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A novel UV-Vis photodetector consisting of an octahedral molybdenum cluster-

functionalized Zn2Al layered double hydroxide (LDH) has been successfully synthesized by co-precipitation and delamination methods under ambient conditions. The electrophoretic deposition process has been used as a low cost, fast, and effective method to fabricate thin and transparent nanocomposite films containing a dense and regular layered structure. The study provided evidence that the presence of the Mo6 cluster units between the LDH does not affect the ionic conduction mechanism of the LDH, which linearly depends on the relative humidity and temperature. Moreover, the photocurrent response is remarkably extended to the visible domain. The reproducibility and stabilization of the photocurrent response caused by the Mo6 cluster-functionalized LDH have been verified upon light excitation at 540 nm. Additionally, it was demonstrated that the films show advantageously strong adherence properties for application requirements.

INTRODUCTION

Energy converters based on nanoarchitecture-cluster functionalized materials with stabilization of the physicochemical properties have been developed for materializing a sustainable society. Particularly, the efficiency and applicability of the light energy converters or photodetectors essentially depend on their light sensitivity performance, fast photocurrent response speed, and a linear dependence of the optical and current values in the oxygen evolution reaction. [START_REF] Ding | Photo-induced Charge Kinetic Acceleration In Ultrathin Layered Double Hydroxide Nanosheets Boosts The Oxygen Evolution Reaction[END_REF] Finally, the studies of the photodetector made from the LDH-based materials have motivated researchers to optimize their stable photochemical properties for industrial applications.

In this study, a new potential photodetector material exhibiting a UV-Vis photoconductivity response was fabricated from Zn2Al LDH intercalated glycine (abbreviated as ZAG) functionalized by octahedral iodide-bridged molybdenum clusters (abbreviated as Mo6). This octahedral metal cluster (MC) is illustrated by an organicinorganic building unit with a 1.2-nm size and belongs to the family composed of the {M6L i 8} 4+ (M = Mo, W, Re; L i = inner halide ligand) metallic cores bonded with 6 apical ligands (L a = Cl, Br, I or OCOCnF2n+1…). [START_REF] Cotton | Metal Atom Clusters in Oxide Systems[END_REF][START_REF] Jackson | Oxygen Quenching of Electronically Excited Hexanuclear Molybdenum and Tungsten Halide Clusters[END_REF] The Mo6 MCs have been known for several decades for their luminescence [START_REF] Costuas | Combined Theoretical And Time-Resolved Photoluminescence Investigations of [Mo6Br i 8Br a 6] Metal Cluster Units: Evidence of Dual Emission[END_REF][START_REF] Dechezelles | Photoluminescent Materials Based on PMMA and A Highly-Emissive Octahedral Molybdenum Metal Cluster Complex[END_REF][35][START_REF] Kirakci | A Highly Luminescent Hexanuclear Molybdenum Cluster-APromising Candidate toward Photoactive Materials[END_REF] and redox properties. 37,[START_REF] Vorotnikova | 23 Electron Octahedral Molybdenum Cluster Complex [{Mo6I8}Cl6[END_REF] The photochemical and electrochemical properties of the MC come from the metal-metal and metal-ligand bonding, resulting in a strong absorption in both the UV-Vis lights and a prominent luminescent emission within the deep red/near-infrared (NIR) regions. The remarkable optical properties of the Mo6 MC are their i) high quantum yield, ii) large Stoke shift that avoids re-absorption losses, iii) strong luminescence, iv) phosphorescence in the infrared range, and v) UV-Vis absorption combined with an excellent photostability due to its A c c e p t e d M a n u s c r i p t unique complex structure. The applicable potentials of these MCs have been proved through the recent developments of the optical-related inorganic devices, such as photocatalytic water purification, [START_REF] Ivanova | Hexamolybdenum Clusters Supported on Exfoliated h-BN Nanosheets for Photocatalytic Water Purification[END_REF] nanoparticles for bioimaging, 40 photoelectrodes for solar cells [START_REF] Renaud | Preparation by Electrophoretic Deposition Of Molybdenum Iodide Cluster-Based Functional Nanostructured Photoelectrodes For Solar Cells[END_REF] and photonic crystals. [START_REF] Dechezelles | Photoluminescent Materials Based on PMMA and A Highly-Emissive Octahedral Molybdenum Metal Cluster Complex[END_REF] The flexible interactions between the metal cluster core, apical ligand, and counter ion in the nanocomposite have become a challenge to figure out the right explanation for the optical property modification. However, it also provides a new approach to develop a new molybdenum cluster-based device with a controlled optical property based on the modification of the elemental compositions and their physicochemical interactions.

The electrophoretic deposition (EPD) process, a thin film coating technique which is able to easily control the homogeneity, thickness, compatibility, and maximum loading ability of the main functional compositions, possibly allows the applicability of the cluster bulk materials. Considering the advantages of the EPD process, it will be a smart technique to fabricate thin films on the devices, particularly, for the devices based on the MCs. Very recently, this method was successfully used to fabricate thin and transparent pure clusters or hybrid nanocomposite films with very interesting properties for energy-saving A c c e p t e d M a n u s c r i p t applications. [START_REF] Nguyen | Extended Study on Electrophoretic Deposition Process of Inorganic Octahedral Metal Clusters: Advanced Multifunctional Transparent Nanocomposite Thin Films[END_REF] A Mo6 cluster compound, namely Cs2[Mo6I i 8I a 6] (abbreviated as CMI), with strong absorption in the visible light up to 600 nm has been selected for its photoresponse under broad visible light. Meanwhile, Zn-Al LDH (ZA) gives a photoresponse when excited by ultraviolet (UV) light. A thin and transparent Mo6-functionalized LDH film (~ 3μm) was successfully prepared by the EPD process, exhibiting a dense lamellar structure. The Mo6functionalized LDH film exhibited several interesting complementary properties, i.e., i) a red emission centered at the wavelength of 690 nm by UV-Vis light irradiation, ii) an anionic conductivity of about 10 -6 S.cm -1 with an activation energy (E a ) of about 1.08 eV, iii) a proper photocurrent response under UV-Vis light excitation ranging from 320 to 540 nm, and iv) a photocurrent response depending on the film thickness, temperature, and humidity. The remarkable point in this study is the determining of the relation between the photoresponse and the temperature or the humidity level which has not been figured out, to the best of our knowledge, in previous reports about LDH-based materials. [START_REF] Jeon | Flexible Visible-Blind Ultraviolet Photodetectors Based on ZnAl-Layered Double Hydroxide Nanosheet Scroll[END_REF][START_REF] Wang | ZnFeAl-Layered Double Hydroxides/TiO2 Composites As Photoanodes For Photocathodic Protection Of 304 Stainless Steel[END_REF][START_REF] Ding | Photo-induced Charge Kinetic Acceleration In Ultrathin Layered Double Hydroxide Nanosheets Boosts The Oxygen Evolution Reaction[END_REF] Even if a further understanding of this phenomenon should be investigated in the future, we have demonstrated that EPD is an excellent process to easily prepare a Mo6functionalized LDH film exhibiting good mechanical properties. The CMI cluster powder was synthesized following the procedure reported in a previous publication, [START_REF] Kirakci | Synthesis and Characterization of Cs2Mo6X14 (X = Br or I) Hexamolybdenum Cluster Halides: Efficient Mo6 Cluster Precursors For Solution Chemistry Syntheses[END_REF] i.e., by the reaction of CsI (Alfa Aesar 99.9 %) and MoI2 at the temperature of 700 o C. The Zn2Al LDH powder, abbreviated ZA, was synthesized by the coprecipitation method in air with the ratio between the Zn and Al atoms (Zn/Al = 2) referenced from the report of Ahmed et al. [START_REF] Ahmed | Zn-Al Layered Double Hydroxide Prepared At Different Molar Ratios: Preparation, Characterization, Optical And Dielectric Properties[END_REF] In greater detail, a transparent mixed solution of Zn(NO3)2  6H2O (0.02 mol) and Al(NO3)3  9H2O (0.01 mol) was prepared in 50 mL of deionized water using a magnetic stirrer for 1 h. The solution was then titrated by NaOH (5 M) at the pH value of 10 to obtain a cloudy suspension, then agitated at room A c c e p t e d M a n u s c r i p t temperature for 24 h to increase the crystallinity of the LDH. This powder was washed and dried at 80 o C for more than 24 h and used as the reference material.

