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Lateral size, surface chemistry, and property are varied on inorganic monolayers based on a transition metal-oxide. A variety
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of inorganic monolayers with their emergent properties have been studied in the recent decades. However, it is not easy to

tune the lateral size, surface chemistry, and dispersibility of monolayers by typical synthetic methods. In the present work,

www.rsc.org/

a new approach is developed for the simultaneous surface functionalization and exfoliation of the precursor nanocrystals in

a nonpolar organic medium. We obtained the monolayered nanodots of a titanium oxide less than 5 nm in the lateral size

with the surface functionalization by an alkylamine (C1sH29NH:) and dihydroxynaphthalene (DHN) in toluene. The bandgap

energy of the monolayers was changed by the lateral size and surface functionalization. The present study suggests versatile

potentials of the monolayers with the tuned size, surface chemistry, and properties.

Introduction,

Morphologies of nanomaterials have attracted much interest
because of associations with the properties.’ Monolayered
nanodot, an ultrathin tiny structure, can be regarded as a new
family of nanoscale morphologies. Here we have synthesized
monolayered nanodots of a transition metal oxide with the
functionalized surface dispersed in a nonpolar organic medium.
As for nanoparticles, a variety of methods for size and
morphology control have been developed in previous studies.!
Surface chemistry of nanoparticles plays important roles for
tuning of the dispersibility, assembly state, and properties.’™
Inorganic monolayers and their properties have been widely
studied in recent years.>® However, the lateral size and surface
chemistry of the monolayers are not fully controlled in previous
works. Our intention here is synthesis of monolayers with the
tuned lateral size, surface functional group, and dispersibility. If
these factors are changed, properties of the monolayers can be
tuned for their wide range of applications. In the present work,
the size-reduced titanate monolayers with the functionalized
surface by organic molecules were obtained in a nonpolar
organic medium (Fig. 1). The bandgap energies of the
monolayers varied by the Ilateral size and surface
functionalization.

In general, inorganic monolayers are synthesized by
exfoliation of the precursor layered compounds in aqueous and
polar organic media through introduction of bulky organic ions
in the interlayer space.>® However, it is not easy to tune the
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lateral size, surface functional group, and dispersibility of
monolayers by conventional methods. The typical exfoliation
methods provide the positively and negatively charged
monolayers dispersed in aqueous and polar organic media. If
the size of the precursor layered compounds is reduced before
the delamination, the monolayers with the reduced lateral size
are obtained after the exfoliation. In our previous work,” the
monolayered nanodots of transition metal oxides were
prepared from the precursor nanocrystals by the typical
exfoliation method in an aqueous medium. The direct synthesis
provided the size-controlled titanate monolayers around
several tens nanometers in a previous report.® The monolayer
clusters of molybdenum and tungsten sulfides and lead halides
were synthesized through the direct synthetic routes.’ However,
it is not easy to prepare the monolayered nanodots with the
desired functional groups and dispersibility in nonpolar organic
media by the conventional exfoliation methods. A new general
method for surface functionalization and dispersibility control
of monolayered nanodots is required for their applications. In
the present work, we adopted titanate as a model case for size
reduction and surface functionalization of the monolayers.

Layered Titanate Surface-Functionalized
Nanocrystals Monolayered Nanodots
52~5 nmi — Lateral size

Exfoliation and 12~5 nm|

Thickness }2 nm

v (] -

Surface Functionalization -i-

C14H20NH,
or

o4

DHN

Fig. 1 Schematic illustration for syntheses of the surface-functionalized monolayered
nanodots based on titanate through simultaneous surface functionalization and
exfoliation of the precursor nanocrystal.
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In general, a variety of monolayers are synthesized and
dispersed in aqueous and polar organic media. In contrast, a
limited number of the surface-modified monolayers with
micrometer lateral size were prepared in nonpolar organic
media.'%*? In these previous reports, organic molecules were
grafted on each layer in the layered compounds. The
hydrophobic interaction between the grafted organic molecules
and dispersion media induced the exfoliation and dispersion of
the monolayers in nonpolar organic media.° In these methods,
however, preparation of the precursor layered composites
required the multistep and long-term processes. Although the
surface modification of metal-chalcogenide monolayers was
reported,!? the lateral-size variation was not achieved in the
previous works. The lateral size and surface chemistry of
transition-metal oxide monolayers was not changed in previous
studies. Our challenge here is simultaneous exfoliation and
surface functionalization of monolayers in a nonpolar organic
medium. The intercalation and subsequent grafting of organic
molecules facilitate the spontaneous exfoliation in nonpolar
organic media based on van der Waals interaction.’®9 It is
expected that the intercalation of organic molecules smoothly
proceeds into the nanocrystals of the precursor layered
compounds.”*3 Therefore, a variety of surface-functionalized
monolayered nanodots can be obtained through the
simultaneous surface modification and exfoliation in nonpolar
organic media.

