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Towards the synthesis of mixed oxides with controlled stoichiometry from Prussian Blue analogues †

Controlling the synthesis of mixed oxides is of great interest since their stoichiometry influences the properties. We present here the transformation of the Co 4 [Fe(CN) 6 ] 2.7 Prussian Blue Analogue (PBA) into the mixed Co 1.8 Fe 1.2 O 4 spinel oxide, with a detailed characterization of the final phase (obtained by calcination in air at 900 • C during 2 hours) and an emphasis on the calcination process by TDA/TGA, X-ray diffraction, (High-resolution) TEM and Energy-filtered TEM. Singlecrystalline particles with an homogeneous distribution of Fe and Co ions within each particle are observed, with the same Co:Fe ratio as in the PBA. The calcination mechanism is a 2-steps transformation, with first the elimination of water molecules and then the cyanide decomposition. XRD and TEM at intermediate temperatures additionally show the occurrence of a phase separation between 500 • C and 850 • C before the formation of the single final phase. We demonstrate also through the calcination of intermediate PBAs between Co 4 [Fe(CN) 6 ] 2.7 and Co 4 [Co(CN) 6 ] 2.7 that this synthesis route leads to the perfect control of the oxide stoichiometry through the control of the PBA. The versatility of this synthesis route is finally illustrated through the successful synthesis of Co 1.8 Fe 1.2 O 4 nanoparticles (diameter ∼5 nm) from PBA nanoparticles confined within the pores of a mesoporous silica monolith.

Introduction

Spinel ferrites are transition metal oxides of general formula M x Fe 2-x O 4 , where M can be a transition metal, an alkali earth element or even a rare-earth element. The interest for these compounds significantly grew in the past decade thanks to the wide range of applications of these materials, e.g. in catalysis, depollution of water, energy storage (batteries, supercapacitors...), gas sensors, medicine applications, magnetic devices and data storage. [1][2][3][4][5][6][7][8][9][10][11] Such a wide range of applications arises from the price-less rich versatile chemistry of the spinel family, which offers the opportunity to adjust the stoichiometry to reach tailor-made properties. However, it is well-known that the properties of a spinel ferrite depends on its stoichiometry 5,[12][13][14][15] and for a given targeted stoichiometry, also on the synthesis process. [1][2][3][16][17][18][19][20][21][22][23][24] Therefore many efforts have been devoted to the improvement of the synthesis process of the ferrite spinels in order to better control their stoichiometry and so their property.

One interesting way is the calcination in air of a precursor, whose stoichiometry, structure and synthesis are known and controlled. Prussian Blue Analogues (PBA) thus appear as a promising sacrificial compound, as their synthesis is well established and enables a full control of the PBA stoichiometry. They are coordination polymers with general formula A p [B(CN) 6 ] q •H 2 O (A,B = transition metals) with a well-defined organization of the metallic cations at the atomic scale: the two transition metals are linked through a cyanide bridge, with an homogeneous repartition of the two transition metals at the atomic scale, thus leading to a face-centered cubic structure. Several studies already showed that when calcinated in air, PBAs (either bi-or trimetallic) are transformed into ternary or spinel oxides. 4,5,[25][26][27][28][29][30][31][32][33][34][35][36][37][38] In the particular case of Co ferrites, the Fe 1.8 Co 1.2 O 4 spinel oxide was obtained from the Fe 3 [Co(CN) 6 ] 2 PBA for different calcination conditions. 4,29 Nevertheless, these studies focused on the final product and its properties with no or few description of the PBA → spinel transformation process itself. Also, it is wellknown that the Fe-rich (CoFe 2 O 4 ) and the Co-rich (FeCo 2 O 4 ) spinels do not present the same thermodynamic stability and that their synthesis is not possible over the same temperature range : using a low-temperature co-precipitation method, it was shown that CoFe 2 O 4 was formed at 300 • C, while FeCo 2 O 4 could be formed as a single phase only around 900 • C. 12,16 Therefore we undertook the detailed study of the formation of the Co 1.8 Fe 1.2 O 4 (called CoFe-Ox in the following) Co-rich counterpart of the Fe 1.8 Co 1.2 O 4 spinel 4,29 from the Co 4 [Fe(CN) 6 ] 2.7 PBA (called CoFe in the following). In addition to the characterization of the final phase by X-Ray Diffraction (XRD) and both high-resolution and energy-filtered Transmission Electron Microscopy (TEM), we present a detailed study of the calcination process itself by thermodifferential/thermogravimetric analyses (TDA/TGA), XRD and TEM. From these results, we extend this thermal treatment optimized for a bimetallic PBA (i) to the formation of spinel ferrites of intermediate compositions between Co 

