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[bookmark: __DdeLink__5982_3307375047]ABSTRACT: Engineering interfaces is an effective method to create effcient photocatalysts by reducing the recombination of photo-generated carriers. Still, there is a lack of proficient strategy to construct suitable interfaces. In this work, we design and synthesize an atom-precise heterometallic CuII4TiIV5 cluster, [Ti5Cu4O6(ba)16]·CH3CN (1, Hba = benzoic acid) that is used as a precursor for efficient photocatalytic interface. The cluster has a precise composition and structure with hierarchical bimetal atom distribution and favorable binding properties. Resulting Cu/TiO2@N doped C interfaces are obtained via thermal treatment. Combined Cu/TiO2 and N doped C interfaces provide multiple channels for the transmission of photo-generated carriers and effectively reduce the recombination probability of photo-generated electrons and holes. Consequently, the novel interface structure exhibits excellent photocatalytic activity for hydrogen evolution. Density functional theory calculations also support high activity toward hydrogen evolution. As a proof-of-concept application, we show that choosing well-defined metal clusters as precursors can offer a valuable method for engineering  photocatalytically efficient interfaces.
INTRODUCTION
The photocatalytic water splitting into H2 over semiconductor materials holds tremendous promise as a clean and efficient solution of the current global environmental contamination and energy shortage issues caused by the severe consumption of traditional fossil fuels.1–8 One of the greatest challenges is the less than satisfactory activity, cost and long-term cycling stability of the present photocatalysts.9-12 TiO2 photocatalysts have been actively investigated for the production of hydrogen (H2) fuel by water splitting over the past few decades due to their merits of low cost, long term stability, and eco-friendliness.13-18 Unfortunately, the application of TiO2 in practical photocatalytic process usually suffers from recombination of photo-induced electrons and holes, which lead to poor photocatalytic activity for H2 generation.19-21
In this regard, several appealing strategies have been developed for improving the performance of semiconductor photocatalysts, including loading of active metals,22-24 doping of suitable heteroatoms,25-28 and appropriate morphological controls.29-31 Among these methods, noble metals (Pt, Au, Pd) as cocatalysts, loaded on semiconductors to form an effective interface for electrons transport, were considered to be an effective method for solving photo-generated carrier recombination.32-35 Considering high prices of noble metals, metal copper (Cu) with high mobility of charge carriers have been demonstrated as a promising co-catalyst to improve the charge separation efficiency.36-39 However, the instability of Cu to oxidation, seriously affects its application.
Porous carbon materials, with high stability, low cost and high electrical conductivity, can be coated on metal to prevent it from being oxidized, thus improving its chemical stability.40-41 Moreover, carbon materials with unique sp2 hybrid carbon networks have high mobility of photo-generated charge carriers, which makes them an ideal support for the photocatalysts to reduce the recombination of photo-generated electron-hole pairs.42-45 Recent studies indicated that heteroatom-doped carbon can have further improved conductivity, which can significantly improve the separation efficiency of photo-generated electron−hole pairs.46-50 Therefore, the ability to modify TiO2 with both Cu and N doped C coating can be beneficial to reduce the number of recombination centers and increase the stability. Nevertheless, it is still a great challenge to combine all the mentioned multiple modifications on TiO2. 
Inspired by recent upsurged metal cluster studies in molecular chemistry field,54-57 we show that the combination of Cu and Ti in a ligand-protected cluster could realize what we desired above. Metal cluster is a kind of discrete molecules smaller than nanoparticles but larger than simple metal coordination compounds.58-61 It has atom-precise structure and well-defined composition and can be easily modulated by ligand design and crystal engineering.62-65 All this allowed us to construct for the first time heterometallic cluster that can be used as a precursor to obtain photocatalytically efficient Cu/TiO2@N doped C interfaces. 
RESULTS and DISCUSSIONS 
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Scheme 1. The fabrication of Cu/TiO2@N-doped C composite from an atom-precise heterometallic CuII4TiIV5 cluster by the pyrolysis in argon atmosphere.

