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characteristics. This review mainly focuses on the fascinating photocatalytic properties of silica-supported Ti catalysts from single-site catalysts to nanoparticles, their surface-chemistry engineering, such as the hydrophobic modification and synthesis of thin films, and the fabrication of nanocatalysts including morphology controlled plasmonic nanostructures with localized surface plasmon resonance. The hybridization of visible-light responsive metal complexes with porous materials for the construction of functional inorganic-organic supramolecular photocatalysts is also included. In addition, the latest progress in the application of MOFs as excellent hosts for designing photocatalytic systems is described.

Single-site and nano-confined photocatalysts designed in porous materials for environmental uses and solar fuels Hiromi Yamashita, * ab Kohsuke Mori, * abc Yasutaka Kuwahara, ab Takashi Kamegawa, ad Meicheng Wen, a Priyanka Verma a and Michel Che* e Silica-based micro-, meso-, macro-porous materials offer attractive routes for designing single-site photocatalysts, supporting semiconducting nanoparticles, anchoring light-responsive metal complexes, and encapsulating metal nanoparticles to drive photochemical reactions by taking advantage of their large surface area, controllable pore channels, remarkable transparency to UV/vis and tailorable physicochemical surface

Introduction

To satisfy th e ever-growin g en ergy dem an ds an d th e en vironm en tal issues sim ultan eously, th e developm en t of green techn ology is of param oun t im portan ce. Th e exten sive research an d practical application s carried out in th e field of ph otocatalysis (con vertin g solar en ergy in to ch em ical en ergy) are essen tial m ission s to solve the above-mentioned issues. [1][START_REF] Mori | Yam ash ita an d M. An po[END_REF][3][4][START_REF] Wen | An an d H. Yam ash ita[END_REF][6] Its m ainstream is still sem icon ductin g photocatalysts con structed from TiO 2based m aterials, which show h igh photocatalytic activity by producing a large n um ber of excited electrons and h oles un der light irradiation. [7][8][9][10] These photocatalysts can realize hydrogen production by water splitting, reduction fixation of carbon dioxide, com plete oxidative decom position of pollutan ts, and m an y reaction s. The down sizing of such sem iconducting photocatalysts into nanom eter scale fin e particles leads to particular intrinsic properties such as quan tum size effects. Such fin e sem icon ducting n an oparticles (NPs) exh ibit extrem ely h igh photocatalytic activity, but photoch em ical excitation can be perform ed under sh orter wavelen gth light irradiation. The ultim ate sm all-size limit is an isolated sin gle atom species, wh ich m akes them very promising can didates for n ovel photocatalysts due to the h igh ratio of low-coordinated m etal atoms. However, isolating n an om eter scale fine particles an d sin gle atom species is still difficult because of the increase of surface free energy upon decreasing the size of the particles. Thus appropriate support m aterials that strongly interact with n an oparticles and isolated sin gle atom species are n ecessary in order to m aintain their original structures and inh eren t properties. 11 Zeolites are silica-based crystals h avin g ordered m icropores (0.5-2.0 n m ), 12 wh ile m esoporous silica m aterials are porous fram eworks h avin g ordered m esopores (2-50 n m ). 13,14 Th ese porous-silica-based m aterials can be em ployed as h osts in th e design an d fun ction alization of ph otocatalytic system s th at provide a defin ed m icro-m olecular-en viron m en tal-field an d act as tran sparen t m olecular reaction vessels because of th e followin g advan tages: (1) th eir structures an d pore sizes can be con trolled at atom ic an d/or m olecular levels, (2) th e fin e conn ectivity of th e pores facilitates the diffusion of reactan ts with in th e ch an n els an d provides ease of access to th e active cen ters, (3) rem arkable tran sparen cy in th e wide UV/vis wavelen gth ran ge provides a ph otoch em ically in active surface reaction field, an d (4) ch em ically an d th erm ally stable fram eworks with a large n um ber of silan ol groups en able fun ction alization Yasutaka Kuwah ara Yasutaka Kuwahara received his PhD degree in engineering from Osaka University in 2011. He was a postdoctoral research fellow at the Georgia Institute of Technology, USA, in 2011. He had been a researcher at the National Institute of Advanced Industrial Science and Technology (AIST), Japan, from 2012 to 2014. Since 2014, he has been appointed as an assistant professor in Osaka University. His current research interests include the design of nanostructured catalysts with multi-functionalities utilizing porous materials and their applications to green chemical reactions and the conversion of energy and resources. with a variety of m odifiers. Th e in troduction of TiO 2 in to th e pore spaces of zeolite or m esoporous silica m aterials creates n an om eter scale ultrafin e particles sm aller th an th e pores in a con trolled fash ion , wh ich exh ibit fascin atin g ph otocatalytic activity owin g to th e quan tum size effect. Th e m ain com pon en t of zeolites an d m esoporous m aterials is silica (SiO 2 ), but th e addition of a m etal precursor, such as Ti, V, Cr, Mo, or W atom s, as a con stituen t elemen t at th e syn th esis stage en ables th e replacem en t of Si atom s in th e fram eworks of th e n an oporous m aterials with th ese h eteroatom s in a h igh ly dispersed m an n er. Th e h eteroatom s incorporated in to th e silica fram eworks h ave an isolated tetrahedrally-coordin ated structure an d form a ch arge tran sfer type excited state in wh ich excited electron s an d positive h oles are adjacen t to each oth er un der ligh t irradiation .

We h ave focused on m onon uclear ph otocatalytically active species in an isolated h igh ly dispersed state on a silica substrate or in corporated in to silica-based n an oporous m aterials (zeolite, m esoporous silica), wh ich exh ibit quite differen t ph otoch em ical properties from con ven tion al sem icon ductin g ph otocatalysts due to th eir unique ph otoexcited state. By utilizin g th e pore spaces of th e n an oporous m aterials or th e in side of th e fram eworks, it is also possible to in tegrate well-defin ed ph oto-fun ction al m etal com plexes with in silica m atrices, wh ich can also be in cluded in th e category ''sin gle-site ph otocatalysts''. 1,15,[START_REF] Wei | Proc. R. Soc. A[END_REF] Porous supports, such as zeolites an d m esoporous silicas, h avin g a restricted fram ework, pore structure an d n an ospaces are th e m ost suitable m aterials for th e design an d fun ction alization of ''sin gle-site ph otocatalysts'' for th e followin g reason s: (i) th eir pore structure can adsorb an d con cen trate reactan ts, (ii) th e capture of heteroatom s can in corporate sin gle site ph otocatalysts, (iii) th eir large surface area can expose plen ty of sin gle-site ph otocatalysts to th e outer surface, (iv) colorless tran sparen cy can allow th e pen etration of UV/vis ligh t in to th e in side of pores, wh ich in dispen sable for ph otocatalytic reaction s, (v) th e surface ch aracteristics can largely be ch an ged with on ly a sm all am oun t of h eteroatom addition , an d (vi) specified pore spaces can be rem arkably in fluen ced by th e m odification s of th e reaction field environ m en t.

In recen t years, Metal Organ ic Fram eworks (MOFs) h ave attracted m uch atten tion as n ew nan oporous m aterials. [START_REF] Lee | [END_REF]18 Th ey are th ree dim en sion al m icroporous m aterials with a coordin ation n etwork structure as well as large surface area far beyon d activated carbon an d zeolites. It is expected th at th ey be applied to gas adsorption , separation tech n ology, sen sors, catalysts, etc. Besides th ese porous m aterials, th e n an o-spaces of in terlayer m aterials, n an osh eet materials, porous carbon s, an d organ ic fun ction alized polym ers can provide un ique reaction fields for n an o structured ph otocatalysts. By fusin g th e features of sin gle-site ph otocatalysts an d n an oporous m aterials with con trolled structure, size, an d surface ch aracteristics of pore spaces, a wide variety of advanced fun ction al m aterials can also be developed. Furth erm ore, by utilizin g a defin ed space precisely, it is possible to control the size and m orph ology of the m etal NPs. 19 Such a m ethodology is quite useful for the fabrication of size-an d m orph ology-controlled plasm onic m etal NPs, such as Au, Ag, and Cu, because they beh ave n ot only as visible-ligh t absorbers but also as catalytically active species that induce photocatalysis directly under visible light irradiation due to their localized surface plasmon resonance (LSPR) properties. 20 In this case, silica-based supports also act as inert insulators to rule out the support effect because of the difficulty in capturing the h ot electrons induced by the plasm on ic m etal NPs, wh ich h elps in the un derstanding of their intrinsic plasm onic catalytic properties.

In th is review, we h ave h igh ligh ted th e progress in th e design an d arch itecture of silica-supported Ti catalysts from sin gle-site catalysts to NPs an d th eir m odulation in term s of surface-ch em istry en gin eerin g (Fig. 1). Porous silica-based m aterials, in terlayer m aterials, an d organ ic polym ers can also be utilized as prom isin g h osts for design in g plasm on ic n an ocatalysts an d in tegratin g ph oto-respon sive m etal com plexes to drive ph otoch em ical reaction s for the purpose of solar-en ergy utilization . Addition ally, th e latest advan ces for th e application of MOFs in th e visible-ligh t-en h anced H 2 production from water or h ydrogen carriers are sum m arized. Th is review aim s to presen t an overview of th e design an d fun ction alization of ph otocatalytic system s with un ique ch aracteristics from th e viewpoin ts of n ot on ly th e support m aterials but also th e catalytically active com pon en ts with regard to en viron m en tal rem ediation an d en ergy production issues.

Single-site photocatalysts implanted within silica matrices

Isolated m etal oxide (Ti, V, Cr an d Mo-oxide) m oieties in a tetrah edral coordin ation geom etry implan ted in silica m atrixes, such as m icroporous zeolites an d m esoporous silica m aterials, are called ''sin gle-site ph otocatalysts''. 1,[START_REF] Yam Ash Ita | Sh iron ita an d Y. Horiuch i[END_REF][START_REF] Yam | ash ita an d M. An po[END_REF][23][24] In th e case of 2). Such a UV-light induced charge-tran sfer excited state gen erated in the single-site photocatalysts, i.e., the excited electron-hole pairs of trapped h cen ters and e cen ters that are localized in a quite sh ort distan ce com pared with the electrons and h oles produced in sem icon ducting m aterials, exh ibits unprecedented photocatalytic properties. The specific features of the sin gle-site photocatalysts em bedded in the silica m atrices are reviewed in this section .

Un ique activity of sin gle-site Ti-oxide ph otocatalysts

Sin gle-site Ti-oxide ph otocatalysts can be obtain ed by substitutin g Si atom s in silica m atrixes with Ti atom s (Si/Ti 4 30), wh ich are created by various an ch orin g tech n iques, such as h ydroth erm al syn th esis, th e sol-gel m eth od, ch em ical vapor deposition , etc., an d th e isolated local structures of th e sin gle-site Ti-oxide m oieties in a tetrah edral coordin ation geom etry h ave been well eviden ced from ph otolum in escen ce, ESR, an d UV-vis spectra. 25 In particular, th e Ti K-edge XAFS m easurem en t is an ideal tech n ique to probe th e ch em ical an d structural en vironm en ts of th e titan ium surroun din gs. 26 Sem icon ductin g bulk TiO 2 gives rise to several well-defined preedge peaks attributable to the titan ium in a sym m etric octah edral environ ment, whereas the sin gle-site Ti-oxide m oiety exh ibits an inten se sin gle preedge peak at 4967 eV correspondin g to a dipole-allowed tran sition from the 1s to t2 m olecular levels built from the 3d an d 4p m etal orbitals an d from a n eighbourin g orbital. 27 Th e TS-1 zeolite an d th e Ti-m esoporous silicas are active for th e ph otocatalytic reduction of CO 2 with H 2 O, affordin g CH 3 OH and CH 4 as the m ain products un der UV-irradiation (Fig. 3). [START_REF] Mori | Yam ash ita an d M. An po[END_REF][28][29][30] Ti-MCM-48 (pore size 4 2 nm, 3-dimen sional ch ann el) exhibits superior activity to TS-1 (B 0.6 nm , 3-dimensional), Ti-MCM-41 (pore size 4 2 nm , 1-dim ensional) and semiconducting TiO 2 , which is presum ably due to the combined contribution of the high dispersion state of the Ti-oxide moieties and the large pore size with a 3-dimension al channel structure of MCM-48. The single-site Ti-oxide m oiety exh ibits ph otoluminescence due to the radiative decay process from th e ch arge tran sfer excited state of th e Ti-oxide m oieties in a tetrah edral coordin ation geom etry, (Ti 3+ -O )*, to th eir groun d state upon excitation with ligh t at aroun d 250-280 n m . 31,32 Th e addition of H 2 O or CO 2 m olecules leads to th e quen ch in g of the ph otolum in escen ce, suggestin g th at CO 2 or H 2 O in teracts an d/or reacts with th e Ti-oxide species in both its groun d an d excited states.

Th e sem icon ductin g TiO 2 an d th e sin gle-site Ti-oxide were foun d to lead to th e evolution of N 2 , O 2 an d N 2 O with differen t selectivities in th e presen ce of NO un der UV-ligh t irradiation . 33,[START_REF] Zh An Peisov | an d M. An po[END_REF] Th e sin gle-site Ti-oxide m oieties exh ibited a h igh activity an d selectivity for the predom in an t form ation of N 2 , wh ile N 2 O was th e m ajor product on th e bulk TiO 2 as well as on th e catalysts with aggregated octah edrally coordin ated Ti-oxide. Th e addition of NO on to th e sin gle-site Ti-oxide ph otocatalyst led to th e appearan ce of a new ESR sign al with a g value of g > = 2.0015 at 77 K, attributed to th e adsorbed NO species on th e Ti ion s. UV ligh t irradiation of th e catalyst led to a gradual lin ear decrease in th e in ten sity of th e ESR sign al, wh ich return ed to its origin al level after UV ligh t irradiation was discon tin ued. Th ese ch an ges in th e ESR sign al of th e NO species suggest th at n ot on ly do th e adsorbed NO species act as reaction precursors but also th e decom position of NO proceeds ph otocatalytically.

