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Real-time analysis of changes in the atomic environment of materials is a cutting edge technology that
is being used to explain reaction dynamics in many fields of science. Previously, this kind of analysis was
only possible using heavy nucleonic equipment such as XANES and EXAFS, or Raman spectroscopy on a
moderate scale. Here, a new methodology is described that can be used to track changes in crystalline
developments during complex Li insertion reactions via the observation of structural color. To be specific,

Received 14th March 2017, the changes in atomic crystalline and nanostructure are shown during Li insertion in a complex TiO,

Accepted 24th April 2017 polymorph. Structural color corresponds to the refractive indices of materials originating from their
DOI: 10.1039/c7cp01613a atomic bonding nature and precise wave interferences in accordance with their nanostructure.

Therefore, this new analysis simultaneously reveals changes in the nanostructure as well as changes in
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Introduction

Butterflies have beautiful and complex colors that originate
from the submicron patterned structures in their wings."?
Analogously, it is widely regarded that the nanostructure, such
as in photonic crystals, creates the color,>* which is one of the
fundamental optical properties of materials. Structural color
corresponds to parameters such as precise wave interferences by
the nanostructure and differences between the refractive indices
of crystalline materials and their environment. Wave interference
is mainly related to the microscopic structure, which means that
we can tune the wave interference via precise nanostructuring.*>
On the other hand, the refractive index is a fundamental property
of materials, and is closely related to the electronic polarizability
of ions in crytal and to local fields inside the material, which
means that there exists a correlation between the structural colors
and the nature of the atomic bonding of materials.® As a con-
sequence, this correlation indicates that we can possibly analyze a
change in (i) the atomic crystalline and (ii) the nanostructure in
materials by observing vivid colors and their visible reflectance
spectra via time-on-stream.
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the atomic bonding nature of materials.

Here, we show a new method for analyzing changes in the
atomic crystallinity of an energy material during complex Li
insertion reactions simply via the observation of the color and
visible spectra of the material. This method is particularly
powerful in its description of the overall kinetics; to be specific,
electrochemical energy storage systems (Li' or Na' batteries)
comprise one of the best conceptual examples, because tracking
crystalline changes during sequential reactions is critically
needed in this field,”® and this includes observing the tolerance
related to the nanostructure collapse.”® As a practical example
for the proof of this concept, we observed the Li insertion
reaction in complex TiO, polymorphs (TiO, + xLi — Li,TiO,)
via changes in their structural color and detailed reflectance
spectra. This reaction is a good example of our method because
the electrochemical characteristics of TiO, highly depend on their
structural parameters such as crystallinity and polymorphs.'*™*
This phenomenon is well interpreted by general ab initio
principles and Maxwell’s equations without any empirical limiting
factors; therefore, we expect that our method can be applied to
general types of materials and reactions.

Experimental section

Fabrication of complex TiO, polymorph with hexagonal
nanostructuring

Complex TiO, polymorphs were chemically deposited onto a
Ti foil via direct two-step electrochemical anodization using

This journal is © the Owner Societies 2017
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methods described in our previous research.'® A two-electrode
cell, using Ti foil (Sigma-Aldrich) as a working electrode and a
Pt mesh as a counter electrode, was utilized. The back of the Ti
foil was protected by an electrically inactive tape to allow it to
function as a current collector. Anodization was conducted in
an electrolyte containing 3% (wt/vol) NH,F and 3% (vol) H,O in
ethylene glycol (Samchun Chemicals).'® The anodization was
divided by a two-step process, which included a peeling-off
process. The first anodization was conducted for 1.5 hours to
form hexagonally arranged TiO, nanotubes under a constant
voltage of 30 V. Immediate sonication in deionized water
loosened the attachment between TiO, and the Ti surface to
allow the TiO, layer to be simply peeled off using a commercial
sticky tape. The second anodization was conducted under the
same conditions as the first with the exception of the duration
(1 minute), and the subsequent calcination of the substrate.
The as-fabricated structure had a mixed phase that included
anatase and rutile (48:52) and showed vivid color (Fig. 1).

