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ABSTRACT To monitor dynamic volume changes of electrode
materials during electrochemical lithium storage and removal
process is of utmost importance for developing high performance
lithium storage materials. We herein report an in operando probing
of mesoscopic structural changes in ordered mesoporous electrode
materials during cycling with synchrotron-based small angel X-ray
scattering (SAXS) technique. In operando SAXS studies combined
with electrochemical and other physical characterizations straight-

forwardly show how porous electrode materials underwent volume

during Li storage
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changes during the whole process of charge and discharge, with respect to their own reaction mechanism with lithium. This comprehensive information on

the pore dynamics as well as volume changes of the electrode materials will not only be critical in further understanding of lithium ion storage reaction

mechanism of materials, but also enable the innovative design of high performance nanostructured materials for next generation batteries.
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ithium ion batteries (LIBs) have at-

tracted much attention as a recharge-

able energy-storage system, due to
high voltage, long cycle life, low toxicity
and high reliability for powering an increas-
ingly diverse range of applications.' 3
However, the energy density of currently
commercialized LIBs is already close to their
technological limits. To improve the per-
formance of anode part replacing a cur-
rently used graphite (theoretical capacity
of 372 mAh g "), there has been extensive
research on developing new anode materials
such as metal oxides, silicon- or tin-based
metal alloys, and related composite configura-
tions."*~7 As the electrode materials for LIBs,
various kinds of nanostructured materials
also enable the improvement in the energy
density, rate capability and long-term
stability because of their high surface area,
short distance for mass transport and the
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increased freedom for volume change during
cycling3#°

Recently, ordered mesoporous materials
have gained much attention as a promising
candidate for the electrode materials in LIBs,
since the ordered arrays of mesopores
and frameworks with uniform sizes in
nanometer scale can offer the opportunities
to improve the electrochemical perfor-
mances.'®~"* An advantage of ordered me-
soporous materials in LIBs is the existence of
well-defined mesopores that is believed to
act as a kind of physical buffer for volume
changes during the lithiation and delithia-
tion. Therefore, real time monitoring of the
mesostructural maintainability of the elec-
trode materials during repeated discharge
and charge process is essential in under-
standing the dynamics of mesoscale pores
in the electrode material and proving the
importance of mesopores as a buffer
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Scheme 1. Schematic illustration for in operando small angle X-ray scattering with the coin type in situ cell for monitoring of
pore dynamics of ordered mesoporous metal oxide electrodes during cycling.

element to sustain huge volume changes and the
associated mechanical strains of electrode materials
during cycling. Nanostructural changes of the electrode
materials can be studied with electron microscopies
(EM), especially transmission electron microscopy
(TEM).">~"” However, the application range of these
EM-based techniques is limited, because they prove
only the local structure and generally do not permit an
in situ characterization of electrodes. Recently, in oper-
ando investigation on the electrode materials for
lithium ion battery has gained much attention in order
to exactly understand the reaction mechanism of the
electrode material during cycling. Several reports using
soft X-ray absorption and hard X-ray microscopy de-
monstrated that dynamic variation of the phase trans-
formation and electron and lithium ion dynamics in
the electrode material can be obtained, which cannot
be monitored with ex situ analysis.'®'® However, the
studies on dynamic changes of pores as well as volume
changes of the electrode materials could not be found
up to date. Small angle X-ray scattering (SAXS) is one of
the most useful analytical techniques to investigate
properties of porous materials since the SAXS technique
works very well in characterizing unique nanostructures
of materials with the probing range of 1—100 nm.?° 22
To further gain insights on the nanostructural changes
of mesoporous materials during cycling, it is highly
required to develop a new analytical technique with
in operando capability to monitor physical changes of
mesopores in the electrode material.

Here, we present a direct monitoring of nano-
structural changes in ordered mesoporous electrode
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materials during the lithium storage process using an
in operando SAXS technique (Scheme 1). According to
our best knowledge, this is the first report for an
in operando observation of the pore dynamics in the
electrode material for LIBs with respect to the degree
of lithium storage. In the present work, highly ordered
mesoporous titanium dioxide (meso-TiO,, intercala-
tion reaction), cobalt oxide (meso-Co30,4, conversion
reaction) and tin oxide (meso-SnO,, conversion and
alloying reaction) were selected to show the signifi-
cance of the present in operando SAXS study. More-
over, we demonstrate that comprehensive SAXS
monitoring from in operando studies provides direct
information for volume changes of ordered mesopo-
rous active material, especially the electrode materials
which exhibit the upkeep of mesostructural order
during the lithiation and delithiation.