A glycine-modified Zn2Al LDH, abbreviated ZAG, was similarly synthesized following the ZA-synthesized steps with the simultaneous dissolution of the glycine (0.01 mol) in an aqueous salt solution. ZAG was purified by washing in deionized water until the pH was between 7 and 8, then dried at 60 o C for 24 h. The ZAG nanosheets were then obtained by a delamination process in formamide for subsequently functionalizing the CMI cluster.

Glycine and formamide were chosen as the amino acid anion intercalant and polar solvent systems, respectively, for the exfoliation process as first described by Hibino and Jones. [START_REF] Hibino | Delamination of Layered Double Hydroxides Containing Amino Acids[END_REF] 

Synthesis of the CMI Cluster@ZAG Powders and Films

The CMI powder was first dissolved in formamide at the concentration of 0.4 g/L using an ultrasonic water bath for 1 h to obtain a red homogeneous solution. The glycine was added to this red CMI solution, then agitated by a magnetic stirrer for 2 days. Table S1 displays the compositions and ratios between the glycine and the Mo6 cluster abbreviated CGx with x=1, 2, 3, 4 as an abbreviated representation of the real weight. Secondly, the as-synthesized ZAG powder with 10 times the weight of the CMI cluster was added to the CGx suspensions, then continually agitated for 3 days. The washing procedure of the A c c e p t e d M a n u s c r i p t CGx@ZAG wet powders in formamide was repeated three times to eliminate the residual cluster and glycine and stored at room temperature for the film fabrications. Only the CG1@ZAG wet powder was completely dried at 80 o C for X-ray diffraction (XRD), highresolution transmission electron microscopy (HR-TEM), and optical characterizations for reference. In parallel, the ZAG powder was also dissolved in formamide at the concentration of 4 g/ L for 3 days without the CG mixture for preparing the delaminated wet ZAG powder.

The EPD system was built by two indium tin oxide-coated glass (ITO glass) slides with a surface area of 1.0×2.5 cm 2 , acting as the anodic or cathodic electrodes (Geomatec Co., Ltd., Tokyo, Japan; 6.15-7.27 Ohm/sq), and was connected to a Source Meter (Keithley Model 2400, Ohio, USA) as an electric field generator. The schematic illustration of the nanocomposite film preparation by EPD is illustrated in Figure S1. The EPD suspensions were composed of the ZAG or CGx@ZAG wet powder dissolved in MEK (~ 2.5 g/L) using an ultrasonication treatment for 30 minutes. A small amount of formamide (~ 1 ml) was added to the suspension to increase the solubility of the CGx@ZAG in MEK and the stabilization of the suspension during the EPD process. With a positive zeta potential value as noted in Table S2, the cathodic EPD process was applied for the ZAG or CGx@ZAG film fabrication. During the EPD process, the applied voltage controls the A c c e p t e d M a n u s c r i p t migrating speed of the charged particles to the electrodes as well as the homogeneity of the deposited particle size inside the film. Meanwhile, the deposition time directly impacts the formation of an insulator film that limits the force of the electric field on the ionic movement in the slurry. The film fabrication was operated at 15 V for 2 minutes or 25 V for 3 minutes to obtain the best properties.

Measurement of the Impedance and Current of the Films under Illumination,

Temperature and Humidity Conditions

A schematic diagram of the impedance measuring system is illustrated in Figure S2. The ZAG or CGx@ZAG films deposited on the ITO-coated glass were contacted with a blank ITO-coated glass as the counter electrode with the measured area of 1 cm 2 . The two electrodes were connected by a micrometer. The film thickness was estimated to be 3 to 4 μm by measurement using a 3D color microscope. The experimental conditions were controlled by a bench-top type temperature and humidity chamber (SH-222, Espec Corp.).

The different UV-Vis light illuminations were generated by a 300 W compact Xenon light source (MAX-303, Asahi Spectra Co., Ltd.). A monochromator combined with an optical filter (Transmittance ~ 80 %) was used to generate monochromatic light with peaks centered at 320, 350, 370, 410, 440, 540, and 580 nm followed by the bandwidth of the light of about 10 nm. The electrical impedance of the films was measured by a 1260A

A c c e p t e d M a n u s c r i p t impedance analyzer (Solartron analytical, AMETEK Scientific Instruments) at the applied voltage of 500 mV in the frequency range between 10 1 Hz and 10 7 Hz. A source meter (Keithley Model 2400, Ohio, USA) was used to measure the photocurrent response of the films at a bias of 1 V in the controlled environmental conditions. The ZAG and CGx@ZAG films were prepared at 25 V as an upper limit of the applied voltage in order to obtain the optimal thickness with a relative dense and transparency for 2 minutes. The thickness is directly proportional to the amount of the adsorbed water as an important carrier whereas the high condense layered structure distributes to the moving pathway of the ions inside the material. The electrical conductivity was expressed by the following equation: σ=l/(R.A) (1) where σ is the electrical conductivity, l is the thickness of the film, A is the area of the sample (1×1 cm 2 ), and R is the total resistance measured by Electrochemical Impedance Spectroscopy (EIS).