Experimental

Syntheses

The CoFe powdered Co 4 [Fe(CN) 6 ] 2.7 PBA was prepared as already described elsewhere. 39 400 mL of an aqueous solution of potassium hexacyanoferrate(III) (concentration of 2.5.10 -3 mol.L -1 ) were added dropwise during 3 hours and under stirring to 100 mL of an acidic aqueous solution of Co(II) nitrate (5.10 -2 mol.L -1 , pH = 3). The resulting precipitate was centrifugated (15 minutes at 8000 rot.min -1 ), washed three times with distilled water and centrifugated again. Finally it was allowed to dry in air at room temperature. To obtain the CoFe PBA/SiO 2 nanocomposite (called NanoCoFe), a Co 2+ -containing mesoporous silica monolith 40 is impregnated with an acidic [Fe(CN) 6 ] 3-solution using the double-solvent method. [41][42][43] This technique was already successfully applied to the synthesis of several PBAs as nanoparticles. 35,[44][45][46][47] In previous studies, we also showed that all the Co cations initially present in the silica monolith are transformed in PBA 48 and that the PBA particles are entirely confined within the pores of the silica monolith. 40 The synthesis of the mesoporous silica monolith is described in Refs. 34, 39, 43 and 44.

Intermediate chemical compositions between

Thermal treatment

After an optimization of the thermal treatment, 49 To better understand the PBA-to-oxide transformation, a series of samples were also prepared from CoFe by heating at intermediate temperatures between room-temperature and 900 • C (also with a 5 • C.min -1 heating rate and a 2-hours plateau). The chosen temperatures are 300 

Materials characterizations

Elemental analyses were performed at the Service Central d'Analyses of the CNRS (Solaize, France).

Thermodifferential (TDA) and thermogravimetric (TGA) analyses were performed under air with a flow rate of 100 mL.min -1 and a temperature ramp of 5 • C.min -1 up to 900 • C using a TA Instruments SDT Q600 apparatus.

X-ray diffraction patterns were recorded using a Phillips PAN X'Pert PRO MPD X-ray diffractometer (Cu Kα 1 ; λ = 1.5418 Å). An aluminum sample holder was used for CoFe , the three intermediate compositions and the corresponding oxides. No background subtraction was performed on the XRD patterns. The lattice parameters were extracted using a simple Lebail fit for a Fm3m space group in the case of the precursor PBA and a Fd 3m space group in the case of the oxides.

Transmission Electron Microscopy (TEM) images were recorded using a JEOL JEM 100CXII electron microscope operating at an acceleration voltage of 100kV, whereas High-Resolution TEM (HR-TEM) images and EDX spectroscopy were performed using a JEOL JEM 2011 apparatus equipped with a LaB6 filament and operating at 200 kV; the images were collected using a 4008x2672 pixel CCD Camera (Gatan Orius SC1000) (LRS, Paris, France). EDX measurements were performed for different particles; the results are very close among the probed particles, so the given composition is representative of the whole sample. Additional images were taken using the FEI Tecnai G2 20 JANNuS-TEM (CSNSM/SCALP, Orsay, France) operating at an acceleration voltage of 200 kV with a spatial resolution of 0.23 nm; it is equipped with a GIF (Gatan Imaging Filter) Tridiem 863, which was used to acquire the energy-filtered images.

Magnetic measurements were recorded at room temperature with an MPMS-5S superconducting quantum interference de Co(Co75)Fe-Ox. Co 3 O 4 was also measured as a reference; we used the commercial product from Alfa Aesar. The spectra were recorded in the transmission mode on the ROCK beamline 50 at SOLEIL (Gif-sur-Yvette, France) using a Si(111) Quick-EXAFS monochromator. Spectra were recorded in a quick-scan mode from 6900 eV up to 8800 eV, allowing both edges to be recorded in a row to minimize experimental artefacts. Measurements were performed on pellets at room temperature. No radiation damage was observed.The spectra were energy-calibrated and normalized following the measurements.

Results and discussion

Characterization of CoFe

CoFe was characterized by XRD, TEM and elemental analyses.

The exact chemical formula of CoFe is K 1).

0.1 Co 4 [Fe(CN) 6 ] 2.7 •19H 2 O (Table
The peaks of the diffraction pattern (Fig. 1a) can be indexed for the face-centeredcubic structure characteristic of PBA, 51,52 with a cell parameter of 10.31±0.02 Å. TEM images (Fig. 1b) show particles with a size distribution (Fig. 1c) ranging from 200 to 360 nm and centered around 250 nm. 