RESULTS AND DISCUSSION

Characterization of Highly Ordered Mesoporous Electrodes.
The highly ordered mesoporous electrode materials
were prepared by a nanoreplication method from a
mesoporous silica template with cubic /a3d meso-
structure (KIT-6, Supporting Information, XRD pattern,
N, sorption results and TEM image in Figures S1 and
S2). Details on synthesis of highly ordered mesoporous
electrode materials are described in the Materials and
Methods.”* 2 As shown in the SAXS data for the
pristine mesoporous electrode materials (Supporting
Information, Figure S3A), all the mesoporous materials
exhibit well-defined diffraction patterns in the low-
angle region, meaning that the materials possess

e
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Figure 1. (A) In operando SAXS spectra and the corresponding voltage profiles of meso-TiO, electrode, (B) differential
capacity vs potential plot (dQ/dV), the corresponding changes in lattice parameter and resolved peak intensity ratio
calculated from the (211) reflection, and TEM images and HR-TEM images (insets) of (C) pristine, (D) fully lithiated and (E) fully

delithiated meso-TiO, electrodes.

highly ordered mesostructures. The present mesopo-
rous materials show the similar diffraction patterns with
a new peak in the low-angle region after the nano-
replication from the KIT-6 template, which corresponds
to the (110) plane. The presence of this (110) peak
means the well-known mesostructural transforma-
tion during the nanoreplication from the KIT-6
template.?’*® Wide-angle X-ray diffraction (XRD) pat-
terns (Supporting Information, Figure S3B) indicate
that the mesoporous electrode materials are highly
crystalline, where the meso-SnO, and meso-Co30,
materials exhibit tetragonal rutile phase (JCPDS
41-1445,P4,/mnm) and cubic phase (JCPDS 42-1467,
Fd3m), respectively. The frameworks of meso-TiO,
material consist of mainly tetragonal anatase phase
(JCPDS 21-1272,/4,/amd) and a quite small portion of
rutile phase. The ordered mesostructures with uniform
pore sizes and well-defined crystalline frameworks
of the mesoporous electrode materials are also con-
firmed from scanning electron microscopy (SEM)
and transmission electron microscopy (TEM) images
(Supporting Information, Figure S4). N, adsorption—
desorption isotherms and the corresponding BJH pore
size distribution curves also indicate that the pristine
electrode materials exhibit well-developed mesoporos-
ities with high surface areas and large pore volumes
(Supporting Information, Figure S5 and Table S1).

In Operando SAXS Investigation for Pore Dynamics during
Cycling. To probe dynamic changes of mesoscale pores

PARK ET AL.

in the ordered mesoporous electrode materials with
respect to the depth of discharge (lithium insertion)
and charge (lithium removal), we performed in operando
SAXS studies using specially designed coin type cell with
Kapton window (Scheme 1). In operando SAXS data for
the meso-TiO,, meso-Cos0,4 and meso-Sn0O, electrodes
during the first discharge—charge process, thus ob-
tained, are shown in Figures 1A, 2A and 2C, respectively,
which clearly indicate the changes of mesoscopic orders
depending on their Li-storage mechanisms. We also
observed the nanostructural changes in the ordered
mesoporous metal oxide electrode before and after
cycling using ex situ TEM (Figure 1C,D,E and Figure 3).
As shown in Figure 1A, there is no significant
change in the in operando SAXS data of meso-TiO,
electrode during the lithiation and delithiation process,
which is known to follow the intercalation mechanism
of lithium ions.'***3" For more insight, dQ/dV
data, relative SAXS peak intensities and mesoscopic
lattice parameters are plotted against the lithiation-
delithiation potentials (Figure 1B). The peak intensities
are almost same in the potential range of 3—1.5V,
whereas the changes of d,q; spacing are divided into
two regions (I and Il) during the lithiation: one is 3—1.75V
that is known to be a solid solution reaction region
(only 0.5% increase in mesoscopic cell volume, see
Figure 4A) and the other is 1.75—1.5 V for a two phase
reaction region (2.2% volume expansion). The dQ/dV
data in Figure 1B also show two well-defined current
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Figure 2. (A) In operando SAXS spectra and the corresponding voltage profiles of meso-Co30,, and (B) differential capacity vs
potential plot (dQ/dV), and the corresponding changes in lattice parameter and resolved peak intensity ratio from the
(211) reflection of meso-Co30,. (C) In operando SAXS spectra and the corresponding voltage profiles of meso-SnO,, and
(D) differential capacity vs potential plot (dQ/dV), and the corresponding changes in lattice parameter and resolved peak

intensity ratio from the (211) reflection of meso-SnO,.