Characterization

The zeta potentials of the suspensions were determined by a zeta-potential analyzer (Zetasizer Nano Z, Malvern Instrument, Ltd., UK). The average hydrodynamic diameters and distribution of the LDH nanosheets in a MEK/ formamide medium were measured 006), (009), and (012) reflections, respectively. [START_REF] Starukh | Photocatalytically Enhanced Cationic Dye Removeal with Zn-Al Layered Double Hydroxides[END_REF] The second series of peaks with a weak intensity assigned to the NO3 type LDH phase locates at the 2θ-angle of 10, 20, and 30 o for the (003), ( 006) and ( 009) reflections (green squares). [START_REF] Ahmed | Zn-Al Layered Double Hydroxide Prepared At Different Molar Ratios: Preparation, Characterization, Optical And Dielectric Properties[END_REF] Besides, the remarkable patterns of the ZnO phase (pink lozenge) formed on the brucite-like sheets were also verified with the peaks at the 2θangles of 32 o , 34 o , and 36 o in this study. [START_REF] Ahmed | Zn-Al Layered Double Hydroxide Prepared At Different Molar Ratios: Preparation, Characterization, Optical And Dielectric Properties[END_REF][START_REF] Starukh | Photocatalytically Enhanced Cationic Dye Removeal with Zn-Al Layered Double Hydroxides[END_REF] The XRD pattern of ZA was used as a reference to provide evidence for identifying the ZAG structure from a similar synthesis agree with the realized phase in the XRD results. Glycine is a good candidate to intercalate between LDH and limit the appearance of the CO3 type LDH which is strongly generated in ZA. The pattern of the glycine-intercalated LDH (ZAG) obtained in this study agrees with the studies of the Zn-Al-Gly LDH material reported by Hibino. [START_REF] Starukh | Photocatalytically Enhanced Cationic Dye Removeal with Zn-Al Layered Double Hydroxides[END_REF] Li and coworkers also claimed a similar pattern of the LDH intercalated glyphosate, which is almost the same size as glycine, simulating the horizontal or vertical geometries of the glycine molecules on the host layer. [START_REF] Li | Structure and Thermal Evolution of Mg-Al Layered Double Hydroxide Containing Interlayer Organic Glyphosate Anions[END_REF] The d003 value of about 1.22 nm means the total distance involving the 0.48 nm-sized metal host layer and 0.74 nm-sized interlayer space which adopts exchanged anions, adsorbed water, and vertical glycine monolayer or bilayer. The glycine is reasonably anchored on the surface of the host layer by the hydrogen bonding with the hydroxyl group. In the case of the CG1@ZAG powder, the XRD pattern does not display the full series of crystalline peaks. As a result, the loading of the glycine/Mo6 cluster mixture leads to destroying the big crystal of the ZAG as well as the nanosheets that have been formed from very efficient delamination. Moreover, as expected, the characteristic pattern of the CMI cluster compound completely disappears in the CG1@ZAG powder.

These results are supported by the HR-TEM images. Indeed, the CG1@ZAG powder only shows the crystalline part of LDH without the signal of the CMI cluster crystals (Fig. 1b).

Even if it was not possible to observe single metal atoms dispersed in the LDH, the STEM-EDX mapping confirms the existence of Mo and I atoms assigned to the Mo6 cluster (with a weak signal of the Cs + cations) and, additionally, N atoms assigned for glycine. The Cs + cations are mainly removed during the synthesis by the washing and centrifuge processes. Indeed, in the dispersing medium, the CMI cluster compound is mainly dissociated to form Cs + cations and [Mo6I i 8I a 6] 2-anions as depicted in Figure 1b which could explain the disappearance of the Cs + ion. Nevertheless, in solution, the I apical ligands could be quickly exchanged by a simple hydrolysis process to give new clusters with the theoretical formula [Mo6I i 8I a 6-x-y(OH) a x(H2O)y] y-2 (x + y ≤ 6), for instance, revealed in the previous study. [START_REF] Mikhaylov | Cluster aqua/hydroxocomplexes Supporting Extended Hydrogen Bonding Networks. Preparation and Structure of A Unique Series of Cluster Hydrates [Mo6I8(OH)4(H2O)2[END_REF] More generally, the studies of the chlorine or bromine Mo6 cluster compounds showed similar results. [START_REF] Zarate | A Family of Octahedral Molybdenum Cluster Complexes [Mo6Cl8(H2O)n(OH)6-n] n-2 with n = 0-6 as a pH-sensors: A Theoretical Study[END_REF][START_REF] Nguyen | Formation Mechanism of Transparent Mo6 Metal Atom Cluster Film Prepared by Electrophoretic Deposition[END_REF] It is well known that the luminescent characteristic of the Mo6 cluster compounds significantly depends on the nature of the ligand and counter cation or the different excitation-light sources. [START_REF] Dierre | Mo6 Cluster-Based Compounds for Energy Conversion Applications: Comparative Study of Photoluminescence And Cathodoluminescence[END_REF] This is particularly true for iodine-based compounds. Indeed, the CMI cluster compound shows a strong absorption below the 600-nm wavelength (Fig. 1c) and has no photoluminescent property (Fig. 1d) as already clarified, [START_REF] Dierre | Mo6 Cluster-Based Compounds for Energy Conversion Applications: Comparative Study of Photoluminescence And Cathodoluminescence[END_REF] whereas the Cs2Mo6I i 8X a 6 cluster family compounds with X a = CF3COO, C2F5COO, C3F7COO show the highest emission intensity. To understand the optical properties of the CGx@ZAG nanocomposites, the influence of the glycine on the [Mo6I i 8I a 6] -2 cluster units dispersed in formamide was initially investigated. In a previous study, it was already demonstrated that the octahedral cluster complexes can be coordinated by the carboxylic acid groups of the glycine molecules. 53 For instance, the single crystals of the octahedral hexa-zirconium complexes coordinated with 4 anionic and 4 neutral glycines in aqueous solution have been growing by Pan et al., with the formula [Zr6(OH -)8(H2O)8(HGly)4(Gly -)4]•(SO4 2-)6•14H2O. [START_REF] Pan | Synthesis and Structural Determination of a Hexanuclear Zirconium Glycine Compound Formed in Aqueous Solution[END_REF] To the best of our knowledge, there is no study reporting the interaction between the iodide hexamolybdenum cluster compound and glycine but the results, presented below, suggest that they do exist. Unfortunately, a single crystal was not obtained, so we worked on solutions and powders. Indeed, the variation in the zeta potential and photoluminescence in solution were studied.

Table 1 shows the zeta potential parameters of different compounds and nanocomposites Generally, glycine simultaneously exists as a neutral HOOC-CH2-NH2 molecule and charged ( -OOC-CH2-NH3 + ; -OOC-CH2-NH2; HOOC-CH2-NH3 + ) molecules depending on the dispersing medium and pH. [START_REF] Hernández | Protonation-Deprotonation of The Glycine Backbone As Followed By Raman Scattering and Multiconformational[END_REF] Based on the decrease in the negative zeta potential caused by the addition of the glycine, it is assumed that the positively charged glycine molecule possibly neutralizes the negatively charged surface of the iodide Mo6 cluster unit through the ionic and/or covalent interactions as mentioned by Pan et al. [START_REF] Pan | Synthesis and Structural Determination of a Hexanuclear Zirconium Glycine Compound Formed in Aqueous Solution[END_REF] Additional studies to understand the structure of this new cluster are now in progress.