Characterization of CoFe-Ox

CoFe-Ox (obtained after heating at 900 • C during 2h) was characterized by XRD and TEM, and the main results are presented in Fig. 2. The diffraction pattern of CoFe-Ox is presented Fig. 2a. Only sharp single peaks are observed, which indicates the presence of a single phase. They can be indexed by considering a spinel-type structure, with a cell parameter of 8.29±0.02 Å. This value is intermediate between the cell parameters of Co 3 O 4 (a = 8.08±0.02 Å) 53 and CoFe 2 O 4 (a = 8.38±0.01 Å), 12 and consistent with the cell parameter a = 8.24 Å of Co 2 FeO 4 . 12,16 The size and shape of the particles were determined from TEM images (Fig. 2b). All particles are in the 100-350 nm size range. They also all have a Co:Fe ratio of 1.5±0.2 (Fig. 2b) as determined by EDX analyses; this is perfectly consistent with the Co:Fe initial ratio in CoFe, where Co:Fe = 4:2.7 = 1.48. Co and Fe M 1 -edge Energy-filtered TEM (EFTEM) images also demonstrated that the Co and Fe ions are homogeneously distributed in the particle (Fig. 2c). High-resolution TEM enabled to give an image of the (111) reticular planes, which shows that the particles are single-cristalline. In addition, an inter-reticular distance (d 111 ) of 4.75 Å could be calculated from the HR-TEM image, which is consistent with the one from XRD (4.79 Å).

Given 

Monitoring of the PBA-to-oxide calcination by TDA/TGA

The thermodifferential and gravimetric analyses (TDA and TGA) of CoFe are presented in Fig. 3. Several temperature ranges can be identified.

First, up to ∼130 • C (point A), a mass loss of 29% is observed, associated with a weak endothermic peak. It can be ascribed to the elimination of water molecules (both zeolitic and structural A plateau in the mass loss is then observed between 130 • C and 230 • C (from point A to B in Fig. 3). Over this temperature range, the chemical formula of the compound can be given as K 0.1 Co 4 [Fe(CN) 6 ] 2.7 . The first coordination shell of the Fe ions remains unchanged but, as already observed in the calcination of CoCo, 54 This TGA analysis demonstrates that 54% of the total mass is lost during the whole process: 29% because of the elimination of water molecules and 25% because of the decomposition of the cyanide bridges. If we suppose (i) that all the Co and Fe ions of the PBA precursor are part of the final phase and (ii) that the mass losses are due only to the loss of water molecules and to the re-placement of the CN ligands by O ligands, the derived formula of CoFe-Ox is Co 4 Fe 2.7 O 8.9 , which can be rewritten as Co 1.8 Fe 1.2 O 4 . These results from TGA are thus fully consistent with those from EDX spectroscopy.

To summarize, the process that can be drawn from TDA/TGA is a two-steps transformation : first the elimination of water molecules and then the cyanide decomposition. This 2-step mass loss was already observed for the calcination of other PBA into oxide. 4,27,33,37 So the PBA-to-oxide transformation for the particular case of CoFe can be described by 

The transformation process of CoFe

A calcination of CoFe during 2h in air at 900 • C thus enables to get a single Co 1.8 Fe 1.2 O 4 spinel phase with a cell parameter of 8.29±0.02 Å, particle sizes ranging from 100 nm to 350 nm, an homogeneous composition of the particles and an homogeneous repartition of the transition metals inside each particle. To better understand the mechanism of this PBA-to-oxide transformation, the room temperature XRD patterns of CoFe after thermal treatment at variable temperatures were recorded; the most significant temperatures are displayed on Fig. 4, and the XRD patterns for all temperatures are given in ESI 2 †. After the complete decomposition of the cyanide bridge of CoFe around 250 • C (Fig. 3), a continuous evolution of the XRD patterns with temperature is observed (Fig. 4). The most striking feature is the peak splitting at 700 • C, which indicates a phase separation into two phases present in approximately the same quantity (Fig. 4a,b), followed by the formation of a single phase (Fig. 4b) if the calcination is continued up to 900 • C.

The XRD pattern at 300 • C (Fig. 4a) displays broad peaks, that can already be indexed for a spinel structure with a unit-cell parameter of 8.22 Å. The TEM images indicate that the particle size distribution is relatively narrow and centred around 15 nm. This size is significantly smaller than the size expected for a singleparticle to single-particle transformation. Therefore, the cyanide decomposition is accompanied by the fragmentation of the initial PBA particles. At 500 • C (Fig. 4a), a shoulder can be seen for peaks (311), (400), ( 511) and (440), which suggests the beginning of a phase separation. In particular, two features can be clearly identified for peak (311) (Fig. 4a-inset has a spinel structure, with a stoichiometry close to Co 3 O 4 but with some Fe ions substituted for Co ions. In the case of Phase 2, the cell parameter is found to be 8.37±0.02 Å, which is the value for CoFe 2 O 4 .

