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ABSTRACT: High-power, long-life carbon-coated TiO, microsphere electro-
des were synthesized by a hydrothermal method for sodium ion batteries, and
the electrochemical properties were evaluated as a function of carbon content.
The carbon coating, introduced by sucrose addition, had an effect of
suppressing the growth of the TiO, primary crystallites during calcination.
The carbon coated TiO, (sucrose 20 wt % coated) electrode exhibited excellent
cycle retention during SO cycles (100%) and superior rate capability up to a 30
C rate at room temperature. This cell delivered a high discharge capacity of 155
mAh gmmposite_1 at 0.1 C, 149 mAh gwmposne_1 at 1 C, and 82.7 mAh gcomposite_l

at a 10 C rate, respectively.
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B INTRODUCTION

The demand for renewable energy storage devices has greatly
increased, especially for potential use in electric vehicles and
energy storage systems. For this reason, lithium-ion batteries
have been widely studied and their performance has been much
improved during the past two decades. However, several
problems with lithium-ion batteries still remain, including their
rising costs and limited natural sources of lithium."?
Consequently, many researchers are shifting their focus to
sodium-ion based batteries because of their lower costs and the
abundance of sodium sources.>""

Many types of commercial batteries use carbonaceous
materials for the anode, such as meso-carbon microbeads
(MCMB) or hard carbon. However, MCMB cannot be used as
an anode material for sodium batteries because of the high
potential of the Na/Na® (~0.3 V higher than Li/Li*) redox
reaction and the large ionic radii of the Na* (102 pm).>*
Therefore, there have been many efforts to find a suitable
anode material for the sodium-ion battery system. In the case of
insertion anodes, various types of nongraphitic carbon materials
have been considered and tested.~® For example, Stevens and
Dahn reported disordered carbon which has a discharge
capacity of 300 mAh g~',° but this material showed low cycle
retention. To solve this problem, Komaba and Tirado changed
the electrolyte to ameliorate the cyclability. However, the
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important issues of rate capability and energy density still
remained to be resolved.”®

Another types of anode materials which operated by
insertion reaction were studied.””"> Among them, low potential
Na, Ti;O, insertion material was reported by A. Rudola,” and
Tarascon group.'’ These electrodes were able to sustain a
capacity of about 180 mAh g~ at C/10 and 200 mAh g™ at C/
25, but still need to improve the other electrochemical
properties such as rate capability and cycle performance.
Yamaki et al.'! synthesized NaTi,(PO,),, which delivered 120
mAh g~'. Meanwhile, Komaba et al."* synthesized Fe;0,-based
anodes, which gave a discharge capacity of 150 mAh g’
However, these materials also have drawbacks, such as low
cycle retention (Fe;0,), a higher potential window (Fe;O,,
NaTi,(PO,);), and low discharge capacity (NaTi,(PO,);).
Also, these materials have nanosized morphologies, which
exhibited the low energy density and first cycle efficiency.
Recently, nanocrystalline anatase TiO, materials were tested for
Na-ion batteries; they were synthesized via cellulose-based
paper template method or purchased from Sigma-Aldrich
company."”'* Nanocrystalline TiO, material delivered a
discharge capacity of about 150 mAh g~' with reasonable
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cycle performance. And, self-organized titania nanotubes were
prepared via anodization method which reported by Gonzalez
et al.”® This TiO, nanotube electrode delivered a capacity of
about 200 mAh g™' at 0.1 mA cm™2 However, these materials
show a poor rate capability. To enhance the electrochemical
performance, K.-T. Kim et al. introduced carbon-coated TiO,
nanorods material, which show stable cycle retention with good
rate capability.'® However, it still has the important problem of
low energy density, which is caused by low tap density of
nanorods material.

From the results of our previous experiments, it was
confirmed that the non-carbon-coated anatase-type micro-
sphere TiO, anode material has several advantages for the
lithium-ion battery system, including excellent cycle retention,
high efficiency, good rate capability, and high energy density."”
In this paper, we therefore introduce the carbon-coated TiO,
microsphere synthesized by a hydrothermal method as an
anode for the sodium-ion battery system. For this study,
physical and electrochemical properties of the electrode were
evaluated as a function of carbon amounts.