Regarding the CGx@ZAG nanocomposite suspension, the negatively charged cluster unit could be completely neutralized by the positive charge density on the LDH surface. On the other hand, the I apical ligands were exchanged by water molecules adsorbed in the interspace of LDH to form the neutral [Mo6I i 8I a 6-x(OH) a x(H2O) a 2] (x = 0 to 4) unit. As a result, the positive charges existing on the metal hydroxide surface determine the zeta potential of the CGx@ZAG suspension. This value gradually reduces with the increase in glycine concentration. In this study, the co-precipitated ZAG product shows a pH value A c c e p t e d M a n u s c r i p t higher than 7 in formamide or MEK with the positive zeta potential values as seen in Table S2. The average zeta potential of the NO3 -containing LDH is highly positive at a pH higher than 7 in an aqueous solution, also claimed by Kim et al. [START_REF] Kim | Size and Surface Charge-Controlled Layered Double Hydroxides for Efficient Algal Flocculation[END_REF] In order to understand the existing state and interaction of the glycine and LDH, the FT-IR spectra were obtained for glycine, CMI, ZA, ZAG, and CG2@ZAG powders as illustrated in Figure S3. In the powder state, pure glycine almost shows strong absorption peaks at 1133, 1494, 1666 cm -1 , and a broad wavenumber range from 3200 to 2600 cm -1 assigned to the NH3 + group which specializes for the characteristic functional groups of the charged - OOC-CH2-NH3 + or HOOC-CH2-NH3 + species. [START_REF] Rosado | Vibrational Spectra of Acid and Alkaline Glycine Salts[END_REF] However, these typical characteristic peaks of the NH3 group completely disappear after glycine is combined with LDH in the ZAG phase that is agreeable with a previous study. [START_REF] Wang | Tuning Molecular Sieving Channels of Layered Double Hydroxides Membrane with Direct Intercalation of Amino Acids[END_REF] In parallel, proof for the existence of the HOOC-CH2-NH2 neutral molecules in ZAG is recognized by the stretching mode vibration assigned to the C=O group at 1760 cm -1 indicating the acid group that suggests an aggregated glycine phase separation. In the base medium containing LDH, glycine preferentially exists in the states of -OOC-CH2-NH2 and HOOC-CH2-NH2. In the FT-IR spectrum of CG2@ZAG, besides the N-H bending mode vibration is assigned at 1625 cm -1 , the spectrum also shows a new signal at 1653 cm -1 that suggests the impact of hydrogen bonding on the NH2 group. This is agreeable with the peak shifting in the S4a and1c, respectively. Figure 1c illustrates a weak reflectance as well as a strong absorption below the 370-nm wavelength caused by LDH, while it is below the 600-nm wavelength observed for the CMI cluster compound. However, the optical adsorbing characteristic of the CG1@ZAG in formamide slightly shifts to a higher wavelength in comparison to that of the ZAG and CG1 compositions (Fig. S4a). In comparison to the ZA and ZAG powders, a strong red-shifted absorption of the CG1@ZAG nanocomposite due to the Mo6 cluster compound is visible with a peak centered at 690 nm upon the λex. of 365 nm (Fig. 1d). For the solution, the most important modification is a shift in the maximum emission peaks for the different samples. It appears as an emission peak centered at 673 nm for the Mo6 cluster-dissolved formamide, 663 nm for the CG1@ZAG-dissolved formamide, and 700 nm for the CG1-dissolved formamide upon the λex. of 400 nm (Fig. S4b). These shifts are significant and could be explained by the different interactions between glycine and LDH with the Mo6 clusters.

It is agreeable with a previous discussion about the reasonable change in the zeta potential.

Indeed, the specific nature of the exchanged apical ligand is well known to affect the length of the Mo-Mo bonding that intervenes in the geometries. [START_REF] Costuas | Combined Theoretical And Time-Resolved Photoluminescence Investigations of [Mo6Br i 8Br a 6] Metal Cluster Units: Evidence of Dual Emission[END_REF] A c c e p t e d M a n u s c r i p t

Regarding the optical properties, several points discussed above were confirmed: i) the ZA, ZAG, and CMI cluster powders do not show any luminescent-characterizing peak during light irradiation at 365 nm (Fig. 1d); ii) the Mo6 cluster-dispersed formamide solution presents a strong red emission which is slightly modified by the addition of glycine during excitation at 400 nm (Fig. S4b); iii) the CGx@ZAG powder and solution exhibit a strong red emission upon excitation by UV light (Fig. S4b and1d); iv) the nanoscaled CG1@ZAG sheets in formamide were proved though the Tyndall effect exhibits a strong photoluminescence characterized by a red-emitting light upon UV irradiation at 365 nm (Fig. S4b).

As already proposed, the Mo6 clusters were possibly immobilized on graphene oxide nanosheets by covalent linking [START_REF] Kumar | Hexamolybdenum clusters supported on graphene oxide: Visible-light Induced Photocatalytic Reduction of Carbon Dioxide Into Methanol[END_REF] or to a silica matrix by hydrogen bonds and/or by Mo-O-Si covalent linking [START_REF] Aubert | Extended Investigations on Luminescent Cs2[Mo6Br14]@SiO2 Nanoparticles: Physico-Structural Characterizations and Toxicity Studies[END_REF] that modify the photoluminescent property of the cluster. In the previous work, the Mo-O-LDH chemical bonding was suggested between the [Mo6Cl i 8Cl a 6-x-y(H2O)x(OH) a y] x-2 (x = 0, 1 or 2 and y = 0, 1, 2, 3 ; x + y = 3) cluster and Zn-Al LDH that was revealed on the basic result of X-ray photoelectron spectroscopy. [START_REF] Nguyen | Zn-Al layered double hydroxide-based nanocomposite functionalized with an octahedral molybdenum cluster exhibiting prominent photoactive and oxidation properties[END_REF] In this study, one similarly suggested a hypothesis that the iodide Mo6 cluster units would 3.2. Characterization of the ZAG and CGx@ZAG Nanocomposite Films

Figure 2 shows the XRD patterns of the ZAG and CG1-4@ZAG films prepared by EPD.

It is realized that a series of peaks located at the 2θ angles of 7.21 o , 13.44 o , and 21.19 o appear with the same peak position indicated in the pattern of the ZAG powder as seen in Figure 1a. The d003 value is about 1.22 nm which means a 1.2 nm-sized Mo6 cluster unit is unable to occupy in the 0.74 nm-sized basal space between the host layers (0.48 nm). [START_REF] Hibino | Delamination of Layered Double Hydroxides Containing Amino Acids[END_REF] In order to identify the compositions of the deposited film, the particle size distribution dissolved in the MEK/formamide medium as a suspension used for the EPD process was investigated and displayed in Figure S5. The ZAG suspension produced a uniform nanosheet size (0.54 µm) with a small size distribution (0.26 µm). When the mixture of the Mo6 cluster and glycine (CG1-4) was introduced in the ZAG-dispersed MEK suspension, the coagulation occurred to form big particles with the size distribution in the range from 1 to 6 μm. Remarkably, CG3@ZAG shows a high volume of big particles with the obtained size of around 2 μm. Under an electric field, the small and uniform produces the big coagulated LDH particles due to the hydrogen bondings and covalentlinkages between the added glycine and interspacing-adsorbed glycine or between the Mo6 cluster and LDH as already suggested. When the higher concentration of glycine is added, the bigger the coagulated particles are obtained, resulting in a decrease of the delaminated LDH species with a small size (Fig. S5). As a result, the CG4@ZAG nanocomposite film contains a small amount of the delaminated glycine-LDH species and the majority of coagulated anion-typed LDH species. It is suggested that glycine existing in the original glycine-LDH species is removed by the strong interaction of a large amount of added glycine and formamide to reform the anion-typed LDH species then an agglomeration occurs. For this reason, the CG4@ZAG film shows a peak located at the 2θ angle of 11.5 o which is assigned to the anion-typed LDH. It means that the The thin-film XRD pattern agrees with the lamellar structure observed in the cross-section FE-SEM images of the ZAG and CG1-2@ZAG films corresponding to the excellent transparency under visible light (Figs. 3a-c). A good condensing (see the cross-section) and homogeneous morphology of the ZAG film were obtained (Fig. 3a). Similarly, the CG1@ZAG and CG2@ZAG films also consist of a dense-layered structure and smooth morphology (Fig. 3b and3c). For the CG3@ZAG and CG4@ZAG samples, corresponding to the highest glycine concentrations, the transparency of the film decreased. This can be explained by the high number of defects observed in the layer as seen at the cross-section surface images, following the increase in the light scattering (Figs. 3d and3e). It is understood that the interaction between glycine and formamide was extremely efficient to exfoliate the LDH nanosheets as provided in the ZAG film.