Over the 300-700 • C temperature range, Phase 1 is thus the majority phase from 300 • C but its lattice parameter varies. Phase 2 already appears at 500 • C, with a well-defined lattice parameter of 8.37 Å, which corresponds to the CoFe 2 O 4 spinel, and an increasing intensity of its diffraction peaks with the increase of temperature. This evolution of the diffraction patterns over this 300-700 • C range can be explained by the progressive formation of the more stable CoFe 2 O 4 phase to the detriment of the initial spinel oxide phase. This explains the progressive shortening of its lattice parameter accompanying the increase in Co/Fe ratio in Phase 1. Therefore Phase 1 acts as the reservoir for Phase 2, which develops if the temperature of the thermal treatment is high enough.

If the temperature is still increased up to 750 • C and 800 • C, an inversion of the relative intensity of the splitted peaks is observed. Phase 2 has become the majority phase. Also, peaks appear sharper at higher temperature. The cell parameter of Phase 1 is 8.16±0.02 Å at 750 • C, which is smaller than at 700 • C, and remains stable at 800 16 They mechanically alloyed a mixed powder of stoichiometric amounts of Fe 2 O 3 and Co 3 O 4 with a subsequent annealing under different conditions (temperature, time). Their XRD patterns revealed the presence of a single spinel phase only for calcination at 900 • C and 950 • C. Below 900 • C and at 1000 • C, two spinel phases can be observed, one richer in Fe with a higher cell parameter and one richer in Co with a lower parameter. At 700 • C, their Fe-rich phase has a cell parameter of 8.37 Å, which is identical to Phase 2 in our case. Their Co-rich phase has a cell parameter of 8.13 Å, which is slightly lower than our Phase 1 but consistent with the fact that our single phase at 900 • C is richer in Fe (Co 1.8 Fe 1.2 O 4 ) than their Co 2 FeO 4 phase. All these observations indicate that the formation of this particular Co-rich ferrite spinel is not related to the synthesis way but only to the final calcination temperature.

Towards a complete control of the oxide stoichiometry

The calcination at 900 • C of CoFe thus leads to the formation of a single spinel phase with an identical Co:Fe ratio than in the PBA precursor. It tends to confirm that the stoichiometry of the oxide is fully controlled by the stoichiometry of the PBA precursor, as observed in the calcination of some other PBAs into oxides. 4,29,33 To strengthen this hypothesis, we prepared The calcinated PBAs were first investigated by TEM and EDX spectroscopy, in order to determine the Co:Fe ratio. The three oxides consist in homogeneous particles, and the experimental Co:Fe ratio is given in Table 2. First, the EDX analyses showed that for a given stoichiometry, the chemical composition is the same for all the particles, as already observed for CoFe-Ox. Then, the average Co:Fe ratio measured by EDX for a given composition is really close to the one expected from the formula of the PBA precursor. This is an unambiguous confirmation that the stoichiometry of the oxide can be fully controlled by the PBA stoichiometry, even for intermediate compositions.

The XRD patterns were then used to determine the cell parameter of both the PBAs and the oxides; they are given in Table 2 and their variations along the CoFe-CoCo and the Co 1.8 Fe 1.2 O 4 -Co 3 O 4 solid-solutions are diplayed in Fig. 5. A linear relationship between the Co content in the [M(CN) 6 ] unit of the PBA and the cell parameter of both the PBAs and the oxides can be observed, which indicates that the changes in the PBA precursor directly impact the oxide. This is also another indication that the stoichiometry of the oxide is controlled by the one of the PBA; otherwise the linear relationship would have been lost for the oxide. It has to be noted that the unit-cell parameter of Co(Co25)Fe, whose formula is Co 2.1 Fe 0.9 O 4 , is identical (8.24 Å) to the value found in literature for the Co 2.03 Fe 0.97 O 4 and Co 2.04 Fe 0.96 O 4 spinels. 12 Our new route for the synthesis of mixed oxides from PBAs is thus very reliable since, for particular stoichiometries that can be obtained via other routes, the final phase of oxide is identical. The main interest in the control of the stoichiometry is the control of the property. We thus performed SQUID magnetometry measurements to investigate the magnetic property at roomtemperature of the four oxides; the magnetization curve as a function of the magnetic field are displayed in Fig. 7. The magnetic properties evolve progressively along the series as an increasing amount of Co ions replaces Fe ones, in agreement with a homogeneous repartition of the Co and Fe ions within the samples without phase separation. The Co spinel oxide (Co 3 O 4 ) is antiferromagnetic below a Néel temperature (T N ) of 35±5 K and exhibits a paramagnetic behavior above T N . 56,57 In this compound, the octahedral and tetrahedral sites contain Co III (LS) and Co II (HS) ions respectively. Thus, the samples with the higher Co 

