Masoumeh Chamack 
  
Madjid Ifires 
  
Sayed Ali 
  
Akbar Razavi 
  
Ali Morsali 
  
Ahmed Addad 
  
Afsanehsadat Larimi 
  
Sabine Szunerits 
  
Rabah Boukherroub 
  
Photocatalytic Performance of Perovskite and Metal-Organic Framework Hybrid Material for the Reduction of N2 to Ammonia

come   L'archive ouverte pluridisciplinaire

INTRODUCTION

Increasing world population and consequent demand for growing agricultural products have led to an increase in demand for ammonia (NH 3 ), as it represents a basic building block for fertilizer industry. NH 3 is generally produced through the Haber-Bosch process using pure H 2 and N 2 gases under high temperature (>500 °C) and pressure (>200 bar) conditions. Therefore, industrial-scale production of NH 3 requires consumption of large amounts of fossil fuels. In addition to utilizing a large amount of world's energy, industrial production of NH 3 also emits a lot of greenhouse gases every year. 1 In order to address these issues, the last decade has witnessed a huge increase of investigations on the development of low-cost and sustainable photocatalytic processes for NH 3 production. [1][2][START_REF] Respectively | According to the literature[END_REF][4] In the photocatalytic NH 3 production process, N 2 and H 2 O react at room temperature and atmospheric pressure to produce ammonia and O 2 under light irradiation. 1,[START_REF] Respectively | According to the literature[END_REF] One of the key factors of this process is selecting the appropriate photocatalyst. An ideal photocatalyst for NH 3 production should have some features like facilitated gas diffusion pathway, enhanced adsorption of the reactants, having a band gap energy larger than 1.2 eV with proper band edge position, and activation of molecular nitrogen. 4,5 114 The synthesized samples were characterized using various analytical 115 tools. X-ray powder diffraction (XRD) measurements were performed 116 using a Philips X'pert diffractometer with monochromated Cu Kα 117 radiation. N 2 adsorption-desorption isotherms were measured on a 118 Nova Station A instrument at 77 K. The specific surface area was 119 calculated in accordance to the Brunauer-Emmet-Teller (BET) 120 method. The sample for Raman analysis was prepared by dispersing 121 the sample in ethanol by sonication. 50 μL of the solution was drop-122 cast on a clean silicon wafer and dried. Micro-Raman spectroscopy 123 measurements were recorded on a HORIBA Jobin Yvon LabRam HR 124 micro-Raman system combined with a 473 nm laser diode as the 125 excitation source. Visible light was focused by a 100× objective. The 126 scattered light was collected by the same objective in backscattering configuration, dispersed by an 1800 mm focal length monochromator, and detected by a charge-coupled device (CCD) camera. Scanning electron microscopy (SEM) images were recorded by a Hitachi S-4160 FESEM instrument. Transmission electron microscopy (TEM) images were acquired on a FEI TITAN Themis 300 operating at 300 kV, equipped with a Schottky FEG electron gun and a monochromator. Energy-dispersive X-ray spectroscopy (EDX) analysis was performed with a Philips CM30 microscope operating at 300 kV and equipped with a Brucker EDX detector. X-ray photoelectron spectroscopy (XPS) measurements were recorded with an ESCALAB 220 XL spectrometer from Vacuum Generators, featuring a monochromatic Al Kα X-ray source (1486.6 eV) and a spherical energy analyzer operated in the CAE (constant analyzer energy) mode (CAE = 100 eV for survey spectra and CAE = 40 eV for high-resolution spectra), using the electromagnetic lens mode. No flood gun source was needed due to the conducting character of the substrates. The angle between the incident X-rays and the analyzer was 58°. The detection angle of the photoelectrons was 30°.