In the present work, we obtained the titanate monolayered
nanodots with the surface functionalization and simultaneous
exfoliation by organic molecules in a nonpolar organic medium
(Fig. 1). The precursor nanocrystals were synthesized through
an aqueous solution process.’* The simultaneous surface
functionalization and exfoliation were achieved on the
precursor nanocrystals in toluene containing organic molecules.
The control of the lateral size and surface chemistry influences
on the bandgap energy (E;). The monolayered nanodots with
the modified surface exhibit the widening of the bandgap
energy (AEg). The surface-functionalized monolayered nanodots
showed the photoexcitation of electrons from the modified
organic molecules to the monolayers in visible light region. The
present results show a new approach for tuning of the lateral
size, surface chemistry, and properties of monolayers. In
addition, the surface-functionalized monolayered nanodots
with the tuned bandgap energy in visible light region have
potentials for applications to visible-light
photocatalyst.

responsive

Results and Discussion
Precursor Nanocrystals of the Layered Titanate

The nanocrystals of layered sodium titanate (Na-TiO;) were
synthesized through the low-temperature aqueous solution
route.’ The interlayer sodium ions were exchanged to protons
with immersion in hydrochloric acid (HCl). The detailed
methods were described in the Experimental Section. The
nanocrystals of protonated titanate (H-TiO;) 2-5 nm in size
were obtained in the homogeneous and disordered assembly,*

2| J. Name., 2012, 00, 1-3

as shown in the images of field-emission transmission electron
microscopy (FETEM) (Fig. 2a). The crystal phase of the resultant
titanate was assigned to the lepidocrocite-type layered titanate
in our previous report.1*@ The Miller index was referred to the
previous works.’> The Debye-Scherrer rings corresponding to
the (110) and (200) planes of the titanate were observed on the
selected area electron diffraction (SAED) (the inset of Fig. 2a).
The lattice fringes of the nanocrystals were assigned to the
lattice spacing of the titanate on the image of high-resolution
transmission electron microscopy (HRTEM) (Fig. 2b). The
broadened peaks corresponding to the protonated titanate (H-
TiO,) were observed on the X-ray diffraction (XRD) pattern (Fig.
S1 in the Electronic Supplementary Information (ESI)). In our
previous work,4? the crystallite sizes were calculated to be 2.0
nm by Scherrer’s equation on the XRD pattern. As a reference,
the bulk H-TiO, was synthesized by solid-state reaction of
cesium titanate (Cs-TiO) and the subsequent ion exchange (Fig.
S1in the ESI).2%

9%

e A i
Fig. 2 Precursor nanocr
inset). (b) HRTEM image.

e # — !
Ay S v 3 - ’
ystals of H-TiO2. (a) FETEM image with the SAED pattern (the

Formation of Surface-Functionalized Monolayered Nanodots
through Simultaneous Exfoliation and Surface Modification