Visible-ligh t sen sitive sin gle-site ph otocatalysts

Sin gle-site V, Cr, an d Mo-oxide ph otocatalysts in a tetrah edral coordin ation geom etry can operate as efficien t ph otocatalysts for various reaction s such as th e ph oto-oxidation of h ydrocarbon s an d th e ph otoin duced m etath esis of alkan es. [35][36][37] In particular, th e sin gle-site Cr-oxide m oieties im plan ted in m esoporous silica exh ibit ph otocatalytic activities even un der visibleligh t irradiation . 38,39 Upon excitation at aroun d 450 n m , th e sin gle-site Cr-oxide ph otocatalysts exh ibit ph otolum in escen ce em ission at aroun d 550-750 n m , wh ich are attributed to th e ch arge tran sfer processes on th e tetrah edrally coordin ated Cr-oxide m oieties h avin g term in al CrQ O as also eviden ced by th e XAFS an d UV-vis m easurem en ts. In th e case of th e sin glesite Cr-oxide m oieties im planted in m esoporous silica (Cr-HMS), the fin e structures due to the vibration m ode of CrQ O bon ding can be observed, sin ce the energy separation between the ban ds for the vibronic tran sition in the CrQ O bon d is m ore clear rather th an th e sin gle-site Cr-oxide m oieties im plan ted in a zeolite (CrS-1) (Fig. 4). This is presumably because the open space of the m esoporous structure is suitable to keep th e isolated tetrah edrally coordin ated structure with out th e perturbation due to th e n eigh borin g surface OH groups. 38 Based on such un ique emission properties, Cr-HMS sh owed h igh photocatalytic activity for NO decomposition to produce N 2 , N 2 O and O 2 even un der visible ligh t irradiation (l 4 450 n m ), while the reaction h ardly occurred in the presence of CrS-1.

Moreover, it is possible to create bin ary m etal oxide m oieties, such as Cr,Ti-oxides an d V,Ti-oxides, implanted within m esoporous silica fram eworks usin g the photo-assisted deposition and m etal ion -implantation m ethods. [START_REF] Yamashita | Std. Surf. Sci[END_REF] For exam ple, the m etal ion -implantation with V ion s was effective in sh ifting the absorption ban d of the sin gle-site Ti-oxide m oieties to lon ger wavelength s, wh ich enabled the photoepoxidation of propene with m olecular oxygen under visible light irradiation, wh ile n o reaction proceeded on the original single-site Ti-oxide.

Application of sin gle-site ph otocatalysts

Sin gle-site ph otocatalysts n ot on ly can prom ote ph otocatalytic reaction s but can also be utilized to syn th esize fun ction al m aterials. A tran sparen t m esoporous th in film with a sin glesite ph otocatalyst gen erates th e h ydroph ilic surface even before UV-light irradiation , an d furth er superh ydroph ilic properties can be observed upon UV-light irradiation. [START_REF] Horiuch | iyam a an d H. Yam ash ita[END_REF] We h ave also dem onstrated that the n an o-sized m etal and alloy n an oparticles can be photodeposited on the excited single-site photocatalyst un der UV-light irradiation. [42][43][44] As m en tion ed above, sin gle-site ph otocatalysts with h eteroatom s can gen erate poten tial active sites th at exh ibit th e required activity an d selectivity for specific reaction s. However, th e difficulties in recoverin g th e sm all silica particles from th e reaction m ixture severely circum ven t th eir in dustrial application s. To overcom e th ese drawbacks, a m ultifun ction al n an ocom posite in volvin g superparam agn etic NPs, ordered m esoporous ch an n els, an d isolated an d tetrah edral Ti-oxide m oieties h as been developed, in wh ich th e m agn etic cores are sh ielded by an im perm eable coatin g an d th e Ti-oxide m oieties are located on th e extern al surface of th e coatin g. 45 As expected, recovery from th e liquid reaction m ixture was easily attain ed by applyin g an extern al perm an en t m agn et, an d th e spen t catalyst could be recycled.

A n ew type of core-sh ell structure catalyst th at con sisted of Pd NPs supported on a SiO 2 core covered with a Ti-m esoporous sh ell was also developed in order to ach ieve on e-pot oxidation reaction s in volvin g th e syn th esis of H 2 O 2 from H 2 an d O 2 gases by th e Pd NPs an d th e subsequen t oxidation reaction by th e isolated Ti-oxide m oiety usin g in situ produced H 2 O 2 . 46 Th e optim ized core-sh ell catalyst exh ibited catalytic activity approxim ately 20 tim es h igher than that of a con ventional catalyst due to con trol of th e Pd NP position , pore diam eter, an d th ickn ess of th e Ti-m esoporous sh ell by en h an cem en t of th e H 2 O 2 utilization efficien cy. 47 

Metal ion ph otocatalysts

Metal ion s loaded on to th e surface of silica or alum in a easily aggregate, whereas the m etal ion s (Cu + ([Ar]3d 10 ) or Ag + ([Kr]4d 10 )) imm obilized in the zeolite pores by the ion exchange m ethod are h ighly dispersed on the inn er surfaces of the pores. The dispersion of the m etal ion s depends on the zeolite types, the Si/Al ratio of th e fram eworks, th e n um ber an d den sity of th e ion exch an ge sites in th e pores, the spatial volum e of th e pores, an d th e geom etrical pore structure. A h igh ly dispersed m etal ion ph otocatalyst in an isolated state can be prepared in th e pores of ZSM-5 or Morden ite zeolites h avin g m oderate den sity of ion exch an ge sites an d pore diam eters. 48,49 Cu + an d Ag + ion s with the d 10 state im m obilized in zeolite pores can be excited to th e (d 9 s 1 ) electron ic state by UV ligh t irradiation , as sh own in eqn (1) an d (2) in Fig. 5. Th e s electron s an d d vacan cies gen erated by ph otoexcitation are con sidered as couples of excited electron s an d h oles, wh ich are localized on on e atom of Cu + an d Ag + ions. Th is type of excited species can sh ow un ique ph otocatalytic activity differen t from a sem iconductor ph otocatalyst. Th e dispersion an d coordin ation structures of Cu + an d Ag + ion species depen d on pore sh ape/size an d th e ion exch an ge site den sity of pores, an d th eir ph otocatalytic properties also ch an ge. For exam ple, Cu + an d Ag + ion s im m obilized in th e ZSM-5 pores adopt a un ique lin ear biden tate structure, wh ich can sh ow h igh ph otocatalytic perform an ce for direct decom position of n itrogen oxide (NOx) to N 2 an d O 2 at room tem perature. In particular, th e Ag + ion ph otocatalyst can m ain tain ph otocatalytic activity even in th e presen ce of oxygen an d water an d be applied as a catalyst for NOx decom position and antibacterial remediation. The photocatalytic properties based on the formation of charge transfer excited species between inner shells have also been confirmed with rare earth ions (Pr 3+ , Eu 3+ , etc.) ion-exchanged in zeolite pores.

Visible-light-driven supported metal complexes on solid matrices

Molecule-based photosystem s in h om ogen eous solution s including em issive d 6 or d 8 m etal com plexes, such as Ru(II) and Pt(II), h ave been exten sively investigated in not only selective oxidation reaction s but also H 2 evolution from water, because of their precise con trollability of the steric and electronic properties of m etal cen ters by the appropriate choice of organ ic ligan d based on m olecular-en gineering. [50][51][52][START_REF] Liu | In agaki an d J. Gon g[END_REF] The integration of such m etal com plexes with fun ctional solid m aterials is the prominent strategy that bridges the gap between h om ogen eous and h eterogen eous systems, 3,[54][55][56][57] which is also responsible for un predicted physicoch em ical properties as sin gle-site photocatalysts on the solid induced by n ot only steric-an d electrostatic effects inside the con strain ed void spaces, but also the un ique characteristics of the h ost m aterials.

Our design strategy em ploys en capsulation , an ch orin g, ionexch an ge, an d in tercalation tech n iques for th e h ybridization of m etal com plexes with rigid solid m atrices, such as zeolites, m esoporous silica, organ ic polym ers, an d layered m aterials (Fig. 6). Th e use of solid m atrices with special fun ction al groups as prom isin g m acroligan ds for ph otocatalytically active cen ters h as also led to th e exploitation of un ique catalytic fun ction s, in cludin g isolation of well-defin ed active cen ters, cooperative catalysis by adjacen t sites, an d steric con trol of reaction in term ediates. Th us, th e solid m atrices serve as prom isin g m acroligan ds for ph otocatalytically active sin gle-atom cen ters.

En capsulation with in th e zeolite cavity

Zeolites are promisin g h ost m aterials that can en capsulate a wide variety of organom etallic complexes, [58][59][60] in wh ich the restricted pore structure often allows th e stabilization of unstable reaction in termediates. Additionally, the electronic field and the volum e of th e space in side th e zeolite supercage can be con trolled by con tin uously varyin g th e alkali m etal cation s from sm all Li + to large Cs + .

In th e case of zeolite Y, which belon gs to th e faujasite fam ily, th e diam eter of th e supercage is B 1.3 n m , wh ich en ables th e en capsulation of polybipyridyl com plexes (B 1.2 n m ), but th e direct exch an ge th rough th e tun n els an d/or win dows with a widest diam eter of B 0.74 nm can n ot be realized. Th us th e sh ip-in -a-bottle m eth od is a stron g protocol for th e en capsulation of th e com plexes. 61,62 Th e form ation of th e m etal complexes with in th e supercage of zeolite Y was ascertain ed by an XRD pattern , in wh ich th e inten sity of th e (220) reflection was lower th an th at of (311). Th e en capsulation of Fe(bpy) 3

2+ in side zeolite Y cages allowed th e aerobic oxidation of styren e derivatives un der visible-ligh t irradiation . It is in terestin g to n ote th at th e turn over n um ber (TON) based on Fe atom s gradually im proved usin g th e larger size of th e alkali m etal cation s. Th is ten den cy is corroborated with th e in creasin g in ten sity of th e m etal-to-ligan d charge transfer ( 3 MLCT) absorption of Fe(bpy) 3 2+ and the decreasin g electron den sity of the Fe cen ters, as determ in ed using Fe K-edge XANES spectra. It sh ould be n oted that the inten sity of the phosphorescen ce em ission due to the excited 3 MLCT state of Ru(bpy) 3

2+ com plexes encapsulated with in the supercage increased upon decreasin g the size of the alkali m etal cations. 63 This result was found to correlate with the increased TON for the aerobic oxidation of styrene derivatives under visible-ligh t irradiation . In the Stern -Volmer equation using O 2 as a quencher, a larger quenching rate con stan t was obtained in the presence of lighter alkali m etal cations. These results suggest that the zeolite cavity can con trol photocatalytic activities as well as emission properties related to the electronic con figuration of the excited 3 MLCT state of the Ru(bpy) 3 2+ com plex.

An ch orin g on to th e silica surface

Th e h igh surface areas an d large pore volum es of m esoporous silica m aterials can facilitate th e in troduction of large size m olecules, wh ich can n ot be in cluded in th e zeolite cavity, wh ile retain in g th eir well-defin ed active structure as well as h igh con cen tration . Th eir surfaces can also be readily tailored to afford specific ch aracteristics by an ch orin g versatile silan e coupling reagents with unique functional groups. 64 The anchoring of th e [Ir(Mebib)(ppy)Cl] (Mebib: bis(N-m eth ylben zim idazolyl)pyridine, ppy: phenylpyridine) complex to mesoporous silica can be realized by the modification with (3-aminopropyl)triethoxysilane (APTES), via th e form ation of th e n ew Ir-N bon d. Th e origin al [Ir(Mebib)(ppy)Cl] com plex in aceton itrile solution sh owed a stron g ph osph orescen ce emission attributable to th e 3 MLCT tran sition at 77 K, wh ile th e an ch ored Ir com plex exh ibited a h igh lum in escen ce even at room tem perature. 65 Sim ilarly, th e an ch ored on e en abled selective aerobic oxidation of transstilben e an d 1-n aph th ol, wh ile th e reaction usin g th e origin al h om ogen eous Ir precursor h ardly occurred. It is assum ed th at th e en h an ced excitation rate an d quan tum efficien cy of th e an ch ored Ir com plex, wh ich origin ate from th e reason able suppression of the undesired deactivation processes inside the mesoporous channel, increase the energy-transfer from the excited 3 MLCT to O 2 , leading to an increase in photooxidation activity.