2.2. Synthesis Procedures. 2.2.1. Synthesis of KNbO 3 . A reported hydrothermal method was used to prepare the KNbO 3 material. [START_REF] Yuan | A microporous, moisture-stable, and amine-functionalized metalorganic framework for highly selective separation of CO2 from CH4[END_REF] In short, 36 g of KOH was dissolved in 80 mL of distilled water. 1 g of Nb 2 O 5 was added to the alkaline solution and stirred at 50 °C for 30 min. Subsequently, 2.88 g of SDS was added to the mixture and stirred at 50 °C for an additional 30 min. The obtained white color suspension was poured into a 150 mL Teflon-lined stainless-steel autoclave and heated at 180 °C for 48 h. After that, a white solid was formed, separated by centrifugation, and washed with distilled water and ethanol. The obtained KNbO 3 powder was dried at 80 °C overnight. 2.2.3. Synthesis of KNbO 3 @TMU-5. The co-precipitation method was used for the synthesis of the KNbO 3 @TMU-5 composite. 1 g of KNbO 3 powder was added to 50 mL of DMF and sonicated for 5 min. Afterward, 0.5 g of H 2 OBA was added to the suspension and the resulting mixture was stirred (500 rpm) at 80 °C for 30 min. Subsequently, 0.44 g of Zn(CH 3 COO) 2 •2H 2 O and 1 g of BPDH, separately dissolved in 20 mL of DMF, were added to the mixture and the reaction pot was completely sealed. The mixture was stirred at 80 °C for 72 h. The obtained pale yellowish powder was separated by centrifugation, washed several times with DMF, and dried at 80 °C for 24 h. Finally, this sample was activated by the same method as applied for TMU-5. The scheme of the synthesis method is depicted in Scheme S2.
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Electrode. 1 mg of KNbO 3 @ TMU-5 powder was dispersed in 100 μL of ethanol using an ultrasonic bath for 10 min. 3 μl of the dispersed mixture was dripped on the glassy carbon (2 mm diameter) electrode surface and allowed to dry under the IR lamp. Then, 1 μL of nafion solution was added on to the surface and allowed it to dry by the same method. The counter electrode and reference electrode were platinum disk (2 mm diameter) and calomel electrodes, respectively. 10 mL of Na 2 SO 4 (0.2 M) was used as the electrolyte solution.

2.4. N 2 Photoreduction Test. 2.4.1. General Photocatalytic Process. The nitrogen (N 2 ) photoreduction experiments were performed in a quartz tube. 10 mg of the photocatalyst was added to 10 mL of water and 0.789 mL of ethanol as a hole scavenger. The mixture was dispersed using an ultrasonicator for 10 min, and the resulting suspension was saturated with N 2 . During photoreduction under UV irradiation (power of lamp (P) = 0.2 W), N 2 was bubbled into the solution. At certain time intervals, 2 mL of the reaction mixture was collected and immediately centrifuged to separate the liquid sample from the solid catalyst. The concentration of NH 3 was Inorganic Chemistry measured using the indophenol method via UV-vis absorption spectra recorded using a Safas Bio-UVmc 2 spectrophotometer in quartz cuvettes with an optical path of 10 mm. The wavelength range was 200-800 nm. [START_REF] Zhu | Photoilluminated diamond as a solid-state source of solvated electrons in water for nitrogen reduction[END_REF] UV-vis curves of indophenol assays with NH 4 + ions and the calibration curve used for estimation of NH 3 by NH 4 + ion concentration are illustrated in Figure S1.

2.4.2. Photocatalytic Stability of KNbO 3 @TMU-5. The cycling stability of the KNbO 3 @TMU-5 photocatalyst for N 2 reduction was assessed under UV irradiation. After each cycle, the catalyst was collected by centrifugation, dried in the oven at 60 °C overnight, and reused in the subsequent experiment.

RESULTS AND DISCUSSION

3.1. Characterization of Materials. Different instrumental techniques including powder X-ray diffraction (PXRD), nitrogen adsorption at 77 K, XPS, transmission electron spectroscopy (TEM), Fourier transform infrared spectroscopy (FT-IR), Raman spectroscopy, and SEM were applied to characterize the structure of KNbO 3 @TMU-5.