Tetradecylamine (C14-NH3, C14H29NH>) and 2,3-
dihydroxynaphthalene (DHN) were adopted as the organic
molecules for the simultaneous surface modification and
exfoliation in toluene (Fig. 1). The Cis-NH; hydrochloride
electrostatically interacts with the anionic titanate layer,
leading to generation of the hydrophobic surface.l% Previous
reports suggest that the dihydroxy moiety of DHN coordinates
the surface of titanium oxides.’®'” The Cij;-NH, and DHN-
modified monolayered nanodots were obtained by the
following methods. The precursor H-TiO, nanocrystals were
dispersed in toluene solutions containing C14-NH, (Fig. 1). The
precursor H-TiO, nanocrystals were immersed in acetone
solution of DHN for adsorption of the DHN on the particle
surface. Then, these DHN-adsorbed samples were dispersed in
toluene solution containing DHN. The dispersion liquids were
centrifuged to remove the unexfoliated structures. The
dispersion liquid of the titanate in the presence of DHN showed
the orange color (the inset of Fig. 3b), whereas the dispersion
liquid of the C14-NH; modified monolayered nanodots was clear
and colorless (the inset of Fig. 3a). The toluene dispersion
liquids were dropped on a collodion membrane supported with
copper mesh and a silicon wafer for FETEM and atomic force
microscopy (AFM) observations, respectively. FETEM images
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show the nanodots less than 5 nm in the lateral size (Fig. 3a,b).
The same size of the white objects corresponding to the
nanodots were observed on the black background in the images
of high-angle-annular dark-filed scanning transmission electron
microscopy (HAADF-STEM) (Fig. 3c,d).¥ Based on the HAADF-
STEM images, the average lateral size was estimated to be 4.54
+ 0.50 nm (the counted sample number: n=33) and 4.39 + 0.70
nm (n=31) for Cis-NH,- and DHN-modified monolayered
nanodots, respectively. The low contrast of the images imply
the thin nature of the materials. The height of the nanodots was
estimated to be around 1.5 nm on the AFM images with the
surface modification by C12-NH; and DHN (Fig. 3e,f).§ A small
amount of the nanodots higher than 3 nm in the thickness,
namely unexfoliated few-layer objects, was contained on the
AFM images (Fig. 3f). The average thickness of the monolayered
nanodots was estimated to be 1.23 £ 0.25 nm (n=8) and 1.47 +
0.33 nm (n=10) for the Cis-NH,- and DHN-modified ones,
respectively. However, as shown in Fig. 3f, the DHN-modified
titanate contained the few-layer objects with the average
thickness of 2.96 + 0.43 nm (n=6). In previous works, the
thickness of the bare titanate monolayers was estimated to be
0.7 nm on the AFM images and structure models.?¢® An
increase in the height is ascribed to the grafting of C14-NH; and
DHN on the surface of the nanodots. The longitudinal axis of the
DHN molecule was calculated to be approximately 0.7 nm. In
contrast, the molecular length of C;14-NH; was longer than that
of the DHN. The height of the Ci4-NH,-modified nanodots is
consistent with that of the Ci4-NH,-modified monolayer with
micrometer lateral size in our previous report.' It is inferred
that the alkyl chains are tilted and/or tangled on the surface of
the monolayered nanodots. These results suggest that the
titanate monolayered nanodots modified with C14-NH; and DHN
were obtained by the simultaneous surface modification and
exfoliation in toluene.

Bandgap Energy of the C,4,-NH,-Modified Monolayered Nanodots

The surface-modified monolayered
widening of the bandgap energy originating from the size
reduction and surface modification (Figs. 4 and 5). Based on our
previous reports, changes of the bandgap energy are ascribed
to the following two factors. The decrease in the lateral size
involves an increase in the Eg; originating from quantum size
effect, as demonstrated in our previous work’ The surface
functionalization also induces the changes of the Eg because the
adsorbed molecules involve the effective masses of hole and
electron of the semiconductor monolayer.' The E, of the Cy4-
NH,-modified monolayered nanodots (Ci4-NH2/nm-TiO,
monolayer) was estimated to be 4.10 eV (Fig. 4a). The Ez=4.10
eV is the largest value in titanium-oxide related materials, to the
best of our knowledge.!® The AE, is calculated to be 0.86 eV by
the difference between the bulk-size titanate (um-TiO;) and Cys-
NH>/nm-TiO, monolayer. The large variation of Eg, namely AEg,
is ascribed to both the size reduction and surface modification
as follows (Fig. 4b).

Fig. 4b summarizes the experimental Eg values of the related
materials.®"71% Based on previous reports, the pum-TiO, and

nanodots show the
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titanate nanocrystals (nm-TiO;) 2-5 nm in size showed the
Eg=3.24 eV and Eg=3.25 eV, respectively (Fig. S2 in the ESI).*%

z/nm
z/nm
o

ALineABBC LinecbP AlLineABBC Linecp?P

Fig. 3 Monolayered nanodots with surface functionalization by C;4-NH, (a,c,e) and DHN
(b,d,f). (a,b) bright-field FETEM images and the pictures of the dispersion liquid exhibiting
light scattering with irradiation of laser light (the insets). (c,d) HAADF-STEM images
showing the white dots on the black background. (e,f) AFM images and their height
profiles on Si substrates.