Characterization

In order to prove this concept, the as-fabricated TiO, film was
used as an electrode that was pre-operated for 20 discharge-
charge cycles. Li metal was used as a counter electrode and an
electrolyte was prepared by adding 1.15 M LiPF, to a mixture of
ethylene carbonate, ethyl methyl carbonate, and diethyl carbonate
(EC:EMC:DEC = 3:5:2). During a discharge reaction immedi-
ately after the pre-operation cycles, we analyzed the differences in
the colors of the electrode in three states of charge (0, 0.25 and 0.5
of x in Li,TiO,) using a charge-coupled device (CCD) camera and
reflectance spectra. The reflectance spectra were obtained via
ultraviolet-visible diffuse reflectance spectroscopy (UV-Vis-DRS,
V670, Jasco) and the model reaction, TiO, + 0.5 Li — Lig5TiO,,
was conducted under galvanostatic discharge-charge conditions
(WonATech WBCS3000). The current density was 5 pA cm 2,
which was low enough to closely determine the ideal Li insertion
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reaction in TiO,. The scanning electron microscopy (SEM) images
of the TiO, nanostructure were obtained using a field-emission
SEM operated at 2 kV with an in-lens detector (Sigma, Carl Zeiss).
An X-ray diffractometer (XRD, Rigaku, D/max-2200) was utilized to
investigate the crystalline nature of the samples. For the analyses,
the electrodes were washed with a diethylene carbonate solvent to
eliminate all residual electrolytes.

ADb initio calculations

AD initio calculations were carried out on the basis of periodic
density functional theory (DFT) using a generalized gradient
approximation (GGA) within the Perdew-Burke-Ernzerhof (PBE)
exchange correction functional."”'® We used the projector
augmented wave (PAW) method to describe ionic cores as
implemented in the Vienna ab initio simulation package
(VASP)."® DFT+U within Dudarev’s approach was also used with
U.ss = 4.2 to account for the onsite Coulomb interactions in
the localized d orbital of Ti.>**>* The wave functions were
constructed from the expansion of plane waves with an energy
cutoff of 520 eV. For anatase TiO, and orthorhombic Li, 5TiO,,
a 3 x 5 x 2 k-point mesh was used as described in the
Monkhorst-Pack method, and for rutile TiO, and monoclinic
LipsTiO,, a 4 X 3 x 4 k-point mesh was used to sample the
Brillouin zone. The electronic optimization steps were converged
self-consistently over 10> eV per formula unit. The supercell of
anatase TiO, was composed of 8 Ti and 16 O atoms (TigO;),
rutile TiO, was composed of 4 Ti and 8 O atoms (Ti,Og),
orthorhombic LiysTiO, was composed of 4 Li, 8 Ti and
16 O atoms (Li4TigO46), and monoclinic Li, sTiO, was composed
of 2 Li, 4 Ti and 8 O atoms (Li,Ti,Og).

A Li insertion voltage versus the composition plot shown in
Fig. 2(a) was calculated as follows:**
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Fig. 1 Characteristic features of the TiO, polymorph deposited on the Ti metal foil. (a) SEM image of an as-prepared mixed-phase TiO, polymorph. Inset
is a photograph of the corresponding TiO, sample. (b) Schematic illustrations of a hexagonal arrangement of pores in as-prepared TiO; film on the
titanium substrate. (c) XRD patterns of the TiO, polymorph anodically grown on titanium foil. The areas under the anatase (101) and rutile (110) peaks
indicate the ratio in which anatase and rutile phase TiO, are mixed in the material.
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Fig. 2 Change in crystalline induced by the Li insertion reaction from TiO, to Lip 5 TiO5. (@) Electrochemical potential profiles of a mixed-phase TiO, polymorph
based on experimental (blue line) and calculated (red line) values during the lithium insertion process. (b) Description of each distortion in the crystalline of
anatase and rutile TiO, after lithium insertion. (c) Reflectance spectra of the as-prepared TiO, polymorph (black line), after stages | (yellow line) and Il (green line),
respectively. (d and e) Detailed optical analysis (red(R)|green(G)|blue(B) and hue(H)|saturation(S)[luminance(L)) of TiO, polymorphs in each lithium insertion state.