B EXPERIMENTAL SECTION

Material Synthesis. The mesoporous anatase-phase TiO, sphere
was synthesized by a hydrothermal method, as previously reported,'”
in which TiCl, was used as the starting material. A required amount of
high-purity TiCl, was added dropwise to a distilled water—ethanol
mixture in ice to make the TiOCl, solution. A calculated quantity of
urea was then added to the TiOCl, solution with continuous stirring.
The urea was added to control the rate of hydrolysis, whereby the
ammonia produced by the hydrolysis of urea controls the pH of the
reaction at a temperature greater than 80 °C. A calculated quantity of
ammonium sulfate was added to the clear solution obtained after the
addition of urea, and this solution was stirred for 4 h. The resultant
transparent solution was transferred to a Teflon-sealed autoclave and
heated at a temperature of 120 °C for 24 h. After the reaction was
completed, the autoclave was cooled to room temperature, and the
resultant slurry was filtered and washed three times with absolute
ethanol. The powder (non-carbon-coated sample) was obtained by
drying the washed slurry in vacuum oven at 60 °C, and then sintering
it at 400 °C for S h in an Ar gas atmosphere. To obtain the carbon-
coated TiO, powders, 2 g of as-synthesized TiO, powder and the
required amount of sucrose (10—40 wt %) were poured into 20 mL of
water and stirred at 80 °C until the water dried. It was then dried in
vacuum oven at 60 °C for S h and calcined at 400 °C for S h in an Ar
gas atmosphere.

Physical and Chemical Characterization. The synthesized
materials of the crystalline phase were characterized by powder X-
ray diffraction (XRD, Rint-2000, Rigaku, Japan) measurements using
Cu—Ka radiation. Particle morphologies of the precursor and the as-
synthesized powders were observed by scanning electron microscopy
(SEM, JSM 6400, JEOL Ltd., Japan) and transmission electron
microscopy (TEM, JEOL, 2010). An elemental analyzer (EA110, CE
Instrument) and thermogravimetric analyzer (loaded sample amount
10 mg, TG 209, Netzsch, Germany), were employed to determine the
amount of carbon in the final products. The conductivity of disc-
shaped pellets (diameter 20 mm, thickness 4.0 mm, weight 1.5 g) of
the synthesized material was measured using a four-point DC method
at 25 °C. X-ray photoelectron spectroscopy (XPS, PHI 5600,
PerkinElmer, USA) measurements were performed to obtain
information on the oxidation state values of transition metals.
Macro-mode (about 3 mm X 3 mm) Ar-ion etching was used to
examine the concentration depth profiles of the coated powders. The
etching rate was estimated to be S A min~" for silica. Crystallite sizes of
the each TiO, powder was calculated from the major diffraction peaks
of TiO, using Scherrer’s equation (D, = KA/(6,,/cos 65)), where K is
a constant (ca. 0.9), 4 is the X-ray wavelength (1.5418 A), 6; is the
Bragg angle at the highest peak point, and 6, , is the pure diffraction

broadening of a peak at half-height, that is, the full-width at half-
maximum depends only on the crystallite dimension. The surface area
and porosity of each TiO, material were determined by using a
Quantachrome Autosorb-iQ-MP automated gas adsorption system
using nitrogen as the adsorbate at a temperature of 77 K. The specific
surface area was calculated using the Brunauer—Emmett—Teller
(BET) method, and the pore diameters were obtained from the
adsorption branch of the isotherm using the Barrett—Joyner—Halenda
(BJH) method.

