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Abstract:
 The ablation of a target, composed of a homogeneous mixture of Fe & Co metal with H3BO3 powder, produces core-shell type particles on the as-deposited coating surface. Annealing at 600 oC in air transforms the core-shell into urchin-like particles having nanowires of 10-30 nm in diameter and 0.5-1 µm in length, grown radially from the particle surface as a result of the stress created between core and shell. Microstructural and analytical characterization confirms that nanowires are composed of CoFe2O4 and CoO phases forming a heterojunction, which showed outstanding performance as a photocatalyst, requiring half the time for an organic water pollutant degradation reaction in comparison to similarly nanostructured single-metal oxide counterparts (Co3O4 and Fe2O3). Degradation reactions conducted in controlled conditions demonstrate that the urchin-like mixed oxide coatings are highly efficient both in direct photocatalysis and in photo-Fenton reaction. This overall enhancement in activity is due to a synergistic effect created at the heterojunction of CoFe2O4/CoO that allows the formation of a Z-scheme mechanism to facilitate the spatial separation of photoinduced electron-hole pairs. Moreover, the hierarchical urchin-like nanostructures provide a large number of active sites for photocatalytic reactions, while the lower band gap of CoFe2O4 permits better visible light absorption to effectively degrade organic pollutants even under visible light.  Based on all the results, a plausible reaction mechanism is proposed related to Z-scheme heterojunction formed with CoFe2O4/CoO. 
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1. Introduction
Recently, a tremendous amount of attention is gained by 3D-hierarchical nanostructures formed by 1D nanowires and/or 2D nanosheets due to the combination of unique properties of each nanostructure obtained in a single material. A wide range of applications in various fields including nanoelectronics, catalysis, bio-medical, separations and sensors have been demonstrated by such hierarchical structures owing to their peculiar properties [1–3]. Specifically in photocatalysis these nanostructures not only provide high surface area but are also efficient in light trapping in the gap, formed between nanostructures, having dimension similar to the wavelength of light. Hierarchical structures of several semiconductor-based photocatalysts like TiO2 [4], ZnO [5], Fe2O3 [6] and WO3 [7] were realized in the past with improved photocatalytic activity towards water splitting, degradation of water pollutants, self-cleaning, and air purification. However, the major problem related to the intrinsic property of semiconductors, the recombination of photogenerated charge carriers, still need to be addressed in such nanostructures. Thus, focus has been diverted from single-component materials towards multicomponent based nanostructures. These multicomponent systems combine various semiconductors, metals, carbon and polymer to form heterojunction in the nanostructured morphology [8]. The heterojunction formed using multicomponent provides unique properties and multiple functionalities, which are not observed in single-component structures and can be used for a wide range of applications. p-n junctions formed between two different semiconductors in 1D heterojunction nanowires (NWs) are very useful for effective charge separation in photocatalytic reactions [9]. Metal-semiconductor heterojunctions are also well suited for such reactions.  Multicomponent heterojunctions have been successfully used in other fields like biosensors [10], nanoscale photodetectors [11], separation [12], gene delivery [13], and catalysis [14]. 
Multicomponent based 3D-hierarchial nanostructures formed by low band gap metal oxides are an optimal solution for three major problems of photocatalysis reactions i.e. low absorption of visible light, electron-hole recombination processes, and low surface area [15,16]. A variety of nanostructured heterojunctions including core-shell, 0D-quantum dots over nanoparticles or nanowires or nanosheets, segment NWs, composite of 2D nanosheets etc. have been synthesized, to date, largely by chemical synthesis techniques. Though giving advantage of facile method, these routes are able to produce primarily powder-based systems having recycling and recovering issues for photocatalytic reaction along with instability of nanostructures which deteriorate with time. Therefore, physical deposition techniques, such as Pulsed Laser Deposition (PLD), are very versatile techniques to manufacture nanostructure-based heterojunctions in form of coating stabilized on any substrate which will solve the issue for reusing. 