Combination of PXRD patterns for KNbO 3 @TMU-5 and its components clearly shows that the structure of both components is identical in their pristine and composite f1 materials (Figure 1). In detail, the PXRD pattern of the TMU-5 MOF comprises two sharp peaks centered at 6.7 and 7.6°indexed respectively to (2,0,0) and (0,0,2) miller indices, which are present in the composite. Also, other relatively weaker bands at 2θ = 12-16°for the TMU-5 sample (12.1, 13.4, 14.7, and 15.9°assigned to (1,1,1), (1,1,-2), (3,1,0), and (3,1,-2), respectively) are observable in the composite. For the KNbO 3 sample, XRD peaks observed at 22.1, 31.5, 44.9, and 45.5°are respectively indexed to (1,1,0), (1,1,1), (2,2,0), and (0,0,2) planes of the orthorhombic phase of KNbO 3 (space group Amm2) (JCPDS card 32-0822), 16 which are observable in the composite, too.

To investigate the role of TMU-5 species in supplying the N 2 reactant for efficient utilization of photoinduced electrons in KNbO 3 , N 2 adsorption capability of samples was assessed by f2 nitrogen adsorption-desorption measurement at 77 K (Figure f2 2). For the KNbO 3 sample, an isotherm of type III is recorded, which is consistent with nonporous or macroporous solids. [START_REF] Thommes | Physisorption of gases, with special reference to the evaluation of surface area and pore size distribution (IUPAC Technical Report)[END_REF] For the KNbO 3 @TMU-5 composite, an isotherm of type I(a) corresponding to microporous materials having mainly narrow micropores (width < ∼1 nm) is observed. [START_REF] Thommes | Physisorption of gases, with special reference to the evaluation of surface area and pore size distribution (IUPAC Technical Report)[END_REF] The BET surface FT-IR spectra of KNbO 3 , TMU-5, and KNbO 3 @TMU-5 are f6 depicted in Figure 6. For KNbO 3 , the sharp broad band below 800 cm -1 belongs to Nb-O stretching vibration mode. The FT-IR spectrum of the TMU-5 sample shows vibration modes at 1240 and 1160 cm -1 related to C-O-C vibrations. [START_REF] Kulaksızoglu | A new bis (azine) tetradentate ligand and its transition metal complexes: Synthesis, characterisation, and extraction properties[END_REF] The weak band at 1299 cm -1 and the band ranging from 1320 to range. [START_REF] Golovina | Size effects in the temperatures of phase transitions in KNbO3 nanopowder[END_REF] The pattern of the orthorhombic phase is also observed for the KNbO 3 @TMU-5 spectrum, while several new bands are detected above 900 cm -1 , which can be related to 591.5 to 589 cm -1 implies its softening due to lowering the bond force constant. [START_REF] Golovina | Size effects in the temperatures of phase transitions in KNbO3 nanopowder[END_REF][START_REF] Pascual-Gonzalez | Band gap evolution and a piezoelectric-to-electrostrictive crossover in (1-x) KNbO 3-x (Ba 0.5 Bi 0.5)(Nb 0.5 Zn 0.5) O 3 ceramics[END_REF] In contrast, no shift was observed for the band at 536.9 cm -1 ascribed to the stretching vibration mode of NbO 6 . 16 Moreover, the Raman spectrum of KNbO 3 @ TMU-5 is more broaden than that of KNbO 3 , suggesting that the lattice disorder of KNbO 3 is increased upon coupling with TMU-5. Subsequently, evaluation of Raman spectra suggests the presence of interaction between the TMU-5 and KNbO 3 structure in the KNbO 3 @ TMU-5 sample, which affects NbO 6 octahedron vibration modes. [START_REF] Jia | Few-layer MoS 2 nanosheet-coated KNbO 3 nanowire heterostructures: piezo-photocatalytic effect enhanced hydrogen production and organic pollutant degradation[END_REF] 3.2. Photocatalytic Reduction of N 2 . The photocatalytic reduction of N 2 to NH 3 comprises several steps. First, like for any other photocatalytic reaction, the photocatalyst absorbs light of appropriate wavelength to generate electron-hole pairs (eq 1). Afterward, a fraction of the photogenerated electrons and holes recombine together, while some holes (h + ) oxidize water into H + and O 2 (eq 2) and electrons reduce N 2 to NH 3 (eq 3). Therefore, NH 3 is synthesized from water and N 2 using light as the energy source (eq 4). 2
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(3) Figure 6. FT-IR spectroscopy for the KNbO 3 @TMU-5 composite and its components.