However, not only the existence of the Mo6 cluster but also the loaded glycine in the formamide medium leads to the formation of the nonhomogeneity of the particle size as seen in Figure S5. That indicates the reformation of the anion-typed LDH due to the removal of interspacing adsorbed glycine and then agglomeration occurs. Therefore, the optimal concentration of added glycine needs to be investigated. The glycine concentration in the CG3-4@ZAG films starts to show a random arrangement of the nanosheets intercalated with big particles creating a porosity on the surface and inside the layer. On the other hand, the high concentration of glycine could create a hydrophilic effect on Mo6@ZAG and increase the miscibility between it and MEK that also limits the lamellar-structured reconstruction during the EPD. The red emission, at the exciting wavelength of 365 nm, was visually confirmed for all the CG1-4@ZAG films. This behavior indicates that EPD did not destroy the Mo6 octahedron. The HR-TEM and STEM images show the nano-scaled thin layer containing the agglomerated cluster units in the CG1@ZAG film prepared by the EPD (Figs. S6a, b, andc). The proof of the constituting elemental components of the nanocomposite was repeatedly provided by the STEM-EDX mapping. The energy spectrum completely confirms the existence of Zn, Al, Mo, I, and N atoms, followed by a weak sign of Cs atoms (Fig. S6d).

All these results are in agreement with the optical studies. As seen in Figures 3f and3g, the optical properties are affected by the lamella structure of the nanocomposite films. As expected, the transmittance of the ZAG, CG1@ZAG and CG2@ZAG films is higher than 50% and agree with the transparency of the observed film photos taken by the camera under visible light (Fig. 3f). Additionally, the absorption characteristic of the hexanuclear iodide clusters indicated at wavelengths under 550 nm [START_REF] Sokolov | Highly Luminescent Complexes [Mo6X8(n-C3F7COO)6] 2-(X = Br, I)[END_REF] is recognized as a fingerprint for the CGx@ZAG films while as it does not appear for the ZAG film. The absorption at the wavelengths over 1200 nm is assigned to the absorption of the indium tin oxide layer coated on glass. Figure 3g demonstrates, without a doubt, the red emission due to the Mo6 atom clusters. In summary, the structure of the film should be composed of the [Mo6I i 8I a 6-

x-y(OH) a x (H2O)y] y-2 cluster units and the nano-scaled ZAG layers, and the cluster is anchored on the LDH bound by the hydrogen bonding or covalent linkage. At room temperature, the ZAG and CG2@ZAG films show a hydrophilic property with a contact angle less than 90 degrees, followed by insignificant damage on the surface after they are in contact with water (Fig. 4a and4b). Both the ZAG and CG2@ZAG films were cut 1 mm apart and eleven cuts made to form the patterns on the surface as shown in Figures 4c and4d for the adhesion measurement with tape. It can be seen that the film surface was slightly destroyed after testing the adhesion with tape. Based on the result of the 4B~5B classification of the ASTM D3359-97 standard test method, it can be concluded that the ZAG and CG2@ZAG films obtained an encouraging adhesion property as well as dense and strong interlayer interactions that positively affect the conductivity of the film. 

Photocurrent Response of the ZAG and CG2@ZAG Nanocomposite Films

The EIS measurement illustrated in Figure S1 was applied for the optimally thick, dense, and homogeneous ZAG and CG2@ZAG films prepared by EPD at 25 V for 2 minutes.

The quality and thickness of the films were controlled by the EPD parameters and the stability of the EPD suspension that is distributed by the amount of glycine, wet powder concentration, and the ratio between MEK and formamide. The thicknesses of the ZAG film and CG2@ZAG film are about 3.0 ± 0.2 μm and 3.4 ± 0.3 μm, respectively, prepared by the same EPD parameters. The light energy is transferred by an optical fiber through the ITO-coated glass to the deposited film. Based on Figure 3f, the absorption of the ITOcoated glass was about 60% at 320 nm, 30% at 370 nm, and 20% in the visible light range.

As a result, the real intensity of the photon energy arriving at the surface of the material film corresponded to 40% at 320 nm, 70% at 370 nm, and 80% in the visible light range (400 nm -600 nm). For this reason, we selected the excitation wavelengths with the peaks Figure 5a shows the thin film photos and illustrates the sample-testing model for the DC and AC impedance (EIS) measurements with two ITO-coated glass electrodes connected to the source. The interlayer galleries of LDH contain hydroxyl ions, water, and exchanged anions for balancing the positively charged surface. The ionic conductivity is explained by the Grotthus mechanism and the hydroxyl ions will transport along with the adsorbed water molecules and hydroxyl groups of the host layer through covalent linking and hydrogen bonding. [START_REF] Agmon | The Grotthuss mechanism[END_REF] The illustration scheme in Figure 5a suggests the possibly layered structure of the film and the transportation of the hydroxyl ions from the cathode to the anode when applying a bias. Besides the available absorbed hydroxyl anions on the host layer, they might be provided by the water hydrolysis reaction on the cathodic electrode during the EPD process.

Figure S7 shows the Nyquist plots of the ZAG film at the relative humidity (RH) of 50 %, ZAG film at the relative humidity (RH) of 80 %, and CG2@ZAG film at the relative humidity (RH) of 80 % measured by EIS at different temperatures. The Nyquist curve measured for the CG2@ZAG films at 303K and RH of 80% shows the compositions of A c c e p t e d M a n u s c r i p t the solution resistance (Rs), charge transfer resistance (Rct), and diffusional impedance or so-called Warburg Element (Zw) (Fig. 5b). The Nyquist diagram was fitted by using a Randles equivalent circuit as depicted in Figure 5b. The R-value of the electrical conductivity in Eq.1 was calculated from the total resistance of the charge transfer resistance (Rct) and the solution resistance (Rs) measured by Zview software. Generally, the semicircular arc becomes smaller corresponding to the decrease in the impedance versus the temperature increase. The decrease in the electrical resistance corresponds to the increase in the electrical conductivity as calculated by Eq. 1. The dependence of the electrical conductivity on the temperature of the films stored at RH 50% and RH 80% is illustrated in Figure 5c. The calculated electrical conductivities of ZAG at RH 50%, ZAG at RH 80%, and CG2@ZAG at RH 80% are 6.7 × 10 -8 , 36.1 × 10 -8 , and 4.1 × 10 -8 S cm - 1 , respectively. As already suggested, the Mo6 cluster could react with the OH group on the LDH surface to form a covalent linkage and hydrogen bonding. These interactions cause a reduction of the free hydroxyl anion concentration in the film. Moreover, the water carrier was also kept by hydrogen bonding with the cluster and limits the anion diffusion in the film through the water carrier. These points lead to the result of the inferior ionic conductivity in the CG2@ZAG film (3.4 ± 0. relative humidity from 50% to 80%. In parallel, a linear rising tendency of the conductivity versus the temperature increase was observed. Simultaneously, the CG2@ZAG film stored at RH 80% displays a low electrical conductivity in comparison to the ZAG film under the same condition with a faster-increasing speed.