        In terms of photocatalytic materials, single metal oxides of Cobalt or Fe, like Fe2O3, Co3O4 and CoO have gained a lot of interest due to their natural abundance, non-toxic properties and enhanced visible light absorption compared to many other metal oxides along with good photocatalytic activity [17–26]. In our recent work, hierarchical 3D porous/urchin nanostructured Co3O4 and α-Fe2O3 coating with high photocatalytic activity towards degradation of Methlyene Blue (MB) dye was synthesized by pulsed laser deposition (PLD) [21]. Even though Co3O4 is the most stable oxide, CoO catalyst formed through non-equilibrium process such as PLD and mechanical ball milling displays outstanding catalytic property [22]. Also, these coatings exhibit very good chemical and mechanical stability, which allowed them to be tested in a continuous-flow photoreactor coupled to a solar concentrator, for the treatment of real industrial wastewaters [27,28]. Lately more attention is given to ternary mixed metal oxides based on transition metals (Co, Ni, and Fe) such as cobalt ferrite (CoFe2O4) and nickel ferrite (NiFe2O4) with spinel structure for photocatalysis applications [29–31]. These oxides have lower bandgaps (1.2-1.4 eV) than single metal oxides and have the capacity to absorb light in the entire solar spectrum. Their magnetic nature also allows for easy recovery of photocatalyst [32]. However, neither Co nor Ni ferrite displayed the remarkable photocatalytic activity owing to the very rapid recombination of the photogenerated electron-hole pair during the reaction. This problem can be mitigated by formation of heterojunctions by coupling two (or more) different materials leading to an increase in the charge separation and extends the range of visible light absorption due to involvement of two semiconductors of different band gap, thereby improving the photocatalytic response. Thus, the research works are now focused in forming interfaces between CoFe2O4 and single metal oxides or conductors, primarily due to the enhancement in visible light absorption and an improvement in photogenerated charge separation [33–38]. MoS2/CoFe2O4 nanocomposites fabricated by a simple hydrothermal method demonstrated good photocatalytic activity in degradation of RhB and congo red dyes [33]. Improved photoinduced charge separation, due to Z-scheme mechanism, and reduction in aggregation because of thin MoS2 sheets providing large active surface area, were the primary reasons for the enhanced photocatalytic activity. Nanocomposite of CoFe2O4 nanoparticles incorporated in urchin-like TiO2 microspheres synthesized as a smart material for recyclable photocatalysis reactions [34] showed superior photocatalytic activity in degradation of MB dye because of the reduction in recombination of photogenerated charge carriers. A CoFe2O4/g-C3N4 magnetically active nanocomposite synthesized by simple calcination method exhibited good photocatalytic activity towards degradation of MB dye [35]. Synergistic effect between CoFe2O4 and g-C3N4 led to the activation of H2O2 thereby enhancing the photocatalytic activity. Core-shell structured CoFe2O4 incorporated Ag3PO4 nanocomposites prepared by a precipitation approach demonstrated higher degradation efficiency towards MB and RhB dyes [36]. The heterojunction structure of Ag3PO4-CoFe2O4 nanocomposite inhibited the recombination of electrons and holes, along with a reduction in the band gap. Amongst the solutions offered by current literature to improve photocatalysis performance, heterojunction-based Z-scheme designs are promising ones, along with 3D hierarchical nanostructuring. Even after these recent advances on CoFe2O4 and its nanocomposites, implementing these approaches on an industrial scale is still a challenge given the powder form of the catalyst and the need for separation of the catalyst from the system after use, although the latter has been mitigated by a separation method exploiting the magnetic nature of CoFe2O4 [35,37]. Immobilization of the photocatalyst as a coating supported on a substrate would be an ideal solution to avoid this problem. PLD is a very convenient technique in synthesizing such photocatalysts with fine control over the morphology and providing good adhesion with the substrate. 
 Given these premises, we report here on the fabrication of CoFe2O4/CoO coatings by PLD and forming a Z-scheme heterojunction design in 3D-hierarchical urchin-like nanostructures. The coatings prove to be highly efficient both in direct photocatalysis and in photo-Fenton reaction, with yields higher than similarly structured single-metal oxide counterparts (Co3O4 and Fe2O3). This finding is discussed on the basis of the structural properties of the material and the role of the Z-scheme design and nanostructuring.

2. Experimental:
2.1 Synthesis 
     Fe metallic (Alfa Aesar, 325 mesh), Co metallic (Alfa Aesar, 98.5%) and Boric acid (H3BO3, Sigma-Aldrich, >99.5%) powders were mixed in molar ratio of 1:1:1 and the prepared mixture was compressed in the form of a disc to be used as a target for the deposition of mixed oxide coatings by PLD. A KrF excimer laser (Lambda Physik) with an operating wavelength of 248 nm, pulse duration of 25 ns, and repetition rate of 20 Hz was used for deposition. The fluence of the laser was always maintained at 3 J/cm2 for ablation. The PLD apparatus details and the mechanisms involved in the laser matter interactions are presented in our past reports [18,39]. The PLD chamber was evacuated up to a base pressure of 10-6 mbar prior to all the depositions. Deposition of the coating was carried out in an Ar atmosphere at a pressure of 1.5 x 10-2 mbar. The target to substrate distance was fixed at 4.5cm with the substrate positioned parallel to the target. The coatings were deposited on Si and quartz (for characterization) and glass substrates (for photocatalytic activity) maintained at room temperature. Thermal annealing of all the deposited coatings were carried out in air at 500 ºC, 600 ºC (all substrates) and 700ºC (quartz only) for 5 h with a heating rate of 5 ºC/min in order to obtain the hierarchical urchin-like structures of mixed metal oxides.