Figure 7. Room-temperature Raman spectra of KNbO 3 (blue) and KNbO 3 @TMU-5 (violet) samples.
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Even though any photocatalyst having a band gap energy 345 larger than 1.2 eV with proper CB and VB positions can 346 thermodynamically promote the reaction of eq 3, this half-347 reaction is kinetically more challenging because of the required 348 six electrons. Furthermore, the adsorption of N 2 gas molecules 349 over the photocatalyst surface and cleavage of the highly stable 350 NN bond are also regarded as remarkable challenges. 2 To 351 address these issues, coupling of the photocatalyst with MOFs 352 having high capacity for N 2 gas molecule adsorption, which can 353 modify the electron transfer mechanism in the photocatalyst, 354 could represent a promising strategy. 18,[START_REF] Zhao | Metal organic frameworks based materials for heterogeneous photocatalysis[END_REF] Apart from enhance-355 ment in adsorption capacity, many investigations demonstrated 356 that coupling of a SC with MOFs can modify the electronic 357 structure of the SC, leading to enhanced performance for 358 various photocatalytic reactions including water splitting, CO 2 359 reduction, and organic pollutant degradation. 18 Nevertheless, 360 for N 2 photo-reduction reaction, there are still a few reports 361 about the role of MOFs in improving the SCs' photocatalytic 362 activity. Hence, for improvement of the operation of KNbO 3 363 through enhancement in adoption capacity and photocatalytic 364 activity, it has been coupled to TMU-5 to synthesize the 365 KNbO 3 @TMU-5 hybrid material.

366

The photocatalytic activity of the as-synthesized KNbO 3 and 367 KNbO 3 @TMU-5 samples for the reduction of N 2 to NH 3 in f8 368 the presence of water is illustrated in Figure 8. Without light 369 irradiation (blank test), no NH 3 was formed by adding KNbO 3 370 or KNbO 3 @TMU-5 catalysts to N 2 -saturated aqueous solution 371 (Figure S4). Under UV light irradiation, the NH 3 generation 372 rate reaches 20.5 μmol•L -1 •h -1 •g -1 in the presence of the 373 KNbO 3 photocatalyst, while by applying KNbO 3 @TMU-5, the 374 NH 3 generation rate increased to 39.9 μmol•L -1 •h -1 •g -1 . To 375 examine the reusability of the KNbO 3 @TMU-5 photocatalyst, f9 376 the N 2 reduction system was recycled five times (Figure 9). 377 During the first three cycles of the reaction, NH 3 production 378 efficiency was not changed. However, after the fifth run, the 379 NH 3 production rate is 37.9 μmol•L -1 •h -1 •g -1 , confirming the 380 high stability of the developed photocatalyst. Table S1 381 compares the rate of nitrogen reduction for KNbO 3 @TMU-5 with some of other MOF-based photocatalysts applied in this area.

To investigate the effect of coupling of TMU-5 on the charge transfer and recombination behavior of KNbO 3 , photoluminescence measurements were employed at an excitation wavelength of 325 nm. As shown in Figure S5, the KNbO 3 sample exhibited a strong blue luminescence emission in the 350-455 nm range, which may be attributed to the emission connected with charge transfer from oxygen atoms to the central niobium atom in the NbO 6 octahedra. The luminescence emission was observed for the KNbO 3 @TMU-5 sample with relatively lower intensity compared to pristine KNbO 3 , suggesting that TMU-5 hybridization with KNbO 3 reduces the recombination rate of photogenerated electronhole pairs, which may be due to the internal charge transfer between the KNbO 3 and TMU-5 component. [START_REF] Shi | Enhancement of visible-light photocatalytic degradation performance over nitrogen-deficient g-C3N4/KNbO3 heterojunction photocatalyst[END_REF] A complementary study on electron-hole separation by photocurrent measurement demonstrates that the rate of charge recombination is significantly diminished upon hybridization of KNbO 3 with TMU-5 (Figure S6). These results clearly show that the photoactivity of the KNbO 3 @TMU-5 composite is highly improved compared to pristine KNbO 3 .