where G is the Gibbs free energy of the compound. LiysTiO, is an
orthorhombic or monoclinic phase and TiO, is the anatase or rutile
phase, respectively. Here, AG = AE + PAV — TAS. In this equation,
the volume effects and entropic effects are neglected due to the low
order of PAV (10-5 eV) and to the relatively small value of TAS
compared to AE. Therefore, the thermodynamic Li insertion voltage
was calculated using the DFT total energy of the compounds.

Calculations of dielectric function

The 3 x 3 Cartesian tensor for the complex imaginary dielectric

function, s&z/g(w), was derived via the projector augmented wave

(PAW) methodology.>*
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where Q is the volume of the primitive cell, g is the scalar value
of the Bloch vector of an incident wave at various wavelengths,
 and wy, make up the k-point weight, and the vectors e, s are
the unit vectors for the three Cartesian directions. The indices
¢ and v are restricted to the conduction and the valence band
states, respectively. The real part of the dielectric function
derives from the Kramers-Kronig relationship, as follows:
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where P denotes the principal value.>* From the average values
of calculated dielectric functions, the real n(w) and imaginary
k(w) parts of the refractive index are given by the following:>®

_ 8<1)(w)2 + 8(2)(60)2 + 3(1)(w)_ 1/2

n(w) = > (4)
[ eM(w)? 4 6@ (w)* — 8(1)((1))- "

k(w) = 5 (5)

3-D FDTD simulations

Precise calculations to show the fingerprinted reflectance of
materials in the visible wavelength region were conducted via a
combined computational simulation between DFT+U calcula-
tions to obtain the dielectric functions of materials, and a 3-D
FDTD simulation used to solve Maxwell’s equations related to the
nanostructure. The 3-D FDTD calculation was performed using
the OptiFDTD package, which is a numerical computer-aided
drafting (CAD) environment based on the discrete Curl-Maxwell
equations by iteration over time.?® To obtain a reasonable field-
enhancement resolution, the delta meshes were set to 4, 4 and
5 nm in the direction of x, y and z, respectively. The simulation
time step size was 7 x 107 '® and the number of time steps
was 741. To calculate the reflectance of materials, the electric
field distribution was simulated to match the surroundings of
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the precise nanostructure (the atmosphere refers to air). Plane
wave light with polarization along the right-hand circle was
considered in our model, and the light passed along the z-axis.
To simulate a periodic layout using the plane wave, the bound-
aries of the x- and y-axis were set up as periodic boundary
conditions. The input amplitude of light was 1.0 V m~>. The
real and imaginary parts of the refractive indices were calcu-
lated by dielectric functions from the above DFT calculations at
various wavelengths in the visible region. Using the calculation,
we obtained the E, and E, of electric components, which were
the same as those in the hexagonal bowl-like nanostructure. On
the other hand, these values were definitely different in the slit
structure. The calculated reflectance spectra were derived by the
average scalar values of the reflective E in the x- and y-directions.

Results and discussion

The scheme for the method is as follows: (1) a material to be
analyzed is located on the periodic nano-bumpy substrate
(inducement of wave interference) during the Li insertion
reaction; and, (2) changes in color are observed using a charge-
coupled device (CCD) camera (observation of the refractive
index) and visible spectrometry (Fig. S1, ESIT). Here, we used
a simple anodization method established in our previous
research (see the Experimental section), to fabricate a complex
TiO, polymorph-deposited surface with a precisely arranged
nanostructure.'” The TiO, deposited surface had uniform nano-
scale hexagonal pores (the structure detail is shown in Fig. 1(a)
and (b)) that induced a distinguishable wave interference and a
structural color (inset of Fig. 1(a)). X-ray diffraction (XRD)
analysis of the material on the surface before the reaction
showed crystalline TiO, with mixed anatase and rutile phases
(Fig. 1(c)). The ratio of anatase and rutile was 48:52, as derived
using the Spurr and Myers’s equation:>”"*®

100 x Ip

A =
[ ]/% In +1.265 x Ix

(6)
where [4] is the anatase content, and I, and Iy correspond to
the areas of the anatase (101) and rutile (110) XRD peaks,
respectively. Various nanostructured inorganic materials developed
in many previous studies, such as SiO,, GaAs, In,0;, and Al,O3,
could be fabricated as a photonic crystalline.