Figure 3. TEM and HR-TEM (insets) images of (A) pristine, (B) fully lithiated and (C) fully delithiated meso-Co30, electrodes,
and (D) pristine, (E) fully lithiated and (F) fully delithiated meso-SnO, electrodes.

peaks at 1.75 V during lithiation, which corresponds
to the phase transition from tetragonal anatase
(14,/amd) to orthorhombic Lig 54TiO, (Imma). As shown
in Figure 4A, the mesoscopic cell volume is recovered
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to the initial state after complete delithiation (region IlI
in Figure 1B), indicating that the volume changes of the
meso-TiO, are almost reversible during the discharge—
charge process. TEM images and high-resolution TEM
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Figure 4. Schematic illustration of pore dynamics in the ordered mesoporous metal oxide electrodes with respect to Li*
storage reaction mechanism, and net volume change and intensity ratio with contained lithium in the electrode materials for
the initial lithiation-delithiation of (A) meso-TiO,, (B) meso-Co30,, and (C) meso-Sn0O,. The net volume change was calculated
by using d51 spacing of the in operando SAXS data of Figure 1 and 2, assuming the mesostructure as the /a3d cubic symmetry.

(HR-TEM) images in Figure 1C—E represent the micro-
structures of pristine, lithiated and delithiated meso-
TiO, electrodes, respectively, which show that the
ordered mesostructure as well as the framework crys-
tallinities are maintained even after lithiation and
delithiation.

Figure 2A shows the nanostructural changes of
the meso-Cos0, electrode depending on the degree
of lithiation, which follows the conversion reaction
(Co30,4 + 8 Li — 4 Li,O + 3 Co, theoretical capacity
of 890 mAh g™ ")."*%33 There are no significant changes
of SAXS in the region | of Figure 2B (3—1.0 V, about
0.8 mol of Li are inserted into 1 mol of Co30,4). The
region 1 (1.0—0.5 V, 9.9 mol of lithium react with 1 mol
of Co30,) represents a rapid decrease in SAXS intensity,
indicating the loss of mesostructure upon the conver-
sion reaction to form Co and Li,O. However, to our
surprise, the d,;; value and the mesoscopic cell vo-
lumes in the region Il (Figure 2B and Figure 4B) are very
similar to those of pristine meso-Cos0, electrode, even
though 9.9 mol of lithium per 1 mol of Co;0, are stored
which should lead an increase in Co;04 framework
volume. This is a direct evidence for the buffer role of
mesoporous void volume that can successfully accommo-
date volume changes of active material upon conversion

PARK ET AL.

reaction with lithium. At the potential of 0.5 V, the peak
intensity at d,q; spacing of about 8.7 nm becomes
nearly zero, and a new broad SAXS peak appears at the
lower angle (around 10 nm). Further lithiation (region
IIIl,0.5—0V) gives a discharge capacity of 1456 mAh g~
(13.1 mol of Li) and 70% mesoscopic cell volume
expansion. During the delithiation step (region IV),
the intensity of SAXS peak increases again, but the
mesoscopic cell volume and the peak intensity do not
resile from the pristine electrodes (Figure 2B and
Figure 4B). This irreversible mesostructural change is
probably due to a well-known delithiation reaction
(Co + Li,O0 — CoO + 2 Li* + 2e7)."*** where CoO
phase is formed at the end of charge process, rather than
the completely reversible formation of Co30, phase. TEM
images also indicate the partial loss of mesostructures
during the discharge—charge process (Figure 3A—C),
which is correlated well with the SAXS data.

