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Combinations of metal oxide semiconductors and gold nanoparticles (AuNPs) have been investigated as new types of materials. The in situ
synthesis of AuNPs within the interlayer space of semiconducting layered titania nanosheet (TNS) films was investigated here. Two types of
intermediate films (i.e., TNS films containing methyl viologen (TNS/MV2+) and 2-ammoniumethanethiol (TNS/2-AET")) were prepared. The two
intermediate films were soaked in an aqueous tetrachloroauric(lll) acid (HAuCl,) solution, whereby considerable amounts of Au(lll) species

were accommodated within the interlayer spaces of the TNS films. The two types of obtained films were then soaked in an aqueous sodium
tetrahydroborate (NaBH,) solution, whereupon the color of the films immediately changed from colorless to purple, suggesting the formation of
AuNPs within the TNS interlayer. When only TNS/MV?" was used as the intermediate film, the color of the film gradually changed from metallic
purple to dusty purple within 30 min, suggesting that aggregation of AuNPs had occurred. In contrast, this color change was suppressed by using
the TNS/2-AET" intermediate film, and the AUNPs were stabilized for over 4 months, as evidenced by the characteristic extinction (absorption
and scattering) band from the AuNPs.

Video Link

The video component of this article can be found at https://www.jove.com/video/55169/

Introduction

Various noble metal nanoparticles (MNPs) exhibit characteristic colors or tones due to their localized surface plasmon resonance (LSPR)
properties; thus, MNPs can be used in various optical and/or photochemical applicationsM. Recently, combinations of metal oxide
semiconductor (MOS) photocatalysts, such as titanium oxide (TiO,) and MNPs, have been thoroughly investigated as new types of
photocatalysts5'14. However, in many cases, very small amounts of MNPs exist on the MOS surface, because most MOS particles have relatively
low surface areas. On the other hand, layered metal oxide semiconductors (LMOSs) exhibit photocatalytic properties and have a large surface
area, typically several hundred square meters per unit g of an LMOS™". In addition, various LMOSs have intercalation properties (i.e., various
chemical species can be accommodated within their expandable and large interlayer spaces)15'2°. Thus, with a combination of MNPs and
LMOSs, it is expected that relatively large amounts of MNPs are hybridized with the semiconductor photocatalysts.

We have reported the first in situ synthesis of copper nanoparticles (CuNPs)21 within the interlayer space of LMOS (titania nanosheet; TNS16'3°)
transparent films through very simple steps. However, the details of the synthetic procedures and the characterization of the other noble MNPs
and TNS hybrids have not yet been reported. Moreover, the CuNPs within the TNS layers were easily oxidized and decolorized under ambient
conditions®'. As such, we focused on gold nanoparticles (AuNPs), because AuNPs are widely used for various optical, photochemical, and
catalytic applications, and it is expected that they will be relatively stable against oxidation®>7810142831.32 hore e report the synthesis of
AuNPs within the interlayer space of TNS and show that 2-ammoniumethanethiol (2-AET"; Figure 1 inset) works effectively as a protective
reagent for AuNPs within the interlayer of TNS.

Protocol

Caution: Always use caution when working with chemicals and solutions. Follow the appropriate safety practices and wear gloves, glasses, and a
lab coat at all times. Be aware that nanomaterials may have additional hazards as compared to their bulk counterpart.

1. Preparation of Regents

1. Prepare the methyl viologen aqueous solution by dissolving 0.0012 g of 1,1'-dimethyl-4,4'-bipyridinium dichloride (methyl viologen; MV2+) in
20 ml of water to give 0.2 mM MV?".
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Prepare the gold(lll) chloride aqueous solution by dissolving 0.1050 g of gold(lll) tetrachloride trihydrate (HAuCls* 3H,0) in 10 ml of water to
give 25 mM HAuUCl,.

Prepare the sodium borohydride aqueous solution by dissolving 0.03844 g of sodium tetrahydroborate (NaBH,) in 10 ml of water to give 100
mM NaBHj,.