During a galvanostatic Li insertion reaction, a change in the
color was observed via a CCD camera system corresponding
to voltage versus composition data and the reaction steps, as
shown in Fig. 2(a) and (b). The inherent reflectance curves of
the materials in the visible wavelength region appeared as
shown in Fig. 2(c). The red (R), green (G), blue (B), hue (H),
saturation (S) and luminance (L) values were also obtained
using the additive RGB and HSL model for the corresponding
CCD images of the material surfaces (Fig. 2(d) and (e)). As reported,
the reaction steps of the Li insertion were as follows:'>™* first, there
was a phase separation of Li, TiO, into tetragonal (TiO,, anatase)
and orthorhombic (Li, sTiO,) phases, which could be referred to as
an early two-phase region in the voltage profile (voltage >1.55 V,
referred to as Stage I in Fig. 2(b)).">'* Subsequently, rutile

This journal is © the Owner Societies 2017
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crystalline was converted from its initial tetragonal symmetry
(TiO,, rutile) toward a new phase that was indexed with a
monoclinic space group (P2/m, Li,sTiO,)."* This reaction has
an extended solid solution domain up to an insertion fraction
of x = 0.5 (referred to as Stage I in Fig. 2(b)). When anatase TiO,
changed to orthorhombic Li, sTiO, (stage I), its reflectance was
diminished in the overall range of measurement because of a
decrease in the energy bandgap of the material. In stage II
(rutile changes to monoclinic LiysTiO,), a distinctive large
curve shoulder of the reflectance spectra was observed in a
short wavelength region (<400 nm), which was more apparent
in the additive RGB mode (Fig. 2(d)). In stages I and II, the value
of B was rarely decreased compared with other values. On the
other hand, the decrease in the G value was accelerated in stage
II, which means that the B value was distinguished after stage II
compared with that in stage I. The HSL mode shows other
differences between the two stages. In stages I and II, the H
values were gradually increased, which means that the color
was blue shifted during the reaction steps. On the other hand,
the S and L values in stage II rapidly changed compared with
stage I (S was positively and L was negatively changed), which
means that the color of the material after stage II had a greater
contrast compared with the color of the material after stage I.
During the sequential reaction, the atomic structure was not
described using conventional XRD analyses (Fig. S2, ESIY),
because the grains of the materials were reduced to sub-
nanometer size, and the intensity of their peaks was decreased
during the reversible reaction.”**