When these precursors were exfoliated in agueous media by
the conventional methods, the E; of the um-TiO, and nm-TiO>
monolayers was estimated to be Eg=3.84 eV and Ez=3.90 eV,
respectively.?’” In our previous report, the E,=4.06 eV was
observed on the Ci4-NH; modified monolayers dispersed in
toluene with the micrometer lateral size (Cis-NHy/pum-TiO,
monolayer).'” In the present study, the E,=4.10 eV was
observed on the monolayered nanodots 2—5 nm in the lateral
size modified by Ci4-NH; (C14-NH2/nm-TiO, monolayer). An
increase in the Eg;, namely AE,=0.86 eV, is ascribed to the
following two structure changes: the exfoliation with the
surface modification (the arrows |-V in Fig. 4b) and the lateral
size reduction (the arrows V-VIl in Fig. 4b). In general, AEg of the
two-dimensional planar nanostructures is described by the
following equation (eq. 1),%/%1°

h? h?

AE, =—" — 4+~
¢ 4ﬂxyl‘xy2 8#:1‘:2

...(eq. 1)
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where x and y are the coordinates parallel to the plane, z is the
coordinate perpendicular to the plane, L; (i=xy, z) is the length
of each coordinate, u,, and u, are the reduced effective masses
of electron-hole pair in the corresponding coordinates, and h is
Planck’s constant.
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Fig. 4 Bandgap energies of the monolayered nanodots functionalized with Cy4-NH,. (a)
UV-Vis spectra and their Tauc’s plots (the inset) of the C;4,-NH, modified monolayered
nanodots on a quartz glass. The dispersion liquids containing Ci4-NH,/nm-TiO,
monolayer in toluene were dropped on the substrate. The spectra (i) and (ii) were
obtained by the different numbers of the drops for the reproducibility measurements.
(b) Schematic representation of the E; and AE, with the exfoliation, surface modification,
and lateral-size reduction. The E; of the um-TiO, and nm-TiO, were experimental values
(Fig. S2 in the ESl). The E; of the um-TiO, monolayer,®” nm-TiO, monolayer,” and Cy4-NH,
um-TiO, monolayerl® were referred to the experimental values in the previous reports.

Based on the previous works, the vertical size reduction and
surface modification on the monolayers induce the changes of
the reduced effective mass, such as the reduction of u, from
1.63m. as the value of the bulk-size titanium oxide in (eq.
1).6/72% Since the bulk-TiO, (um-TiO,) with exfoliation and
surface modification by C14-NH,, as indicated by the arrows | and
Il 'in Fig. 4b, showed AE; =0.82 eV in our previous work, the
reduced effective mass was calculated to be y,=0.936m. by the
(eqg. 1).) The nm-TiO, samples induced the AF,=0.85 eV, as
indicated by the arrows Il and IV in Fig. 4b, consistent with the
AE=0.82 eV of the um-TiO, by the same structure changes with
the exfoliation and surface modification by C14—NH,. The effect
of the lateral size reduction is calculated to be AEg,=0.019—
0.12 eV by the first term of the (eq. 1) on the assumption of L, =
2.0-5.0 nm and pyy=1.63me as the reduced effective mass of
bulk anatase titanium dioxide. The experimental AEg values with
the lateral size reduction, as indicated by the arrows V, VI, and
VIl in Fig. 4b, were in the range of AEgcc=0.019-0.12 eV on the
assumption of the particle size distribution within 2—5 nm.
These estimations support the Egaround 4.10 eV on the surface-
modified monolayered nanodots of titanate. Therefore, the
combination of exfoliation, surface modification, and lateral
size reduction has potentials for fine tuning of Eg.