Additionally, the type of mesoporous silica structure also influences the photocatalytic activity, which increased in the order MCM-41 o MCM-48 o SBA-15. This tendency is well consistent with the larger quenching rate constant of SBA-15 in the Stern-Volmer equation using O 2 as a quencher than those of MCM-48 and MCM-41. These results account for the larger pore diameter of SBA-15, which helps in the diffusion of O 2 within the channels. Additionally, the 3D-connected channel structure of MCM-48 increases the diffusion efficiency compared to the unidirectional pore structure of MCM-41 with small diameter. Th e an ch orin g of th e [Pt(tpy)Cl] + (tpy: terpyridin e) com plex can also be attain ed by th e sam e m ethod usin g APTES m odified m esoporous silica (Fig. 7). [66][67][68] At low Pt loadin gs, th e Pt complex is an ch ored with out self-in teraction an d exh ibits em ission due to 3 MLCT tran sition s at around 530 n m . Th is isolated species is capable of prom otin g th e ph otooxidation via en ergy an d/or electron tran sfer from 3 MLCT to O 2 to gen erate potentially active oxygen species. At h igh loadin g levels, th e m etalm etal-to-ligan d ch arge-tran sfer ( 3 MMLCT) tran sition at aroun d 620 n m is prom in en t because of th e sh ort Pt t in teraction s with close proxim ity, wh ich catalyze th e H 2 -evolvin g reaction in aqueous m edia un der visible-ligh t irradiation . We succeeded in con trollin g th e spatial distribution of th e Pt com plex in th e m esoporous ch an n el by varyin g the am oun t of Pt loadin g, wh ich ultim ately in fluen ces th e phosph orescen ce em ission an d ph otocatalytic activities with predom in an t selectivities.

Th e Ru(bpy) 3 2+ species was an ch ored on to th e surfaces of Ag NPs (d av = 58 n m ) coated with a sufficien tly th in SiO 2 layer (about 3 n m ), in order to dem on strate a n ew ph en om en on th at th e excitation rate an d quan tum efficien cy of th e an ch ored Ru(bpy) 3 2+ were boosted by th e local electrom agn etic field n ear th e plasm on ic Ag NPs, wh ich in creases th e en ergy an d/or electron tran sfer from Ru(bpy) 3 2+ to O 2 , an d ultimately enh an ces th e ph oto-induced oxidation activity. 69 Expectedly, th e ph otolum in escen ce em ission in ten sity under degassin g con dition s an d ph otocatalytic activity usin g O 2 were boosted with th e assistan ce of LSPR, wh ich are twice as large as th ose with out th e Ag core. Th e quan tum yield attain ed by th e Ru(bpy) 3 2+ species an ch ored on to th e surface of Ag@SiO 2 was determ in ed to be 14%, wh ich is two tim es larger th an th at over th e Ru(bpy) 3

2+ an ch ored on to the surface of colloidal SiO 2 with out th e Ag core. Th e th in SiO 2 sh ell n ot on ly provides ch em ical in ertn ess an d tran sparen cy toward visible ligh t absorption , but also beh aves as a spacer to optim ize th e LSPR effect. More significantly, the colloidal catalyst could be com pletely recovered with out th e leach in g of active com pon en ts an d retain ed its origin al activity, dem on stratin g th at th e ph otooxidation proceeded on th e Ru com plex on th e Ag@SiO 2 surface, but n ot with th e detach ed on e.

In corporation with in the m acroreticular resin

Th e un ique ch aracteristics inside th e m acroreticular dom ain s of th e organ ic polym ers, in cludin g m oderate surface areas, an d acidic/basic an d h ydroph ilic/h ydroph obic properties, are very attractive for th e design of h eterogen eous catalysts. It is furth er expected th at th e in troduction of appropriate surface fun ction al groups in th e vicin ity of catalytically active cen ters exerts a ben eficial im pact on th eir perform an ces. 70 Direct ion-exchange of bis-(2-phenylpyridine)-(2,2 0 -bipyridine)iridium(III) ([Ir(ppy) 2 (bpy)] + ) as a photosensitizer and [Rh(bpy) 3 ] 3+ as a H 2 evolution catalyst h as been accom plish ed with an acidic polym er possessing -SO 3 groups. 71 Aphotolum inescen ce quenching experiment evidenced that both com plexes are located in a sh ort separation an d the occurrence of electron transfer from Ir to Rh, wh ich enabled H 2 evolution as a heterogen eous catalyst un der visible-light irradiation in the absence of an electron m ediator.

Num erous uses of precious m etals, such as Pt, Rh , an d Ir, h ave evoked widespread in terest in th e possibility for th e use of abun dan t an d in expen sive m etal com plexes con sistin g of Fe, Co, an d Ni. 72 Th e in troduction of Ni(NiL 2 ) 2 Cl 2 (L = b-m ercaptoeth ylam in e) in to an acidic polym er possessin g -SO 3 groups creates a m on om eric Ni species in octah edral coordination ligated by a m ercaptoethylam in e an d H 2 O, which further tran sformed into a real catalytically active Ni(II) species surroun ded by b-m ercaptoeth ylam in e an d trieth an ol am in e (TEOA) ligan ds durin g th e in duction period of th e H 2 production un der visible-ligh t irradiation using Eosin Y as a ph otosen sitizer an d TEOA as a sacrificial reagen t. 73 It sh ould be n oted th at th e catalytic activity was superior to th at of th e h om ogen eous precursor by a factor of 5, because th e fun ction al polym er m atrix offers a un ique reaction field th at allows th e reason able tran sform ation of th e active cen ter, wh ich can n ot be attain ed by th e h om ogen eous coun terparts.

In tercalation with in the in terlayer space of layered m aterials

Th e utilization of th e two dim en sion al in terlayer space of inorganic layered materials with structurally rigid and well-defined arran gements is an other strategy to con struct organ ic-inorgan ic h ybrid m aterials via th e intercalation of m etal com plexes. K 4 Nb 6 O 17 is accepted as on e of th e essen tial classes of layered m aterials, in wh ich K + ion s with in the in terlayer space between two an ion ic sh eets are exch an geable with m eth yl viologen , 74 porph yrin , 75 an d [Ru(bpy) 3 ] 2+ . 76 Unlike th e free Pt com plex in solution , th e in tercalation of [Pt(tpy)Cl] + exh ibits stron g em ission from an excited 3 MMLCT state origin atin g from sh ort Pt t separation an d beh aves as a bifun ction al h eterogen eous ph otocatalyst en ablin g visible-ligh t sen sitization as well as H 2 evolution from water in a single-component with high reusability. 77 The intercalation of two components, visible-light responsive Ir(III) and proton reduction catalyst Rh(III) complexes, also succeeded in affording a new type of heterogeneous photocatalyst whose activity was h igh er th an th ose of th e h om ogen eous coun terparts by a factor of about 2. 78 Zircon ium ph osph ate (Zr(HPO 4 ) 2 2 O, a -ZrP) also allows in tercalation via th e stron g electrostatic in teraction between th e exch an geable proton an d th e guest m olecules with positive ch arge. Th e visible-ligh t-driven ph otocatalytic CO 2 con version system was con structed by th e in tercalation of Re(bpy)(CO) 3 Cl com bin ed with Rh odam in e B (Rh B) as a ph otosen sitizer an d TEOAas a sacrificial reagen t. 79 Addition ally, th is h ybrid catalyst sh owed outstan din g durability an d was recycled several tim es with out an y loss of activity, presum ably because of th e trappin g of th e un stable Re com plex with in th e restricted in terlayer space. Moreover, leach in g an d agglom eration of th e active m etal species were n ot observed for all ph otocatalytic system s, an d th e recovered ph otocatalyst can be reused with out sign ifican t deterioration in th eir catalytic activity.

TiO 2 -Loaded porous silicate materials

Sin ce th e discovery by Hon da an d Fujish im a, titan ium dioxide (TiO 2 ) h as exten sively been in vestigated as a prom isin g ph otocatalyst capable of decom posin g organ ic com poun ds in to CO 2 an d H 2 O un der en viron m en tally-ben ign con dition s usin g ultraviolet (UV) ligh t as an en ergy source. 7,80 Owin g to its in h eren t ch em ical stability, suitable ban d gap en ergy for ph oto-in duced redox reaction s, low cost for production , an d low toxicity, th e ph otocatalysis of TiO 2 h as been regarded as a key tech n ology to solve en viron m en tal problem s, includin g water/air purification , sterilization , an tibacterial coatin g an d an tifoulin g, wh ile application s in solar en ergy con version , en ergy storage an d green ch em ical syn th esis h ave been attractin g trem en dous atten tion as well. 81 Th e h eterogen eous ph otocatalysis of TiO 2 provides m ultiple ch em ical even ts on its surface; 82,83 un der UV ligh t irradiation , th e wettability of a TiO 2 surface drastically ch an ges, wh ich is respon sible for th e ph oto-in duced self-clean in g effect of TiO 2 . Th e ph oto-excited electron s an d h oles in TiO 2 react with th e surroun din g O 2 an d H 2 O m olecules on its surface to produce superoxide an ion s ( O 2 ) an d h ydroxyl radicals ( OH), respectively. Th ese radical species can react with th e surroun din g organ ic reactan ts to com pletely m in eralize th em in to CO 2 an d H 2 O. Practical en gin eerin g application s of TiO 2 ph otocatalysts require fixation on in organic support m aterials or blen din g with bin der m aterials to facilitate th e catalyst recovery. Previous studies h ave reported on TiO 2 ph otocatalytic system s supported usin g m ech an ically an d chem ically stable oxides, in cludin g silica an d alum in a, 84 an d sorben ts such as clays as support m aterials. 85 However, the resulting photocatalytic activities have been com monly reported to be less active than the corresponding TiO 2 alon e, because th e com bination with support m aterials often leads to a reduced crystallin ity of TiO 2 particles. According to previous research studies, we have found that the utilization of porous silicate m aterials as supports for TiO 2 ph otocatalysts can create m ore efficient photo-catalytic system s. 4,86 Porous silicate m aterials with in teresting and tun able nano-architectures periodically align ed in the nanoscale can offer large surface areas, adsorption and condensation properties towards guest molecules, an d tran sparency to UV and visible light, which can serve as suitable nano-reactors for the design of heterogeneous ph otocatalytic systems. We h ave recently designed various types of TiO 2 -loaded porous silicate materials with diverse surface functionalities, wh ich not on ly facilitate the recovery of catalysts but also im prove the photocatalytic efficiency of TiO 2 due to their en han ced adsorption properties towards organic compounds diluted in water and air. The following section sum m arizes our recen t findings on the utilization of porous silicate m aterials as supports in the development of high performance TiO 2 -based photocatalysts. M is an exch an geable cation (H + , Na + , K + , Ca 2+ , Mg 2+ , etc.) electrostatically trapped at the tetrah edral alum in ium sites in th e extra fram ework for ch arge com pen sation . Large surface areas derived from th e m icropore ch an n el system s as well as th e electrostatically polarized cation -exch an ge sites are responsible for th e stron g adsorption properties of zeolites toward sm all organ ic reactan ts. In a prim itive study, we exam in ed th e photocatalytic activities of TiO 2 -zeolite composites in the photocatalytic degradation of 2-propanol diluted in water under UV light irradiation (Fig. 8).

Various types of zeolites accom m odatin g 10 wt% of TiO 2 particles were prepared by the con ven tion al wet im pregn ation m ethod using titanium am monium oxalate ((NH 4 ) 2 [TiO(C 2 O 4 ) 2 ]) dissolved in water as a titanium precursor, followed by calcination at 550 1C in air. Th e ph otocatalytic activities (n orm alized by th e m ass of TiO 2 in th e catalyst) were foun d to be h igh ly depen den t on th e SiO 2 /Al 2 O 3 ratio of th e zeolite fram ework, wh ile th eir topologies an d surface areas did n ot provide an y clear correlation s. 86 In particular, TiO 2 particles supported on h igh -silica zeolites, such as HY(200) an d ZSM-5(760), sh owed superior ph otocatalytic activities to TiO 2 alon e or TiO 2 particles supported on con ventional oxide supports. The observed activity trend was found to be associated with the adsorption beh avior of water m olecules; Al-rich zeolites h avin g inh eren tly h igh water adsorption capacities, such as NaA(2.1), NaY(2.5) and HY(5.0), exh ibited lower photocatalytic activities, wh ile h igh-silica zeolites with lower water adsorption capacities, such as HY (40), HY(200) and ZSM-5(760), com monly provided h igher photocatalytic activities. This result dem on strates that the h ydroph obicity of the zeolite surface dom inates the photocatalytic activity in such TiO 2 -zeolite com posite photocatalytic system s workin g in an aqueous m edium , rather than other structural factors. Sin ce water is a h igh ly polarized m olecule, an Al-rich h ydroph ilic surface allows a preferen tial adsorption of water, wh ich in terrupts th e adsorption of organ ic reactan ts, h en ce resultin g in a decreased catalytic activity. On th e oth er h an d, a Si-rich h ydrophobic surface allows an adsorption of organic reactants, facilitates th e tran sportation to active TiO 2 sites, an d th us leads to an effective ph otocatalytic degradation .