Prepare the 2-ammoniumethanethiol aqueous solution by dissolving 0.2985 g of 2-ammoniumethanethiol chloride salt (2-AET") in 25 ml of
water to give 100 mM 2-AET".

2. Synthesis of TNS Colloidal Suspensions

NOTE: Titania nanosheets (TNS; Tig 91O2) were prepared according to the well-established procedure reported previously

1.
2.

3.

22,23,30

Prepare the starting material of Iayered cesium titanate Csg ;7 Tiy 82504 by calcining a stoichiometric mixture of Cs,CO3 (0.4040 g) and TiO,
(ST-01; 0.5000 g) at 800 °C for 20 hr 2 . Repeat this twice.

Prepare the protonated layered titanate (Hg 7Tiq g2504°Ho0) by repeatedly treating 0.8142 g of cesium titanate with an HCI (100 mM, 81.42 ml)
aqueous solution by using a shaker (300 Hz) for 12 hr.

Prepare the exfoliated layered titanate (TNS) colloidal suspensions by stirring the protonated titanate powder (0.0998 g) vigorously (500 rpm)
with 25 ml of a 17 mM tetrabutylammonium hydroxide (TBA* OH") aqueous solution for about 2 weeks at ambient temperature under dark
conditions. The resulting opalescent suspension contains exfoliated titania nanosheets (TNS; 1.4 g/L, pH = 11~12).

3. Synthesis of TNS Films®'

1.

Preparation of TNS cast films (c-TNS)

1. Pre-clean glass substrates (~20 x 20 mm ) through ultrasonic treatments using an ultrasonic cleaner (27 kHz) in 1 M aqueous sodium
hydroxide (NaOH) for 30 min.

2. Rinse the substrates with 5-10 mL of ultrapure water (<0.056 puS cm’ )

3. Dip a glass substrate in a 0.1 M aqueous hydrochloric acid (HCI) for 3 min and rinse with 5-10 ml of ultrapure water.

4. Clean the substrates through ultrasonic treatments (27 kHz) in pure water for 1 hr, and then rinse with pure water. Dry with a hairdryer
for 2-3 min (until dry).

5. Cast the colloidal suspension of TNS on the glass substrate in 300 pl aliquots.

6. Dry at 60 °C for 2 hr using a dry oven to give the c-TNS film.

Preparation of Sintered TNS Film (s-TNS)
1. To achieve thermal fixation of the TNS components on the glass substrate (s-TNS film), sinter the obtained c-TNS film in air at 500 °C
for 3 hr (heating from 25 to 500 °C at a rate of 6.8 °C/min) using the oven.
2. Repeat the sintering process twice.

Preparation of Films
1. When the s-TNS films are immersed in solution, position the deposited s-TNS film so that it faces the top for all experimental
procedures.
2. Carry out all experiments under dark conditions by covering the setup with aluminum foil to avoid the photoreaction of TNS.

Preparation of Methyl Viologen (MV *) Intercalated TNS Fllms (TNSIMV ")
1. Immerse an s-TNS film in an aqueous solution of MV* dichloride salt (0.2 mM, 3 ml) in a Petri dish for 7 h at room temperature (RT)
under dark conditions.
2. Rinse the obtained samples with ultrapure water (5-10 ml) and dry in air at 60 °C using an oven in the dark for ~1 hr.

Preparation of Au(lll) Intercalated TNS Films (TNS/Au(lll))
1. Immerse a TNS/MV?* film in an aqueous solution of HAuCl, (25 mM, 3 ml) in a Petri dish for 3 hr at RT under dark conditions.
2. Rinse the obtained samples with ultrapure water (5-10 ml) and dry in air at 60 °C using an oven in the dark for ~1 hr.

Synthesis of AuNP within the Interlayer Space of TNS Films (TNS/AuNP)
1. Immerse a TNS/Au(lll) film in an aqueous solution of NaBH, (0.1 M, 5 ml) in a Petri dish for 0.5 hr at RT under dark conditions.
2. Dry the obtained films in air at 60 °C using an oven in the dark for ~1 hr.

