigate the effect of the type of CVD technique used for
sample synthesis, the nanostructure of the samples after CVD
were analyzed. Among porous carbons, C(150) was selected as
the substrate for this investigation because the homogeneous
deposition of TiO, is expected more than cases using other
carbons owing to their pore size. TG analysis shows that the
TiO, content of samples prepared through each CVD technique
was nearly the same and was around 40 wt%. Fig. 2 shows SEM
and TEM images of C(150) and the composites prepared from it.
The SEM images do not show any differences between the
samples prior to and after CVD, indicating that each CVD
technique allowed the deposition of TiO, inside the C(150)
substrate. To investigate their inner structure, the samples were
observed by a TEM (Fig. 2e-h). The TiO, nanoparticles depos-
ited by continuous-flow CVD (Fig. 2f) and continuous-vacuum
CVD (Fig. 2g) were not uniform, and their particle size varied
according to the position of observation. Fig. 2f and g, which are
TEM images showing the near edge region of representative
sample particles, show that most of the TiO, particles in this
region were around 20 nm in size. In contrast, regardless of the
position of observation, the TiO, nanoparticles deposited by the
VLP-CVD technique were uniform, with a small diameter of
~4 nm.

Fig. 3 shows the XRD patterns of C(150) prior to and after
CVD. In the patterns of the samples prepared by continuous
CVD, sharp anatase peaks along with rutile peaks can be seen.
For electrode applications, anatase TiO, is generally preferred
over than rutile TiO,.»” On the other hand, only broad anatase
peaks appear in the XRD pattern of the sample prepared by VLP-
CVD. Using the Scherrer equation, the crystallite size of TiO, in
the samples prepared by VLP-CVD was calculated to be 4.0 nm.
This size is similar to the particle size obtained through TEM
observation, indicating that the particles shown in the TEM
image have the typical size of the particles in the sample. These
results confirm that small TiO, nanoparticles can be homoge-
neously deposited within the pores of a porous carbon by VLP-
CVD. In contrast, the crystallite size of the samples prepared by
continuous-flow CVD and continuous-vacuum CVD were 150
and 140 nm, respectively, which are considerably higher than
the particle sizes observed by TEM. This is because TiO, parti-
cles larger than those observed by TEM are deposited near the
outer surface of the porous carbon particles when continuous-
flow CVD or continuous-vacuum CVD is used. In addition,
these results suggest that the homogeneous deposition of small

This journal is © The Royal Society of Chemistry 2020
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Fig. 2
continuous-vacuum CVD, and (d and h) VLP-CVD.
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Intensity [-]

VLP-CVD

10 20 30 40 50 60 70 80
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Fig. 3 XRD patterns of TiO,/C nanocomposites prepared from C(150)
using continuous-flow CVD, continuous-vacuum CVD, and VLP-CVD.

TiO, nanoparticles by continuous-flow CVD or continuous-
vacuum CVD is more difficult when porous carbons with
smaller pores than that of C(150) are used as the substrate.

To investigate how the state of the deposited TiO, affects the
performance of the composites when used as anodes, electro-
chemical measurements were conducted. Fig. 4a shows charge-
discharge curves of the C(150) sample after VLP-CVD. It can be
confirmed that the charge and discharge curves have plateaus at
around 1.7 V vs. Li/Li* and 1.9 V vs. Li/Li’, respectively, indi-
cating that TiO, electrochemically reacts with Li".'*% As the
discharge capacity is significantly lower than the charge
capacity in the 1% cycle, the 1° cycle coulombic efficiency of this
composite is not high. Since pre-doping of Li is necessary to
utilize this sample as a LIC anode, this problem can be easily

This journal is © The Royal Society of Chemistry 2020

(a—d) SEM and (e—h) TEM images of C(150) samples. (a and e) C(150) prior to CVD; C(150) after (b and f) continuous-flow CVD, (c and g)