The visible reflectance spectra showing inherent structural
colors can represent the specific crystalline on a specific
nanostructure. The theoretical correlation of the crystalline
and its fingerprinted reflectance spectra can be described by
calculations compiling ab initio principles and Maxwell’s equa-
tions, on which we based our prediction that the specific band
structures of materials have strong influences on the finger-
printed reflectance spectra of one another. As a representative
band structure, the change in energy bandgap can be one of the
main factors of a change in color. First of all, we calculated the
differences in the theoretical band structures of materials via
density functional theory using U-value (DFT+U) calculations
(see the details in Experimental section and Fig. S3 in ESI¥).
The calculated bandgaps tend to underestimate experimental
values, however, the tendency is reasonable.’**?* The Li
insertion voltage versus composition plot was calculated using
the same method (Red line in Fig. 2(a)), which proved that the
calculated values well reflected the tendency of the experi-
mental states. The energy bandgap of orthorhombic Liy 5TiO,
was dramatically decreased from the value of anatase TiO,,
because the Ti d,, orbital took an additional electron from the
Li atom during the Li insertion reaction (Fig. $3(b) in ESI{)."*
The difference between the band-gaps of rutile and monoclinic
Liy sTiO, was also similar to that of anatase TiO, (Fig. S3(c)
and (d) in ESIt). Therefore, the decrease in the bandgaps of
anatase and rutile in the phase transition to orthorhombic and
monoclinic Li, 5TiO,, respectively, showed a similar tendency
toward decreasing reflectance in a high wavelength region in
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stages I and II. However, the new valance band of monoclinic
Lig sTiO, was related to the d,. and d,. orbitals in Ti, rather than
to the Ti d,, orbital, and the reflectance fingerprints between
orthorhombic and monoclinic Li, sTiO, were markedly different.
At the quantum mechanical level, the complex dielectric
function was closely connected to the band structure. The
calculated dielectric functions and refractive indices of materi-
als using the band structure calculations are shown in Fig. S4
(ESIf). The 3-D FDTD calculation was performed based on the
calculated refractive indices and discrete Curl-Maxwell equa-
tions by iteration over time (the calculation details are in the
Experimental section).?® To derive the theoretical reflectance
spectra of the materials, an electric field distribution was
numerically simulated for the surrounding of the nanostructure
at various levels of w for the incident wave in air atmosphere
(Fig. 3(a) and Fig. S5-S7 in ESIt). Here, the distribution of
reflected amplitudes of the electric field along the x-axis and
the y-axis (E, and E,) were exactly the same, because hexagonally
located nanopores have a two-dimensional periodicity.
According to the above simulation method, the fingerprinted
reflectance spectra of anatase and rutile TiO, and orthorhombic
and monoclinic Li, sTiO, materials were described, as shown in
Fig. 3(b). Before the reaction steps, the surface of the nano-
structure included both anatase and rutile TiO,. Therefore, by
combining the fingerprinted reflectance spectra of anatase and
rutile TiO,, we could represent the calculated reflectance curve
before the Li insertion reaction. Accordingly, by combining the
reflectance spectra of rutile TiO, and orthorhombic Li, sTiO,, we
could describe the reflectance curve after stage I. Finally, by
combining the values of orthorhombic and monoclinic Lig 5TiO,,
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the reflectance curve after stage II was represented (Fig. 3(c)).
Before stage I, a significant peak in the middle range of the
wavelength (green) occurred in both the experimental and calcu-
lated values. After stage I, the significant peak was decreased, and
after stage II, a shoulder peak in the reflectance curve occurred at
400 nm of the wavelength. The theoretical shoulder was relatively
larger than the experimental values. The main reason for the
difference between experiments and theoretic expectations is
the inherent error of DFT-DOS simulations, which exists to
date.”>**3** However, as shown by the experimental results, the
decreasing tendency of the green light and increasing tendency of
the blue light as a shoulder peak each could be easily explained
using the calculating approach. In conclusion, the phenomena
whereby color represents the atomic structure can be understood
using an ab initio principle without any specific factors, and it can
be interpreted by a deconvolution of the reflectance curve shapes,
which means that this method is broadly applicable to an under-
standing of general chemical reactions.

It is reasonable to assume that a change in the nanostruc-
ture can also be detected via a change in reflectance spectra,
which is because the reflectance spectra are related not only to
the refractive index but also to the structural inducement of
wave interference.”” Although TiO, is a very stable material for
applications to electrochemical energy storage via reversible Li
insertion/desertion reactions, charging degradation sometimes
occurs in a mixed-phase TiO, polymorph surface. For uncertain
reasons, this phenomenon is caused by a progressive degrada-
tion of the initial precise nanostructure.>>>” Cyclic charging
retention analysis of a structure with occasional charge degrada-
tion is shown in Fig. S8 (ESIt), and a comparison with general
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Fig. 3 3D-FDTD simulation of electromagnetic wave propagations by the surface of anatase TiO, in the hexagonal pore structure and reflectance
spectra of various titania samples. (a) Simulated electric fields in each plane axis (E,, E,) at specific wavelengths (from the top to the bottom, 600, 500 and
400 nm, respectively). 2D-plane wave incident light is reflected by the periodic structure of the anatase TiO; film. (b) Calculated reflectance spectra of
anatase TiO; (grey), rutile TiO, (brown), orthorhombic Lig sTiO5 (yellow), and monoclinic Lig sTiO, (green). (c) Calculated reflectance spectra of mixed-
phase TiO,. To obtain the reflectance spectrum (black) of the mixed-phase TiO, before the lithium insertion reaction, the mass ratio-weighted (from XRD