Preparation of 2-AET" Intercalated TNS Films (TNS/2-AET")
1. Immerse an s-TNS film in an aqueous solution of 2-AET" CI” (0.1 M, 3 ml) in a Petri dish for 24 hr at RT.
2. Rinse obtained films with ultrapure water (5-10 ml) and dry in air at 60 °C using an oven in the dark for ~1 hr.

Au(lll) and 2-AET" Co-Intercalated TNS Films (TNS/2-AET"/Au(lll)).
1. Immerse a TNS/2-AET" film in an aqueous solution of HAUCI, (25 mM, 3 ml) for 3 h at RT.
2. Rinse the obtained films with ultrapure water (5-10 ml) and dry in air at 60 °C using an oven in the dark for ~1 hr.

Synthesis of AuNP within the Interlayer Space of TNS/2-AET" Films (TNS/2-AET'/AuNP).
1. Immerse a TNS/2-AET*/Au(lll) film in an aqueous solution of NaBH, (0.1 M, 5 ml) in a Petri dish for 0.5 hr at RT under dark conditions.
2. Rinse the obtained films with ultrapure water (5-10 ml) and dry in air at 60 °C using oven in the dark for ~1 hr.

10. Characterizations

1. Carry out X-ray diffraction (XRD) analyses21 using a desktop X-ray diffractometer with monochromatized Cu-K, radiation (A = 0.15405
nm), operated at 30 kV and 15 mA.
2. Take energy dispersive X-ray spectrometry (EDS) spectra®’
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3. Employ a multichannel photodetector or steady-state ultraviolet-visible gUV—Vis) absorption spectrophotometer to record UV-Vis
absorption spectra for the prepared samples using transmittance mode '

Representative Results

Two types of precursor films were used in this study (i.e., with and without the protective reagent (2-AET") within the interlayer of TNS). In the
absence of 2-AET", 1,1'-dimethyl-4,4"-bipyridinium dichloride (methyl viologen; MV2+) was used as an expander of the interlager space, because
MV2+-containing LMOSs have been frequently used as intermediates in the guest exchange method for preparing LMOSs'6/17:21:33-36

Synthesis of AuNPs without 2-AET"

To obtain the Au(lll) intercalated TNS (TNS/Au(lll)) film, an MV?" intercalated TNS (TNS/MV2+)21’24'25'27’29 film was soaked in an aqueous solution
of HAuCl, (25 mM for 24 hr). Adsorption of gold species within the TNS was confirmed by energy dispersive X-ray spectrometry (EDS) analysis,
which provided clear signals for Ti and Au; the atomic ratio of Ti:Au was estimated to be 1:0.08. Based on the chemical formula of the starting
protonated, layered titanate (Hq 7Tis g2504) and the surface charge density (0.307-0.366 nm? per charge)zz, the area occupied by one Au atom
was estimated to be 1.47-1.61 nm2. Thus, a significant amount of Au atoms was accommodated within the TNS. In addition, an intense Cl K,
signal was detected, and the atomic ratio of Au:Cl was estimated to be 1:2.4 + 0.1 on the EDS analysis (Figure 2A). This result implies that the
unstable tetrachloroauric(lll) acid was partly decomposed, and gold species were adsorbed on the TNS as decomposed products. However,

the details of the decomposition and adsorption mechanisms of Au(lll) are still unclear. We assume that Au(lll) complexes with -OH groups,

such as AuCl3(OH) and AuCIz(OH)237, were formed in the system, and -OH groups of Au species may assist with the adsorption of Au species
within the interlayer of TNS through the interaction with the surface -OH groups of TNS*®. The XRD profiles of the original TNS/MV? and TNS/
Au(lll) are shown in Figures 3A and 3B, respectively. Further details of the XRD analysis (i.e., diffraction angles, d(002) values, and full-width-
at-half-maxima (FWHM) at d(002) signals of the investigated films) are also summarized in Table 1. Before being soaked in HAuCl, solution, two
characteristic XRD signals were observed at 7.82° and 15.5° (d = 1.13 nm) for the TNS/MVZ* film, indicating that the film retains a stacking layer
structure, as previously reported21. When the TNS/MV?* film was soaked in HAuCI, solution, the two characteristic XRD signals were shifted to