avoided by modifying pre-doping conditions. The charge and
discharge capacities at the 2"¢ and 5% cycles indicate high
coulombic efficiency and small capacity fading, suggesting that
the sample could be steadily charged and discharged. The ob-
tained capacity is too small for a LIB but sufficient for a LIC.
Fig. 4b shows the discharge capacities of C(150) samples
prepared by different CVD techniques measured at various
current densities. While the discharge capacity of C(150)
measured at a low current density was ~30 mA h g™, the
discharge capacities of all samples after CVD largely increased,
indicating that the Li-storage capacity of TiO, could be utilized.
However, the discharge capacities of the sample obtained by
VLP-CVD at low current densities were ~10 mA h g~* higher
than those of samples prepared by continuous CVD. This
difference further increased with increasing current density. At
a current density of 5000 mA g, the discharge capacities of the
samples prepared by VLP-CVD and continuous CVD were 50 and
20 mA h g7, respectively. These results indicate that the large
TiO, nanoparticles deposited by continuous CVD can be
charged/discharged at low current densities but many of them
cannot be done at high current densities. In contrast, the small
TiO, nanoparticles deposited by VLP-CVD can be charged/
discharged even at high current densities because they had
a large surface area that was in contact with the electrolyte, and
also that they were effectively connected to the conductive
network formed by the substrate carbon.

3.2 Effect of the porous structure of the carbon substrate

Since it was confirmed that the VLP-CVD technique is superior
to other CVD techniques for TiO, deposition on/in porous
carbons, the effects of the porous structure of the carbon
substrate were investigated using samples synthesized using

RSC Adv, 2020, 10, 38196-38204 | 38199
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Fig. 4 (a) Charge—discharge curves of C(150) after VLP-CVD,
measured at a current density of 50 mA g~ *. (b) Discharge capacities of
C(150) samples after various CVD processes, measured at current
densities between 50 and 5000 mA g~*.

this technique. The TiO, content of samples prepared using
various porous-carbon substrates by VLP-CVD is shown in
Table 1. The TiO, content increased with increasing pore size of
the porous-carbon substrate. In particular, TiO,/C(30) and
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Fig. 5 TEM images of (a) TiO,/C(2), (b) TiO,/C(4), and (c) TiO,/C(30).

TiO,/C(150), both of which had very large pores, had almost the
same TiO, content, indicating that TTIP vapor smoothly
diffused into the large pores of the carbon substrate, resulting
in a large amount of TiO, deposition within their pores. TiO,
deposited in the samples were observed by TEM. Fig. 5a shows
a TEM image of TiO,/C(2), indicating TiO, nanoparticles with
a diameter of around 20 nm deposited on C(2). Because the pore
size of C(2) is much smaller than the particle size, the TiO,
nanoparticles were probably deposited on the outer surface of
C(2) particles. Fig. 5b and ¢ show TEM images of TiO,/C(4) and
TiO,/C(30), respectively. From these images, it can be found
that TiO, nanoparticles with a diameter of several nm were
homogeneously deposited in C(4) and C(30). Because their
particle size was smaller than the pore size of C(4) and C(30),
they suggest that TTIP vapor was smoothly penetrated and TiO,
nanoparticles were deposited in the pores.

To investigate the porous structure of the samples prior to
and after VLP-CVD, their N, adsorption experiments were con-
ducted. Fig. 6 shows the N, adsorption isotherms of these
samples; the calculated Sggr and pore volumes are summarized

Table 1 Structural properties of porous carbons and TiO,/porous carbon nanocomposites prepared by VLP-CVD

SBET Vmicro Vmeso Vmacro xTi02 VTi02
[m? g '-carbon] [em® g~ "-carbon] [em® g~ "-carbon] [em® g '-carbon] [Wt%] [em® g~ '-carbon]
c(2) 1326 0.58 0 0 — —
TiO,/C(2) 1010 0.43 0.01 0.03 25 0.09
C(4) 1600 0.80 1.08 0.12 — —
Ti0,/C(4) 1080 0.59 0.59 0.12 34 0.13
C(30) 844 0.45 1.75 0.36 — —
Ti0,/C(30) 727 0.39 1.24 0.32 41 0.18
C(150) 345 0.18 0.42 0.62 — —
TiO,/C(150) 244 0.13 0.28 0.43 39 0.16
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Fig. 6 N, adsorption isotherms of various porous carbon substrates:
(a) prior to and (b) after VLP-CVD. Note that the volume of N, adsorbed
on the composite samples was calculated based on the weight of
carbon.

in Table 1. For the C(2), C(4), and C(30) samples, the overall
shape of their isotherms prior to and after TiO, deposition is
essentially the same, while the volume of adsorbed N,
decreased with the increase in the amount of TiO, deposition.
Sger also decreased with the increase in the amount of TiO,
deposition, suggesting that deposition took place in the pores,
possibly blocking them. For the C(2) samples, the decrease in
Vmicro Was similar to the volume of the deposited TiO,.
Considering the result of TEM observation, this result indicates
that some of TiO, particles were deposited inside the micro-
pores of C(2), and the others were deposited on the outer
surface and plugged the entrance of the micropores. The
volume of TiO, deposited on C(4) was smaller than those of the
decrease in Vipjcro and Vieso. This result suggests that TiO,
particles plugged the entrance of the micropores and meso-
pores. In contrast, the relationship between the amount of TiO,
deposition and the decreases in the pore volumes of C(30) and
C(150) samples cannot be found. This is probably because TiO,
nanoparticles were mainly deposited in the macropores or large
mesopores of the substrates, and the deposited TiO, blocked
the entrance of micropores and small mesopores.