4| J. Name., 2012, 00, 1-3

Bandgap Energy of the DHN-Modified Monolayered Nanodots
The DHN-modified monolayered nanodots in toluene showed
the changes of the absorption behavior (Fig. 5). The shift of the
absorption edge to visible light region, the orange color, is
ascribed to the electron excitation from the grafted DHN to the
titanate monolayered nanodot (Figs. 3b and 5a). Previous
reports showed the electron excitation scheme from the
highest-occupied molecular orbital (HOMO) of the adsorbed
organic molecules to the conduction band (CB) of metal oxides
(Fig. 5a).2° In the present work, the same excitation scheme is
achieved on the titanate monolayered nanodots modified by
DHN. In the present work, the energy gap between the HOMO
of the organic molecules to the CB of the semiconductor
monolayer is estimated from the Tauc’s plot with conversion
from the UV-Vis spectrum. In previous works, the calculation
method was not fully developed in this type of electron
transition.?22 The energy gap is calculated by the Tauc’s plot in
a couple of previous works.?! In the other previous report,?? the
energy cap is directly calculated from the wavelength of the
absorption edge. The calculation method based on the Tauc’s
plot was used in the present work because the calculation
results were consistent with the value in our previous work.
However, the further experimental and theoretical studies are
required for the adequacy of the method. Here we studied the
energy gap (Egnomo-ce) between the HOMO level of the
adsorbed DHN (Epomo) and the CB minimum of the titanate
monolayered nanodot (Ecg) with the exfoliation and surface
modification, instead of the E; between the valence band (VB)
maximum (Evg) and Ecg (Fig. 5a). Fig. 5b,c summarizes the
Eg nomo-cs of the DHN-modified nanocrystal (DHN/nm-TiO,) and
its exfoliated monolayer (DHN/nm-TiO, monolayer). The
Eg nomo-cs is estimated to be 1.82 eV for the DHN/nm-TiO; (the
spectrum (i) in Fig. 5b) and 2.70 eV for the DHN/nm-TiO,
monolayer (the spectrum (ii) in Fig. 5b). An increase in Egnomo-
ce (AEgromo-ce) is ascribed to the exfoliation and surface
modification because the AE; induces the AEg homo-cs (Fig. 5a). A
previous report suggested that the Eyomo of the adsorbed
organic molecules is pinned on the Fermi level (Ef) of
semiconductor metal oxides, namely Epomo=Er.?®> The E: is
shifted with the changes of Eyg originating from the quantum-
size effect.?* Based on these facts, the AE; is assumed to be
equal to AEg Homo-ce, Namely AEg=AEg iomo-cs (Fig. 5a). Therefore,
the calculation study by using the (eq. 1) is applied to AEg Homo-
cs as well as AEg. In the present work, the exfoliation of the
DHN/nm-TiO; into the monolayers induced the AEg 11omo-cs=0.88
eV (Fig. 5a). The AEghomo-cs of 0.88 eV was slightly different
from the AEg=0.82 eV of the um-TiO,, as indicated by the arrows
I 'and Il in Fig. 2b. The slight differences are attributed to those
of the hypotheses, such as the assumptions of AEg omo-ce=AEg
and the reduced effective mass (u,=0.936m.). If the u, is
assumed to be the smaller value for the DHN-modified
monolayers, the calculated AE; is consistent with the
experimental AEghomo-ce. These results suggest that bandgap
energy of the monolayers, such as Eg and Egromo-cs, can be
tuned by the variation of the lateral size and surface chemistry.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 5 Bandgap energies of the monolayered nanodots functionalized with DHN. a) Schematic energy diagram of the monolayer, precursor layered titanate, and DHN. b) UV-Vis
spectra and their Tauc’s plots of the DHN/nm-TiO, (i) and DHN/nm-TiO, monolayer (ii). (e) Schematic representation for the Egyomo.cs and AEgnomo-cs of the DHN/nm-TiO, and its

exfoliated DHN/nm-TiO, monolayer.

Conclusions

The lateral size and surface chemistry were changed on the
monolayer of a transition metal oxide. The monolayered
nanodots of titanate less than 5 nm in the lateral size with the
surface functionalization by C14-NH; and DHN were obtained in
a nonpolar organic medium. The nanocrystals of the layered
titanate were used as the precursor. The precursor nanocrystals
were dispersed in toluene containing Ci4-NH, and DHN. The
surface-modified monolayered nanodots were obtained by the
simultaneous exfoliation and surface functionalization. The
present methods can be applied to the other combinations of
the layered compounds and surface modifiers. The resultant
monolayered nanodots with the surface modification by Ci4-
NH, and DHN showed the tuned bandgap energies. The results
imply that bandgap engineering of monolayers can be achieved
by the control of the lateral size and surface chemistry. Tuning
of lateral size and surface chemistry has potentials for
development of functional monolayered materials with the
tuned properties. Furthermore, surface-functionalized
monolayered nanodots with the tuned bandgap energy in
visible light region have potentials for applications to visible-
light responsive photocatalyst. The variation of Ecg on the
monolayered nanodots induces the enhancement of the
oxidation potency.