To investigate the effect of TMU-5 on the optical properties of KNbO 3 , UV-vis analysis was performed (Figure S7). The optical band gap (E(bg)) of KNbO 3 and KNbO 3 @TMU-5 samples was determined using the following equation (eq 5):

α ν ν = - A E ( h ) (h (bg)) n (5)
where α, h, ν, A, and E(bg) represent the absorption coefficient, Planck constant, light frequency, proportionality constant, and band gap, respectively. The value of n depends on the nature of the electronic transition and assumed to be 1/ 2 for KNbO 3 , which has an indirect band gap. By plotting (αhν) 1/2 versus (hν), E(bg) can be estimated from the intercept of the tangent to the x-axis. [START_REF] Golovina | Size effects in the temperatures of phase transitions in KNbO3 nanopowder[END_REF] Accordingly, an E(bg) value of 3.2 eV (387.45 nm) was calculated for KNbO 3 , which is in good agreement with previous reports. [START_REF] Golovina | Size effects in the temperatures of phase transitions in KNbO3 nanopowder[END_REF][START_REF] Khorrami | Structural and optical properties of (K, Na) NbO3 nanoparticles synthesized by a modified sol-gel method using starch media[END_REF] After hybridization of KNbO 3 with TMU-5, the E(bg) value decreased slightly to 3.1 eV (399.95 nm).

In the next step, the Mott-Schottky diagram has been drawn to calculate the flat band potentials (E(fb)) of TMU-5

and KNbO 3 components to calculate their CB and VB energy levels (Figure S8). The calculated E(fb) values for TMU-5 and F 424 KNbO 3 are -1.4 V and -0.7 V, respectively. In a general 425 verified approximation for n-type photocatalysts, energy levels 426 of CB and VB can be calculated based on following equations 427 (eqs 6 and 7).
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According to the values of E(fb) and E(bg) for TMU-5 and 431 KNbO 3 (Table S2), the mechanistic diagram of photo-432 reduction of nitrogen by KNbO 3 @TMU-5 is depicted in As shown in Figure 12, for the TMU-5 sample, the N 1s XPS sharp peak can be fitted to the CN group (397.9 eV). The CN peak is shifted to 397.1 eV in the KNbO 3 @TMU-5 hybrid material. [START_REF] Shalom | Nickel nitride as an efficient electrocatalyst for water splitting[END_REF] The weak peaks centered at 399.2 eV for both TMU-5 and KNbO 3 @TMU-5 samples can be ascribed to pyridine nitrogen of the BPDH ligand of TMU-5. These results show that upon formation of the KNbO 3 @MU-5 composite, the electronic properties of N atoms of coordinating pyridine groups did not change, while an alteration in electronic properties of N atoms of azine function (-CN-NC-) is observed.

The O 1s XPS spectra of KNbO 3 and KNbO 3 @TMU-5 are displayed in Figure S12. For KNbO 3 , the spectrum can be deconvoluted into three components at 529.4, 530.2, and 531.7 eV due to oxygen of perovskite lattice, oxygen deficient bonding, and weakly bound O -and OH -surface species, respectively (Figure S12a). The O 1s XPS spectrum of TMU-5 is fitted with two components at 529.8 and 531.4 eV, which can be assigned to carboxylate and ether groups of the OBA 2- ligand of TMU-5, respectively (Figure S12b). The spectrum of the KNbO 3 @TMU-5 sample can be curve-fitted with four components at 527.2, 529.2, 531.1, and 531.9 eV (Figure S12c). [START_REF] Ji | The role of oxygen vacancies of ABO 3 perovskite oxides in the oxygen reduction reaction[END_REF] Compared to O 1s XPS spectra of KNbO 3 and TMU-5 samples, a new peak centered at 527.2 eV (O* atom in Figure S12c) is observed for KNbO 3 @TMU-5.