4.1.1. Dealum in ation of zeolite supports. Dealum in ation is on e of th e widely-accepted tech n iques to im prove th e surface h ydroph obicity of a zeolite, by wh ich th e Al atom s are expelled from th e zeolite fram ework, wh ile th e fram ework structure rem ain s un ch an ged. A h igh ly h ydroph obic FAU zeolite was prepared with out an y sign ifican t loss of crystallin ity an d sorption capacity by an easy two-step preparation m eth od, wh ich con sists of predealum in ation treatm en t usin g stron g proton ic acids (e.g. HNO 3 , HCl) an d th e subsequen t calcin ation treatm en t at elevated tem perature (B 1000 1C). 87 Th e th erm ogravim etric, IR, an d 29 Si NMR an alyses con firm ed th at th e h igh h ydroph obicity of th e Y-zeolite can be ach ieved by th e postsyn th etic dealum in ation treatm en t due to th e form ation of a refined silica surface having fewer Al and silanol sites. As expected, when the thus-prepared hydrophobic Y zeolite was utilized as a support for TiO 2 , the photocatalytic degradation rates were significantly improved both in aqueous-and in gaseous phase reactions because of its improved hydrophobic nature. Such a TiO 2 -loaded h ydroph obic zeolite ph otocatalyst was furth er exten dable to th e selective oxidation of olefin s in an organ ic m edium . We dem on strated th at TiO 2 con fin ed in a h ydroph obic zeolite could afford a h igh er catalytic activity in th e epoxidation of olefin s in th e presen ce of m olecular O 2 as an oxidan t un der UV ligh t, an d outperform s TiO 2 con fin ed in un treated h ydroph ilic zeolites. [START_REF] Kuwah Ara | Yam ash ita[END_REF] 4.1.2. Effect of Ti precursors. In th e design of TiO 2 -zeolite com posite ph otocatalysts, the Ti precursor also stron gly affects th e ch aracteristics of a TiO 2 ph otocatalyst in term s of its crystallin ity an d ligh t absorption properties, wh ich play im portan t roles in determ in in g the fin al ph otocatalytic activity. For in stan ce, two differen t TiO 

TiO 2 -Mesoporous silica com posite ph otocatalysts

Th e ch an n el size of zeolites is in trin sically n arrow (less th an 2 n m ); th erefore, th e adsorption an d m ass tran sfer of large organ ic com poun ds with in zeolite crystals are sign ifican tly lim ited. Mesoporous silicas h avin g m eso-size pores with 2-50 nm size can provide more extended catalytic opportunities as host materials. A number of research studies have been reported on the post-modification of mesoporous silica to im prove the hydrophobicity of its surface. The overwhelming majority of the methods is the surface modification using organosilane coupling agents containing hydrophobic alkane functional groups (e.g. methyl, propyl, octyl, phenyl, etc.). For example, Inumaru et al. demonstrated that the n-octyl-grafted TiO 2 /MCM-41 decom posed 4-n on ylph en ol polyeth oxylate (NEPO), an en docrine disrupter, diluted in water un der UV ligh t irradiation , an d outperform ed com m ercial TiO 2 un der iden tical reaction con dition s. [START_REF] Kasah Ara | In um aru an d S. Yam an aka[END_REF] Th e im proved ph otocatalytic activity was attributed to th e h ydroph obic n an o-spaces, wh ich en abled selective adsorption / con den sation of low-con centration NEPO m olecules from water. Thus, the adsorption and enrichment of organic pollutants on th e catalyst surface play critical roles in ach ievin g a h igh catalytic efficien cy.

Surface-ch em istry en gin eerin g to im prove th e adsorption / en rich m en t of organ ic pollutan ts on th e catalyst surface is key to con structin g efficien t TiO 2 /m esoporous silica ph otocatalytic system s (Fig. 9). 92 To th is en d, we developed an altern ative m eth od to m odify a silica surface usin g a fluorin e-con tain in g silane coupling agent, triethoxyfluorosilan e (TEFS). 93,94 Fig. 10(A We also developed an alternative surface-en gin eerin g m eth od of m esoporous silica in order to con struct a ph otocatalytic degradation system effective for th e specific target organ ic compoun ds in water. Calcium phosph ate (CaP) m in eral was ch osen as a m odifier, sin ce cation ic Ca 2+ ion s an d an ion ic PO 4 3 ion s are expected to provide stron g in teraction s between specific organ ic m olecules, an d calcium ph osph ates, exem plified by h ydroxyapatite (Ca 10 (PO 4 ) 6 (OH) 2 ), are kn own to sh ow stron g affin ity toward protein m olecules. [START_REF] Non | Fun akosh i[END_REF][96][97] In corporation of CaP in to a TiO 2 -loaded SBA-15 silica (TiO 2 /SBA-15) surface was ach ieved by a facile sol-gel process, in wh ich eth an olic solution s con tain in g calcium n itrate tetrah ydrate (Ca(NO 3 ) 2 H 2 O) an d ph osph oric pen toxide (P 2 O 5 ) were used as Ca an d P precursors, respectively, an d th e Ca/P m olar ratio was adjusted to B 1.67. 98 TEM sh owed m esopore ch an n els typical of SBA-15, wh ich were clearly observed over a large dom ain , an d n o aggregated particles were presen t after CaP m odification , in dicatin g th at th e SBA-15 silica surface was un iform ly covered by CaP. Th e absorption capacities and ph otocatalytic activities of th e sam ples were exam in ed using m eth ylen e blue (MB), a cation ic dye m olecule often foun d in textile syn th etic wastewater, as a m odel con tam in an t in water. An in creased MB uptake was ach ieved on a CaP-m odified TiO 2 /SBA-15 com posite after th e m odification of SBA-15 silica with CaP (Fig. 11 We also carried out the selective and direct modification of a TiO 2 surface loaded onto MCM-41 m esoporous silica (TiO 2 /MCM-41) by graph en e syn th esis. Carbon m aterials often exh ibit h ydrophobicity and show good affinity toward organic molecules. [99][100][101] In recen t years, n an ostructured carbon m aterials (e.g. carbon n an otubes, graph en e) h ave been widely in vestigated due to th eir un ique fun ction s. In th is case, we m odified th e surface of TiO 2 with graph en e, via th e form ation of surface com plexes between TiO 2 an d 2,3-dih ydroxynaphth alen e (DN) followed by carbon ization in an in ert gas atm osph ere (Fig. 12(A)), utilizin g th e specific reaction between th e TiO 2 surface an d th e h ydroxyl groups of aromatic molecules (e.g. phenol, catechol and salicylic acid). This dehydration reaction selectively occurs on the surface of TiO 2 , enabling the selective coating of the TiO 2 surface with graphene. 102-105 A clear color change was observed after the form ation of a surface complex, and the successive carbonization under an inert atm osphere at relatively high temperature caused a successful transformation into graphene, which was confirmed by Raman spectroscopy. 106 As the graphene content in the sam ples in creased, a decrease in the water adsorption capacity was observed, an d accordin gly an in crease in th e 2-propan ol adsorption capacity was observed, dem on stratin g an im proved surface h ydroph obicity by graph en e m odification (Fig. 12(B)).

In th e ph otocatalytic degradation of 2-propan ol in water, th e sam ple with a suitable am oun t of graph en e con ten t exh ibited a h igh er ph otocatalytic perform an ce com pared to th at of th e origin al TiO 2 /MCM-41. A m oderate am oun t of graph en e m odification was foun d to be effective for th e en h an cem en t of th e ph otocatalytic perform an ce of TiO 2 /MCM-41 (Fig. 12(B)), sin ce m odification of an excess amount of graphene interrupts incident light and limits the diffusion of reactant molecules, which rather have adverse effects on the photocatalytic performance.

TiO 2 -Macroporous/m esoporous silica com posite ph otocatalysts

Nan o-spaces in zeolite an d m esoporous silica m aterials with pore diam eters less th an 50 n m h ave exten sively used for th e design of catalytic an d photocatalytic m aterials. However, the role of m acroporous silicate m aterials h avin g larger n an o-spaces (greater than 50 n m ) as h osts h as rarely been investigated. Threedim en sion ally ordered m acroporous (3DOM) structures in SiO 2 , Al 2 O 3 an d oth er inorgan ic oxides can be design ed using a h ard tem plate. [107][108][109][110][111][START_REF] Kam Egawa | an d H. Yam ash ita[END_REF] Sph erical polym ers such as polystyren e (PS) an d poly(m eth yl m eth acrylate) (PMMA) are utilized as h ard tem plates, wh ich are easily rem oved from th e products by sim ple calcin ation in air, an d th us in verse structures reflectin g th e periodic structure of align ed polym er particles can be obtained. We h ave reported a syn th esis of porous silica m aterials with hierarch ical m acroporous an d m esoporous architectures (MacroMeso-SiO 2 ) for utilization as supports of TiO 2 photocatalysts. 113 MacroMeso-SiO 2 was successfully prepared by the combin ed use of a typical precursor solution for the synthesis of m esoporous silica con tain in g cationic surfactan ts (Meso-SiO 2 ) an d close-packed PMMA particles (Fig. 13(A)). Macroporous silica (Macro-SiO 2 ) was also synthesized via the sam e procedures with out use of th e form er surfactan t solution . Hierarch ical m acroporous an d ordered m esoporous arch itectures were retain ed even after loadin g TiO 2 on to th ese porous silicas by th e con ven tion al im pregn ation m eth od. A FE-SEM im age of TiO 2 /MacroMeso-SiO 2 clearly sh owed th e presen ce of in terconn ectin g m acroporous n etworks (Fig. 13(B)). Th e n eigh borin g m acropores were con n ected by th ree roun d h oles sh own as black dots on th e in side wall of each m acropore in th e FE-SEM im age. Th e walls separating two n eigh borin g m acropores (th ickn ess: B 50 n m ) con sist of ordered m esoporous structures. Th e m acropores of TiO 2 /MacroMeso-SiO 2 un iform ly segm entalized th e structure of TiO 2 /Meso-SiO 2 , wh ich leads to th e form ation of an in creased n um ber of m esopore en tran ces an d sh orten in g of th e m esoporous ch an n el len gth . Fig. 13(C an d D) sh ows th e adsorption profiles an d ph otocatalytic decolorization rates of methylene blue (MB) on TiO 2 /MacroMeso-SiO 2 , TiO 2 /Meso-SiO 2 , TiO 2 /Macro-SiO 2 and bulk TiO 2 (P25) as a reference. TiO 2 /MacroMeso-SiO 2 showed a relatively large adsorption capacity of MB, wh ereas th e surface area an d pore volum e were less than half of those of TiO 2 /Meso-SiO 2 and TiO 2 /Macro-SiO 2 . In th e series of sam ples exam in ed, TiO 2 /MacroMeso-SiO 2 sh owed a superior adsorption capability and a h igh er ph otocatalytic decolorization activity for MB in water, in wh ich a stron g correlation was observed between the adsorption capacities and apparent rate con stan ts. Thus, the com bination of hierarchical macroporous and mesoporous architectures in a support can offer the TiO 2 photocatalyst a superior adsorption capability to con dense organ ic com poun ds an d photocatalytic performance effective for water purification. 4.6. Core-sh ell/yolk-sh ell TiO 2 -SiO 2 com posite ph otocatalysts 4.6.1. Core-sh ell TiO 2 /silica ph otocatalysts. Th an ks to th e progress of colloid chemistry, a number of synthetic approaches to fabricate porous silicate materials with tunable nanoarchitecture, con trolled com position , an d m ultifun ction alities by ch an gin g th e preparation procedures h ave recen tly been reported. 114 An exam ple to im prove th e ph otocatalytic perform an ce of TiO 2 is th e direct coatin g of TiO 2 particles with a flexible m esoporous SiO 2 layer, wh ich results in th e form ation of a core-sh ell TiO 2 @SiO 2 structure. 115,116 In tegration of in dividual fun ction s in th e TiO 2 core an d th e m esoporous SiO 2 sh ell is expected to offer advan ced an d syn ergistic fun ction s. We prepared a coresh ell type TiO 2 /m esoporous SiO 2 ph otocatalyst (TiO 2 @MS) th rough a m esoporous SiO 2 (MS) coatin g process of sph erical TiO 2 particles. 117 FE-SEM an d TEM im ages clearly sh ow th at th e sph erical TiO 2 (core) was un iform ly covered by th e MS layer (sh ell). Th e h om ogen eity in particle size was also observed in the dyn am ic light scattering (DLS) m easurem ent. Sin ce the zetapoten tial of SiO 2 is m ore n egative com pared to that of TiO 2 in a wide pH region , th e poin t of zero ch arge (pzc) decreases from B 5.6 in sph erical TiO 2 to B 3.4 in TiO 2 @MS. Th erefore, TiO 2 @MS exh ibits good affin ity toward cation ic dye (e.g. m eth ylen e blue (MB)) in water com pared to th e origin al TiO 2 . In th e ph otocatalytic degradation of MB in water, TiO 2 @MS exh ibited a m uch h igh er decolorization rate th an un coated sph erical TiO 2 an d bulk TiO 2 (ST-01), dem on stratin g th at th e MS layer in th e outer sh ell region of TiO 2 @MS serves as a good adsorben t to accum ulate MB n ear th e active TiO 2 surface. 4.6.2. Yolk-shell TiO 2 @hollow silica photocatalysts. Hollowstructured silica can be a viable support for a TiO 2 photocatalyst. The so-called yolk-shell nanostructured catalyst com posed of a catalytically-active core m aterial and an outer porous silica shell is an emerging class of m aterial. The outer shell layer works as m olecular sieves to improve the adsorption properties and as a physical barrier to protect th e core m aterial from external en vironm ents. Furth ermore, the core m aterials encapsulated within the sh ell can keep their surface ''free'', thereby allowing th em to retain their inh erent catalytic activities. [118][119][120][121] For example, Ikeda et al. synthesized a rattle-like TiO 2 @SiO 2 com posite, con taining TiO 2 nanoparticles inside the hollow silica, by a layerby-layer fabrication technique. [122][123][124] They dem onstrated that the com posite showed a photocatalytic performance com parable to or even better than n aked TiO 2 , due to the existence of th e void space between the core (TiO 2 ) an d th e sh ell (SiO 2 ), which keeps th e surface of TiO 2 free an d allows diffusion of sm all reactan t m olecules to th e TiO 2 . Yang et al. developed a m eth od to syn th esize TiO 2 particles en capsulated in h ollow silicas usin g poly(m eth acrylic acid) (PMAA) as an organ ic tem plate. 125 Wu et al. fabricated a sim ilar yolk-sh ell TiO 2 @SiO 2 com posite by utilizin g two kin ds of polyelectrolytes with differen t electric ch arges as tem plates. 126 However, m ost of th e tech n iques require com plex m ultiple preparation steps to ach ieve ideal TiO 2 @SiO 2 con figuration s and severe con trol of syn th etic condition s to create porous silica sh ells.