In the case of meso-SnO, electrode (Figure 2Q),
the changes in the SAXS data are very different from
those of the meso-TiO, and meso-Cos0, electrodes.
The position of SAXS peak slightly moves to lower
angle until the discharge potential reaches to 1.2 V
(region 1), indicating the small expansion of meso-
scopic cell volume (5.4%, Figure 4C). The d,;; spacing
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increases in the discharging range of 1.2—0.35V, which
consists of two steps: a rapid increase between 1.2—0.8V
(region Il), and a moderate increase between 0.8—0.35V
(region lll). Figure 4C indicates that the mesoscopic cell
volumes increase up to 16.2% upon the lithiation until
5.2 mol of Li are stored in 1 mol of SnO; (region |, Il and
Il in Figure 2D). The intensity of SAXS peak decreases
dramatically in the region Il and Ill, and the peak
disappears completely below 0.35 V, where lithium
ions are known to be stored by alloying reaction from
this discharge potential.”>3*3 The changes of meso-
structural order and peak intensity have good cor-
relation with our previous results concerning the
Li-storage mechanism of the meso-SnO, electrode
obtained by using synchrotron-based XRD and X-ray
absorption spectroscopy analysis.>® The SnO, crystal-
lites are converted gradually into the amorphous nano-
LiSnO, phase until the discharging voltage of ~0.6,
where the conversion reaction is terminated and the
alloying reaction starts, which are well-correlated with
the intensity changes of SAXS peaks (Figure 2D). Dur-
ing the further lithiation (region 1V), and moreover,
delithiation process (region V), the SAXS peaks are not
regenerated (Figure 2C). From these results, the highly
ordered mesostructure of meso-SnO; electrode is fairly
maintained during the conversion reaction, but com-
pletely collapsed by further reaction with lithium ions
following the alloying reaction, which is not recon-
structed to an ordered mesostructure even after deal-
loying process. The mesostructural change of meso-SnO,

MATERIALS AND METHODS

Materials. Pluronic triblock copolymer P123 (EO,oPO7EO5,
M,, = 5800, Aldrich), 1-buthanol (99.7 wt %, Aldrich), hydro-
chloric acid (HCl, 35 wt %, Aldrich), tetraethyl orthosilicate
(TEOS, SiCgH,004, 98 wt %, Aldrich), titanium tetraethoxide
(Ti(OEt)4, Aldrich), cobalt nitrate hexahydrate (Co(NOs),-6H,0,
97%, SAMCHUN), tin chloride dehydrate (SnCl,-2H,0, 97%,
JUNSEI), sodium hydroxide (NaOH, 98%, SAMCHUN), and hydro-
fluoric acid (HF, 49%, J. T. Baker) were used without further
purification.

Preparation of Mesoporous Electrodes. In typical synthesis for
mesoporous silica, KIT-6, with cubic la3d mesostructure,?* 9.0 g
of P123 was dissolved in a mixture of 325.5 g of distilled water,
9.0 g of 1-butanol, and 17.7 g of HCI. After the mixture stirred at
35°Cfor 10 min, 19.4 g of TEOS was added to this solution under
vigorous stirring. The resulting mixture was stirred for 24 h at
35 °C and subsequently kept in static condition at 100 °C for
24 h. The solid product was filtered, washed with distilled water
several times and dried at 100 °C overnight. The obtained white
power was washed with ethanol, dried at 80 °C for 12 h, and
finally calcined under static air condition at 550 °C for 3 h to
remove the structure-directing agent. Ordered mesoporous
TiO,, Co30,4 and SnO, materials (meso-TiO,, meso-Cos0,, and
meso-Sn0,, respectively) were synthesized through a nano-
replication method using the KIT-6 as the silica templates.?*~2¢
To synthesize the meso-TiO,, 0.6 g of Ti(OEt), and 30 mL of
distilled water were first mixed to obtain a white precipitate. The
precipitate was collected by centrifuge and decantation of
supernatant, and dissolved by adding 0.8 g of HCl at room
temperature. This clear TiO, precursor sol was impregnated into
1.0 g of the KIT-6 by simple incipient wetness method, and the
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electrode can also be confirmed from the TEM images
shown in Figure 3D,—F. There are no ordered meso-
structures in the case of meso-Sn0O, after the lithiation
(Figure 3E) and delithiation (Figure 3F).

CONCLUSIONS

In conclusion, the present in operando SAXS study
clearly shows the nanostructural changes of the meso-
porous electrode materials during discharge—charge
process with respect to the amount of lithium reacted
and maintainability of the mesoscopic pore structure
during cycling, which are highly dependent on their
Li-storage mechanisms. Moreover, the changes of me-
soscopic cell volumes upon lithiation and delithiation
also can be exactly measured, from which we can get
direct evidence that proves the role of mesopores in the
active materials to effectively accommodate the volume
expansion of crystalline frameworks by the reaction with
lithium. Such a precise in operando probing technique
for pore dynamics of ordered porous materials can be
also utilized to study nanostructural changes of the
electrode materials in other electrochemical systems
adopting porous materials, such as electrode of the fuel
cells, supercapacitor and metal-air battery systems. We
also believe that in operando investigation of dynamic
changes in the mesoscale order will help us to deeply
understand physical behaviors of lithium storage mate-
rials, thereby providing valuable guidance for designing
innovative nanostructured materials for next generation
energy storage system.