results) sum of each reflectance spectrum (anatase, rutile) was obtained.
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Fig. 4 Occasional degradation of the initial hexagonal structure upon cycling of lithium insertion. (a) Variation in the color of the TiO, polymorph during
100 cycles of lithium insertion/extraction. (b) The reflectance spectra of mixed-TiO, polymorph before (black) and after (green) the structural collapse
induced by 100 cycles of lithiation. (c) Calculated distribution of the electric fields formed by the interference by the anatase TiO, film after structural
collapse at various wavelengths. (d) Calculated reflectance of mixed-phase TiO, before structural collapse (black), anatase (yellow), rutile (grey) and

mixed-phase TiO, (green) after the collapse.

cyclic analysis, without charge degradation, is also included. The
charge efficiency was gradually decreased for up to 100 cycles, and
this decrease was correlated with changes in the structural color
(Fig. 4(a)). In detail, the change in structural color took the form of
a change in the original peak of the reflectance spectra being
separated into two small peaks of red and blue wavelengths after
the charge degradation (Fig. 4(b)). Based on the optical character-
istics, it is possible to infer a change in the nanostructure. The
separation of two peaks means that the structure after the reaction
does not have a two-dimensional periodicity, which is dissimilar to
the original nanopore structure. This is an apt interpretation of the
previous experimental observation of the longitudinally multipodal
structure of TiO, via anodic growth as well.*® The structure is
numerically represented by a slit; therefore, we calculated finger-
printed reflectance spectra of the nano-slit structure (Fig. 4). The
peak separation of calculated reflectance is in good agreement with
the experimental spectra before and after nanostructure collapse
(Fig. 4(b) and (d)). In the combined calculation of DFT and FDTD
(Fig. 4(c) and S9 in ESIY), the distribution of the reflected amplitude
of E, in a slit was similar to the distribution of the values in
hexagonal nanopores. On the other hand, the distribution of E, is
absolutely different from the values of a hexagonal porous struc-
ture, because the wave interference along the y-axis is in a planar
direction along with the slit structure (Fig. 4(c) and Fig. S9 in ESIY).
These results mean that the reflected amplitudes of E, and E, in the
slit structure are rarely related, which causes a separation of the
characteristic peak in the reflectance spectra of anatase and rutile
TiO,, as shown in Fig. S10 (ESIY).

Conclusions

The structural colors and visible reflectance spectra of TiO, and
Li,TiO, are determined by the comprehensive effects of the

This journal is © the Owner Societies 2017

refractive index and the wave interference that originates from
crystalline development and from the nanostructure. With
precise nanostructuring, the crystalline nature of a material
could be obtained via analysis of the reflectance spectra. The
phenomena whereby structural color represents crystalline and
nanostructure qualities are described by ab initio principles and
precisely interpreted by the reflectance spectra in various
wavelengths. Previously, the real-time change in crystalline
could only be detected using heavy equipment to accomplish
X-ray adsorption near edge structure (XANES), extended X-ray
adsorption fine structure (EXAFS) or Raman spectroscopy,
none of which is often available for a routine operation. The
proposed method in this study would allow material character-
ization using sophisticated cutting-edge tools that are simple
and lightweight. Similar to XRD analysis, if the various reflec-
tance spectra of nanomaterials are collected, it is possible to
determine a crystalline change in unknown materials using the
database. In addition, in situ analysis would be more easily
conducted with the proposed method.
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