Transposition of the process at the nanoscale

The results presented in the previous sections demonstrate the successful transformation of the PBA into a mixed oxide with controlled stoichiometry. However, one of the main interest of a functional material for application is the possibility to shape it at a nanoscale, as shown by the several investigations on the synthesis process and properties of ferrite nanoparticles. 3,5,18,[58][59][60][61][62][63] Therefore we tried to transpose the transformation of CoFe into CoFe-Ox at the nanoscale by combining the formation of a mixed oxide from a PBA (this work) and the control growth of PBA nanoparticles inside the porosity of a mesoporous silica monolith. Some of our previous works indeed demonstrated that the confinement of CoFe growth inside the pores of a mesoporous silica monolith 35,40,[44][45][46][47][48] leads to the formation of nanoparticles whose size is controlled by the size of the pores. We first tested this combined approach with the simple case of the calcination of monometallic PBA nanoparticles; we obtained oxide nanoparticles of controlled and monodispersed size, with the expected Co 3 O 4 spinel structure and composition. 35 Here we confined CoFe into the 4.5 nm-pores of a mesoporous silica (this new precursor is called NanoCoFe) and then applied the thermal treatment to NanoCoFe, in order to get 5 nm-particles of the Co 1.8 Fe 1.2 O 4 mixed oxide (called NanoCoFe-Ox, as the particles remain in the porosity).

The thermodifferential and thermogravimetric analyses are shown in Fig. 8a. As for CoFe, two mass losses are observed. The first one occurs until 115 • C and corresponds to the elimination of water from both the silica and the PBA structure; 11% of the total mass is thus lost. Then, a mass loss of 4% spreads until 310 • C; it is accompanied by a unique exothermic peak at 282 • C, which corresponds to the cyanide bridge decomposition. Above 310 • C, the mass loss slightly continues because of the silica matrix condensation under heating.

The chosen for the thermal treatment of NanoCoFe (700 • C) is a compromise between the temperature required to transform the CoFe into CoFe-Ox and the one that keeps intact the ordered mesoporous structure of the silica. The TEM image of longitudinal section of NanoCoFe-Ox (Fig. 8b) nicely shows the preservation of the silica organization after the thermal treatment, as previously observed for the transformation of a Co monometallic PBA into Co 3 O 4 . 35 Almost all parallel pores of the silica contain spherical particles. The HR-TEM image of one of these particles (Fig. 8c) shows the parallel lines corresponding to reticular planes of a single-crystalline particle. The average measured distance between two successive lattice planes (0.242± 0.004 nm) of this single-crystal corresponds to an interplanar distance consistent with the (311) d-spacing of a CoFe spinel oxide. EDX spectroscopy could be performed on the particles (Fig. 8d), and the Co:Fe ratio is found to be 1.5, as expected from the Co:Fe ratio in NanoCoFe particles and also the CoFe-Ox ones (Fig. 2b). Finally, a statistical analysis of the particle size reveals that the average size is 4.5 nm with a narrow size distribution (Fig. 8e); it means that the particles fill the entire diameter of the pores, indicating that the particles size is controlled by the pore size.

Therefore, NanoCoFe-Ox can be described as an ordered mesoporous silica monolith containing single-crystalline CoFe spinel nanoparticles within its porosity. Given the Co:Fe ratio of 1.5 as for CoFe-Ox, the deduced stoichiometry of the nanoparticles is Co 1.8 Fe 1.2 O 4 . The confinement of the PBA particles may thus influence the calcination process, as suggested by the lower calcination temperature for NanoCoFe with respect to CoFe, but it does not prevent the formation of homogeneous single-crystalline nanoparticles. This synthesis route for oxide nanoparticles is compared to the more conventional mixing of nitrate salts in our reference 64, along a detailed investigation of the magnetic properties of the nanoparticles. A detailed investigation of the impact of confinement and of the synthesis conditions of the confined PBA on the calcination process will be presented in an upcoming publication.