2.2 Characterization
     A Scanning Electron Microscope (SEM-FEG, JSM 7001F, JEOL) with 20keV electron beam energy equipped with energy dispersive spectroscopy analysis (EDS, INCA PentaFET-x3) was  used for examining the surface morphologies of all the samples prepared by PLD. Transmission Electron Microscopy (TEM) and High resolution TEM (HR-TEM) analyses were performed with a JEOL 2100F Cs-corrected analytical FEG TEM with an accelerating voltage of 200 kV equipped with an energy-dispersive X-ray spectrometer (EDS). Images were analyzed using Digital Micrograph software from Gatan. Copper grids (300 mesh) with Holy-carbon film were used as substrate to prepare samples for TEM analysis. Structural characterization was performed using X-Ray Diffractometer (XRD) with Cu K radiation ( = 1.5414 Å) in grazing angle mode with the incident angle of 1.5. Micro-Raman spectroscopy was performed using a Labram Aramis Jobin-Yvon Horiba -Raman system equipped with a He-Ne laser source (632nm). Absorption spectra were obtained with UV-VIS-NIR absorption spectrophotometer (Varian Cary 5000 UV-VIS-NIR absorption spectrophotometer). Surface composition and chemical states of each element present in the sample were analyzed with X-ray Photoelectron Spectroscopy (XPS) using a PHI 5000 Versa Ⅱ instrument equipped with a monochromatic Al Kα (1486.6 eV) X-ray source and a hemispherical analyzer. Appropriate electrical charge compensation was required to perform the XPS analysis. XANES measurements of the coatings at Co and Fe L2, 3 edges were performed at the APE-HE beam line, in Elettra-Synchrotron, Trieste, Italy [40]. A total electron yield (TEY) detection system was used to collect spectra of the samples and a base pressure of 10-10 mbar was maintained during acquisition of spectra from the samples.
2.3 Photocatalytic activity
    The photocatalytic activity of the synthesized samples was evaluated by studying the degradation of model MB dye solutions in presence of H2O2 and light. 30ml of MB dye (10 ppm) mixed with 1ml of H2O2 (1M), as an oxidizing agent, in an aqueous solution was used for degradation by photo-Fenton reaction. The catalyst coatings (prepared on glass slide of area 2.5 cm  7.5 cm) were dipped in the above prepared MB dye solution and kept in the dark for 30 mins at constant stirring to establish adsorption equilibrium between the solution and the catalyst surface. After dark reading, a tungsten lamp (225W) emitting mostly visible light was used as the light source. 1ml of MB dye solution was collected after fixed intervals of time during the reaction to study the amount of degradation by measuring the UV-Vis absorption spectra and analyzing the characteristic peak of MB at 664 nm. All the photocatalysis experiments were performed at room temperature. CO2 evolution was followed in selected experiments by an IR sensor (COZIR Wide range 100 or COZIR Wide range 5) placed in proximity of the solution surface. Note that since the reactor is open, the measurement is not quantitative, but can only show a variation in the atmospheric level of CO2.

3. Results and Discussion: 
     The as-deposited (AD) coating as well as the coatings annealed at different temperatures in air were studied by SEM to get insights on the surface morphologies and the changes that occur upon annealing. The AD coating (Fig. 1a & 1b) deposited in Ar atmosphere displays particle-like morphology with a broad particle size distribution from tens of nanometer to few micrometer. Such morphology is expected owing to the phase explosion process taking place below the target surface which comes close to the thermodynamic critical temperature upon irradiating with high laser fluence. The particles constituting the coating surface are in core-shell structure where different contrast between core and shell suggests that the core is composed of heavier elements (Fe and Co) while the covering shell contains lighter elements (mainly B). Irrespective of particle size, the thickness of the shell is in the range of 200-300 nm. The topography of the particles completely changes upon annealing in air at 500 oC (Fig. 1c & 1d), 600 oC (Fig. 1e-1g) and 700 oC (Fig. 1h). At 500˚C, the shell starts to disintegrate leading to the formation of small nanowires (NWs) on the surface of the particles. This indicates initial development of the hierarchical nano-structure which on further annealing at 600˚C leads to complete transformation from spherical particulates to an urchin-like structure with vertically grown NWs from surface of the particulates (Fig. 1e & 1f). The length and diameter of the NWs varies from 0.5 to 1 µm and 10-30 nm respectively. Another very important feature established from the image is that the surface coverage density of the NWs in urchin-like particle is very high. In addition to urchin-like particle, some particulates also transform into flower-like structure with nanosheets of thickness 20-25 nm and widths of 800-900 nm (Fig. 1g). Although there are only about 10% of such flower-like particulates, their contribution towards the catalytic activity cannot be neglected. On annealing at even higher temperature (700 °C) both the urchin density as well as the length of NW’s on the urchins increases (tens of micrometres) (Fig. 1h). The obtained morphology is in well agreement with our previous reports [21,41] on the PLD deposited hierarchical urchin-like Fe oxide as well as for Co oxides coatings where the growth mechanism is thoroughly discussed.
     The EDS measurement on the overall coating displays Fe/Co ratio of   ̴ 1.77 which is higher than that in the target used for deposition, with ratio of 1. This suggests the preferential ablation of Fe as compared to Co during the PLD deposition. Nevertheless, this ratio is quite different for particulates with urchin-like and flower-like nanostructuring that are formed after annealing at 600 ˚C in air for 5h. The magnified EDS mapping on urchin-like particles showed Fe/Co ratio of 0.33 while that for flower-like particles is about 50 (Fig. S1 and Table S1 of supporting information (SI)). This indicates that latter is composed of only Fe while former contains mixture of both metals with Co in dominating amount.