Electrochemical Characterization. Electrochemical testing was
performed in an R2032 coin-type cell adopting Na metal (Alfa Aesar,
USA) as an anode. The cathodes were fabricated by blending the
prepared TiO, powders (80 wt %), carbon black (10 wt %), and
polyvinylidene fluoride (10 wt %) in N-methylpyrrolidinon. The slurry
was then cast on copper foil and dried at 110 °C for 12 h in a vacuum
oven, and then disks were punched out of the foil. The loading amount
of active material on the whole electrodes is 4.0 mg cm™. The
electrolyte solution used was 1.0 M NaClO, in a 98:2 volumetric
mixture of propylene carbonate and fluoroethylene carbonate
(PANAX ETEC Co,, Ltd,, Korea). All cells were prepared in an Ar-
filled drybox. The cell was cycled in a constant current mode ata 0.1 C
rate within a voltage range of 0.01—2.0 versus Na (where 1C = 200
mAh g™).

B RESULTS AND DISCUSSION

Figure 1 shows the XRD patterns of the mesoporous micro-
TiO, powders calcined at 400 °C for S h with different amounts
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Figure 1. XRD patterns of TiO, powders with different amounts of
carbon sources.

of sucrose. The resulting XRD patterns were in good agreement
with the anatase phase, which has the tetragonal space group
with 141/amd (141)."7 Table 1 lists the calculated lattice
parameters of each TiO, powder. The lattice parameters
remained more or less constant regardless of the carbon
content (pure TiO,: a = 3.780(9) A, ¢ = 9.501(4) A, V =
135.824 A®). No secondary phases were founded in any
samples; however, the peak intensity decreased substantially
with increasing carbon-coating amounts. This behavior is also
shown in the previous carbon-coated TiO, materials.'"®'® As
expected, the overall carbon content in the final calcined TiO,
powders increased with increasing amounts of added sucrose.
The carbon content of each powder after calcination was
measured using elemental analyzer (EA) and thermogravmetric
anayzer (TGA) which are shown in Table 2 and Figure S1 in
the Supporting Information.

To verify the morphology and particle shape of synthesized
TiO, materials, we performed the SEM analysis, which is
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Table 1. Lattice Parameters of TiO, Powders with Different Amounts of Carbon Sources

TiO,-Air TiO,-3.5 wt %
a axis (A) 3.780(9) 3.781(3)
c axis (A) 9.501(4) 9.500(8)
volume (A3) 135.824 135.844

TiO,-6.8 wt % Ti0,-10.3 wt % TiO,-12.6 wt %

3.781(1) 3.780(8) 3.782(1)
9.501(2) 9.501(4) 9.500(6)
135.836 135.817 135.899

Table 2. Carbon Contents, Surface Area, and Conductivity of TiO, Powders with Different Amounts of Carbon Sources

TiO,-Air TiO,-3.5 wt
carbon content (wt %) 3.55
surface area (m* g™') 136.45 1289
conductivity (S cm™) ~1X 1072 to 1 x 1077 1.1 X 107°

% TiO,-6.8 wt % Ti0,-10.3 wt % Ti0,-12.6 wt %

6.84 10.33 12.61
127.27 117.09 102.71
32 x107° 41x107° 47 x 1075

Figure 2. SEM images of TiO, powders with different amounts of carbon sources; (a) TiO,-Air, (b) TiO,-3.5 wt %, (c) Ti0,-6.8 wt %, (d) TiO,-

10.3 wt %, and (e) TiO,-12.6 wt %.