[bookmark: _Hlk24528372]Herein, we combined Cu and Ti into a heterometallic CuII4TiIV5 cluster, [Ti5Cu4O6(ba)16]·CH3CN (1, Hba = benzoic acid) by one-pot solvothermal reaction of Ti(OiPr)4 with Hba and CuCl in the presence of 5 μL of HCOOH in CH3CN at 80 oC for 3 days (Scheme 1). The detailed synthesis and characterization such as IR (Figure S1), TGA (Figure S2), UV-vis (Figure S3) are shown in Supporting Information (SI). Such novel heterometallic cluster was further used as a molecular precursor to fabricate nanosized composites of Cu/TiO2@N-doped C with hierarchical interfaces by pyrolysis. The Cu/TiO2@N-doped C was proved to be a superior photocatalyst for hydrogen evolution. This is the first time that atom-precise heterometallic cluster is used to fabricate functional nanocomposites.
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[bookmark: _Hlk24528855]Figure 1. A) and B) ORTEP drawing (50% probability ellipsoids) of 1 viewed along two different directions. The lattice guest CH3CN is removed for clarity. Cu: purple, Ti: cyan, O: red, C: black. C) The polyhedral mode of heterometallic Ti5Cu4 core structure. D) The hierarchical distributions of Ti and Cu atoms in 1.

[bookmark: _Hlk24529293]Single-crystal X-ray analysis reveals compound 1 crystallizes in the triclinic P-1 space group and its asymmetric unit contains two halves complete clusters with one CH3CN as cocrystallized solvent. Since these two clusters are almost the same, here we choose one of them for discussion. The inner core of 1 is protected by sixteen ba- ligands and consists of four CuII, five TiIV and six µ3-O2- atoms (Figure 1A and 1B). Only one type of coordination environment of TiIV is found in the structure, namely 6-coordinated TiO6 octahedron with Ti-O bond lengths in the range of 1.792–2.137 Å. Interestingly, these five TiIV are coplanar to form a rectangle with the fifth lying on the center (Figure 1C). Whereas four CuII atoms locate in CuO5 square pyramids with Cu-O bond lengths in the range of 1.792–2.137 Å and are distributed homogeneously outside the Ti5 rectangle, forming the hierarchical metal pattern (Figure 1D), which is very key for the formation of interface of Cu/TiO2 after pyrolysis. Two of four CuO5 square pyramids connect with one TiO6 octahedron by one µ3-O2- atom through vertex-sharing mode, however, the other two are jointed with one TiO6 octahedron by two µ3-O2- atoms through edge-sharing mode. The Cu···Ti and Ti···Ti distances are in the ranges of 2.96-3.60 and 3.40-3.54 Å, respectively.
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[bookmark: _Hlk24531073]Figure 2. A) FE-SEM images of the Cu/Ti cluster; B) SEM image of Cu/TiO2@N doped C; C) the XRD pattern of Cu/TiO2@N doped C; D) TEM image of a typical Cu/TiO2@N doped C; E) the corresponding SAED pattern, F) the HRTEM image of Cu/TiO2@N doped C; G) STEM image of Cu/TiO2@N doped C, H) HAADF Cu image of Cu/TiO2@N doped C, elemental mapping of I) Ti, J) O, K) C, L) N elements.