a higher angle region (d = 0.98 nm). The thickness of one layer of the TNS was reported to be 0.75 n 23263940 and thus, the estimated distance
between the layers (clearance space; CLS) is 0.23 nm. This implies that MV?* molecules within the interlayer space of the TNS were substituted
by tetrachloroauric(lll) acid or its decomposed products, as the ionic diameter of Au (~0.17 nm)‘”“13 was smaller than that of MV* (molecular
size: ~1.3nmx 0.4 nm)24. Based on the EDS and XRD analyses, we can conclude that Au(lll) species exist within the interlayer space of the
TNS.

The obtained TNS/Au(lll) films were treated with an aqueous NaBH, as a reductant, and the XRD profile of the NaBH,-treated film is shown

in Figure 3C. A characteristic d(002) = 1.00 nm diffraction signal was observed with a peak position nearly identical to that of the TNS/Au(lll)
film (Table 1). The NaBH,-treated film exhibited a broader signal than that of the TNS/Au(lll) film, suggesting that the regular stacking structure
became disordered upon NaBH, treatment. These behaviors are quite similar to that observed for TNS and copper system321. EDS analysis
showed that the atomic ratio of Ti:Au was estimated to be 1:0.09, suggesting that gold species were not desorbed from TNS, even through the
aqueous NaBH, treatment. Moreover, chloride atoms were not detected on EDS analysis (Figure 1B), suggesting that Au(lll) species may be
quantitatively reduced by NaBH,. Upon treatment of the TNS/Au(lll) film with NaBHy,, the color of the film immediately changed from clear to
metallic purple, as shown in Figure 4A and 4B. A new broad extinction (absorption and scattering) band at 400-600 nm was observed upon
NaBHj,-treatment, as shown in Figure 5. This coloration of the films is consistent with the reduction of Au(lll) to form AuNPs within the interlayer
space of the TNS through the NaBH,4 treatment?". As-prepared NaBH,-treated films were allowed to stand in an aerated NaBH, solution, and
the color of the films gradually changed from metallic purple to a translucent dusty apgearance within 30 min (Figure 4C). The characteristic
extinction band at 400-600 nm also disappeared within 30 min, as shown in Figure 5 8. Similar color changes were observed in both nitrogen-
or oxygen-saturated aqueous NaBH, solutions, as shown in Figure 6. Since the color change was not suppressed under the nitrogen (N;)
atmosphere, the color change is not indicative of the oxidation of AuNPs within the interlayer of the TNS. This is in contrast to the copper and
TNS systemsm; CuNPs within the interlayer of the TNS were immediately oxidized by molecular oxygen. Thus, such a color change suggests
aggregation of the AuNPs within the interlayer space of the TNS244,

Synthesis of AUNPs with 2-AET" as a Protective Reagent

To avoid the aggregation of the AuNPs in the interlayer space of the TNS, the co-intercalation of 2-AET" and the gold species in TNS films

was investigated, because alkylthiols and alkylammonium cations have been frequently used as protective reagents against the aggregation of
AuNPs within homogeneous solutions***® and the assistant reagents for intercalation compounds 6173447 respectively. To obtain the 2-AET"
intercalated (TNS/2-AET") films, sintered TNS (s-TNS) films were soaked in 2-AET" aqueous solutions. The XRD profiles of the s-TNS and
TNS/2-AET" films are shown in Figure 1A and 1B, respectively. The starting s-TNS films exhibit characteristic d(002) signals at 9.92° (d = 0.89
nm). Upon treatment with aqueous 2-AET", the d(002) signal was shifted to a lower angle with d = 1.08 nm, and a new d(004) signal appeared.
The CLS is estimated to be 0.33 nm (Table 1). Compared to the starting s-TNS film, the observed d(002) signal of TNS/2-AET" became intense
and narrow, indicating that the stacking structures became ordered. These results suggest that 2-AET" molecules were intercalated into the TNS
layer. The 2-AET" molecules might orient in an anti-parallel monolayer fashion and tilt with respect to the TNS sheet because the estimated CLS
is slightly smaller than that for the molecular length of 2-AET" (~0.4 nm)16'17. The proposed structure of 2-AET -treated TNS (TNS/2-AET") is
shown in Figure 7A.
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The TNS/2-AET" films were soaked in HAUCl, aqueous solutions for 3 h, with the result that the characteristic d(002) signal shifted to a higher
angle, indicating that shrinkage of the layer distance occurred (Figure 1C and Table 1). A significant amount of gold and chloride atoms were
detected upon EDS analysis (Ti:Au = 1:0.02 and Au:Cl = 1:0.4), indicating that Au(lll) atoms were intercalated in the TNS layer and that part