Overall, based on the observed shifts in XPS analysis of TMU-5 and KNbO 3 samples before and after hybridization in the KNbO 3 @TMU-5 composite, it is possible to say that the significant changes in oxidation numbers are observed in the case of Nb and N atoms. These changes are discussed in detail as follows. For this purpose, the required information from FT-IR and XPS analyses is gathered here and discussed together.

As is mentioned, Nb(3d) core-level XPS analysis shows that the BE for Nb atoms shifts is equal to 2 eV after synthesis of KNbO 3 @TMU-5, while the value of spin-orbit coupling (2.8 eV) does not alter. Because such a shift in the BE of Nb atoms occurs after hybridization of KNbO 3 with TMU-5, it is rational to hypothesize that there is some kind of interactions between these two materials in the final composite. Based on N(1s) core-level XPS, it has been observed that there is a positive shift equal to 0.8 eV in the BE of the azine -CNsite, while the binding energy of pyridine -CNis completely unchanged. Based on core-level XPS analysis of N and Nb atoms, it is possible to state that Nb sites of KNbO 3 and azine functions (-CN-NC-) of TMU-5 are potential interactive sites after the formation of the KNbO 3 @TMU-5 photocatalyst.

The mentioned assumption, possible interaction between Nb +5 centers and azine sites in the composite, can be witnessed using FT-IR spectroscopy specifically in the 1450-1700 cm -1 region. Based on the literature, this region belongs to observation of -CNbonds. As can be seen in Figure 6b, there is a new peak centered at 1640 cm -1 after the formation of the KNbO 3 @TMU-5 composite, while other peaks (related to pyridine CN, aromatic CC, azomethine -CNand azine -CN-NCbonds) are almost identical. According to the literature, FT-IR analysis of aromatic azine function shows a singlet peak at the 1600-1635 cm -1 region, 38 similar to what we observed here, 1613 cm -1 for TMU-5 and 1615 cm -1 for the composite. In the cases that there is a specific interaction between azine -C N-NC-bonds and metal, a new peak can be observed in the 1630-1652 cm -1 region. 39 Therefore, according to shifts in XPS peaks of Nb atoms along with the formation of a new band at 1640 cm -1 in FT-IR, we reason that there is specific kind of interaction between azine functions of TMU-5 and Nb +5 sites of KNbO3 in the composite. Based on principles of XPS measurement, the BE of a specific atom will decrease if the density of negative charges is increased on that specific atom. Therefore, due to the shift in the BE of Nb +5 sites to the lower values, it can be speculated that the density of negative charges is increased on Nb +5 sites. The final values of BE of Nb sites in the composite is relatively similar to Nb +4 species published in the literature. [40][41][42] This higher negative charge density on Nb sites is another reason for improvement of N 2 reduction efficiency in case of KNbO 3 @TMU-5 compared to pristine KNbO 3 . Cyclic voltammetry has been conducted to compare the reducing strength of KNbO 3 before and after hybridization (Figure S13). The results show that the reduction reaction on KNbO 3 @TMU-5 shifts to more positive reduction potentials as equal as 60 mV (from -770 to -710 mV), which indicates that the KNbO 3 @TMU-5 composite has higher affinity to reduction reactions compared to KNbO 3 . Therefore, KNbO 3 @TMU-5 is a more efficient photocatalyst for reductive photoconversion of nitrogen molecules to ammonia. Overall, there are three major reasons that assist KNbO 3 @TMU-5 to show higher efficiency compared to 

  TMU-5. 0.26 g of 4,4′-oxybisbenzoic acid (H 2 OBA) was added to 25 mL of DMF and stirred at 80 °C for 30 min. Subsequently, 0.22 g of Zn(CH 3 COO) 2 •2H 2 O and 0.24 g of BPDH were separately dissolved in 15 mL of DMF. The two solutions were added to the abovementioned mixture and kept under stirring at 80 °C for 72 h. The obtained yellow powder was washed several times with DMF and dried at 80 °C for 24 h. Finally, the prepared MOF was activated by washing it several times with acetonitrile and dried at 120 °C for 72 h. Scheme S1 depicts the structure of TMU-5.