Experimental Section

This journal is © The Royal Society of Chemistry 20xx

All the reagents were used without purification. Purified water
was used for all the experiments.

Synthesis of the Precursors

The nanocrystals of layered sodium titanate (Na-TiO;) were
synthesized by the method in our previous reports.’®® An
aqueous solution containing 5 mmol dm™ titanium fluoride
(TiF4, Aldrich) was mixed with an equal volume of 50 mmol dm~
3 sodium hydroxide (NaOH, Junsei 97.0 %) aqueous solution at
room temperature. The sample bottle was maintained without
stirring at 25 °C for 3 days. The precipitates were centrifuged
and then dried at room temperature. Then, 1.0 g of the
resultant Na-TiO; nanocrystal was immersed in 100 cm? of 1 mol
dm~3 hydrochloric acid (HCI) aqueous solution for 3 days at 25
°C. The nanocrystals of the protonated titanate (H-TiO;) were
obtained after the centrifugation and drying. The bulk-size
crystals of cesium titanate (Cs-TiO;) were synthesized by a solid-
state reaction reported in a previous paper.?° The mixture of
rutile titanium dioxide (TiO,, Junsei, 99%) and cesium carbonate
(CsCOs3, Junsei, 99%) were calcined at 800 °C for 20 h in air. The
interlayer cesium ion was exchanged to proton by the same
procedure as mentioned above.

Surface functionalization and exfoliation of the precursor
nanocrystals

The surface functionalization and exfoliation of the precursors
were performed by tetradecylamine (C14H29NH3, C14-NH3, Tokyo
Kasei, 95%) and 2,3-dihydroxynaphthalene (DHN, Tokyo Kasei,
97%) in toluene medium. As for Ci14-NH,, 0.05 g of the H-TiO,
nanocrystals (nm-TiOz) and bulk-size H-TiO; (um-TiOz) were
immersed in 20 cm? of the toluene solution containing 0.01 g of

J. Name., 2013, 00, 1-3 | 5
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C14-NH; for 5 days at 60 °C. The resultant dispersion liquids were
centrifuged at 13500 rpm for 10 min to remove the unexfoliated
materials as the precipitates. As for DHN, 0.07 g of the nm-TiO,
was immersed in 7 cm? acetone solution containing 1.5 g of DHN
prior to the exfoliation. After the washing by acetone, the DHN-
adsorbed titanate sample, namely DHN/nm-TiO,, was
centrifuged and then collected. Then, 0.025 g of the DHN/nm-
TiO, sample was dispersed in 20 cm?® toluene solution
containing 0.005 g of DHN for 5 days at 60 °C to induce the
exfoliation and surface modification. The resultant dispersion
liquids were centrifuged at 13500 rpm for 10 min to remove the
unexfoliated materials.

Characterization

The morphologies and the lateral sizes of the resultant materials
were observed by using a field-emission transmission electron
microscopy (FETEM, Tecnai G2) operated at 200 kV. The height
of the monolayered structures was measured by atomic force
microscopy (AFM, Shimadzu SPM-9600). The dispersion liquids
of the monolayered nanodots were dropped on a collodion
membrane supported by copper grids and on a cleaned silicon
substrate for FETEM and AFM observations, respectively. The
bandgap energies were estimated from the UV-Vis absorption
spectra (UV-Vis, JASCO V-670). The UV-Vis spectra of the
precursor layered structures were obtained by the diffuse-
reflectance spectroscopy of the powders. The powder of
magnesium oxide was used as the reference. The dispersion
liquid of C14-NH2/nm-TiO, monolayers was condensed by the
evaporation of toluene. The concentrated dispersion liquid was
dropped typically by ca. 0.02 cm?3 for ~10 times on a quartz glass
substrate set on a heating stage at 50 °C. In this case, a quartz
glass substrate was used as the reference. The dispersion liquids
of the DHN-modified samples were poured into the quartz glass
cell. These samples were measured by a transmittance mode.
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