      As majority of coating surface is covered (90%) with urchin-like particles, further investigations were mainly concentrated on the NWs using TEM. NWs emerging from the particulate having length from 100 to 700 nm with average thickness of 20-35 nm are clearly visible in TEM images (Fig. S2 of SI). Several sets of lattice planes are observed on magnifying the single NW in HRTEM image (Fig 2a, 2b, 2d & 2e). A set of three d-spacing of 0.14, 0.21 and 0.29 nm are measured in Fig 2b where 0.14 nm and 0.29 nm are ascribed to (044) and (022) planes of CoFe2O4 phase (JCPDS file: 22-1086) whereas d-spacing of 0.21nm is common to that of (002) planes of CoO phase (JCPDS file: 75-0533) as well as (004) plane of CoFe2O4 phase. Fast-Fourier Transform (FFT) (Fig. 2c) of this NW can be perfectly indexed to CoFe2O4 and CoO phases. Similarly, in another NW shown in Fig. 2d and 2e, the lattice plane spacings are measured as 0.24 nm and 0.48 nm. A d-spacing of 0.48 nm can be attributed to (111) planes of CoFe2O4 phase but the value of 0.24 nm is again common to (111) planes of CoO phase as well as (222) planes of CoFe2O4 phase.  FFT of this particular NW also confirms these phases (Fig. 2f). More images of NWs having mixed phases are shown in Fig. S3 of SI. EDAX maps of individual NW were recorded to observe the distribution of various elements (lower panel of Fig. 2). Both Co and O are uniformly distributed throughout the wire, however, the distribution of Fe varies along the length. The Fe/Co ratio of about 0.31 measured on single NW is in good agreement with the composition of urchin-like particle obtained through EDS in SEM image. This implies that the concentration of Co is more in the NWs coming from a secondary Co phase i.e. CoO. Thus, it can be speculated that the phase of NWs is a mixture of CoFe2O4 and CoO phase.
     In order to further confirm the phases in the coatings with urchin-like particle, XRD was performed and reported in Fig. 3a. The XRD pattern was acquired with a glancing angle of 1.5o to mainly investigate the crystallinity of the particulates on the coating surface. For AD coating, the peaks centered at 44.7o and 56.1o are assigned to Fe-B and Co-B phases respectively. On annealing at 500 oC, the peak at 56.1o completely disappears, while the intensity of peak at 44.7o decreases. In addition to these peaks, a small peak at 35.6o due to CoFe2O4 phase (JCPDF-22-1086) starts to appear.  This CoFe2O4 phase grows prominently at 600 oC with distinct signals at 35.6o and 34.6o. A peak due to α-Fe2O3 is also visible at 33.1o at this temperature. All three peaks are also visible in coating annealed at 700˚C with higher intensity. The signal due to α-Fe2O3 is anticipated  to be generated from the flower-like hierarchical structure which contain only Fe as confirmed by EDS. Similar kind of α-Fe2O3 based hierarchical structures are obtained upon deposition of Fe+H3BO3 coating by PLD and annealing at 600˚C in air as reported in our previous work [41]. On the other hand, the signal coming from CoFe2O4 is expected to appear from the urchin-like particles containing both Co and Fe elements which is also confirmed from HRTEM analysis. Although the crystalline phase of CoO is not detected in XRD pattern, its existence cannot be neglected considering the Fe/Co atomic ratio in the NWs. Thus to confirm the phases on the surface of the nanostructured particulates, Raman spectroscopy was performed.
      The Raman spectra of AD coating and that annealed at 600˚C in air are reported in Fig. 3b in the range of 150 to 800 cm-1 where signature vibrations due to metal oxides are located. The broad nature of the peaks in AD coating indicate that metal oxides are mostly in an amorphous state. Upon annealing at 600˚C, the Raman vibration modes are intensified which is further deconvoluted into six peaks centered at 184, 290, 470, 534, 615 and 682 cm-1. The main peaks at 470 and 682 cm-1 are assigned to T1g and A1g mode of spinel CoFe2O4 phase as well as to Eg and A1g mode of CoO phase respectively [42,43]. Another intense peak at 615 cm-1 is attributed to A1g mode of vibration of only spinel CoFe2O4 phase while the peaks at 184 and 534 cm-1 are pertinent to F2g mode of CoO phase only. This confirms that the coating after annealing at 600˚C in air forms a composite of spinel type CoFe2O4 and CoO phase in an urchin-like structure. Nevertheless, the existence of small amount of α-Fe2O3 in flower-like structure is also observed with a low intensity peak at 290 cm-1 assigned to Eg mode of α-Fe2O3 [44]. Confirmation of the oxides phase can also be carried out by identifying the oxidation state of Fe and Co and its location in the oxide structure using XPS and XANES. 