Fig. 7 summarizes the results of charge-discharge tests of
these samples. The capacities of the carbon substrates were not
large because Li" cannot intercalate into the graphene sheets of

This journal is © The Royal Society of Chemistry 2020
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Fig. 7 Discharge capacities of (a) porous carbon substrates, (b) TiO,/
porous—carbon nanocomposites prepared by VLP-CVD, and (c) TiO,
nanoparticles in the composites.

the porous carbons in the potential range of the charge-
discharge tests (Fig. 7a). The capacity of all the porous-carbon
substrates used in this work originated from the formation of
electric double layers on the surfaces of their pores. Neverthe-
less, discharge capacities of C(2), which had the largest Sggr

RSC Adv, 2020, 10, 38196-38204 | 38201
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among the substrates, were very small, suggesting that the
diffusivity of the electrolyte in the small pores of C(2) was too
small to enable the utilization of the entire surface of the pores.
From the discharge capacities of the samples after TiO, depo-
sition, shown in Fig. 7b, TiO,/C(4), TiO,/C(30) and TiO,/C(150)
were estimated to have discharge capacities of ~90 mA h g™ ' at
low current densities, confirming that the Li-storage ability of
TiO, in the samples was utilized. To determine whether the
ability of TiO, for Li storage was used effectively, discharge
capacities originating from TiO, (Crio, [mA h g~']) were calcu-
lated from the TiO, content (xjo, [Wt%]) in the composites and
the discharge capacities of the composite (Ceomposite [MA D g™ ])
and the carbon substrate (Ceapon [MA h g ']) using the
following equation:

CTiOz = <Ccomposite - Ccarbon M) X 100

100 XTi0, '

Fig. 7c shows the Crjo, values calculated using this equation.
At low current densities, discharge capacities of 150-
200 mA h g~ were obtained from TiO, residing in TiO,/C(4),
Ti0,/C(30), and TiO,/C(150). Considering that the practical
capacity of anatase TiO, is generally ~200 mA h g '?* the
storage ability of TiO, in these samples was efficiently utilized
probably because of the effective conductive paths provided by
their porous-carbon substrate. In contrast, the Crio, value of
TiO,/C(2) was much lower than that of other composite
samples, indicating that the aggregated TiO, particles depos-
ited on the outer surface of C(2) do not have sufficient electri-
cally conductive path and surface area contacting with the
electrolyte, and hardly contributed to Li storage.

For the three samples in which TiO, effectively contributed
to Li storage, capacities varied when the current density was
increased. The discharge capacities of TiO,/C(4) and TiO,/C(30)
decreased with the increase in current density, reaching 10 and
30 mA h g™, respectively, at 5000 mA g~ *. While the discharge
capacity of TiO,/C(150) also decreased with the increase in
current density, a discharge capacity of 50 mA h g~ could still
be maintained at a very high current density of 5000 mA h g~
While TiO, nanoparticles in TiO,/C(4) and TiO,/C(30) are
homogeneously distributed similarly to those in TiO,/C(150),
the pore sizes of their porous carbon substrates are significantly
different. Thus, this high rate performance is attributed not
only to the effective electrically conductive paths in the
composites, but also to the high diffusibility of the electrolyte
solution in their large pores of C(150).