presented in Figure 2. As shown in the SEM images, all of the
synthesized TiO, materials have a micron-sized spherical
morphology which consists of nanosized primary crystallites.
This TiO, materials have high powder tap density of 0.9 g cm™
which is higher than commercialized TiO, materials (tap
density: 0.13 g cm™>, P25, Degussa, Japan). Through the SEM
anlaysis, we observed that the P25-TiO, have nanosized
morphology which could lead to the low tap density (see
Figures S2 and S3 in the Supporting Information). In general,
the primary crystallite size increases during calcination because
of agglomeration and solid-state sintering. The increased
primary crystallite size typically leads to long diffusion length
and subsequent deterioration of the electrochemical perform-
ance. The previous reports concluded that carbon coating
during calcination prevented the agglomeration of primary
crystallites and also enhanced the electrical conductivity.”’”>*
Figure 2a shows the representative morphology of TiO,
particles without carbon coating after being calcined in air
(hereafter called TiO,-Air). Compared to the TiO,-Air
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material, carbon-coated TiO, materials, shown in Figure 2b—
e (hereafter called TiO,-3.5 wt %, Ti0,-6.8 wt %, Ti0,-10.3 wt
%, and TiO,-12.6 wt %), had primary crystallites whose sizes
were considerably smaller than those of the noncoated TiO,.
With increasing amounts of carbon, the surface morphology of
the TiO, particle also substantially changed. Surfaces of TiO,-
10.3 wt % and TiO,-12.6 wt %, especially, were covered with
amorphous material, which is assumed to likely be residual
carbon. Through the SEM images analysis, we verified the effect
of carbon coating on the particle morphology.

TEM images a and b in in Figure 3 show the primary
crystallites of TiO,-Air material whose sizes ranged from 20 to
30 nm. TiO,-6.8 wt % had smaller primary crystallites (5—10
nm) than TiO,-Air, in agreement with the SEM data. We also
calculated the crystallite sizes of each TiO, powder using
Scherrer’s equation to confirm the TEM analysis results. As
observed by TEM images, carbon coated TiO, powders show
the smaller crystallite sizes (Ti0,-3.5 wt %, 10.922 nm; 6.8 wt
%, 10.012 nm; 10.3 wt %, 9.919 nm; and 12.6 wt %, 9.891 nm)
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Figure 3. TEM images of (a, b) TiO,-Air, (c, d) TiO,-6.8 wt %, (e, f)
TiO,-12.6 wt % powders with arrows indicating the carbon coating
film.

than noncoated powder (23.852 nm). In addition, a uniform
carbon-coating layer was also observed in Figure 3¢, d. From
the TEM images, we confirmed that the uniform coating of
carbon helped to prevent the agglomeration of primary
crystallites of TiO, during calcination. Meanwhile, an excessive
amount of carbon led to a thick carbon-coating layer (10—20
nm), as shown in Figure 3e, f. In this case, it was difficult to
observe the particles, which were completely coated by a thick
layer of carbon. From the pore-size distribution (PSD) analysis
of each TiO, material, we found that the TiO,-10.3 wt % and
TiO,-12.6 wt % materials show the lower pore volume and
surface area than other materials (see Figure S4 in the
Supporting Information). Compared to TEM results, we
confirmed that these lower values were caused by the excessive
amount of thick carbon layer, which block the nanopores in
TiO, particles.

Figure 4a, b show the first and second charge/discharge
curves of Na/TiO,-Air and Na/C-TiO, half-cells with different
amounts of carbon. The cells were tested over a voltage range
of 0.01 to 2.0 V at a constant current density of a 0.1 C rate.
Before discussing about the electrochemical properties of the
cells, we measured the electrochemical performances of
amorphous carbon electrode to clarify the capacity contribution
by coated amorphous carbon (see Figure SS in the Supporting
Information). The carbon electrode delivered the capacity of
39.2 mAh g' at a 0.1 C rate with poor cycle and rate
performances. And, we calculated the capacity contributions of

the amorphous carbon in the carbon-coated TiO, electrodes
with different amounts of carbon sources (see Table S1 in the
Supporting Information). From these results, we confirmed
that the capacity contribution by the amorphous carbon is
negligible in TiO,-3.5 wt %, TiO,-6.8 wt % electrodes.
Meanwhile, this amorphous carbon could contributed to the
electrochemical performances of TiO,-10.3 wt %, TiO,-12.6 wt
% electrodes because of higher carbon contents.