of the starting tetrachloroauric(lll) acid may have decomposed during the experimental procedures The estimated CLS of the HAuCl,-treated
film was 0.25 nm, and the CLS was slightly smaller than that of the original TNS/2-AET" (Ad = 0.08 nm). However, the CLS was S|gn|f|cantly
larger than that of the ionic diameter of Au (~0.17 nm). Moreover, two broad and characteristic signals (3 100-3,200 and 3,300-3,450 cm” )that
correspond to N-H stretching were detected in an FT-IR measurement. This result suggests that 2-AET" molecules remained in the interlayer
space of TNS. XRD, EDS, and FT-IR analyses implied that both 2-AET" and Au(lll) were intercalated within the interlayer of the TNS, and the
proposed structure of the TNS containing 2-AET" and Au(lll) (TNS/2-AET"/Au(lIl)) is shown in Figure 7B.

TNS/2-AET /Au(lll) films were soaked in the aqueous NaBH, solutions for 30 min, during which time the color of the film changed from clear to
reddish, as shown in Figure 8A. The extinction and differential spectra of the NaBH4-treated TNS/2-AET*/Au(lll) films are shown in Figures 9
and 8B, respectively. A clear extinction band at A,ax = 590 nm was observed upon NaBH, treatment and the observed extinction band maximum
was similar to that of the LSPR band of AuNP on T|025 48 or within the interlayer space of the TNS?%. Tsukuda et al. have reported the formation
of an Au(l)-thiolate complex However, we predicted that most Au atoms were fully reduced by NaBH, within the interlayer of TNS/2-AET" in
the present state because the extinction spectral shape was similar to that of independently synthesized Au(0) nanoparticles in the interlayer
space of TNS® . Moreover, wide-angle XRD suggest that formation of crystalline gold species, as described below.

XRD analyses showed that the d(002) signals become broader and slightly shifted to a lower angle after the NaBH, treatment (Figure 1D and
Table 1), suggesting that the regular stacking structure became disordered upon NaBH, treatment. The estimated atomic ratio of Ti:Au was
1:0.02, suggesting that gold species were not desorbed from TNS/2-AET" during the aqueous NaBH, treatment. These behaviors are quite
similar to those observed for TNS/CuNPs and TNS/AuNPs, as previously described.

Wide-angle XRD profiles of various TNS films and the reflections corresponding to gold crystal (PDF: 00-001-1174) are shown in Figure 10. In
the case of the starting s-TNS film, two weak diffraction signals corresponding to Ti; g250¢ 175 Sheets were observed at 37.8° and 48.2° (Figure
10a). The same diffraction signals were also observed for the TNS/2-AET" film with a peak position identical to that of the starting s-TNS film
(Figure 10b). New characteristic XRD signals appeared at 38.3° and 44.5° for the NaBH,-treated TNS/2-AET /Au(lll) films, as shown in Figure
10d. However, the diffraction signals for the TNS sheets at 37.8° and 48.2° were retained and unchanged. The newly appeared XRD signals

at 38.3° and 44.5° were quite similar to those for the d(111) and d(200) diffractions from crystalline gold. This result implies that crystalline

gold (i.e., AuUNPs) were generated within the interlayer space of TNS. However, strangely, the two characteristic XRD signals appeared for the
TNS/2-AET /Au(lll) films, despite the non-treatment of NaBH, (Figure 10c), and the gold species should have remained as Au(lll). Similar
strange behaviors were also observed for TNS/Au(lll) before and after NaBH, treatment, as shown in Figure 11. The origin of this behavior