The purity of obtained bulk precursor is further exampled by the compared PXRD patterns (Figure S4). All the diffraction peaks correspond well with the single-crystal diffraction of compound 1.The morphology of the compound 1 has been investigated by scanning electron microscopy (SEM). As shown in Figure 2A, precursors are massive structures with smooth surface, and the size is tens of microns. The EDX mapping (Figure S5) is also performed on the compound 1 to investigate the element distribution. The results show that the Ti, Cu, O, C, N are all well-dispersed in the cluster. The TGA analysis shows the cluster starts to lose ligand from 320 oC followed by the collapse of the framework (Figure S2). In order to guarantee the complete conversion of cluster to TiO2 and Cu phase, the calcination temperature in our case was set at 750 oC. The morphology and structure of the final product are characterized SEM. As shown in Figure 2B, it reveals that the surface of the Cu/TiO2@N doped C is rough and consists of clustered particles in nanoscale, which is randomly attached with each other to form a 3D porous structure. The crystallinity and phase information of the annealed products are characterized by PXRD pattern. As revealed by PXRD analysis (Figure 2C), the annealing product diffraction peaks are well consistent with those of anatase TiO2 (JCPDS card no. 01-089-4921) and cubic Cu (JCPDS card no. 03-065-9026). No other residues or contaminants are observed, indicating the high homogeneity of the sample. Considering the details of morphology and structural information of the Cu/TiO2@N doped C, the transmission electron microscopy (TEM) is employed to characterize the sample. In agreement with the above FESEM observation, a low-magnification TEM image (Figure 2D) clearly shows the porous feature of the Cu/TiO2@N doped C. In addition, The TEM image clearly demonstrates that the sample is composed of closely packed nanoparticles (NPs), which are interconnected with each other to produce the 3D porous structure (Figure 2E). The specific surface area estimated by the Brunauer–Emment–Teller (BET) method is 188 m2/g (Figure S6A) and the Barrett-Joyner-Halenda (BJH) pore sizes distribution is mainly concentrated in 2-3.7 nm (Figure S6B). The selected-area electron diffraction pattern (SAED) pattern of individual Cu/TiO2@N doped C are given in Figure 2E. Two sets of diffraction rings can be found, including (101) and (103) planes of anatase TiO2 and (111) planes of cubic Cu. The result further indicates that the Cu/TiO2 junction is successfully obtained. Figure 2F gives the High-resolution TEM (HRTEM) image of Cu/TiO2@N doped C structure. The lattice spacing of 0.352 nm and 0.208 nm should be assigned to the (101) plane of anatase TiO2 and the (111) plane of cubic Cu, respectively. It clearly observed atomically connected TiO2 and Cu nanoparticles which produced well-defined junctions. Furthermore, the elemental composition and distribution are studied by scanning transmission electron microscopy (STEM), high-angle annular dark-field (HAADF) and elemental mapping. From the STEM image (Figure 2G), bright contour clearly shows that some small particles are distributed on the substance. The HAADF-Cu image (Figure 2H) shows that the small particles are metal Cu. The elemental mapping results (Figure 2I–L) show a uniform dispersion of Ti, O, C and N elements in the whole structure. The Raman spectrum of Cu/TiO2@N doped C (Figure S7) presents a D-band at 1360 cm-1 (related to structural disorders and defects) and a G-band at 1598 cm-1 (associated with graphitic carbon). The result further indicated the presence of carbon layer. Therefore, during the pyrolysis process, the Ti ions in the cluster have been converted to TiO2 nanoparticles, while Cu ions are reduced to metal Cu by C.

 
[image: ]
Figure 3. XPS spectra of Cu/TiO2@N doped C, A) survey spectra, High-resolution B) Ti 2p, C) Cu 2p, D) O 1s, E) C 1s and F) N 1s

[bookmark: _Hlk24534561]The surface chemical compositions and the chemical states of Cu/TiO2@N doped C are further investigated by X-ray photoelectron spectroscopy (XPS) analysis and the results are displayed in Figure 3. As shown in Figure 3a, there is a set of peaks corresponding to Ti2p, Cu2p, O1s, C1s and N1s in the scan, which consist well with the elemental mapping result. The Ti2p (Figure 3b) spectrum shows that there are two peaks centred at 459.2 and 464.9 eV, corresponding to Ti 2p3/2 and Ti 2p1/2, respectively. Figure 3c shows the high resolution XPS spectrum of Cu2p. Two characteristic peaks at 935.0 and 954.8 eV are referred to Cu2+ satellite signals. The peaks at approximately 933.0 and 952.8 eV correspond to Cu 2p3/2 and Cu 2p1/2 of Cu+ or metallic Cu. The differentiation of Cu+ and Cu0 signals is ambiguous due to peak overlap. The existence of Cu2+/Cu+ may be due to oxidation of copper on the surface of the sample, which exposed to air. The high-resolution spectra of O1s spectrum (Figure 3d) can be deconvoluted into three major peaks centred at 530.2, 531.5 and 533.1 eV corresponding to the lattice oxygen, oxygen-deficient region and chemisorbed oxygen species (e.g., hydroxyl species), respectively. The C1s spectrum for Cu/TiO2@N doped C presented in Figure 3e can be deconvoluted into two major peaks, which assigned to be C=C/C-C (284.8 eV) and C-N bonds (285.7 eV), respectively. In Figure 3f, the high resolution N1s spectrum can be deconvoluted to three sub-peaks, attributing to the pyridinic N (399.7 eV), graphite N (400.6 eV) and N-O bond (403.0 eV). The above results (XRD, TEM and XPS data) confirm the TiO2/Cu junction enwrapped by N doped C structure is successfully fabricated from N-rich Ti/Cu cluster.