The first charge curve was divided into several regions, and
each reaction was analyzed based on the previous literature on
sodium battery anodes. In the first charge curves of the cyclic
voltammogram (CV) profile, shown in Figure 4c, the
irreversible peaks were observed which caused by the solid
electrolyte interface (SEI) layer formation, irreversible sites for
Na-ion insertion in the crystal lattice defects, electrolyte,
fluoroethylene carbonate (FEC) additive, and other organic
material decomposition.'®*®> We also measured the surface
areas of each TiO, powder to determine the relationship
between surface area and SEI formation. As expected, TiO,-Air
powder showed the largest surface area than carbon coated
TiO, powders, that means larger amounts of electrolyte could
be contact with surface of TiO,-Air powders. For that reason,
TiO,-Air electrode showed the highest first discharge capacity,
which was caused by the side reaction such as SEI formation
and electrolyte decomposition. From the second cycle on, TiO,
electrodes show only the reversible insertion/deinsertion peaks
at 0.5 and 0.8 V in the CV profiles. Therefore, it is conjectured
that the large irreversible capacity likely originated from
electrolyte decomposition and SEI layer formation during the
first cycle and disappeared from subsequent cycles. Figure 4d
shows the ex situ XRD result of the TiO,-6.8 wt % electrode at
different states of charge/discharge points during the first cycle
(each point in Figure 4a, d: a = pristine, b = discharged up to
1.0V, ¢ = discharged up to 0.01 V, d = charged up to 1.0 V, and
e = charged up to 2.0 V). During the first cycle, there were no
peak changes in the XRD data during different states of charge
and discharge which are well-matched with the previous result.
Also, we could not observe the new peaks, such as Ti metal and
Na,O, which indicates the conversion reaction.’® It is hard to
determine the reaction mechanism of the TiO,-6.8 wt %
electrode using XRD analysis. Therefore, other analysis results
were needed to understand the reaction mechanism of this
electrode. To investigate the variation of an average oxidation
state of Ti during cycling, we performed the ex situ X-ray
photoelectron spectroscopy (XPS) analysis which shown in
Figure 4e. The main peak of TiO, pristine (marked a) is 458.2
eV which means average titanium oxidation state is 4+. This
peak was gradually shifted into 457.9 eV during the discharge
and returned to original value after charge process which means
the oxidation state is partially reduced to Ti**/*" mixed state
during the discharge process and recovered to Ti*" after the
charge process. From these results, we confirmed the TiO,
electrode show the reversible insertion/deinsertion reaction
during cycling. We also measured the XPS analysis for each
TiO, powder to determine the possibility of incorporating
carbon into a portion of the TiO, structure (see Figure S6 in
the Supporting Information). However, we could not found
any evidence about the oxidation state change of Ti*' after
carbon coating.

Cycle performances of TiO, half-cells are shown in Figure 5.
All cells were discharged up to 0.01 V and charged up to 2.0 V
with the constant current of a 0.2 C rate at 25 °C. The TiO,-Air
cells show stable cycle performance. The carbon-coated TiO,-
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Figure 4. (a) First charge/discharge curves and (b) second cycle curves of Na/TiO, cells. Cells were charged at a constant-current 0.1 C rate to 0.01
V and discharged at a constant-current 0.1 C rate to 2.0 V at 25 °C. (c) Cyclic voltammogram of the Na/Ti0,-6.8 wt % cell, (d) ex situ XRD
patterns of TiO,-6.8 wt % electrode (Mylar film was used for protection of electrode against the air atmosphere), and (e) ex situ X-ray photoelectron
spectroscopy (XPS) results of TiO, electrode during 1st cycle (each state of charge points are marked in image a: a = pristine, b = discharged up to
1.0 V, ¢ = discharged up to 0.01 V, d = charged up to 1.0 V, and e = charged up to 2.0 V).

3.5 wt % and TiO,-6.8 wt % cells also show nearly 100% cycle
retention during 50 cycles, despite the large irreversible capacity
observed during the first cycle. This excellent cycle perform-
ance is believed to be due to the morphological advantage of
the synthesized material and structural stability of TiO, itself.
The stable cycle performance also verified in the charge/
discharge curves of the TiO,-6.8 wt % electrode during cycling
(Figure Sb). During the cycle test, no voltage drop or curve
changes were observed. However, TiO,-10.3 wt % and TiO,-
12.6 wt % cells show lower cycle retention than other cells.
From the SEM and TEM images, we assumed that the large
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amount of carbon (a thick coating layer) affected the cell
performance. The thick carbon coating layer interrupted the
Na" insertion/deinsertion process and led to the capacity fading
during cycling.