is not yet clear; however, we assume that the sem|conductor and/or catalytic properties of TNS affect the Au-crystalline formation without
NaBH, treatment, and perhaps light leaks or X-rays induce®®" the formation of a slight amount of reduced Au. Based on extinction, XRD, and
EDS analyses, we can conclude that AUNPs formed within the interlayer space of TNS films (i.e., TNS/2-AET*/AuNP films) were successfully
prepared through the presented procedure. Furthermore, the observed extinction band maximum suggests that AuNPs might be isolated. Thus,
2-AET" within the interlayer space of the TNS is considered an effective protection reagent for the AuNPs that form there.

The stability of AuNPs in the TNS layer with 2-AET" under ambient atmosphere was confirmed by extinction spectral analysis. The transmittance
extinction and differential spectra of two types of TNS/2-AET"/AuNP films (i.e., as-prepared and within 5 min of NaBH, treatment, as well as
after standing in an aerated atmosphere for 124 days under dark conditions) are shown in Figure 12. No spectral change was observed for the
extinction spectra, even after 4 months, indicating that the AuNPs within the TNS with 2-AET" were stable against oxygen. Such stabilization of
AuNPs within TNS films is expected to demonstrate great applicability in the development of cost-effective plasmonic catalysts.
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Figure 1: XRD profiles of the s-TNS (A), TNS/2-AET" (B), TNS/2-AET"/Au(lll) (C), and NaBH,-treated TNS/2-AET"/Au(lll) (TNS/2-AET/AuNP)
(D) films. Inset shows the chemical formula of 2-AET". Please click here to view a larger version of this figure.
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Figure 2: EDS spectra of the TNS/Au(lll) (A) and NaBH,-treated TNS/Au(lll) (B) films. Please click here to view a larger version of this figure.

3
[ & ~
-~ = =
p= |
s = (A)
2 )
2 S
b
£1 (B)
o
8
S\ ()
5 10 15 20
261° (Cu-Ka)

Figure 3: XRD profiles of the TNS/MVZ* (A), TNS/Au(lll) (B), and NaBH,-treated TNS/Au(lll) (C) films. Please click here to view a larger version
of this figure.
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Figure 4: Photographs of various TNS and gold hybrid films: TNS/Au(lll) (A) and NaBH,-treated TNS/Au(lll) films within 1 min (B) and 30 min
(C) in aerated NaBH, aqueous solutions. Please click here to view a larger version of this figure.
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Figure 5.:Extinction spectral changes of the NaBH,-treated TNS/Au(lll) films in aerated NaBH, solution for 1-30 min. The arrow indicates the
disappearance of extinction bands at 400-600 nm. Please click here to view a larger version of this figure.
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Figure 6: Photographs of the NaBH,-treated TNS/Au(lll) films in various gas-saturated NaBH, aqueous solutions: (A) oxygen, (B) nitrogen, and

(C) air. Please click here to view a larger version of this figure.
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Figure 7: Proposed schematic of the TNS/2-AET" (A) and HAuCl,-treated TNS/2-AET" (TNS/2-AET"/Au(lIl)) (B) films. Please click here to view

a larger version of this figure.
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Figure 8: (A) Photograph of the TNS/2-AET /Au(lIl) (top) and NaBH,-treated films (bottom). (B) Differential extinction spectrum of the NaBH4-
treated TNS/2-AET"/Au(lll) film. The spectrum was normalized by considering the TNS/2-AET /Au(lll) film as the background spectrum and

subtracting it from the spectrum obtained after NaBH, treatment. Please click here to view a larger version of this figure.
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Figure 9: Transmittance extinction spectra of the TNS/2-AET*/Au(lll) (black) and NaBH,-treated TNS/2-AET /Au(lll) (red) films. Please click here
to view a larger version of this figure.
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Figure 10: Wide-angle XRD profiles of the s-TNS (a), TNS/2-AET" (b), TNS/2-AET"/Au(lll) (c), and NaBH,-treated TNS/2-AET /Au(lll) (d) films,
as well as the PDF index of crystalline gold. Solid circles indicate diffractions from Ti4 g2500.175 sheets. Please click here to view a larger version