To demonstrate the interfacial structure advantage of Cu/TiO2@N doped C, the photocatalytic H2 evolution of Cu/TiO2@N doped C is evaluated and compared with that of Cu/TiO2 (without the N doped C layer, the XRD pattern and SEM image of PHI are shown in Figure S8) and TiO2 nanoparticles (NP, the XRD pattern and SEM image are shown in Figure S9). In order to determine the photocatalytic conditions for H2 evolution, the corresponding contrast experiments are performed in the absence of light or catalyst (Table S3). Without catalyst or light illumination, the yield of H2 is almost zero, which indicate importance of the catalyst and light illumination. Therefore, the photocatalytic H2 evolution experiments are carried out under irradiation using catalyst in a Schlenk tubes. As shown in Figure 4A and Figure S10, under the same photocatalytic conditions, the mass normalized rate of H2 evolution over Cu/TiO2@N doped C catalysts (305 μmol h-1 g-1) is significantly higher than that over Cu/TiO2@N doped C (182 μmol h-1 g-1 ), Cu/TiO2 (148 μmol h-1 g-1) and TiO2 NP (7 μmol h-1 g-1), and the order of average H2 production quantum efficiency is Cu/TiO2@N doped C > TiO2@N doped C > Cu/TiO2 > TiO2 NP (Figure S11). The results indicate that both the N-dope C layers and Cu/TiO2 interface structure have positive effects on the photocatalytic H2 evolution. Cycle stability is another important parameter for applicable catalysts. The cycle stability of the Cu/TiO2@N doped C photocatalyst is further checked by repeating the same photo-reaction process over five cycles (catalysts are recycled, cleaned and dried for the next catalysis). Figure 4B shows that the Cu/TiO2@N doped C catalyst exhibits excellent cycle stability without any deactivation in catalytic activity after five cycle. The structure and morphology of the Cu/TiO2@N doped C show no obvious changes after five cycles (Figure S12), which may lead to its excellent long-term durability.
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Figure 4. A) Mass-normalized H2 yield rate over Cu/TiO2@N doped C, Cu/TiO2 and TiO2 NP under xenon lamp illumination, B) cycle performance of H2 production by Cu/TiO2@N doped C, C) linear sweep voltammetry (LSV) curves of Cu/TiO2@N doped C, Cu/TiO2 and TiO2 NP, D) photo-current densities measured at 1.3 V vs. Hg/Hg2Cl2 electrode under dark and light conditions, E) Photoluminescence spectra of Cu/TiO2@N doped C, Cu/TiO2 and TiO2 NP, F) electrochemical impedance spectroscopy Nyquist plots of Cu/TiO2@N doped C, Cu/TiO2 and TiO2 NP.