In general, the energy activation (Ea) was calculated from the relation with the electrical conductivity by the following equation:

σT = A・exp(-Ea/RT) ( 2 
)
where A is a constant, T is the temperature, R is the gas constant, and Ea is the activation energy. The activation energy of the film was calculated from the slope of the fitted Arrhenius plots wherein the value of the natural logarithm of (σT) is linear versus the temperature (1/K). The activation energies of the ZAG (RH 50%), ZAG (RH 80%) and CG2@ZAG (RH 80%) films are 0.904 eV, 0.757 eV and 1.108 eV, respectively shown in Figure 5d. The Ea values agree with the Arrhenius equation (Eq. 2). This illustrates that a low Ea value corresponds to a higher electrical conductivity. With the reasonably calculated activation energy, the anionic conduction mechanism is suggested for all the films. [START_REF] Kreuer | Vehicle Mechanism, A New Model for The Interpretation of The Conductivity of Fast Proton Conductors[END_REF] This result agrees with many previous studies for the LDH materials. [START_REF] Pizzoferratoa | Ionic Conductivity of Zn-Al Layered Double Hydroxide Films Grown on Aluminum Substrate[END_REF][START_REF] Sun | Single-layer Nanosheets with Exceptionally High and Anisotropic Hydroxyl Ion Conductivity[END_REF][START_REF] Zhang | Mg-Al Layered Double Hydroxides: A Correlation Between Synthesis-Structure and Ionic Conductivity[END_REF][START_REF] Pizzoferrato | Layered Double Hydroxides Containing an Ionic Liquid: Ionic Conductivity and Use in Composite Anion Exchange Membranes[END_REF] In summary, the existence of the Mo6 cluster present on the metal hydroxide surface does not only not affect the anionic conduction mechanism of the LDH film but also shows a similar tendency during the increasing temperature. Generally, the anionic conductivity is created by the transportation of the hydroxyl ions through water molecules as an important carrier by using the hydrogen bonding pathway. The Mo6 cluster is suggested to create hydrogen bonding with the OH group and water adsorbed on the metal hydroxide surface and limits the diffusion of the hydroxyl anions, resulting in a reduction of the ionic conductivity. As a result, the conductivity of the Mo6@LDH film is lower than that of the LDH film. This agrees with a higher Ea value for the Mo6@LDH film. At a high temperature, the movement of the hydroxyl ions seems to be a priority in the clustermodified space. This interesting point should be further investigated in the future. . The ZAG and CG2@ZAG films show a linear dependence of the ionic conductivity vs. the relative humidity (Figure 6c). The introduction of the Mo6 cluster does not affect the proportionally increasing tendency of the ionic conductivity vs. the relative humidity.

At high humidity, the increase of the water concentration adsorbed in the LDH forces an enhancement of ionic conductivity. The photocurrent of the CG2@ZAG film was evaluated by DC measurements in the dark and under light illumination at various wavelengths. The applied bias was 1 V generated by a DC Keithley Model 2400 source. Figure 7a shows that the fluorescence peak in the wavelength range from 410 to 450 nm was caused by the metal hydroxide layers of the ZA and ZAG powders upon excitation at 370 nm. This result supports the photosensitization occurring in the LDH-based films upon excitation by UV light (Fig. 7b). The ZAG and CG2@ZAG films at the temperature of 303 K and RH of 50% and 80% result in the photocurrent response that proportionally fluctuates with the incident photon energy and reaches a higher intensity corresponding to the UV light range (Fig. 7b). However, the optical absorption of the ITO-coated glass at 320 nm obtains about 60% that limits the photon energy arriving at the material surface causing a reduction of the conductivity. For this reason, the photocurrent excited at 320 nm is observed to be more inferior than that excited at 350 nm. The small difference in the wavelength intensity does not affect the photocurrent result. The light adsorption and possible excitation during irradiation at specific wavelengths of the material mostly contribute to the photocurrent response. In the visible light range, the CG2@ZAG film displays a photosensitization possibility higher than that of the ZAG film due to the visible light absorption of the Mo6 cluster. off, the current suddenly dropped to the original current value. Moreover, it can be seen in Figure 7c that the photocurrent intensity depends on the relative humidity following a directly proportional gradient. The fluctuating tendency of the photocurrent value is the same for the film controlled at the relative humidity of 50% and 80% at 303K. To confirm this tendency, an extra irradiation experiment for the ZAG film was performed at the excitation wavelengths from 580 nm to 320 nm versus time as seen in Figure S8, confirming a similar tendency of the photocurrent intensity in Figure 7c. Three interesting points are concluded in Figure 7c such as i) the ZAG film having a thinner thickness showed a photocurrent response higher than that of the CG2@ZAG upon irradiation below 440 nm, ii) the ZAG and CG2@ZAG films showing a linear dependence of the Reproducibility and stabilization of the photocurrent response is an important key for the photodetector application. For this reason, the repeatability of the photocurrent on the CG2@ZAG film with various thicknesses was performed at the λex. of 370 nm (Fig. 7d).

The photocurrent from the on/off light switching operation always remains a constant value after the procedure is repeated several times. The basic electrical conductivity and the photocurrent response consistently depend on the film thickness. As illustrated here, the thicker film provides a higher current value and the fluctuation of the current is repeated with the same tendency.

As is known, the blank LDH could produce a photoconductive response with the light illumination from 350 nm to 420 nm. [START_REF] Jeon | Flexible Visible-Blind Ultraviolet Photodetectors Based on ZnAl-Layered Double Hydroxide Nanosheet Scroll[END_REF] In this study, the photosensitization of the blank LDH was extended in the visible light range of 440 nm as clearly observed in Figure 7c.

However, only the CG2@ZAG film shows photosensitization in the visible light at the λex. of 540 nm as seen in Figure 7e. The optical absorbing characteristic of the cluster in the visible light range below 600 nm has produced the visible photosensitization for the CG2@ZAG film.

In general, the UV light irradiation could enhance the photocurrent of the LDH due to the A c c e p t e d M a n u s c r i p t incident photon energy (hν) promoting the excitation of the electron (eCB -) from the valence band to a conducting band and leave a hole (hVB + ) as seen in Eq. 1. [START_REF] Mohapatra | Enhanced Photocatalytic Activity of a Molybdate-Intercalated Iron-Based Layered Double Hydroxide[END_REF] The electron created on the photoexcited LDH from Eq. 1 will enlarge the electronic flow on the metal hydroxide layer to increase the electrical conductivity. Besides, the hydroxyl radicals ( · OH) generated from Eq. 2 are highly unstable due to their electron spin configuration is unpaired. The unpaired spin configuration forces the hydroxyl radical immediately capturing the free electron (eCB -) to form OH -anion (Eq. 3) or missing electron from another hydroxyl radical ( · OH) to form hydrogen peroxide (H2O2) (Eq. 4). The proton is also created from Eq. 2, however, the hydroxyl anion mobility is more dominant than the proton in LDH. [START_REF] Sun | Single-layer Nanosheets with Exceptionally High and Anisotropic Hydroxyl Ion Conductivity[END_REF] The immediate transport of the hydroxyl anions results in the enhancement of the total photocurrent. When the irradiation is off, the electron (eCB -) will immediately couple with the hole (hVB + ) and the generation of the hydroxyl anions is simultaneously stopped, resulting in the disappearance of the photocurrent. As a result, the adsorbed water concentration at the different humidities will affect the generated hydroxyl concentration that causes an anionic conductivity when applying a bias. It could be suggested that the generated photoconductivity is produced by the electronic and anionic conductivities. The deep discussion about the role of the major conductivity mechanism during the irradiation should be performed in the future. This suggestion is also used to explain the linear dependence of the photoconductivity on the humidity for the CG2@ZAG film during light excitation at 540 nm. In this case, only the Mo6 cluster plays an important role as an electron-supplying source during irradiation.