Recen tly, we reported an altern ative facile m eth od to prepare TiO 2 n an oparticles en capsulated in h ollow silica sph eres (TiO 2 @HSS) usin g an oil-in -water (O/W) m icroem ulsion as an organ ic tem plate. 127,128 FE-SEM an d TEM im ages revealed th at TiO 2 n an oparticles (Evon ik, P25 s ) are successfully encapsulated within the h ollow silica spheres with a particle size of B 160 n m an d a sh ell th ickn ess of B 20 n m (Fig. 14(A)). Th e resultin g yolkshell nanostructured TiO 2 @SiO 2 composite exhibited both improved adsorption properties and catalytic efficiency in the photocatalytic decomposition of VOCs (acetaldehyde and 2-propanol), which markedly exceeded those of unprotected TiO 2 . Reaction profiles and comparative studies revealed that this is attributed to the ability of the porous silica shell to adsorb/enrich small VOC molecules inside of the void space and efficient transportation to the adjacent active TiO 2 core material (Fig. 14(B)).

Furth erm ore, th e protective porous silica sh ell en dowed th is m aterial with m olecular-sievin g properties, in dicatin g th e possibility for th e com bin ed use with organ ic support m aterials such as organ ic bin ders, polym er film s, an d organ ic fibers. We com bin ed TiO 2 @HSS particles with a cellulose fiber (CF) to fabricate com posite papers with photocatalytic fun ctionality and h igh durability even under UV-light irradiation (Fig. 15). 129 The fabrication of the com posite papers was perform ed via physical adh esion process usin g a dual polym er system. The fabricated TiO 2 @HSS/paper provided a h igh photocatalytic activity in the degradation of VOCs diluted in air sim ilar to or even h igher than sole TiO 2 @HSS particles because of the reticular fiber n etwork and h igh air perm eability of the paper. The paper support was h ardly degraded by TiO 2 photocatalysis, while retaining its ten sile stren gth even after long-term UV light irradiation, wh ich was due to the ability of the silica shell as a physical barrier to prevent direct con tact between CFs and TiO 2 particles. Thus the fabricated photocatalytically active paper is easy to h an dle and shows h igher photocatalytic perform an ces in the degradation of VOCs com pared with th e bare TiO 2 particles, m akin g it as a prom isin g can didate for real application in air clean in g.

Thin film photocatalysts

Coatin g tech n ologies are able to control th e surface wettability of m aterials. Two states in a solid surface, i.e., h ydroph ilic state an d h ydroph obic state, are often categorized accordin g to th e beh avior of th e water droplet. Th e hydroph ilic state sh ows a water con tact an gle (y) less th an 901. Materials with h ydroph ilic surfaces easily get wet by water. In particular, a water droplet rapidly an d un iform ly spreads on a superh ydroph ilic surface (y: less th an 51). An tifoggin g m irrors, glasses an d outward walls of buildin gs are com m ercialized usin g h ydroph ilic coatin g tech n ologies. 80,130 Mean wh ile, th e h ydroph obic state sh ows a water con tact angle greater than 901. Materials with h ydroph obic surfaces repel water droplets. In particular, the water droplet h as a sph erical sh ape on the superhydrophobic surface (y: larger than 1501). Waterproof, antifogging, the effect of a decrease in surface friction and accretion of ice and snow are realized as specific fun ction s by utilization of th e h ydroph obic coatin g tech n ologies. [131][132][133][134] Th e followin g section sum m arizes our recen t studies about th e coatin g tech n ologies for th e design of superh ydroph ilic an d superh ydroph obic th in film s. 5.1. TiO 2 th in film s for superh ydroph ilic coatin gs TiO 2 is well-kn own as an efficien t ph otocatalyst for en vironm en tal rem ediation an d en ergy related issues. 80,135,136 After th e discovery of th e ph otoin duced superh ydroph ilicity of a TiO 2 surface in 1997, m an y research ers h ave focused on TiO 2 as a m ultifun ction al m aterial for superh ydroph ilic coatin gs with ph otocatalytic self-clean in g properties. 80,137,138 Th e oily dirt is easily rem ovable due to th e ph otocatalytic properties of TiO 2 . Th e sol-gel m eth od, ch em ical vapor deposition (CVD) an d sputtering deposition are m ainly used for TiO 2 coatings. [139][140][141][142][143] The arch itectures of the TiO 2 surface are important in relation to n oticeable phenomena such as photoin duced hydrophilicity and photocatalytic self-clean in g properties. In this regard, we carried out the design of TiO 2 thin film s with a m acroporous structure on a quartz substrate (m-TiO 2 /Q) by a com bination of the sol-gel techn ique an d the tem plate strategy (Fig. 16). 143,144 Pre-coated poly(m eth yl m eth acrylate) (PMMA) m icrosph eres on a quartz substrate were used as a h ard tem plate for th e construction of a m acroporous structure, wh ich was easily rem ovable by h eat treatm en t or solven t extraction . For com parative studies, TiO 2 th in film s were also directly prepared on a quartz substrate (TiO 2 /Q) usin g th e sam e precursor sol. Th e positive effect of th e m acroporous structure on th e surface wettability ch an ges an d ph otocatalytic perform an ce in th e degradation of volatile organ ic com pounds (VOCs) was clearly observed in m -TiO 2 /Q. After a sh ort period of UV ligh t irradiation , th e water con tact an gle on m -TiO 2 /Q becam e lower th an 51. Th e rough er surfaces of th e TiO 2 th in film s exh ibit a faster ch an ge from th e h ydroph obic to h ydroph ilic state un der UV ligh t irradiation . 145 Th e m acroporous structure in m -TiO 2 /Q in duced a quick ch an ge in surface wettability. Wh en kept in th e dark after UV ligh t irradiation , m -TiO 2 /Q sh ows a slow recovery of water con tact an gles com pared to that on TiO 2 /Q. Th e surface wettability gradually chan ged from the superhydrophilic state to its original state in the dark. A good durability of the h ydrophilic surface in the dark was also ach ieved by the con struction of a m acroporous structure. Moreover, in the degradation of acetaldeh yde in air, m -TiO 2 /Q sh owed h igher photocatalytic perform an ce than TiO 2 /Q. 143 The m acroporous structure in m -TiO 2 /Q was also quite effective for the im provement of the self-clean in g properties an d m aintaining a clean environm en t.

Porous silica th in film s for superh ydroph ilic coatin gs

Isolated tetrahedrally coordinated transition metal species can be designed within the m atrixes of porous siliceous materials. 146,147 Porous silica thin films have been prepared by wet chem ical processes such as spin-coating and dip-coating m ethods. 23,148,149 Controlling the chemical com position of the precursor solution, isolated tetrahedrally coordinated transition metal species are successfully incorporated within the porous silica fram ework. We carried out the design of tetrahedral Ti-containing mesoporous silica thin film s (TiMSF) on a quartz glass substrate via a spin-coating method. [START_REF] Yam Ash Ita | Sh iron ita an d Y. Horiuch i[END_REF][150][151][152][153][154] The TiMSF shows unique surface wettability in water contact angle measurem ents. The water contact angles on the pure m esoporous silica thin film s (MSF) were 20-301 (Fig. 17). Incorporation of Ti-species within silica matrixes realized surface wettability changes. The water contact an gle on th e TiMSF was smaller th an 101. Com pared to th e surface wettability of TiO 2 th in film s, th e TiMSF h as a relatively h ydroph ilic surface even before UV ligh t irradiation . Th e TiMSF sh owed ch an ges in surface wettability to a h igh ly h ydroph ilic state after UV ligh t irradiation . Th is beh avior is sim ilar to th e property of bulk TiO 2 th in film s. Th e surface wettability of th e MSF scarcely chan ged under UV light irradiation. The tetrahedral Ti species in a m esoporous silica m atrix play a sign ifican t role in th e im provem ent of h ydroph ilic properties. Th e differen ces in th e arch itectures directly in fluen ce th e surface properties of th e TiMSF. Th e com bin ation of m acroporous an d m esoporous structures as well as th e roles of tetrah edral Ti-species led to a sign ifican t im provem en t of surface h ydroph ilicity com pared to th at on th e TiMSF. 155 Moreover, th e in corporation of th e oth er kin ds of tran sition m etal oxide species (e.g. V, Cr, Mo, W, etc.) in stead of tetrah edral Ti-species was effective for th e im provem en t of th e surface h ydroph ilicity of th e MSF. [START_REF] Yam Ash Ita | Sh iron ita an d Y. Horiuch i[END_REF]151,156,157 Am on g of th em , a tetrah edral Cr-con tain in g m esoporous silica thin film s (CrMSF) showed superhydroph ilicity even after visible light irradiation, which h ad possibilities for application in indoor uses. 27,29,[START_REF] Zh An Peisov | an d M. An po[END_REF] The water con tact an gle on the tetrah edral W-containing m esoporous silica thin film (WMSF) was B 31, and chan ged to alm ost 01 after UV light irradiation. The WMSF showed the h ighest h ydrophilic properties am on g the evaluated sam ples an d exh ibited a long durability of the superhydrophilic state in the dark. 157 5.3. Nan ocom posite m aterials for superh ydroph obic coatin gs 5.3.1. Superh ydroph obic surfaces design ed by th e catalysis of coated m aterials. Nan ocomposite coatings are effective tools for superhydrophobic coatings on various m aterials. Con trolling th e ch em ical com position s for lowerin g th e surface en ergies an d geom etric structures of solid surfaces in a m icro-or n an oscale is in dispen sable for the design of artificial h ydroph obic surfaces. 156,[159][160][161][162] Com posite coatin gs of carbon m aterials, fluorin e-contain in g polym ers an d oth er desired m aterials are widely in vestigated by m any research ers for th e design of superh ydroph obic surfaces. [163][164][165][166] In th is regard, we carried out th e design of superh ydroph obic surfaces by uses of catalytic properties in coated m aterials. Th e surface m odification by polyeth ylene (PE) syn th esis was realized by th e ph otocatalytic polym erization of eth ylen e. 167 In th is case, tetrah edral Cr-con tain in g colloidal silica n an oparticles (Cr/SNPs) were used as a coatin g m aterial of th e quartz substrate. Cr/SNPs h ad two roles in th e form ation of surface rough n ess an d ph otocatalyst for surface m odification (Fig. 18). Ph otocatalytic activity for th e polym erization of eth ylen e on tetrah edral Cr-species was reported un der UV an d visible ligh t irradiation . 151,157,168 Before UV ligh t irradiation , th e Cr/SNP-coated quartz substrate sh owed hydrophilicity. After surface PE m odification through the ph otocatalytic ethylene polym erization, the water con tact angle reached B 1621. These thin film s h ave a high transparen cy and sufficient superhydrophobic properties.

Moreover, th e surface m odification with carbon n an otubes (CNTs) was also perform ed on tetrah edral Ti-con tain in g m esoporous silica th in film s (TiMSF) with a Co-Mo catalyst. 169 Th e h igh ly dispersed Co-Mo catalyst was successfully deposited on th e TiMSF un der m icrowave irradiation (500 W; 2450 MHz). Th e Co-Mo catalyst was n ot un iform ly form ed on th e MSF with out th e in corporation of Ti-species an d by con ven tion al th erm al h eatin g, in dicatin g th at Ti-species play im portan t roles in an ch orin g th e Co-Mo catalyst. 170 Th e Co-Mo catalyst on th e TiMSF was used for CNT syn th esis by th e decom position of alcoh ol vapor at elevated tem perature. Th e water con tact an gle reach ed 1651 after surface m odification with CNTs, wh ich sh owed a good superh ydroph obic property. 5.3.2. Superh ydroph obic surfaces with ph otocatalytic self-clean in g properties. In recen t years, th e design of superh ydroph obic surfaces with addition al fun ction s is in vestigated by m an y research ers. Extern al stim uli, i.e., ligh t, tem perature, pH an d oth ers, in duce reversible switch in g of surface wettability. 171-177 TiO 2 is an extern al stim ulus sen sitive m aterial an d prom isin g for superh ydroph ilic coatin gs with self-clean in g properties. However, th e com bin ation of h ydroph obic m aterials an d TiO 2 h as n ot yet received a full in vestigation. Due to th eir in h eren t properties, com bin ation of hydroph obic m aterials an d TiO 2 is n ot so easy. In th is regard, we foun d th at th e n an ocom posite coatin g of TiO 2 an d polytetrafluoroeth ylen e (PTFE) prepared by a radiofrequen cy-m agnetron sputterin g (RF-MS) deposition provides a superior h ydroph obicity with a ph otocatalytic self-cleanin g effect. [178][179][180] The TiO 2 an d PTFE com posite film was prepared on a quartz and structured Ti substrate (TiO 2 -PTFE/Ti). Each com pon en t was un iform ly accum ulated on th e structured Ti substrate with out large geom etric ch an ges. The water contact angle was below 1201on the flat sam ples such as TiO 2 -PTFE composites and PTFE film surfaces. TiO 2 -PTFE/Ti fulfilled the definition of a superhydrophobic surface (Fig. 19). The water contact angle reached B 1571on TiO 2 -PTFE/Ti. Under UV light irradiation, the TiO 2 surface was gradually hydrophilized and finally achieved a superhydrophilic state. However, TiO 2 -PTFE/Ti maintained the superhydrophobic state even after UV light irradiation. The chemical composition plays important roles in this system . The two dom ains mixed in the nanoscale possess the hydrophilic and hydrophobic natures, which maintained the good water-repellen t properties of TiO 2 -PTFE/Ti. Th e surface wettability ch an ge was observed in th e TiO 2 rich com posite of TiO 2 -PTFE un der th e sam e con dition s. In practical uses, th e perform an ce of h ydroph obic coatin gs gradually decreases by adh esion of oily dirt. Th e water repellen t properties easily disappeared an d did n ot recover with out th e m ain ten an ce process by wash in g. Oily dirt can be easily rem oved by th e ph otocatalytic self-clean in g effect of TiO 2 . Th e self-clean in g properties of TiO 2 -PTFE/Ti were con firm ed by th e decom position of oleic acid as a m odel con tam in ant (Fig. 19). After adh esion of oleic acid, th e water con tact an gle im m ediately ch an ged to aroun d 651. By th e ph otocatalytic decom position of oleic acid an d th e effect of ph otoin duced surface h ydroph ilicity, th e water con tact an gle on TiO 2 ch an ged to alm ost 01 after UV ligh t irradiation . Th e superh ydroph obicity of PTFE/Ti h ardly recovered with out wash in g with an organ ic solven t. TiO 2 -PTFE/Ti sh owed un ique respon se an d gradual in creases in th e water con tact an gle to its origin al superh ydroph obic state. Th e ph otocatalytic selfclean in g properties of th e TiO 2 dom ain sh owed sufficien t perform an ce for th e rem oval of oleic acid. Nan ocom posites of TiO 2 an d PTFE realized a use of ph otocatalytic self-cleanin g properties on superh ydrophobic surfaces. Th e sim ultan eous use of self-clean in g properties as an addition al fun ction is useful for m ain tain in g a clean surface.