       Elements such as Co, Fe, B and O along with residual carbon are detected in the elemental survey scan of XPS. Focus scan of XPS spectra for Fe2p, Co2p, B1s and O1s level are shown in Fig. 4. In Fe2p level, two peaks attributed to 2p3/2 and 2p1/2 level are clearly visible in the spectra for all coatings. The deconvolution of 2p3/2 levels for AD coating displays two peaks at 711.3 and 713.4 eV assigned to Fe3+ state in FeOOH and FeBO3 phase [45] respectively, with corresponding satellite peak at higher BE of 718 eV. Both these peaks are also visible for coating annealed at 500˚C but with relatively lower intensity for Fe3+ of FeOOH phase. After annealing at 600˚C and 700˚C, the 2p3/2 level is again deconvoluted into two peaks but with different BE values centered at 710.6 and 712.8 eV due to contribution from Fe3+ ions located in octahedral sites and tetrahedral sites respectively, in spinel CoFe2O4 phase [46]. The shake peak at 718 eV for Fe3+ ions is distinctly evident in the annealed samples. The peak at 710.6 eV is also characteristic of Fe3+ in α-Fe2O3 phase. No signal due to Fe2+ is detected in XPS spectra. Similar signals for Fe3+ at 725.5 eV and corresponding satellite peak at 730.4 eV are visible in 2p1/2 state. In Co 2p XPS spectra, the broad peak in 2p3/2 level is deconvoluted into two peaks, for AD and 500˚C annealed coatings, centred at 781.8 eV and 87.0 eV assigned to Co2+ state in Co(OH)2 and its corresponding satellite peak, respectively [20]. Upon annealing at 600 ˚C and 700 ˚C, three peaks are required to deconvolute the main peak, having BE of 780.1, 781.4 eV and 786.2 eV. The first two peaks are ascribed to Co2+ ions in octahedral site and tetrahedral site of spinel CoFe2O4 [46]. The broad peak at 786.2 eV is the characteristic shake up peak of Co2+ cations in octahedral site. The peak at 780.1 eV also corresponds to Co2+ in CoO phase. Similar to the case of Fe2+, no sign of Co3+ is observed in the spectra. The core-level spectrum of B 1s of AD coating is deconvoluted into three peaks cantered at 191.3 eV (40%), 192.6 eV (15%) and 193.8 eV (45%) which are attributed to B2O3, FeBO3 and H3BO3, respectively. After annealing at 500˚C, the peak of H3BO3 completely disappears leading to transformation into mostly FeBO3 having peak at 192.6 eV which is in majority (66%) as compared to B2O3 (34%) at 191.3 eV. Nevertheless, this ratio is exactly reversed upon annealing at 600 ˚C. The peak at 191.3 eV (64%) due to B2O3 results enhanced in comparison to FeBO3 peak (36%). The content of B2O3 (70%) on the surface further increases by small amount at annealing temperature of 700 ˚C. The spectra of O1s level is composed of two peaks at 530.7 eV and 532.1 eV assigned to FeOOH/Co(OH)2 and B2O3/H2BO3 species, respectively, for AD coating. Upon annealing at 500 ˚C, the peak position due to B2O3 remains as it is but the peak at lower BE shifts to 531.1 eV due to the contribution from FeBO3. The spectra of O1s level required three peaks for deconvolution of broad peak recorded for coatings annealed at 600 oC and 700 oC. The peaks such as 530.1 eV, 531.2 eV and 532.5 eV correspond to the O in metal oxides (CoFe2O4, CoO and α-Fe2O3), FeBO3 and B2O3 respectively. The content of B2O3 increases at highest annealed temperature of 700 oC as confirmed in B 1s spectra. The above XPS results evidently confirm that in AD coating, both the metals are in form of hydroxide (FeOOH and Co(OH)2) while boron is oxidized (B2O3) and small amount is bonded with Fe to form FeBO3. On the contrary, the hierarchical nanostructure formed after annealing at 600 oC mostly contains CoFe2O4, CoO and α- Fe2O3 along with B2O3. Most importantly, no sign of either Fe2+ or Co3+ is identified through XPS, thus discarding the possibility of presence of other oxide phases, such as Fe3O4 and Co3O4, which is in line with XRD, HRTEM and Raman results.
      To gain more insights on the oxidation states and local geometry of Co and Fe, XANES analysis was carried on the AD coating and annealed coating at 600 oC in air (Fig.5). Fe L2,3 edge of AD coating displayed two peaks at 709.4 and 711.2 eV in L3 region with nearly equal intensity. The former peak arises due to the presence of Fe3+ cation located at tetrahedral site specifically as reported for the FeOOH species [47] while latter peak arises due to Fe3+ positioned in octahedral site. On annealing at 600 oC, the peak at 709.4 reduces but it is still present in the form of a distinct shoulder of the peak 711.2 eV whose intensity remains unchanged.  The spectra matches perfectly with that reported for spinel cobalt ferrite where Fe3+ cations are present at both octahedral and tetrahedral sites [48]. Similarly for Co L2,3 edge, the L3 region contains a main peak composed of two peaks at 780.3 eV and 781.4 eV pertinent to Co2+ cations located at tetrahedral and octahedral site for AD coating [48]. The intensity of both these peaks are maintained for the coating annealed at 600 oC. A very small shoulder at 778.6 eV arising from Co3+ state is detected for both the coatings. The formation of Co3+ is supposed to be due to long exposure of samples in air before the measurement which might convert small amount of Co2+ to Co3+.  The XANES results likewise confirms that Fe and Co are present mostly in Fe3+ and Co2+ state after annealing at 600 oC leading to the formation of CoFe2O4 phase in majority, along with CoO and α-Fe2O3 phases which again match well with the XPS, Raman, XRD and HRTEM results
    The mechanism involved in the formation of urchin-like and flower-like hierarchical particles comprising Co and Fe oxide, respectively, is explained in detail in our previous work on single metal oxide [21,41]. Here, in mixed oxide, the composition and crystal phases involved during the formation of these hierarchical structures is briefly clarified on the basis of the characterization results obtained above. During PLD, the high laser fluence is mainly responsible for phase explosion process occurring just below the target surface which leads to the deposition of particulates of wide range of sizes in the AD coating. These particulates are in the form of core-shell structure, as observed in SEM images, with heavy elements such as Fe and Co forming the core which is covered by light elements such as B and O bonded with Fe and Co. XPS and XANES show the presence of only B2O3, FeBO3, FeOOH and Co(OH)2 on the surface of AD coating. During annealing, mechanical stress is generated between the core and shell due to the large difference between thermal expansion coefficient of metals and metal oxides, borides and hydroxides. In order to release this stress, the shell starts to disintegrate leading to the emerging of core metal in form of NWs on the surface of particulates at 500 ˚C. On further annealing to 600 ˚C and 700 ˚C, these NWs grow in length to further release the stress. The NWs are composed of mixed phases of CoFe2O4 and CoO, formed by metal reacting with O2 in air, as confirmed by the results of XPS, XANES, Raman, XRD, HRTEM and EDS. As there is a preferential ablation of Fe, some core-shell particulates contain only Fe core with Fe-B-O shell. Indeed these specific particulates release stress to form flower-like hierarchal structure having α-Fe2O3. Such nano-structure formation is consistent with that obtained for the coating prepared by PLD using Fe and H3BO3 as target and annealed in air for 600 ˚C [41].  However, majority of hierarchal particulates are composed of urchin-like structure having NWs of mixed oxides of CoFe2O4 and CoO.