When the Mo6 cluster is excited by visible light (λ = 540 nm), the hole and electron pair are generated on the photoexcited cluster unit (Eq. 5). [START_REF] Kumar | Hexamolybdenum clusters supported on graphene oxide: Visible-light Induced Photocatalytic Reduction of Carbon Dioxide Into Methanol[END_REF][START_REF] Barras | One-pot Synthesis of Gold Nanoparticle/Molybdenum cluster/Graphene Oxide Nanocomposite and Its Photocatalytic Activity[END_REF] Similarly, the photocurrent value increases due to not only the electron generated from Eq. 5 but also the hydroxyl anion formed from Eq. 6 and Eq. 3. The photocurrent is therefore composed of electronic and anionic conductivities, which linearly depend on the humidity.

(Eq. 5) (Mo6 cluster) + hν  (Mo6 cluster) (hVB + , eCB -) (Eq. 6) (Mo6 cluster)( hVB + ) + H2O  (Mo6 cluster) + · OH + H +

The smooth movement of the electron in the nanocomposite needs strong support from the homogeneously dense lamella structure, chemical bonding between the elemental A c c e p t e d M a n u s c r i p t Figure 8a shows the electrical property versus the temperature of the ZAG and CG2@ZAG films measured by EIS. These results were calculated from the impedance semicircular arc presented in Figure S9. The impedance of the films controlled at 80% RH was measured in the dark and at λex. of 370 or 440 nm. Both the ZAG and CG2@ZAG films present a small increase in the conductivity during irradiation with a slightly preferential value for the excitation wavelength of 370 nm. The results are in agreement with the increasing tendency of the photocurrent intensity measured by DC (Figure 7b).

The activation energies (Ea) of the ZAG and CG2@ZAG films at different irradiation conditions calculated from the Arrhenius plots in Figure 8b result in 0.75± 0.01 eV and 1.12 ± 0.01 eV, respectively. The Ea of the CG2@ZAG films is higher than that of the ZAG film in all cases. As mentioned in the previous discussion, the Mo6 cluster reduces the diffusion of the hydroxyl anion resulting in a decrease of the conductivity and increase hydrogen-bond network that develops between apical hydroxyl groups and the adsorbed water molecules. 66 Kuttipillai et al. also suggested that the counter cations can play an important role in charge injection, transport, recombination, and exciton formation in the electrically pumped devices fabricated from the core cluster. 67 The interaction between the neighboring clusters and electrical pumped host material is an important key to impact the tunneling, recombination dynamics, and exciton formation. These ideas could be used to explain in this study that the covalent bonding, ionic interaction, or hydrogen bonding possibly occurring between the OH or H2O groups induced the Mo6 clusters and metal hydroxide layers to play a role as the closed bridges for the unique electron transportation.

A uniquely closed network is the essential parameter to assure the continually occurring electrical transportation that results in a high photo-electrical sensitization, stabilization, reproducibility, and utilizing for a device-developing strategy.

CONCLUSION

For the first time, thin and transparent Mo6 cluster-functionalized LDH films, CGx@ZAG (x=1-4), were successfully prepared by EPD. The morphology, the dense lamellar structure, and the elemental composition of the films were fully characterized by utilizing SEM/HR-TEM/EDX analyses, and XRD measurements. The optical properties and photocurrent responses were fully measured. The CG1-2@ZAG films display a strong 

2 

 2 6H2O (99%) and Al(NO3)3  9H2O ( 98%, pH= 2~4) were purchased from Chameleon reagent. Glycine (99%) was purchased from the Fujifilm Wako Pure Chemical Collaboration. The sodium hydroxide (NaOH, 5 mol/L), acetone (99.5%) and formamide (98.5%), and methyl ethyl ketone (MEK, 99%) were supplied from Nacalai Tesque. All chemicals were used without purification. The deionized water was obtained from Water Purifiers WG710 equipment with the conductance of 0.5×10 -4 S/m at 25°C. 2.2 Synthesis of CMI, LDH-Zn2Al (ZA) and glycine-modified LDH-Zn2Al (ZAG)
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 63 Paragon Plus Environment ACS Applied Materials & Interfaces A c c e p t e d M a n u s c r i p t by an ultrafine particle analyzer (Nanotrac NPA151 -Nanotrac ULTRA, Microtrac, Inc., USA) incorporated with the controlled reference method (CRM) in a dynamic light scattering (DLS) instrument. The crystalline layered structure of the powders and films were determined by XRD (SmartLab, RIGAKU, 40 kV and 30 mA) in the 2θ angle range from 1° to 50° at the scan speed of 1 o /min with Cu Kα radiation (λ = 1.54 Å). The surface morphology and elemental composition were analyzed by field emission scanning electron microscopy (FE-SEM, S4800, Hitachi High-Technologies Corp.) at 5 kV coupled with an energy-dispersive X-ray (EDX) analysis device. High-resolution observations of the powder and films were performed by HR-TEM (JEOL JEM 2100F) equipped with an EDX analysis device. The typical chemical vibration of the powder and film samples was verified by Fourier transform infrared spectroscopy (FTIR) (Thermo scientific Nicolet 4700) in the wavenumber range from 4000 to 400 cm -1 using a KBr pellet. The reflectance of the powders and transmittance of the films were measured by UV-Vis-NIR spectroscopy (V570, Jasco Corp.) in the wavelength range of 220 to 2000 nm at the scan rate of 400 nm/min. The luminescent emitting spectra of the films and powders were measured by high-performance fluorescence spectroscopy (JASCO FP8500) connected to a Xenon lamp at the scan rate of 500 nm/min. The adhesion tests of the nanocomposite film were performed following the standard test methods of D 3359

A c c e

  p t e d M a n u s c r i p t -97 (test method B) using transparent tape (Cellophane No. 252, 0.049 mm, adhesion strength of 3.1 N/10 mm, tensile strength of 36 N/10 mm, Sekisui Chemical Co., Ltd., Japan).

  Figure 1a. The major structure of the CO3 type LDH phase (black circles) existing in ZA
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 63 Paragon Plus Environment ACS Applied Materials & Interfaces A c c e p t e d M a n u s c r i p t condition. It is reasonable to realize that the glycine-intercalated LDH (ZAG) results in a mixture of three crystalline structures. A minority phase of the NO3 type LDH shows 2θangle peaks located with a slight shift to 9.7 o , 19.1 o, and 28.6 o in comparison to that of the ZA pattern. Similarly, the second pattern assigned to the CO3 typed LDH phase is shown with a significantly reduced intensity. Lastly, a new series characterized by the (003), (006), and (009) strong reflections corresponding to the 2θ angles of 7.2 o , 13.9 o , and 20.9 o and d003 basal spacing value of about 1.22 nm is considered for the glycine type LDH (blue triangle). The FT-IR spectra shown in Figure S3 also provide evidence of the vibrational band assigned to the NO3 and CO3 groups in the ZA and ZAG powders that
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A c c e p t e d M a n u s c r i p t the neutral compound [Mo6I i 8 (

 8 OH) a 4(H2O) a 2] nH2O (n = 2, 12, 14) (x = 4 and y = 2)
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  p t e d M a n u s c r i p t

Figure 1 .