Conclusion

We presented here the successful synthesis of mixed Co-Fe oxides with a fine control of their stoichiometry through the controlled variation of the Co:Fe ratio in their PBA precursor. The thermal treatment, derived from our previous investigations of the transformation of a Co monometallic PBA into Co 3 O 4 , 35,54 was optimized thanks to a detailed XRD investigation of the calcination process. In the case of CoFe, we demonstrate here that a single-crystalline single phase can be obtained only around 900 • C with a 2-phases intermediate step, as observed for the synthesis of FeCo 2 O 4 by other techniques. 12,16 The characterization of these intermediate spinel phases and of the kinetics effects is in progress and will bring a deep insight into the calcination mechanism; in particular, in situ Co and Fe K-edges X-ray absorption spectroscopy experiments were recently performed to characterize at the local scale the variation of the Fe and Co electronic structure and local environment during the calcination process. Also, the versatility of this synthesis route is successfully demonstrated with our present results for mixed oxides and nanoparticles. It has to be noted that we and other groups also successfully extend the use of PBA as precursors to (i) the case of alloys 34,[64][65][66][67] and (ii) the formation of nanoparticles in other matrices templates such as perforated thin films. 68,69 To conclude, our results, combined with literature, definitively confirm that PBA are the most versatile, controllable and reliable precursors for the synthesis of oxides with a controlled stoichiometry and particle size. This offers a unique way to design oxides with targeted properties. 

  the transformation of CoFe into oxide (called CoFe-Ox) could be achieved by heating in air up to 900 • C, with a heating rate of 5 • C.min -1 followed by a 2-hours plateau at the targeted temperature. The same conditions of calcination were applied to the three Coenriched PBAs (Co(Co25)Fe, Co(Co50)Fe and Co(Co75)Fe), leading to the three oxides Co(Co25)Fe-Ox, Co(Co50)Fe-Ox and Co(Co75)Fe-Ox.

  vice (SQUID) magnetometer for the four Co-Fe oxides (CoFe-Ox, Co(Co25)Fe-Ox, Co(Co50)Fe-Ox and Co(Co75)Fe-Ox). The samples were in powder form and placed in a capsule. Fe and Co K-edges X-ray absorption spectroscopy was performed on CoFe-Ox, Co(Co25)Fe-Ox, Co(Co50)Fe-Ox and

Fig. 1

 1 Fig. 1 (a) X-ray diffraction pattern, (b) TEM image and (c) size distribution of CoFe.

Fig. 2

 2 Fig. 2 Characterization of CoFe-Ox by (a) X-ray diffraction pattern, (b) TEM image (with Co:Fe ratio determined by EDX analyses indicated for some particles), (c) Co and Fe M 1 -edge EFTEM images, and (d) HR-TEM image of a particle showing the (111) reticular planes. On the XRD pattern, the peaks marked with an asterisk arise from the aluminum sample holder.

  the spinel-type structure determined by XRD, CoFe-Ox has a Co x Fe y O 4 formula, where x+y = 3. Therefore, as the Co:Fe ratio determined by EDX analyses is of 1.5, the proposed formula for CoFe-Ox is Co 1.8 Fe 1.2 O 4 (the absence of K traces was checked by TEM-EDX). This is fully consistent with previous results on the calcination of PBA into oxide, where the Fe 1.8 Co 1.2 O 4 oxide was obtained from the Fe 3 [Co(CN) 6 ] 2 PBA. 4,29

Fig. 3

 3 Fig. 3 TDA/TGA pattern recorded for CoFe with a heating rate of 5 • C.min -1 in air. The continuous line is the mass and the dashed line the thermodifferential analysis.

  the average coordination number of the Co cations is now 4 since the two water molecules, which were part of their first coordination shell, are now eliminated. Between 230 • C and 315 • C (from point B to C in Fig. 3), two successive mass losses are observed. The first one occurs between 230 • C and 295 • C and is accompanied by a small exothermic peak at 260 • C. The second one between 295 • C and 315 • C is accompanied by a very intense exothermic peak at 318 • C, which is 20 times more intense than the one at 260 • C. The mass loss and thus the composition of the compound then stabilize up to 900 • C. This represents a cumulated mass loss of 25% between 230 • C and 900 • C, which corresponds to the complete decomposition of the cyanide bridges and their replacement by oxygen ligands. The existence of two mass losses can be explained by the presence of two kinds of Co-NC-Fe linkages in CoFe: the Co II -NC-Fe III linkages forming the as-synthesized compound and the Co III -NC-Fe II linkages resulting from a thermally-induced charge-transfer evidenced by infra-red spectroscopy (ESI 1 †). The Co-N bond being stronger in the Co III -NC-Fe II linkages, we propose to assign the most exothermic transformation at higher temperature to the formation of the metal-oxygen bond formation in these particular linkages.