      As the present synthesized mixed oxide urchin-like coatings will be applied for photocatalysis application, it is mandatory to investigate their optical properties. UV-vis spectra acquired in transmission mode is presented in Fig. 6a for coating annealed at 600 ˚C where urchin structure is well developed. The catalyst coating seems to be active in absorbing visible light in the range from 300 to 800 nm. However, CoFe2O4 and CoO are the major phases present in the urchin structure as confirmed by above results, where the former is an indirect band gap semiconductor with value of  ̴ 1.2 eV [49,50] and the latter has a direct band gap of  ̴ 2.4 eV [51].  Thus, the Tauc representation was plotted for analysis of both indirect as well as direct transitions in Fig. 6b. The energy gap value of 1.35 eV and 2.37 eV was measured for indirect and direct transition, respectively. These values are very close to that reported for the band gap of CoFe2O4 and CoO, respectively, thus again confirming the presence of both these phases in the urchin-like nanostructure. Most decisively, this mixed oxide urchin-like coating seems to be very efficient in absorbing visible light. 
     The effectiveness of the synthesized mixed metal oxide urchin-like hierarchical nanostructure by PLD as a photocatalyst was studied by using it for degradation of model MB dye through a photo-Fenton reaction involving H2O2. The variation in the MB dye concentration as a function of irradiation time was measured by monitoring the variation in the characteristic absorption peak at 664 nm. Adsorption is the major prerequisite condition for any heterogeneous catalytic reaction, thus all the catalyst coatings were kept stirring in the dye solution under dark for 30 min. The role of light, H2O2 and catalyst, in catalytic degradation was first verified by performing the separate degradation of MB dye, (1) in presence of light only, (2) with added H2O2 and light, (3) with coating annealed at 600˚C and light, and (4) combination of all three (H2O2, light and catalyst). The degradation results are presented in Fig. 7a. In 60 mins, the degradation of MB dye in light is only 19% which increases to 28% after inclusion of H2O2. Finally adding urchin-like mixed oxide coatings along with H2O2 and light the degradation reaction is almost completed in 60 mins. This indicates that the catalyst coating follows photo-Fenton reaction by generation of OH• radicals by dissociation of H2O2. Most importantly, the catalyst coating is also able to degrade 47% of MB dye in absence of H2O2. This suggests that the mixed oxide catalyst coating also works as a pure photocatalyst which might be able to generate hydroxide radicals from adsorbed H2O on the surface. Although the involvement of H2O2 is very useful, the catalyst coating can however also be utilized without H2O2. 
     It is of paramount importance to understand the impact of mixed oxides phases (CoFe2O4 and CoO) in urchin structure on the photocatalytic activity. Thus the performance of photocatalytic degradation of MB dye with single oxide of Co3O4 urchin-like and α-Fe2O3 flower-like hierarchical nanostructure prepared by same technique is compared with that of mixed oxides urchin-like coating prepared in the present case (Fig. 7b). The complete analysis on morphology, structure, composition, phases and chemical states of single oxide coatings prepared with PLD having mainly identical hierarchical structure is reported and discussed in our previous work [21,41]. In all experiments the weight of the catalyst was constant and the irradiated geometric area was maintained around 2.5 cm × 7.5 cm respectively. As observed from Fig.7b, CoFe2O4 /CoO mixed oxide urchin-like coating was able to achieve almost complete degradation (97%) of MB dye in just 60 mins which is half of the time required by α-Fe2O3 (120 mins) and less than half time required by Co3O4 (150mins) urchin-like coatings. This evidently proves a significant improvement in photocatalytic activity for the mixed metal oxide coatings achieved by synergic effect created by the heterojunction between CoO and CoFe2O4, lower bandgap of CoFe2O4 and high surface area obtained in urchin-like structure. The smaller bandgap will improve visible light absorption leading to generation of large number of electron-hole pairs which will be separated at the heterojunction formed at the interface of CoO and CoFe2O4 to reduce the recombination problem. On the other hand, the number of exposed active sites will be enhanced by the high surface area in the urchin-like particle. Although the combination of these three features seems to be very effective in enhancing the photocatalytic activity, it is very essential to evaluate the contribution of each one of these features towards efficient degradation reaction.