 1 Figure 1. a) Powder XRD patterns of the Mo6 cluster, ZA, ZAG and CG1@ZAG, b) the

  in formamide. The average zeta potential values are the result of three measurements at room temperature. The extremely negative value of the CG0 solution indicates that the formula of the cluster units in solution could be [Mo6I i 8I a 6-x(OH) a x] -2 (x = 0 to 6 and y = A c c e p t e d M a n u s c r i p t 0) or [Mo6I i 8I a 6-x-y(OH) a x(H2O) a y] -1 (x = 0 to 5 and y = 1), regarding the possible exchange of I apical ligands by H2O or OH groups. They are present as impurities in the formamide solution. The negative zeta potential of the cluster in formamide is reduced with the addition of glycine that could indicate an interaction between the Mo6 clusters and glycine.
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 63 Paragon Plus Environment ACS Applied Materials & Interfaces A c c e p t e d M a n u s c r i p twavenumber range from 3000 to 3600 cm -1 to higher wavenumber. The absorption peak at 1590 cm -1 is indicated for the asymmetry stretching mode vibration of the COO group which insignificantly modifies in the nanocomposite. In summary, the NH2 group of the -OOC-CH2-NH2 anion is predicted to create the hydrogen bonding with the OH or H2O apical ligands of the Mo6 cluster and freely adsorbed H2O molecules while the COO - group will neutralize positive charges on the metal hydroxide surface of the LDH. The addition of the glycine in the base LDH medium will increase the charged -OOC-CH2-NH2 anions which could generate ionic and/or covalent interactions with the positively charged LDH, resulting in the decreased positive zeta potential value.

  react with OH on the LDH surface to form Mo-O-LDH bonding and reduce the OH groups. Therefore, the interactions between the Mo6 clusters and the metal-OH of LDH A c c e p t e d M a n u s c r i p t is possible to stabilize the [Mo6I i 8I a 6-x-y(OH) a x (H2O)y] y-2 units on the surface of LDH. This leads to the modification of the molecular orbital diagram compared to that of the starting [Mo6I i 8I a 6] 2-unit, meanwhile inducing some change in the photoluminescence properties.[START_REF] Dierre | Mo6 Cluster-Based Compounds for Energy Conversion Applications: Comparative Study of Photoluminescence And Cathodoluminescence[END_REF][START_REF] Sokolov | Highly Luminescent Complexes [Mo6X8(n-C3F7COO)6] 2-(X = Br, I)[END_REF] 

A c c e p t e d M a n u s c r i p t nanosheets will preferentially

  move to the electrode with the same moment and the bigger particles will slowly arrive. The uniformity of the ZAG nanosheets of around 0.54 μm is an optimistic advantage to load a high intensity of the characteristic peak assigned to the glycine-LDH composition of ZAG as presented in Figure1a. The treatment of formamide and glycine plays an extremely efficient role in the delamination of LDH. The CG1-3@ZAG films show insignificantly different patterns with a clearly lower intensity in comparison to that of ZAG. The existence of the CG during the delamination process
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Figure 2 .

 2 Figure 2. Thin-film XRD patterns of the ZAG, CG1-4@ZAG films prepared by the EPD.
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 633 Figure 3. Photos of the UV-Vis irradiated films, the morphology (left) and cross-section

Figure 4 .

 4 Figure 4. The 3D color morphology and water droplet photos for calculating the contact
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 63 Paragon Plus Environment ACS Applied Materials & Interfaces A c c e p t e d M a n u s c r i p t centered at 320, 350, 370, 410, 440, 540, and 580 nm followed by the bandwidth of the light of about 10 nm. EIS of the films was measured in the humidity and temperaturecontrolled chamber.

  3 μm) in comparison to the ZAG film (3.0 ± 0.2 μm). The electrical conductivity of the ZAG film increases with increased Page 34 of 63 ACS Paragon Plus Environment ACS Applied Materials & Interfaces A c c e p t e d M a n u s c r i p t
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Figure 5 .Figure 6 .

 56 Figure 5. a) Photos of the ZAG and CG2@ZAG thin films under visible light and the

Figure 6 .

 6 Figure 6. Nyquist plots for a) ZAG and b) CG2@ZAG at the temperature of 303 K with
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 63 Figure 7c illustrates a variation in the photocurrent responses under on -and -off

A c c e p t e d M a n u s c r i p t

  photocurrent response vs. the humidity, and iii) only the CG2@ZAG film exhibited a

A c c e p t e d M a n u s c r i p t (Eq. 1 )

 1 Zn/Al + hν  (Zn/Al) (hVB + , eCB -) (Eq.2) (Zn/Al) hVB + + H2O  (Zn/Al) + · OH + H + (Eq. 3) · OH + eCB - OH - (Eq. 4) · OH + · OH  H2O2
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  p t e d M a n u s c r i p t compositions, and homogeneous distribution of the Mo6 cluster in the LDH matrix. For this result, the unique chemical interaction existing between the metal oxide layer and the cluster plays an important role in the transportation of the electron through the interspace.

Figure 7 .

 7 Figure 7. a) The fluorescence spectra of the ZA and ZAG powder under excitation of 370

A c c e

  p t e d M a n u s c r i p t in the activation energy. The Ea value of the CG2@ZAG and ZAG films presents an insignificant modification with and without irradiation.

Figure 8 .

 8 Figure 8. a) The dependence of the electrical conductivity on the temperature and b)
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Table 1 .

 1 Average zeta potential values of the CMI cluster compound, glycine, CGx, and CGx@ZAG suspensions in formamide.Nevertheless, the presence of the Mo6 cluster units in LDH is also demonstrated by the UV-Vis absorption (in formamide solution) and reflectance (with powder) measurements as shows in Figures

		M a n u s c r i p t
	Zeta potential (mV) CGx -47.0±0.9 -29.0±1.2 -20.8±0.8 -16.0±1.0 -14.3±0.7 A c c e p t e d CMI:Gly (wt%) 1:0 (x=0) 1:1 (x=1) 1:5 (x=2) 1:7.5 (x=3) 1:10 (x=4)	CGx@ZAG -27.5±0.8 26.2±1.1 22.5±1.2 18.4±0.4
	0:1	-18.2±0.5	-

UV-Vis absorption under 550 nm and red emission light at the wavelength of 690 nm when excited by the UV-Vis lights. The obtained conductivity value of the CG2@ZAG was about 4.1 10 -8 S. cm -1 at RH 80% and 303K with the activation energies (Ea) about 1.108 eV indicating an ionic conduction mechanism. The CG2@ZAG film conductivity can be controlled by the relative humidity and temperature. Remarkably, the films present very good photocurrent responses, measured by both DC and AC impedance measurements, during excitation in the UV light range, and visible light from 410 to 540 nm due to the visible light adsorbing Mo6 clusters. The reproducibility and stabilization of the sample's photocurrent response were established. The excellent properties obtained from the CGx@ZAG films prepared by the EPD process make them be considered as promising candidates for photo-humidity sensing and a photodetector. NGUYEN.Thikimngan@nims.go.jp.
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