composites were dried at 160 °C for 10 min. This impregnation—
drying process is repeated several times and the samples were
dried at 100 °C for 24 h. The material was heated under static air
condition at 450 °C for 3 h. The silica template was removed by
treating the composite material with an aqueous solution of
NaOH several times. Finally, the obtained ordered mesoporous
TiO, material was washed with distilled water several times,
and dried at 80 °C for 24 h. The meso-Co30,4 and meso-Sn0O,
materials were synthesized by a solvent-free infiltration
method.?>%° Typically, 0.9 g of Co(NOs3),-6H,0 and 1.0 g of
SnCl, - 2H,0 were melted at 100 °C to liquid states, and poured
into 1.0 g of the preheated KIT-6 at 80 °C, respectively. The
composites were shaken vigorously for 1 h, and put in an oven
at 80 °C for 24 h for spontaneous infiltration of metal precursors
within the mesopores of KIT-6. The composite materials were
heated under static air condition at 550 °C for 3 h and 700 °C for
3 h, respectively. The silica templates were removed by treating
the resulting material with an aqueous solution of NaOH several
times in the case of obtaining the meso-Coz0,4, whereas an
aqueous solution of HF (10 wt %) was used for the meso-SnO,.
Finally, the meso-Co304 and meso-SnO, materials, thus ob-
tained, were washed with distilled water several times and dried
at 80 °C for 24 h.

In Operando Synchrotron SAXS Characterization. Schematic repre-
sentation of in operando SAXS experimental setup is shown in
Scheme 1. The in operando SAXS experiments were carried out
at BL 9A U-SAXS beamline (PLS-Il) using 2D CCD Detector
(Rayonix SX165, USA) which was positioned 2 m away from
the sample and measured scattering in the 26 range of 0.3—2.5
(A = 1.54 A). The size of the focused beam was 300 xm in
diameter and the energy of the beam was 11 keV. The 2D
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patterns of the mesoporous samples during electrochemical
cycling were recorded with a 1 s exposure time and 8 s detector
readout time. The 2D patterns were scanned with the FIT2D
software package to obtain the one-dimensional (1D) patterns
in the form of the intensity vs 26.3” The storage ring was
operated at 3.0 GeV with a ring current of 300 mA.

Electrochemical Characterization. The electrodes were prepared
by coating the slurries composed of ordered mesoporous
powder (70 wt %), conductive agent (Super-P, 15 wt %) and
polyamideimide (PAI, Solvay, 15 wt %) dissolved in N-methyl-
pyrrolidone (NMP) on the Cu foil substrate. After coating, the
electrodes were dried at 120 °C for 12 h under vacuum and
pressed under a pressure of 200 kg cm™2 The electrode
assembled coin type half cell (CR2032) with Li metal as a counter
and reference electrode in a dry room using a polyethylene (PE)
membrane was used as a separator, 1 M LiPFg dissolved in a
mixed solvent of ethylene carbonate (EC) and diethyl carbonate
(DECQ) (3:7, v/v; Panax Etec Co. Ltd.) as an electrolyte. Galvano-
static charge—discharge experiments were carried out with a
WBCS-3000 battery cycler (Xeno Co.) at a constant current of
0.1 C (theoretical capacity of 335 mAh g~ for meso-TiO,,
890 mAh g~ for meso-Co30,4, and 790 mAh g~ for meso-Sn0,).

Material Characterization. Small- and wide-angle high resolu-
tion synchrotron X-ray powder diffraction measurements were
collected at BL 9B HRPD beamline (PLS-Il). The incident X-rays
were vertically collimated using a mirror and monochromatized
to a wavelength of 1.5475 A using a double-crystal Si (111)
monochromator. The detector comprises a set of six analyzer
crystals and seven scintillation detectors. The storage ring was
operated at 3.0 GeV with a ring current of 300 mA. N, sorption
isotherms were collected using Micromeritics Tristar system
at liquid N, temperature. The specific BET (Brunauer—
Emmett—Teller) surface areas, and pore size distribution curves
calculated by the BJH (Barrett—Joyner—Halenda) were ob-
tained on the basis of the adsorption branches. Total pore
volumes were measured at p/py = 0.99. Scanning electron
micrographs (SEM) were collected using LEO SUPRA 55 GENESIS
2000 instrument at an accelerating voltage of 15 kV. Transmis-
sion electron micrographs (TEM) are obtained using a G2
FE-TEM at an operating voltage of 200 kV.
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