     To investigate the effect of urchin-like structure, the photocatalytic degradation of MB in presence of H2O2 was investigated for the mixed-oxide AD coating and for that annealed at different temperatures of 400˚C, 500˚C, 600˚C and 700˚C in air for 5 h (Fig. 8a). Except for coating annealed at 600˚C, all the other coatings showed comparable activity with the catalyst annealed at 700˚C displaying the worst activity. AD coating was able to degrade only 53% in 150 mins mainly due to lack of any urchin-like particle and the required phase on the surface. With annealing at 400 and 500˚C, the coating shows slight improvement in photocatalytic activity (60% and 64% degraded in 150 min respectively)  which is attributed to the start of  formation of urchin-like particle having NWs of very short length as confirmed by SEM image (Fig. 1d). Only when the urchin with well-developed NWs are formed at 600˚C, it illustrates high photocatalytic degradation of about 97% in just 60 mins. This definitely highlights the role of urchin-like nanostructure providing the large number of active sites obtained through high surface area. The coatings annealed at 700˚C showed very poor adhesion to the substrate, when immersed into the dye solution that indeed caused the peeling of coating in the solution. It is suspected that at this temperature the length of NWs are large thus causing the lifting of urchin-like particulates from the coating surface. These loosely bond particulates are expected to be removed during the catalytic reaction, hence delaying the reaction time. However, the degradation rate attained with 600˚C annealed coating confirms the important role of urchin-like hierarchical structure in enhancing the MB dye degradation.
      To explore the formation of heterojunction and its effect on photocatalytic activity, it is necessary to investigate the band edge of both CoFe2O4 and CoO. The band edge of conduction band (CB) and valence band (VB) reported for CoFe2O4 in past literature [52] is located at +0.16 eV and +1.44 eV respectively, having band gap of 1.2 eV. For CoO with band gap of 2.4 eV, the CB and VB are located at +0.9 eV and +3.3 eV respectively [22]. The schematic diagram in Fig. 9 shows the band edge position of CoFe2O4 and CoO along with the redox potential for O2• radical (O2/O2•) and OH• radical (OH-/OH•) formation at -0.13 eV and +2.4 eV, respectively. Considering the band position of both the semiconductors and the fact that both are p-type semiconductors it will not form p-n type II junction. Rather it will form a z-scheme junction which is only formed in p-p or n-n type semiconductor because the combination of p and n-type semiconductor will create space charge region to inhibit the charge carrier Z-scheme migration [53]. Thus, during light irradiation, the band gap of CoFe2O4 and CoO permits both the semiconductors to absorb visible light to produce electron-hole pairs. The excited electrons from CoO will combine with holes of CoFe2O4 to spatially separate the electrons in CoFe2O4 and holes in CoO which further take part in photocatalysis reaction. As the redox potential of O2/O2• (-0.13 eV) is more negative than the CB edge of CoFe2O4, all the electrons formed during excitation of CoFe2O4 will be utilized to activate H2O2, which is a well-known electron acceptor, to form OH• radical. Alternatively, the VB edge of CoO is more positive than the redox potentials of OH-/OH• formation (2.4 eV), thus the hole accumulated on CoO will participate in formation of OH• radical from the absorbed OH- ion. According to proposed mechanism, OH• radical is the only active radical that will be formed to oxidize the MB dye. To confirm this, the scavenger of OH• radical in form of isopropanol (IPA) was introduced during the reaction with different IPA/H2O2 molar ratios (1, 2 and 4) (Fig. 8b). For 60 mins, the amount of MB degradation reduces to 75%, 52% and 25% for IPA/H2O2 molar ratio of 1, 2 and 4 respectively. At highest concentration of IPA, the catalytic activity drastically decreases and the obtained amount of degradation is similar to that achieved with MB + light after 60 mins. For each H2O2 molecule two OH• radicals are generated, thus at IPA/H2O2 ratio of 2, it is expected to be enough to completely stop the reaction because all OH• produced from H2O2 will be scavenged by IPA. Yet this is not the case and the degradation amount (52 %) is decreased by half in 60 mins. This value is consistent with that achieved with using only catalyst and light without H2O2 (47 %) (fig. 7a). The observation through this OH• scavenging experiment clarifies two phenomena: 1) OH• is the only active radical formed and is responsible for the degradation of MB and 2) OH• radicals are not only  formed by H2O2 activation but also by oxidation of OH- ions coming from water molecules adsorbed on the catalyst surface. This proves our hypothesis that CoFe2O4 and CoO forms a Z-scheme type heterojunction to reduce the recombination of electron-hole pair to produce OH• radicals not only in presence of H2O2 by photo-Fenton reaction but also by the oxidation of OH- ions to induce direct photocatalysis in the absence of H2O2. The attained direct photocatalysis due to formation of Z-scheme heterojunction between CoFe2O4 and CoO was also confirmed by comparing with the results of single oxide Co3O4 urchin-like and α-Fe2O3 flower-like coatings tested without H2O2. The degradation of only 15-20% was achieved after 60 mins, thus suggesting that single oxide Co3O4 and α-Fe2O3 are active only in presence of H2O2 where the photo-Fenton type reaction takes place [21,41]. This verifies that formation of Z-scheme heterojunction is mostly accountable for higher photocatalytic activity in mixed oxide in comparison to single oxide urchin-like coating. In addition to the improved photogenerated charge separation at the heterojunction, the higher amount of visible light absorption owing to lower bandgap of CoFe2O4 will also contribute in enhancing the photocatalytic activity of mixed oxide urchin-like coatings, though contribution due to this is difficult to quantify.