Co 4 [

 4 Fe(CN) 6 ] 2.7 •19H 2 O → Co 4 [Fe(CN) 6 ] 2.7 → Co 4 Fe 2.7 O 8.9 .

  ) : the most intense one is centered at 36.2 • 2θ and the less intense shoulder at 35.5 • 2θ . We can therefore conclude that at 500 • C, two phases with a different cell parameter exist. The phase with the lowest unit-cell parameter (i.e. at 36.2 • 2θ ) is called Phase 1 and the other one Phase 2. This phase separation continues up to 700 • C, as indicated by the more pronounced splitting of the diffraction peaks; Phase 1 remains the major phase, but its unit-cell parameter decreases.At 700 • C, all the diffraction peaks are now well separated. The comparable intensity of the peaks corresponding to the two phases expresses a similar quantity of the two phases in the sample. For Phase 1, the unit cell parameter of 8.19±0.02 Å is larger than for the direct spinel Co 3 O 4 (8.09±0.02 Å.) but smaller than for the CoFe 2 O 4 one (8.38±0.01 Å). This suggests that Phase 1

Fig. 4 X

 4 Fig. 4 X-ray diffraction patterns (a,b) and TEM images (c) of CoFe-TT300, CoFe-TT500, CoFe-TT700, CoFe-TT800 and CoFe-Ox (900 • C). A zoom of the (311) diffraction peak is presented in the inset of a and b. The diffraction peaks marked with an asterisk arise from the aluminum sample holder.

  • C. However, in the case of Phase 2, the cell parameter continuously decreases from 8.37±0.02 Å at 700 • C down to 8.36±0.02 Å at 750 • C and 8.33±0.02 Å at 800 • C. At 850 • C, the diffraction pattern display well-defined single peaks: Phase 1 and Phase 2 have merged in a single phase. A small shoulder is still visible at the feet of peak (311) but completely disappears after heating at 900 • C, temperature at which the peaks are sharp and symmetric. The position of peak (311) is also stable at 35.9 • 2θ : the unit cell parameter of this final single phase is 8.29±0.02 Å, which is an intermediate value between those of the CoFe 2 O 4 and Co 3 O 4 phases. The grain size also increases up to 900 • C, as visible on the TEM images (Fig. 4c), which shows a sintering effect with the increasing temperature. To summarize, two key temperatures can be identified in the transformation of CoFe to CoFe-Ox: 700 • C, at which the behavior of the two phases switches, and 900 • C, at which the single CoFe-Ox phase is formed. Below 700 • C, Phase 2 is the well defined CoFe 2 O 4 Fe-rich spinel oxide. Assuming that all the ions initially present in CoFe are also in CoFe-Ox, Phase 2 is thus produced from ions present in Phase 1, which acts as an ion reservoir. Above 700 • C and as temperature increases, Phase 1 is progressively incorporated into Phase 2, whose unit-cell parameter and so chemical composition now varies till the homogeneous Co 1.8 Fe 1.2 O 4 particles at 900 • C. These observations can be compared to the case of the Co 2 FeO 4 spinel, whose formation as a single phase was observed only for a calcination temperature of 900 • C. 12,16 Ferreira and co-workers 12 used a low-temperature co-precipitation method followed by annealing at various temperatures between 300 • C and 1000 • C to synthesize the two Co 2 FeO 4 and CoFe 2 O 4 spinels. Their detailed structural and morphological characterization showed in the case of Co 2 FeO 4 the presence of two spinel phases over the 300-800 • C temperature range, one richer in Fe (a = 8.27 Å) and one richer in Co (a = 8.11 Å). Only the thermal treatment at 900 • C led to the single Co 2 FeO 4 phase. Ferreira and co-workers noticed that this narrow temperature range allowing the formation of Co 2 FeO 4 is consistent with the phase diagram of Co-Fe-O described by Murray and Linnett, which predicts the stability of Co 2 FeO 4 only around 900 • C. 55 A later study by Panneer Muthuselvam and Bhowmik also observed this formation of Co 2 FeO 4 only around 900 • C, despite a different synthesis approach.

  PBAs of controlled stoichiometry along the CoFe-CoCo solidsolution. Three intermediate PBA were prepared (Co(Co25)Fe, Co(Co50)Fe and Co(Co75)Fe) and calcinated at 900 • C following the same protocol than for CoFe, leading to the three Co(Co25)Fe-Ox, Co(Co50)Fe-Ox and Co(Co75)Fe-Ox oxides.

Fig. 5

 5 Fig. 5 Evolution of the cell parameter of the CoFe (Co 4 [Fe(CN) 6 ] 2.7 ) -CoCo (Co 4 [Co(CN) 6 ] 2.7 ) PBA solid-solution (orange points) and the corresponding CoFe-Ox (Co 1.8 Fe 1.2 O 4 ) -Co 3 O 4 oxide solid-solution (blue points). The values for CoCo and Co 3 O 4 (*) are taken from Ref. 35.