Ag-Based plasmonic catalysts confined within mesoporous silica

Th e efficien t ligh t absorption by n oble m etal NPs in th e visible region of th e solar spectrum recen tly becam e very popular due to th eir h igh absorption in ten sity. 181 Th e absorption in ten sity can be easily tun ed by m odifyin g th eir size, m orph ology an d com position . Th is bran ch of ph otocatalysis, popularly kn own as plasm onic photocatalysis, has seen tremendous growth in the sustainable development of energy an d the environ m ent. 182,183 Over the past two decades, plasm on ics grew out of the exten sive research in the fram e of n an otechn ology in diverse areas of electronics, photocatalysis, photovoltaics, biosensing and artificial photosyn thesis. 20,[184][185][186] Noble m etal NPs (e.g., silver and gold), imm obilized on a suitable support m aterial, can be excited by light absorption to drive chemical reactions on its surface. Over the past few years, Ag h as attracted significant attention to be used as a plasm on ic photocatalyst due to its low cost and distin ctively stron g absorption in the visible spectrum of solar ligh t irradiation . 187 Num erous reports h ave been publish ed focusin g on th e direct plasm on ic catalysis by Ag NPs, supported on in sulator support m aterials, due to th eir en h an ced ph otocatalytic quan tum efficien cy. 188 Am on g th e in sulating solid supports, h exagon al m esoporous silica SBA-15 acts as a prom isin g platform for NPs to couple th e inciden t ligh t en ergy on th e surfaces of plasm on ic m etal NPs because of its optical tran sparen cy in th e visible ligh t region . In th is section , th e syn th etic strategy, ch aracterization an d properties of Ag-based plasm on ic n an ocatalysts utilized for efficien t catalytic reactions un der visible ligh t irradiation con dition s are sum m arized (Fig. 20).

Color-con trolled Ag-based plasm on ic catalysts

We h ave syn th esized th e size-an d m orph ology-con trolled Ag plasm on ic NPs supported on m esoporous silica SBA-15 by a n ew m eth od in wh ich th e color of th e Ag NPs can be altered by changing the irradiation times of m icrowave (MW) heating. 19,189 Th e support m aterial SBA-15 m esoporous silica h as a regular on e-dim en sion al an d h exagon ally ordered structure. Th ree types of Ag NPs were prepared with in th e con fin ed m esopores of SBA-15 by a MW-assisted alcoh ol reduction m eth od upon varyin g th e irradiation tim e from 3 to 5 m in in th e presen ce or absen ce of a surface m odifyin g agen t, i.e. sodium laurate (Lau) CH 3 (CH 2 ) 10 COONa. A sph erical yellow colored Ag catalyst, den oted Ag/SBA-15 (Y), was syn th esized by preparin g a suspension of silica in 1-h exan ol, an aqueous AgNO 3 solution an d Lau followed by MW h eatin g of 3 m in un der an Ar atm osph ere. Red Ag/SBA-15 (R) an d blue Ag/SBA-15 (B) catalysts were syn th esized usin g a sim ilar procedure in th e absen ce of a surfactan t with MW h eatin g tim es of 3 an d 5 m in , respectively (Fig. 20A).

As can be seen from th e TEM m icrograph s (Fig. 21(a-c)), n an osized Ag NPs were successfully deposited with in th e wellordered m esoporous ch an n el structure of SBA-15. Th e m ean diam eter of th e yellow NPs, an d th e aspect ratios of th e red an d + + BO 2 + 3H 2 ). 190,191 Th e sm allest yellow NPs were th e m ost efficien t followed by red an d th en blue. Upon visible ligh t irradiation (l 4 420 n m , 320 m W cm 2 ), all Ag NPs showed enhanced catalytic perform an ces owing to the LSPR effect, which increased in the following order: yellow (29%) o red (66%) o blue (124%). The light originatin g from the Xe lam p con tain s n ot only visible ligh t but also a part of infrared light. So, it can be suspected that the enh an cem ent of catalytic activity can be due to the therm al effect arising from infrared light. It was observed that the overall tem perature of the reaction solution increased by 5 1C un der light irradiation con dition s in the case of Ag/SBA-15 (B), due to its wide LSPR absorption arising from the lon gitudinal m ode of the n an orods. We carried out the therm al reaction at 1C un der dark con dition s, in order to elucidate the effect of therm al h eating. The observed catalytic activity was foun d to be slightly h igher than the m easured activity under dark con dition s but significantly lower than that m easured under light irradiation con dition s, which con firm ed the n egligible contribution of tem perature to the enh an ced catalytic activity. Moreover, the recovered plasm on ic Ag catalysts retained their original un ique structures an d colors even after the reaction, as con firm ed by TEM and UV-vis spectra.

Bim etallic M/Ag-based plasm on ic ph otocatalysts

Noble m etal incorporating bim etallic n an ostructures are capturing m ore atten tion in diverse areas, due to their better catalytic, optical, electrical and m agnetic properties than m on om etallic n an ostructures. A detailed study can indicate the significan ce of the relative con centration an d th e sh apes of the m etallic compon en ts. In order to improve the optical properties, catalytic activity an d selectivity, the decoration of Pd NPs on the surfaces of size-and color-con trolled plasmonic Ag NPs was carried out by a sim ple LSPR-assisted deposition m ethod under visible light irradiation conditions (Fig. 20B andC). 192 The catalysts are named Pd/Ag/SBA-15 (Y), Pd/Ag/SBA-15 (R) an d Pd/Ag/SBA-15 (B). Fig. 21(d-f) displays th e HR-TEM im ages an d elem en tal m appin g of un iform ly deposited Pd NPs on th e surfaces of th e Ag n an orods for Pd/Ag/SBA-15 (B).

Th ese bim etallic NPs sh owed high er catalytic activities an d sign ifican t en h an cem en t effects wh en tested for th e AB deh ydrogen ation reaction in th e dark an d un der ligh t irradiation con dition s. A sim ilar tren d to th ose of m on om etallic n an ostructures was observed un der visible ligh t irradiation . Th e wavelen gth depen den ces of th e catalytic perform an ces over Ag/SBA-15 an d Pd/Ag/SBA-15 using m on och rom atic ligh t (l = 400, 460, 650 n m ) were also explored. Th e in creased catalytic perform an ces were foun d to be in accordan ce with th e LSPR absorption in ten sities of th e Ag NPs, suggestin g th e key role of particle color in in creasing th e catalytic activity.

Th e Pd/Ag bim etallic plasm on ic catalyst was also foun d to display an en h an ced catalytic activity in th e Suzuki-Miyaura coupling reaction under visible ligh t irradiation. The above work was exten ded to study the effects of plasm onic Au and Pd/Au n an ostructures an d com pare their absorption an d catalytic activities with Ag and Pd/Ag n an ocatalysts (Fig. 20D). 193 The LSPR absorption peaks of the Ag, Pd/Ag an d Au, Pd/Au supported catalysts exh ibited characteristic absorption at approxim ately 400 an d 520 n m , respectively. We were able to design and syn th esize sph erical nanosized Pd/Ag an d Pd/Au n an ostructures with average particle sizes of 4.2 an d 4.9 n m , respectively. Pd/Au exh ibited sign ifican t superior catalytic activity in the Suzuki-Miyaura coupling reaction , while Pd/Ag was found to be active in the AB deh ydrogen ation reaction . A plausible m echanism of the plasm on ic catalysis under light irradiation con dition s is proposed, in which the electron transfer from the plasm on ic m etal to active Pd an d then to the adsorbed reactant m olecules enh an ces bon d weaken in g an d/or cleavage. Several bim etallic com bination s of catalytically active m etals like Pd, Co, Ni, Ru, etc., with Ag NPs were explored in order to design visible light sen sitive plasm on ic n an ocatalysts. 194,195 The bim etallic com bin ation with Ag NPs depen ds on the work fun ction values of the active m etal, which enables the lower positioning of Fermi energy level of active m etal than that of Ag. This enables the effective charge transfer pathway from Ag to M under visible light irradiation con dition s. These bim etallic plasmonic system s of catalysts depicted excellent catalytic perform an ce and visiblelight enh an cements in the h ydrogen production from AB and n itroph en ol reduction usin g AB as an in situ source of H 2 .

Ag plasm on ic ph otocatalysts with th e assistan ce of sin gle-site ph otocatalysts

In another strategy, a Ag-based plasmonic catalyst supported on mesoporous silica was designed with isolated and tetrahedrally coordin ated sin gle-site Ti-oxide m oieties, n am ely, Ag/Ti-SBA-15, with th e purpose of utilizin g th e broad spectral ran ge of solar en ergy. 196 A sh arp plasm on ic peak at 410 n m ch aracteristic of LSPR absorption with an average particle size of 3.2 n m was observed for Ag/Ti-SBA-15 (Fig. 20E). In th e Ag K-edge FT-EXAFS spectra, a m ain peak due to th e con tiguous Ag-Ag bon d in th e m etallic state was observed at 2.4 Å. XPS an alysis also confirm ed th e m etallic n ature of Ag. Also, th e peaks observed at bin din g en ergies (BE) of 375.2 eV (3d 3/2 ) an d 369.3 eV (3d 5/2 ) in Ag/SBA-15 exh ibited a sh ift towards lower values upon in corporation of Ti-oxide an d TiO 2 m oieties. Th is sh ift con firm s th e possible in teractions of Ti-oxide an d Ag via an electron -tran sfer process from Ti-oxide m oieties to Ag to create electron -rich Ag species, ultim ately assistin g in en h an cin g th e reaction rate. Fig. 22(a) illustrates th e form ation of trapped h ole (Ti 3+ ) an d electron (O ) cen ters in th e ch arge tran sfer excited state upon UV light irradiation in the Ti-oxide m oieties. The h eterojun ction between Ag and Ti-oxide m oieties allows both UV and visible light irradiation to be exploited by possible ch arge transfer from the excited Ti-oxide m oieties to the plasm onic Ag n an ostructures and further to the antibonding molecular orbitals of the adsorbed reactant species. With an optimum doping of 0.5 mol% of Ti-oxide species within the m esoporous silica framework, the reaction rate for AB dehydrogenation was found to be 3.3 mmol 1 , which was almost six times higher than that of Ag/TiO 2 /SBA-15 and two times than that of the Ag/SBA-15 catalyst without Ti species, as summarized in Fig. 22(b). The superior catalytic activities can be explained due to th e un ique syn ergistic in teraction an d effective ch arge relay of visible ligh t sen sitive plasm on ic Ag NPs with UV-active Ti-oxide species.

Th e efficien t use of solar en ergy in ch em ical reaction s by em ployin g plasm on ic ph otocatalysis un doubtedly represen ts on e of th e forem ost tech n iques in order to develop an d design n ew catalytic m aterials for sustain able developm en t. It depen ds m ain ly on th e m aterial used an d on its ph ysical properties such as its size, m orph ology, work fun ction , plasm on ic ban d, h ot carrier lifetim e an d energy distribution . To be able to tailor an d fin e-tun e all properties is a system atic task wh ich requires advan ced syn th etic m eth odologies an d fabrication tech n iques. We h ope th at future studies will h elp in th e better un derstan din g of th e effects arisin g from LSPR an d on th e enh an cem ent of photocatalysis from fun dam en tal an d tech nical perspectives. [197][198][199] 

MOF-Based photocatalysts

Metal organ ic fram eworks (MOFs), a n ew class of syn th etic porous materials with high crystallinity, are composed of inorganic parts as connecting centers and organic parts as linkers. [200][201][202] The inorganic part is a metal-oxygen cluster formed by the transition m etal cation s coordin ated with th e oxygen of th e organ ic part, and the organic part is n orm ally based on m ulti-dentate organ ic m olecules with two carboxylic fun ctional groups or electron-rich bin ding sites. 202,203 MOFs h ave been demonstrated as a promising platform for the design an d architecture of n ovel photocatalysts by takin g advan tage of their significan t chemical diversity and structural regularity. 204 Indeed, an increasin g num ber of recent research studies h ave dem on strated that MOFs are em ergin g as a n ew class of photocatalysts employed in a wide ran ge of photocatalytic applications including h ydrogen (H 2 ) production from water, CO 2 reduction , organ ic pollutant degradation, h eavy m etal reduction and organ ic tran sformation reaction s. 201,205,206 Th e m odular n ature of MOF syn th esis as well as tailorable n ature allows us to ration ally design an d en gin eer th e m ultifun ction al catalytic sites in th e MOF at th e m olecular level. In th is section , th e design approaches an d post-m odification strategies for MOF-based ph otocatalysts are in troduced with an em phasis on engineering the catalytically active sites. According to the reported results, methodologies to design MOF photocatalysts can be sim ply divided into 5 branches.