Panels a and b in Figure 6 show the rate performance of the
TiO, cells. All cells were charged up to 0.01 V with the constant
current of a 0.1 C rate, and discharged up to 2.0 V with the
various constant current of 0.1—30 C rate (except the TiO,-Air
cell). The carbon-coated TiO, electrodes showed better rate
capability than the noncoated electrode. The TiO,-6.8 wt %
electrode, in particular, exhibited a good rate capability up to a
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Figure 6. (a) Rate capability of Na/TiO, cells and (b) charge/discharge curves of Na/TiO,-6.8 wt % cell between 0.01 and 2.0 V at 25 °C. The cell
was charged with a constant current of a 0.1 C rate to 0.01 V and discharged with a constant current of a 0.1—30 C rate.

30 C rate: 155 mAh gcomposite_l at 0.1 C, 149 mAh gcomposite_l at
1 C, and 82.7 mAh gcomposite_1 at a 10 C rate. The improved rate
capability of the TiO,-6.8 wt % electrode partially stemmed
from the disparately higher electrical conductivity of the TiO,-
6.8 wt % electrode. Non-carbon-coated TiO,-Air powder has
very low electrical conductivity (~1 X 107 to 1 X 1077 S
cm™'),** whereas TiO,-6.8 wt % powder has much higher
electrical conductivity of 3.2 X 107° S cm™" (Table 2, measured
by a four-point DC method). This behavior clearly explains that
the small primary crystallites and proper carbon coating layer
not only decrease the resistance during the insertion/extraction
process, but also increase the electrical conductivity of the
material. On the other hand, the non-carbon-coated TiO,-Air
electrode has large primary crystallites compared to the carbon-
coated electrodes, and these large primary crystallites likely
cause the rapid capacity drop. The charge/discharge curves of
the TiO,-6.8 wt % electrode at different C rates are shown in
Figure 6b. As the C rate increased, the discharge capacity
progressively decreased, but with no significant voltage drop
during the rate test. The result confirms that the carbon-coated
TiO,-6.8 wt % cell shows superior electrochemical properties.

We could found the trend between carbon contents and
electrochemical performance through the electrochemical test
of amorphous carbon and morphological analysis (PSD, TEM).
From these results, we concluded the rate and cycle properties
of C-TiO, (TiO,-10.6 wt %, 12.3 wt %) electrodes were rather
decreased than other carbon-coated electrodes, which is caused
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by the excessive amounts of amorphous carbon (low pore
volume and surface area, poor electrochemical properties).

B CONCLUSIONS

Carbon-coated microsphere TiO, materials with high tap
density were successfully synthesized by a hydrothermal
method followed by sucrose carbon coating for testing for
sodium-ion batteries. We compared the effect of the carbon
coating by characterizing the physical and electrochemical
properties in the sodium battery system. Although these
materials have high tap density and micron particle size, the
TiO,-6.8 wt % electrode exhibited the best cycle performance
(100% cycle retention during the fiftieth cycle) and the best
rate capability, delivering the discharge capacities of 155 mAh
~1at 0.1 C, 149 mAh gcomposite_l at 1 C, and 82.7 mAh
Scomposite ~ at @ 10 C rate, respectively. These excellent
properties were ascribed to the uniformly coated carbon
layer, which prevented the agglomeration of primary crystallites
during calcination and greatly increased the electrical
conductivity. This superior carbon-coated TiO, material should
be acceptable as safe and low-cost anode material for sodium-
ion batteries with high power capability.

gcomposite

B ASSOCIATED CONTENT

© Supporting Information
Additional TGA, tap density, BET, SEM, XPS results of C-
TiO,, and electrochemical performances of amorphous carbon.
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