  238 areas, calculated from nitrogen adsorption-desorption iso-239 therms, are about 2 and 172 m 2 •g -1 for KNbO 3 and KNbO 3 @ 240 TMU-5 samples, respectively. Therefore, compared to pristine 241 KNbO 3 , the adsorption capacity of the KNbO 3 @TMU-5 242 hybrid material for adsorption of N 2 gas molecules was 243 significantly increased. This is a structurally critical improve-244 ment for observation enhancement in photocatalytic efficiency 245 of KNbO 3 @TMU-5 compared to pristine KNbO 3 , and it can 246 be concluded that TMU-5 can act like a gas cylinder for N 2 247 storage. TMU-5 can adsorb and store N 2 gas molecules and 248 inject them to the SC surface where the photocatalytic reaction 249 occurs. 250 XPS was performed to investigate the elemental composition 251 and electronic state of the KNbO 3 surface atoms before and 252 after coupling with TMU-5. The full-scan XPS spectra of 253 f3 KNbO 3 , TMU-5, and KNbO 3 @TMU-5 are displayed in Figure 254 f3 3. The XPS spectrum of KNbO 3 confirms the presence of 255 potassium, niobium, and oxygen elements. The XPS spectrum 256 of TMU-5 shows the presence of zinc, carbon, oxygen, and 257 nitrogen corresponding to metal ions and linker organic 258 ligands of the MOF. For the KNbO 3 @TMU-5 spectrum, all 259 peaks related to component elements of both KNbO 3 (K, Nb, 260 and O) and TMU-5 (Zn, C, N, and O) are observed. 261 Besides XPS analysis for KNbO 3 @TMU-5 and its 262 components, SEM and TEM analyses have been applied to 263 elucidate the morphological structure and structural composi-
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 1 Figure 1. Combination of PXRD patterns of KNbO 3 @TMU-5 and the components.

Figure 2 .

 2 Figure2. Nitrogen adsorption at 77 K for the KNbO 3 @TMU-5 composite and its components.

Figure 3 .

 3 Figure 3. Full-scan XPS spectra of KNbO 3 , TMU-5, and KNbO 3 @ TMU-5.

Figure 4 .

 4 Figure 4. SEM images of KNbO 3 , TMU-5, and KNbO 3 @TMU-5. The schemes given below illustrate the morphology of the materials.

Figure 5 .

 5 Figure 5. TEM and elemental mapping of KNbO 3 @TMU-5.
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 5 structure vibration modes. Furthermore, vibration modes of the potassium niobate phase detected in the KNbO 3 @TMU-5 Raman spectrum revealed slight shifts, as compared to the pristine KNbO 3 spectrum. The Raman signal at 191.1 cm -1 , attributed to the internal bending vibration mode of the NbO 6 octahedron, experienced a slight shift to 192.7 cm -1 for the KNbO 3 @TMU-5 sample. Also, the shift of O-Nb-O symmetric stretching vibration mode of NbO 6 from

Figure 8 .

 8 Figure 8. N 2 reduction to ammonia efficiency as a function of irradiation time under UV illumination.

Figure 9 .

 9 Figure 9. Photocatalytic stability of KNbO 3 @TMU-5 during five cycling tests.
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 3 Mechanism of Nitrogen Reduction. XPS analysis is 435 an ideal technique for characterization of a material before and 436 after coupling with another component in a composite. In this 437 regard, XPS analysis applied to understand the electronic state 438 of the KNbO 3 ' atoms before and after coupling with TMU-5.439 The core-level XPS spectra for Zn, C, K, and O and especially 440 Nb and N atoms were collected.
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 10 Figure 10. Energy levels of TMU-5 and KNbO 3 and mechanism of nitrogen reduction by KNbO 3 @TMU-5.

Figure 11 .

 11 Figure 11. Core-level XPS scan of Nb atoms for KNbO 3 and KNbO 3 @TMU-5.
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  photocatalytic efficiency. In the final step, it is anticipated

Figure 12 .

 12 Figure 12. Core-level XPS scan of N atoms for TMU-5 (a) and KNbO 3 @TMU-5 (b).
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