MOF sem icon ductors

Th e in tegration of quan tum sized-inorgan ic clusters an d ligh t respon sive organ ic ligan ds en dows MOFs with sem icon ductin g properties. As is well kn own th at m ost sem icon ductors are composed of transition m etal cations coordin ated with oxygen. In the case of MOFs, not only is the quantum sized-inorganic cluster light responsive, but also the organ ic linker is ligh t responsive. Ph otocatalytic reactions can be easily realized by con vertin g solar en ergy to ch em ical en ergy on th is h ybrid m aterial un der ligh t irradiation . Takin g MOF-5 (Zn oxide cluster lin ked by 1,4-ben zen edicarbolylate) as an exam ple, 207 th e gen eration an d m igration of reactive ch arges on MOF-5 in th e m icrosecon d were observed un der ligh t irradiation , suggestin g th e sem icon ducting properties of MOF-5. The sem iconductin g properties of MOF-5 are furth er con firm ed by the photocatalytic phenol degradation. NH 2 -MIL-125(Ti) is also used as a photocatalyst in the h ydrogen production from water an d conversion of CO 2 to form ate un der visible ligh t irradiation in the presence of sacrificial reagen ts. 208,209

Organ om etallic com poun ds in corporated in to MOFs

Organ om etallic com poun ds are a class of h igh ly effective ph otocatalysts, 51,52 but th eir ph otocatalytic application s are sign ifican tly lim ited due to th eir low stability an d un recoverable properties. 210,211 MOFs are highly crystallized solid m aterials offering an ideal platform for the heterogenization of hom ogen eous organ om etallic com poun ds. 206,212 In th e case of th e in situ syn th etic m eth od, organ om etallic com poun ds are in troduced in to th e MOF syn th etic precursor as ligan ds to lin k th e m etal oxide clusters. 212,213 On th e oth er h an d, th e postm odification strategy em ploys m ulti-den tate organ ic m olecules with dicarboxylic groups as organ ic lin kers, in wh ich th e dicarboxylic group coordin ates with m etal cation s to form MOFs with free bin din g sites for an ch orin g active sites. 214,215 Additionally, anchoring functional groups within the frameworks of MOFs for post-chelating active sites and post-synthetic exchange of the organic linker with organometallic compounds has also been developed to synthesize novel MOF photocatalysts. 216 Lin and co-workers reported Re-complex, Ru-complex and Ir-complex derived MOFs as single-site photocatalysts for CO 2 reduction and water oxidation. 205 More recently, a proton reduction photocatalyst is synthesized by chelating Pt on MOF-253 (oxophilic Al 3+ coordinated with 2,2 0 -bipyridine-5,5 0 -dicarboxylic linker) for H 2 production under visible light. 206 7.3. Organ ic dye-sen sitized MOF ph otocatalysts So far, tens of thousands of MOFs have been developed; however, m ost of th em display limited visible light absorption capacity and poor photocatalytic performance. 208 In order to increase the visible light adsorption capacity and enhance the photocatalytic perform an ce, m uch effort has been devoted towards developing dye sen sitized MOFs for photocatalytic application. 217 The m etal oxide clusters in MOFs are typically composed of transition m etal oxides th at can be con sidered as sem icon ductor quantum dots. Employing suitable dye to sensitize these quantum dots is widely studied recently with the aim of enhancing the ph otocatalytic perform an ce under visible light irradiation, particularly in water splitting. [218][219][220] Organic dye sensitized MOF photocatalysts can be obtained by the impregnation m eth od or introducin g MOFs in to organic dye solution . 218,221 Our group con structed a novel H 2 production system usin g Pt NP supported MOFs as photocatalysts, Rh odam in e B (Rh B) as a ph otosen sitizer an d trieth an olam in e as an electron don or. Considerable H 2 is generated on Pt/MOFs, which is m uch higher than that of Pt/TiO 2 and Pt/SiO 2 , and this H 2 production system exhibits rem arkable stability; this can be repeated for five cycles with out an y decrease in catalytic activity. Such h igh catalytic perform an ce towards H 2 production is due to th e syn ergistic effect between Pt/MOFs an d organ ic dyes. Fig. 23 explain s th e possible reaction m ech an ism . Th e ph otogen erated electron s are first excited from th e HOMO state to th e LUMO state of Rh B based on visible ligh t irradiation ; th e excited electron s are subsequen tly in jected in to th e LUMO state of th e MOF an d furth er tran sferred to th e m etal oxide clusters of th e MOFs, an d th en fin ally gath ered on th e surfaces of th e Pt NPs. Proton s carried by water react with excited electron s to produce H 2 on th e surfaces of th e Pt NPs an d m etal oxide clusters. In addition , th e organ ic lin ker is also capable of h arvestin g visible ligh t an d leads to th e gen eration of ph oto-electron s, wh ich can be used to reduce proton s. In th is study, MOFs play vital roles in protectin g Rh B from self-degradation , preven tin g Pt NP aggregation , offerin g sign ifican t electron tran sportation path ways, an d facilitatin g th e proton diffusion . Th is work defin itely sh ows th e en orm ous poten tial of dye sen sitized MOF ph otocatalysts for various ph otocatalytic reaction s.

Sem icon ductor/plasm on ic m aterial loaded MOF ph otocatalysts

The integration of semiconductor/plasm on ic m aterials and MOFs h as attracted significan t attention. 222,223 The large surface area can prevent the aggregation of sem iconductor/plasm on ic m aterials, an d facilitate reagen t diffusion an d m igration . Th e sem icon ductin g properties of th e MOFs can prom ote th e tran sportation of ph otogen erated ch arges, leadin g to en h an ced ph otocatalytic perform an ce. 224 Recen tly, our group reported the syn th esis of plasm on ic Au@Pd loaded on to titan ium -doped zircon ium based am in efunctionalized MOFs (UiO-66(Ti x Zr 100 x )) (denoted Au@Pd/MOFs) by ph otocatalytically depositin g Pd on th e surfaces of Au n an oparticles. 225 In th is regard, MOFs display a vital role in th e formation of Au@Pd NPs with a core-shell structure. Au@Pd with a core-shell structure is successfully synthesized and highly dispersed on the surfaces of the MOFs as observed by HAADF-STEM and EDX-line scanning (Fig. 24(a)). This is due to the large surfaces of th e MOFs preven tin g th e aggregation of m etal NPs an d sem iconducting properties transferring the photogenerated charges to th e surfaces of the Au NPs. The as prepared Au@Pd/ MOF photocatalysts can strongly adsorb visible light over a wide range due to the LSPR effect of Au an d the chrom ophore on the linker of th e MOFs. The H 2 am ount generated by form ic acid dehydrogenation over Au@Pd/MOFs is significantly in creased under visible light irradiation compared to th at under dark con ditions (Fig. 24(b)). Th e enh anced activity of Au@Pd/UiO-66(Zr 85 Ti 15 ) can be assign ed to th e syn ergistic effect between th e MOFs an d plasm on ic Au@Pd NPs in th e dissociation of th e O-H bon d an d th e C-H bon d of form ic acid. Th e visible-ligh t en h an ced H 2 production rate of th is h ybrid ph otocatalyst is 42 000 m L h 1 g 1 (Pd), correspon din g to a TOF of 200 h 1 , an d it can be recycled th ree tim es with a sligh t decrease in catalytic activity, suggestin g con siderable stability in FA deh ydrogen ation . We used m on och rom atic ligh t (l = 400 n m or 480 n m ) an d an LED lam p (l = 530 n m ) as a ligh t source to in vestigate th e syn ergistic effect between plasm on ic Au@Pd n an oparticles an d ph otoactive MOFs. It was foun d th at th e largest en h an cem en t was observed usin g m on och rom atic ligh t (l = 400 n m ). Th is can be explain ed by a lin ker-to-cluster ch arge-tran sfer m ech an ism (LCCT), in wh ich th e in ciden t ligh t (l = 400 n m ) is absorbed by th e organ ic lin ker, an d ph oto-excited electron s are tran sferred from th e lin ker to the cluster. In th e case of Au@Pd n an oparticle loaded MOFs, th e ph oto-excited electron s are fin ally gath ered on th e surface of Au@Pd m etal, wh ich leads to th e gen eration of electron rich Au@Pd NPs. A con siderable en h an cem en t was also observed un der LED lam p (l = 530 n m ) irradiation . Th is can be ascribed to th e positive LSPR effect of Au upon in creasin g th e electron den sity of Pd. It was proven th at th e electron rich Pd can greatly prom ote th e dissociation of th e C-H bon d as eviden ced by a kin etic isotope effect (KIE) study. Th e KIE study also suggested th at th e weakly basic -NH 2 groups with in the fram eworks of th e MOFs h ave positive effects on th e O-H bon d cleavage. Th erefore, th e ratedeterm in in g step (C-H bond dissociation) an d O-H bon d dissociation are, respectively, prom oted by th e electron rich Pd gen erated by ligh t irradiated on MOFs an d plasm on ic Au@Pd NPs an d weakly basic -NH 2 . Th e roles of weakly basic -NH 2 , th e LSPR effect, an d optical respon sive MOFs in im provin g H 2 production from form ic acid are illustrated in Fig. 24(c). Th is study suggests th at MOFs can serve as a platform to design a n ovel ph otocatalyst by com bin in g with oth er catalytic active com poun ds for various catalytic reaction s un der ligh t irradiation .

Metal n an oparticles supported on MOFs

MOFs h old great poten tial to im prove th e in trin sic catalytic activity of m etal NPs for versatile redox reaction s. Our group reported th e syn th esis of a Ce ion doped m etal-organ ic fram ework (Ce-MOF) for sign ificantly prom otin g th e catalytic activity of Pd. 226 In th is study, a m ediator was in troduced with in th e n odes of MOFs with th e aim of prom otin g th e ph oto-gen erated ch arge separation by a recyclin g (Ce 4+ /Ce 3+ ) redox, resultin g in reduction of th e ph oto-gen erated electron -h ole recom bin ation rate. In deed, th e in trin sic catalytic activity of H 2 production from am m on ia boran e is en h an ced on Ce doped MOFs un der visible ligh t irradiation. We also propose a gen eral way to enh an ce the catalytic activity usin g non -n oble m etal NPs supported on MOFs. 227 The TOFs of Cu, Co an d Ni/MOFs are com parable to or even h igher than those of n oble m etal NPs already reported for AB h ydrolysis. These studies provide a n ovel pathway for the design of n ew photocatalysts enabling efficient con version of solar energy to chemical energy for promoting the m etal NP driven redox reaction .

Th e study of th e application of MOFs in ph otocatalysis h as a brigh t future due to th eir un ique structure; MOFs offer a way towards th e developm en t of advan ced ph otocatalysts for solar en ergy con version an d en viron m en tal rem ediation . However, th ere are still som e problem s to be solved. First, MOFs are kn own to be un stable durin g th e ph otocatalytic application . Th e coordin ation bon ds between the m etal oxide cluster an d organ ic lin ker are weak, leadin g to poor stability of th e MOFs. Th e developm en t of stable MOFs is urgen tly required. Secon d, it is difficult to perform a h igh -th rough put syn th esis on a large scale. Th e com m on solvoth erm al m eth ods is n ot effective for MOF fabrication on a large scale an d with low cost. Lookin g for th e ch eap startin g m aterials an d th e feasibility of fabrication m eth ods with h igh yield sh ould be explored. Fin ally, th e ph otocatalytic perform an ce of MOFs n eeds to be furth er im proved in th e case of practical application .

Summary

In th is review, we in troduced th e con cept of ph otocatalystbased functional materials prepared by utilizing the empty spaces of porous materials. The photocatalysts in the pore spaces are greatly in fluen ced by a subtle ch an ge in th e coordin ation structure an d th e reaction field en viron m en t (h ydroph ilicity/ h ydroph obicity, electrostatic fields, etc.) in th e vicin ity of th e active species, an d they can exh ibit unique activity and selectivity different from con ventional sem icon ducting photocatalysts. The com bination of pore spaces an d photocatalysts can be applied n ot on ly to catalytic m aterials but also to h ydroph ilic/water repellen t coatin gs. With ligh t or m icrowave irradiation , it is also possible to syn th esize plasm on ic n anom etals an d alloys, wh ich can be furth er exten ded to com posite m aterials design ed for en viron m en tal uses an d solar fuel h arvestin g. Th ere is still great poten tial for n an oporous space m aterials with various structures an d syn th esis m eth ods. New n an oporous m aterials h avin g un precedented com position s, fram eworks, structures an d sizes like MOFs are also actively developed. Research studies on n ovel fun ction al ph otocatalysts h avin g in trin sic features will be expan ded, by com binin g th e features of ph otocatalysts an d porous m aterials skilfully to con struct com posite m aterials applicable to en viron m ental purification an d en ergy con version .
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  sem icon ductin g bulk TiO 2 m aterials, ph otoch em ical excitation leads to ch arge separation in th e particle. Th e gen erated h oles (h + ) in th e valen ce ban d (v b ) an d th e electron s (e ) in th e con duction ban d can react with electron don ors an d electron acceptors adsorbed on its surface, respectively. In con trast, th e ph otocatalytic activities of sin gle-site ph otocatalysts are attributed to th e ligan d to m etal ch arge tran sfer (LMCT) processes from th e oxygen (O 2 ) to M n+ ion s, wh ich resulted in th e form ation of pairs of trapped h ole cen ters (O ) an d e cen ters (M (n 1)+ ) (Fig.