of this figure.
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Figure 11: Wide-angle XRD profiles of the TNS/Au(lll) (a) and NaBH,-treated TNS/Au(lll) (b) films. Please click here to view a larger version of
this figure.
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Figure 12: Differential extinction spectra of TNS/2-AET/AuNP films: as-prepared (a) and after standing under aerated and dark conditions for
124 days (b). The spectra were normalized by subtracting TNS/2-AET*/Au(lll) film as the background spectrum. Please click here to view a

larger version of this figure.
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200" @(002)/ | FWHM/® | CLS™/nm
nm |

5-TNS 9.92 0.89 213 0.14
CTNSMVE | 7.82,155 143 | 055 | 038
TNS/Au) 8.99,18.0 0.98 0.52 0.23
TNS/AUNP 8.86 1.00 137 0.25
TNS/2-AET* | 818,163 108 | 073 | 033
TNS/2-AET* Au(lll) 8.88, 17.6 1.00 0.80 0.25
TNS/2-AET+AUNP 8.19 1.08 2.31 0.33

a) Clearance space can be defined as the value obtained by subtraction of the
intrinsic thickness of TNS sheet (0.75 nm)**263940 from the observed d(002)
distance.

Table 1: Diffraction angles (20), d values, FWHM of d(002) signals on the XRD profiles, and estimated clearance spaces (CLSs) of the invested
films.

This manuscript provides a detailed protocol for the in situ synthesis of gold nanoparticles (AuNPs) within the interlayer space of TNS films. This
is the first report of the in situ synthesis of AUNPs within the interlayer space of TNS. Moreover, we found that the 2-AET" works as an effective
protective reagent for AUNPs within the interlayer of TNS. These methods hybridized AuNPs and TNS transparent films. TNS films with good
optical transparency21 were synthesized through sintering processes (s-TNS films), as presented in the protocol section. The sintering processes
are required repeatedly for the complete removal of organic impurities. When the organic impurities remain, the films turn dark gray. Here, the
sintering processes were repeated twice as a typical run; however, further repetitions are permissible.

We successfully synthesized AuNP-containing layered TNS films using two intermediate films (i.e., TNS/MV?* and TNS/2-AET* films). The two
intermediate films were soaked in an aqueous HAUCI, solution, and considerable amounts of gold species (the occupied space of one Au atom
was 1.47-1.61 nm2) were accommodated within the interlayer spaces of the TNS films. This suggests that the MV?" and 2-AET* molecules act
as effective expanders of the TNS layers (Figures 1B and 2A and Table 1). However, detailed adsorption mechanisms of gold species into the
interlayer of TNS are still unclear.

The obtained Au(lll)-containing films were soaked in an aqueous NaBH, solution, and the color of the films immediately changed from clear to
purple (Figures 4 and 6), suggesting the formation of AUNPs within the TNS interlayer. Moreover, the AuNP-containing TNS films maintain good
optical transparency (see Figure 8A as a typical example) and cohesion against the glass substrate, even when soaked in aqueous MV2+, 2-
AET", and NaBH, solutions. These methods can apply to other metal ions, such as copper and silver?'.

When the TNS/MV?" film was used as the intermediate, the color of the AuNPs changed within 30 min (Figure 6), suggesting the aggregation

of AuNPs within the interlayer space of the TNS. However, the aggregation and color change of the AuNPs were effectively suppressed using
the TNS/2-AET" film as the intermediate (Figure 8). This suggests that 2-AET" molecules work as effective protective reagents for AUNPs within
TNS interlayers, similar to the AuNPs in solution.

The synthesized TNS/2-AET'/AuNPs were stable against oxygen and the characteristic extinction band at 590 nm was maintained beyond 4
months. Such properties and stabilities of AUNPs within TNS interlayers are expected to demonstrate applicability in catalysis, photocatalysis,
and the development of cost-effective plasmonic devices.
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