3.3 Mechanism of TiO, deposition during the VLP-CVD
process

Based on the above results, the mechanism of TiO, deposition
during the VLP-CVD process can be verified. The TTIP injected
into the reactor as liquid pulses first makes contact with the
heated reactor wall and momentarily vaporizes as heat transfer
between liquids and solids rapidly proceeds (Fig. 8a). As the
porous—carbon substrates were in the form of particles having
sizes of several tens of micrometers, the densely generated TTIP
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vapor can easily penetrate into the evacuated voids formed
between the particles as a fluid flow (Fig. 8b). Since the pore
sizes of the porous-carbon substrates are in the range of 2-
150 nm, the vapor mainly diffuses within the pores as a Knud-
sen flow. Thus, the time required for TTIP molecules to diffuse
from the surface to the center of the particles can be estimated
from experimental conditions such as particle size, pore size,
and the concentration of TTIP at the entrance of its pores. In the
case of VLP-CVD, TTIP can instantaneously reach the outer
surface of the substrate particles, so the concentration of TTIP
at the entrance of the pores of the substrate can be rapidly
increased. This allows the smooth introduction of TTIP into the
pores of the substrate. As the results presented in Section 3.2
suggest, when the pores of the substrate are sufficiently large,
TTIP can diffuse to the center of the substrate particle before it
is thermally decomposed, resulting in the deposition of small
TiO, particles throughout the substrate particles. In the case of
continuous-flow CVD, TTIP is provided to the reactor in
a diluted state, and a certain amount of time is required for it to
reach the voids formed between the substrate particles. There-
fore when it reaches the entrance of the pores, it has already
been heated to some extent, so it tends to be easily decomposed
near the outer surface of the substrate particles. Such deposited
TiO, also acts as a core for particle growth, so the particles can
easily grow to sizes up to a few tens of nanometers, as shown in
Fig. 2f. As similarly large TiO, particles were found in the TEM
images of samples obtained by continuous-vacuum CVD, it can
be concluded that the high TTIP concentration at the pore inlets
of the substrate particles, which is attainable through pulsed-
liquid introduction, was extremely effective for rapid introduc-
tion of TTIP into the pores. Furthermore, the continuously
evacuated environment during the VLP-CVD process also
effectively prevented deposition of TiO, on the outer surface of
the porous-carbon substrates (Fig. 8e).

3.4 Anode performance of TiO,/C(150)

Among the TiO,/porous-carbon composites prepared in this
study, TiO,/C(150) showed the highest electrode performance.
Using this sample, its potential as an anode was evaluated in
more detail. Fig. 9 shows the results of a rate performance test
continued up to a current density of 15000 mA g~ ', and
a cycling test repeated 10 000 times. Fig. 9a shows that almost
half of the discharge capacity at low current densities can be
maintained even at 15 000 mA g~ '. While a series of TiO,-based
materials with such high rate performance was previously re-
ported, the preparation of these nanocomposites generally
requires methods with low productivity, expensive starting
materials, or both.**® Although TiO,/C(150) was prepared from
commercially-available materials through the VLP-CVD tech-
nique, which only involved simple operations in a tubular
reactor, it showed a rate performance that was similar to those
of the reported materials. In addition, TiO,/C(150) exhibited an
extremely high cyclability as a chemically reactive electrode,
where 80% of its initial capacity could be maintained at the
10 000™ cycle (Fig. 9b). Based on the rate and cycling perfor-
mance of TiO,/C(150), it is expected that the VLP-CVD
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Fig. 8 Mechanism of TiO, deposition on porous carbon substrates during VLP-CVD. The images indicate the process of (a) pulse injection, (b)

gas flow, (c) Knudsen diffusion, (d) TiO, deposition, and (e) exhause.
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Fig. 9 Discharge capacities of TiO,/C(150) measured by (a) rate-performance evaluation and (b) cycling test.

technique can used for efficient industrial production of TiO,-
based electrode materials for LICs.

4 Conclusions

In this study, the vacuum liquid-pulse chemical vapor deposi-
tion (VLP-CVD) technique was developed to easily deposit small
TiO, nanoparticles inside porous substrates. When the
substrates were porous—carbons with meso- or macropores,
TiO, nanoparticles with a diameter around 5 nm were homo-
geneously deposited inside pores and effective electrically
conductive paths could be supplied to the TiO, nanoparticles.
Because of these conductive paths, the Li'-storage capacity of
the TiO, contained in the composites could be efficiently
utilized. When the porous-carbon substrate had large macro-
pores, the obtained composite showed an extremely high rate
performance as well as high cyclability. It was difficult to
industrially produce TiO, nanocomposites with such high

This journal is © The Royal Society of Chemistry 2020

electrode performance because their preparation generally
requires processes with low productivity or expensive starting
materials, or both. However, the VLP-CVD technique can be
performed using a simple apparatus and commercially avail-
able starting materials, and it is regarded as a low-cost process
that can be easily modified for production on an industrial
scale. If adopted by manufacturers, this technique is expected to
promote the development of LICs equipped with TiO, anodes.
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