Fig. 1

 1 Fig. 1 Change in the band structures with decreasing size of photocatalysts and the schematic illustration of LSPR excitation on plasmonic catalysts confined within porous materials, such as zeolites, mesoporous silica, and MOFs.

Fig. 2

 2 Fig. 2 Titanium oxide photocatalysts from semiconducting bulk TiO 2 to isolated Ti-oxide molecular species implanted within silica matrices and the formation of a charge transfer excited state with tetrahedrally coordinated metal oxide moieties under UV-light irradiation.

Fig. 3

 3 Fig. 3 The photocatalytic reduction of CO 2 with H 2 O on various Ti-oxide photocatalysts.

Fig. 4

 4 Fig. 4 Photoluminescence spectra of (A) Cr-HMS and (B) CrS-1, and (C) reaction time profiles in the photocatalytic NO decomposition on Cr-HMS and CrS-1 under UV-light and visible light irradiation.

Fig. 5

 5 Fig. 5 Photocatalytic NO decomposition by Ag + and Cu + ion loaded photocatalysts. Fig. 6 Immobilization techniques of metal complexes on solid matrices.

Fig. 7 (

 7 Fig. 7 (A) Photoluminescence spectra of Pt complex-anchored mesoporous silica MCM-48 with various Pt loadings at room temperature (l ex = 450 nm), (B) photocatalytic oxidation of styrene derivatives in the presence of O 2 at low Pt loading, and (C) H 2 production from an aqueous solution.

4. 1 .

 1 TiO 2 -Zeolite com posite ph otocatalysts Zeolites are m icroporous alum in osilicate m aterials form ed by th e crosslin kage of SiO 4 4 an d AlO 4 5 tetrah edral un its. Th e gen eral form ula is expressed as M m [Al m Si n O 2(m+n) ] H 2 O, wh ere

Fig. 8

 8 Fig. 8 Comparison of the photocatalytic activities of TiO 2 photocatalysts supported on various types of zeolites and their water adsorption capacities and surface areas. The photocatalytic activities were determined by the photocatalytic degradation of 2-propanol diluted in water under UVlight irradiation. Reproduced from ref. 86 with permission from The Royal Society of Chemistry.

  2 precursors, titan ium am m on ium oxalate (AO: (NH 4 ) 2 [TiO(C 2 O 4 ) 2 ]) an d am m on ium h exafluorotitan ate (AF: (NH 4 ) 2 [TiF 6 ]), sh ow clear differen ces. 89,90 TiO 2 ph otocatalysts supported on a com m ercially available h ydroph obic Y-zeolite (SiO 2 /Al 2 O 3 = 810) were prepared usin g th ese Ti precursors (den oted AO-TiO 2 /Y an d AF-TiO 2 /Y, respectively). Hydrofluoric acid gas evolved durin g th e th erm al decom position of AF to TiO 2 in air can react with th e surface h ydroxyl groups on th e Y-zeolite, wh ich leads to th e form ation of fluorinated groups. FT-IR in vestigation s clearly sh ow th e decreases of th e surface h ydroxyl group den sity on th e Y-zeolite. Th e am oun t of water adsorbed on AF-TiO 2 /Y was on e-th ird less th an th at on AO-TiO 2 /Y in a low relative pressure region (P/P 0 A 0.2) in th e water adsorption isoth erm , in dicatin g a m ore h ydroph obic n ature of th e AF-TiO 2 /Y surface. Furth erm ore, AF-TiO 2 /Y sh ows visible ligh t absorption in the region from 400 to 500 n m , th us givin g a yellow coloration , whereas AO-TiO 2 /Y is a sim ple wh ite powder, in dicatin g th at n itrogen an d fluorin e atom s derived from AF are doped in to TiO 2 crystals durin g th e th erm al decom position , th us exten din g th e ligh t absorption to th e visible ligh t region . With th ese im proved fun ction alities, AF-TiO 2 /Y sh owed a superior ph otocatalytic perform an ce to AO-TiO 2 /Y in th e degradation of 2-propan ol as a m odel contam in an t in water an d air un der both UV an d visible ligh t (l 4 420 n m ) irradiation condition s, in wh ich a good relationsh ip was observed between th e adsorption capacities toward 2-propan ol an d th e observed ph otocatalytic activities. Th us, th e fluorin e-con tain in g Ti precursor was foun d to be effective in en h an cin g th e ph otocatalytic ch aracteristics of th e TiO 2 -zeolite com posite.

  ) sch em atically illustrates th e surface m odification of a TiO 2 / m esoporous silica ph otocatalyst with TEFS, in wh ich th e th erm ally stable Si-F bon d is covalently an ch ored on th e silica surface. Graftin g an optim al am ount of TEFS on to HMS-type m esoporous silica (pore diam eter of B 2-3 n m ) was foun d to be effective in dram atically decreasin g th e water adsorption capacity, by reducin g th e silan ol group den sity on th e silica surface, with out an y sign ifican t loss of th e origin al porous structure (Fig. 10(B)). With UV ligh t irradiation , TiO 2 on TEFS-m odified HMS (n am ed TiO 2 /FS-HMS) exh ibited a dram atically im proved adsorption ability an d ph otocatalytic activity toward som e organ ic pollutan ts (e.g. 2-propan ol, ph en ol) diluted in water com pared to th at supported on pristin e HMS silica (Fig. 10(C)). Th e obtain ed catalytic activity exceeded th at of com m ercial TiO 2 ph otocatalyst powder (Evon ik, P25 s ) un der th e sam e reaction con dition s. Th e ph otocatalytic activities correspon ded well to th e adsorbed am oun ts of organ ic m olecules, eviden cin g th at th e h ydroph obic n ature of th e silica support plays a critical role in determ in in g th e fin al ph otocatalytic degradation rate, i.e. h ydroph obic pores with less affin ity with water m olecules allow adsorption of organ ic reactan ts an d give th em easy access to th e TiO 2 active sites, resultin g in a h igh er ph otocatalytic efficien cy.

Fig. 9

 9 Fig. 9 Schematic illustration of the surface-chemistry engineering of the TiO 2 / silica composite photocatalyst.

4. 3 .

 3 TiO 2 ph otocatalysts supported on CaP-m odified silica

  (A)), suggestin g th at MB with positively ch arged n itrogen -alkyl groups could be easily en rich ed on th e surface of CaP-SBA-15 with abun dan t PO 4 3 groups th rough electrostatic in teraction s. Un der UV ligh t irradiation , CaP-m odified TiO 2 /SBA-15 exh ibited an im proved ph otocatalytic perform an ce in th e degradation of MB compared with th e un m odified an alogue. A m oderate adsorption affin ity toward MS allows adsorption /diffusion of MB in th e m esopore spaces of SBA-15, leadin g to th e en rich m en t of MB aroun d th e TiO 2 particles. Th is close proxim ity between th e reactan ts an d ph otocatalytically active sites is likely key to im provin g th e ph otocatalytic degradation efficien cy (Fig. 11(B)).4.4. Carbon coatin g of TiO 2 ph otocatalysts supported on m esoporous silica

Fig. 10 (

 10 Fig. 10 (A) Schematic illustration of the surface modification of a silica surface with triethoxyfluorosilane (TEFS) as a silylation agent. (B) Water adsorption isotherms of TEFS-modified HMS silicas measured at 25 1C. (C) Comparison of the photocatalytic activities of TiO 2 photocatalysts supported on TEFS-modified HMS silicas and commercial TiO 2 (Evonik, P25 s ) in the photocatalytic degradation of 2-propanol in water (2.6 mmol L 1 ) and phenol diluted in water (0.23 mmol L 1 ) under UV-light irradiation. Adapted from ref. 94 with permission from American Chemical Society.

Fig. 11 (

 11 Fig. 11 (A) Removal effi ciency of MB by adsorption, photocatalytic degradation, and sum of them (total) on TiO 2 /SBA-15 hybrid photocatalysts modified with different amounts of CaP (0-18.7 wt%) and (B) schematic illustration of the adsorption and photocatalytic degradation kinetics of MB dye on CaP-coated TiO 2 / SBA-15. Adapted from ref. 98 with permission from American Chemical Society.

Fig. 12 (

 12 Fig. 12 (A) Schematic diagram of the procedures in the selective graphene modification of the TiO 2 surface supported on MCM-41 and (B) eff ect of the contents of graphene on the photocatalytic activities for the degradation of 2-propanol (reaction time: 6 h), and water and 2-propanol adsorption capacities. Reproduced from ref. 106 with permission from American Chemical Society.

Fig. 13 (

 13 Fig. 13 (A) Schematic diagram of the procedures for the synthesis of TiO 2 / MacroMeso-SiO 2 , (B) FE-SEM images of (a) PMMA particles and (b) TiO 2 / MacroMeso-SiO 2 , (C) adsorption isotherms of MB and (D) relationship between the rate constants of the photocatalytic decolourization of MB and saturated adsorption capacities for MB diluted in water with diff erent photocatalysts ((a) TiO 2 / MacroMeso-SiO 2 ; (b) TiO 2 / Meso-SiO 2 ; (c) TiO 2 / Macro-SiO 2 ; and (d) TiO 2 (P25)). Reproduced from ref. 113 with permission from The Royal Society of Chemistry.

Fig. 14 (

 14 Fig. 14 (A) FE-SEM and (B) TEM images and (C) illustration of a TiO 2 @HSS composite photocatalyst. (D) Reaction kinetics in the photocatalytic degradation of 2-propanol in air over (left) commercial TiO 2 (Evonik, P25 s ) and (right) the TiO 2 @HSS composite photocatalyst under UV light irradiation. Reproduced from ref. 127 with permission from John Wiley and Sons.

Fig. 15

 15 Fig. 15 Schematic illustration for the fabrication protocol of a photocatalytic paper composite consisting of cellulose fibers and TiO 2 @HSS photocatalyst particles. Reproduced from ref. 129 with permission from American Chemical Society.

Fig. 16 A

 16 Fig. 16 A schematic diagram of the procedures for the preparation of macroporous TiO 2 thin films. Reproduced from ref. 143 with permission from The Royal Society of Chemistry.

Fig. 17

 17 Fig. 17 Contact angles of water droplets on a MSF and tetrahedral transition metal (Me)-containing MSF (MeMSF, Me = Ti, V, Cr, Mo, and W) before and after UV light irradiation. The inset shows photographic images of the water droplet on each sample before and after UV light irradiation (irradiation time: 3 h). Reproduced from ref. 158 with permission from The Elsevier B.V.

Fig. 18

 18 Fig. 18 Schematic image of Cr/ SNP-coated glass and photographic images of the water droplet before (a) and after (b) the photocatalytic polymerization of ethylene. Reproduced from ref. 167 with permission from The Royal Society of Chemistry.

Fig. 19 (

 19 Fig. 19 (A) Water contact angle changes and (B) photographic images of the water droplet on each sample by adhesion of oleic acid and following UV light irradiation ((a) TiO 2 / Ti, (b) PTFE/ Ti, and (c) TiO 2 -PTFE/ Ti). Reproduced from ref. 178 with permission from John Wiley and Sons. Fig. 20 Schematic outline of the plasmonic catalysts prepared with confined mesopores.

Fig. 21 TEM

 21 Fig. 21 TEM micrographs of size and color controlled Ag and Pd/ Ag NPs: (a) Ag/ SBA-15 (Y), (b) Ag/ SBA-15 (R), (c) Ag/ SBA-15 (B), and (d) Pd/ Ag/ SBA-15 (B), and (e and f) elemental mapping of Ag and Pd in Pd/ Ag/ SBA-15 (B).

Fig. 22 (

 22 Fig. 22 (a) Schematic illustration of a light induced charge transfer pathway on the surface of the Ag/Ti-SBA-15 catalyst under UV-vis light irradiation. (b) Reaction rates for all catalysts in the AB dehydrogenation at room temperature in the dark and under light irradiation conditions.

Fig. 23

 23 Fig. 23 Pt nanoparticle embedded MOFs as photocatalysts for H 2 production in the presence of Rhodamine B as a photosensitizer.

Fig. 24 (

 24 Fig. 24 (a) High-magnification EDX spectra of Pd and Au for an individual Au@Pd nanoparticle and cross-sectional EDX line profile on a single Au@Pd core-shell nanoparticle. (b) Amount of H 2 produced in the FA dehydrogenation in the dark and under visible light irradiation (l 4 420 nm). (c) The illustration of a possible reaction mechanism for the visible light enhanced H 2 production from FA dehydrogenation over Au@Pd/ UiO-66(Zr 85 Ti 15 ) upon visible light irradiation.
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