       To investigate the mineralization of MB dye to H2O and CO2, the photocatalytic activity of the 600oC annealed coating was also done with the CO2 sensor mounted on top of the reaction vessel. The sensor was able to measure the CO2 generated from the photocatalytic reaction revealing an increase in the CO2 level (measured in ppm) as soon as light is irradiated on the catalyst surface (Fig. S4) thereby giving the direct proof of MB degradation with CO2 as the by-product. 

Conclusion:
        Hierarchical urchin-like structures of mixed-metal oxides were successfully obtained as coatings by PLD. An in-depth structural characterization revealed CoFe2O4 and CoO as the main components, leading to the formation of heterojunctions. CoFe2O4/CoO shows remarkable photoactivity towards degradation of the organic pollutant, accompanied by CO2 evolution indicating (qualitatively) conversion to inorganic carbon. Almost total degradation (97%) is obtained by CoFe2O4/CoO in half the time with respect to comparable single-metal oxides (60 min. compared with 120 min. for α-Fe2O3 and 150 min. for Co3O4). The enhanced photocatalysis performance is attributed to both the urchin-like structure, resulting in a large surface-area increase, and the formation of a Z-scheme heterojunction between CoFe2O4 and CoO. The latter not only improves charge-separation by spatial separation of photogenerated electron-hole couples, but also activates a direct photocatalysis route for the degradation reaction. Indeed, while the single-metal oxides show only photo-Fenton activity, CoFe2O4/CoO is considerably active (47% degradation in 60 min.) also in absence of H2O2. These findings prove that hierarchical nanostructuring and especially Z-scheme designs are very powerful tools to enhance the photocatalysis performance of materials. Their application here on immobilized photocatalysts, which can be easily recovered and used again, is particularly important from an industrial perspective. Additionally, both materials (Fe, Co and B) and fabrication method (PLD) employed are easily scalable, bringing the photocatalysis technology a step-further towards industrial application. In principle, this technique can be also extended to synthesis of all the ferrites possible in existence as long as the precursors in the form of metallic powders are available.
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Figure 1: SEM images of as deposited coating (a & b) and that annealed at 500oC (c & d), 600°C (e,f &g) and 700°C (h) in air for 5 h. 
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Figure 2: TEM (a & d) and HRTEM (b & e) images of single nanowire of urchin stucture formed after annealing the coating at 600 oC for 5 h. The FFT converted electron diffraction patterns (c & f) could be indexed to CoFe2O4 and CoO phases present in this nanowire. Lower panel shows the elemental mapping for nanowires. 
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Figure 3: (a) XRD patterns of as deposited coating and, that annealed at 500˚C, 600˚C, and 700˚C in air for 5 h. (b) Raman Spectra of as deposited coating and that annealed at 600˚C in air for 5 h.
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Figure 4: XPS Spectra of Co 2p, Fe 2p, B 1s, and O 1s level of as deposited coating and that annealed at 500˚C, 600˚C, and 700˚C in air for 5 h.
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Figure 5: XANES Spectra at (a) Fe L2,3 edge (b) Co L2,3 edge, of as deposited coating and that annealed at 600˚C in air for 5 h.








 (
(
a
)
)
 (
(
b
)
)
Figure 6: (a) UV-Vis absorbance spectra of the PLD deposited coating annealed at 600˚C in air for 5 h, and corresponding (b) Tauc plot to determine direct and indirect band-gap.  



Figure 7: (a) Percentage degradation of MB dye after 60 mins in presence of  PLD despoited coating annealed at 600 oC, H2O2 and visible light. (b) Comparison of performance for Co3O4 urchin-like, α-Fe2O3 hierarchical-like, and CoFe2O4/CoO urchin-like coatings deposited by PLD and annealed in air at 600 oC, for degradation of MB dye in presence of H2O2 and visible light. 
 (
(a)
)



Figure 8: Time dependent degradation ratio of MB dye solution in presence H2O2, and visible light (a) using mixed-oxide coatings, as deposited by PLD and that annealed at various temperatures 400 oC, 500 oC, 600 oC and 700 oC in air for 5 h and (b) using catalyst coating annealed at 600 oC in presence of isopropanol (IPA) of different molar ratio. 
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Figure 9: Schematic diagram of z-scheme junction between CoO and CoFe2O4 p-type semiconductors. 
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