In order to provide more information for the higher H2 evolution of Cu/TiO2@N doped C, UV-vis absorption spectra, linear sweep voltammetry (LSV), photocurrent response, photoluminescence (PL) emission spectra, and electrochemical impedance spectroscopy studies (EIS) are performed. Due to the existence of Cu and N doped C layer, the UV-vis absorption spectra indicates that Cu/TiO2@N doped C has higher light absorption than that of Cu/TiO2 and TiO2 NP (Figure S13). As shown in Figure 4C, the linear sweep voltammetry (LSV) curves show that Cu/TiO2@N doped C has a higher cathodic current density for the reduction of H2O to H2 than Cu/TiO2 and TiO2 NP. Compared with Cu/TiO2 and TiO2 NP, the integration of coating N doped C layer with a porous structure could accelerate the protonation and the subsequent H2 evolution rate of Cu/TiO2@N doped C, which is responsible for its higher current in LSV. Photocurrent densities are further characterized for Cu/TiO2@N doped C, Cu/TiO2 and TiO2 NP to investigate their photo-generated electron/hole pair separation efficiency. As shown in Figure 4D, the photocurrent density of Cu/TiO2@N doped C is higher than those of the Cu/TiO2 and TiO2 NP samples. The photo-generated electrons/hole pair separation efficiency of Cu/TiO2@N doped C, Cu/TiO2 and TiO2 NP is further investigated using the PL emission spectra with an excitation wavelength of 250 nm. As shown in Figure 4E, due to the band–band PL phenomenon, the main emission peaks for samples are centered at about 401 nm. The order of PL intensities is Cu/TiO2@N doped C < Cu/TiO2 < TiO2 NP, which corresponds well with the trend of photocurrent densities. The results further indicate that the Cu/TiO2@N doped C exhibits the highest separation efficiency of photo-generated electron/hole among three samples. Dual interface structure of uniform N doped C layer and Cu/TiO2 in Cu/TiO2@N doped C provide an efficient electron storage and transfer channel, which can effectively hinder the recombination of photo-generated electron/hole pairs. Furthermore, EIS of Cu/TiO2@N doped C (Figure 4F) shows a smaller semicircle in the Nyquist plot than those of Cu/TiO2 and TiO2 NP. It indicates a lower charge-transfer resistance in the dual interface structure, which can result in efficient transportation and separation of charge carriers.
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Figure 5. Gibbs free energy for hydrogen adsorption on Cu(111), TiO2(101), graphene on TiO2(101) (TiO2@C), N doped graphene on TiO2(101) (TiO2@N-C), and 2N doped graphene on TiO2(101) (TiO2@2N-C). Adsorption positions and values of energies are shown in Figure S10 and Table S4.
Gibbs free energy of H adsorption ΔGH* is considered as a suitable descriptor of hydrogen evolution reaction with optimum value of ΔGH*=0.66, 67 As shown in Figure 5 and Figure S14 adsorption free energy on graphene on TiO2(101) is high, and therefore its activity for hydrogen evolution is expected to be low. Doping with small concentration of N atoms decreases the free energy, but it still remains relatively high. However, on higher N concentrations, when two N atoms are in the same carbon hexagon,68 free energy significantly decreases and becomes almost zero, ΔGH*=0.04 eV, and much closer to zero than Cu surface. This could explain measured high photocatalytic activity in newly synthesized interface. Note that clean TiO2(101) also has ΔGH* close to zero, however, as already explained suffers from recombination.
Based on the above date analysis, the possible process of photocatalytic H2 evolution has been drawn in Scheme S1. Firstly, photo-generated electrons and holes are produced on TiO2 nanoparticles by irradiation using a light source with appropriate energy. The photo-generated electrons can transfer to the metal Cu, and then transfer to N doped C layer, leaving the photo-generated holes on TiO2. Next, the separated photo-generated electrons can react with the H2O adsorbed on the porous structure to produce H2, while the photo-generated holes on TiO2 reacted with the sacrificial agent triethanolamine (TEOA) to ensure completion of the entire process of photocatalytic H2 evolution.
CONCLUSIONS
[bookmark: OLE_LINK1][bookmark: _Hlk24548314]In summary, we have successfully designed and syntheiszed an atom-precise bimetallic CuII4TiIV5 cluster which is further used to fabricate to Cu-/TiO2@N doped C Interfaces via thermal treatment. The special bimetal arrangements in the molecular framework and outer organic ligands protection shell of CuII4TiIV5 cluster are responsible for the formation of hierarchical nanocompositions after pyrolysis. This is the first time to use a bimetallic cluster to fabricate multiple hierarchical interfaces, which provides multiple channels for the transmission of photo-generated carriers and effectively reduce the recombination probability of photo-generated electrons and holes. The Cu/TiO2@N doped C acting as the photocatalyst exhibits excellent photocatalytic H2 evolution due to favorable free energy of H adsorption on N doped C@TiO2 surfaces, which also are rationalized by density functional theory calculations.  
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An atom-precise heterometallic CuII4TiIV5 cluster) was designed and used as precursor to fabricate a dual interface structure of Cu/TiO2 and N doped C, which exhibited excellent photocatalytic H2 evolution.
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