Fe

  and Co K-edges X-ray absorption spectra of the four compounds (CoFe-Ox, Co(Co25)Fe-Ox, Co(Co50)Fe-Ox and Co(Co75)Fe-Ox) are displayed in Fig. 6a and b. At both edges, the shape and energy of the spectral features are close for the four compounds, which indicates a comparable average speciation of the Co and Fe ions among the four oxides. But the most interesting feature is that the maximum of the white line at both edges linearly shifts towards higher energy when the content in Co inserted in the [M(CN) 6 ] units increases (Fig. 6c); this linear relationship also stands if the extreme compound of the solidsolution (Co 3 O 4 ) is included into the set of data. This clearly confirms the continuous displacement along the solid solution from CoFe-Ox to Co 3 O 4 .

  ions content, Co(Co75)Fe-Ox and Co(Co50)Fe-Ox, exhibit a paramagnetic behavior at 300 K like the Co spinel oxide Co 3 O 4 . The magnetization at 4 T, slightly higher in Co(Co50)Fe-Ox (0.15 µ B ) than in Co(Co75) (0.05 µ B ) can be explained by an increasing replacement of the Co III (LS) (S = 0) and/or Co II (HS) (S = 3/2) ions by Fe III (HS) (S = 5/2) and/or Fe II (HS) (S = 2) ones. As

Fig. 6

 6 Fig. 6 (a) Fe and (b) Co K-edges X-ray absorption spectra of CoFe-Ox, Co(Co25)Fe-Ox, Co(Co50)Fe-Ox and Co(Co75)Fe-Ox, with a zoom on the maximum of the white line. (c) Evolution of the energy of the white line maximum in the oxides along the CoFe-Co 3 O 4 solid-solution; the dots represent the experimental values and the line the corresponding linear regression.

Fig. 7

 7 Fig. 7 Evolution of the magnetization as a function of the magnetic field at room temperature for the 4 oxides CoFe-Ox, Co(Co25)Fe-Ox, Co(Co50)Fe-Ox and Co(Co75)Fe-Ox.

Fig. 8

 8 Fig. 8 (a) TDA/TGA pattern recorded for NanoCoFe with a heating rate of 5 • C.min -1 in air (the continuous line is the mass and the dashed line the thermodifferential analysis). (b) TEM image of a longitudinal section (prepared by microtomy) of NanoCoFe-Ox, (c) HR-TEM image and the (d) corresponding EDX spectrum of a particle, and (e) histogram of the particle size distribution.

  1.8 Fe 1.2 O 4 and Co 3 O 4 , their stoichiometry being controlled by the precursor PBA one, and (ii) to the formation of single-cristalline 5nm-particles of the Co 1.8 Fe 1.2 O 4 spinel from the calcination of CoFe nanoparticles confined within the pores of a mesoporous silica monolith.

(Co75)Fe).

  CoFe and the monometallic Co 4 [Co(CN) 6 ] 2.7 PBA (called CoCo) were synthesized by a progressive replacement of Fe by Co in the starting [Fe(CN) 6 ] 3-solution. The formula of the targeted PBA are Co 4 [(Co 0.25 Fe 0.75 )(CN) 6 ] 2.7 (called Co(Co25)Fe), Co 4 [(Co 0.50 Fe 0.50 )(CN) 6 ] 2.7 (called Co(Co50)Fe) and Co 4 [(Co 0.75 Fe 0.25 )(CN) 6 ] 2.7 (called Co

  • C, 400 • C, 500 • C, 600 • C, 700 • C, 750 • C, 800 • C and 850 • C; the corresponding oxides are called CoFe-TTXXX, where TT means Thermal Treatment and XXX is the corresponding temperature.

Table 1

 1 Elemental analysis results and proposed formula for CoFe. Co 4 [Fe(CN) 6 ] 2.7 • 19 H 2 O

		Fe	Co	C	N	H	K
	Experimental (%)	12.27	19.38	16.89	19.56	3.10	0.33
	Calculated (%)	13.10	20.48	16.89	19.70	3.28	0.34
	Formula		K 0.1				

Table 2

 2 Cell parameter and formula of the PBA and oxides along the CoFe-Co 3 O 4 solid-solution. The value for the end member are reminded. [(Fe 0.75 Co 0.25 )(CN) 6 ] 2.7 10.28 Å Co 2.1 Fe 0.9 O 4 [(Fe 0.50 Co 0.50 )(CN) 6 ] 2.7 10.26 Å Co 2.4 Fe 0.6 O 4

	Replacement rate	PBA			Oxide		
	of Co in the	Formula	Unit cell	Formula	Unit cell	Co:Fe ratio
	Fe(CN) 6 unit		parameter		parameter	from EDX	Expected
	0 %	Co 4 [(Fe(CN) 6 ] 2.7	10.31 Å	Co 1.8 Fe 1.2 O 4	8.29 Å	1.4	1.5
	25 %	Co 4 8.24 Å	2.1	2.3
	50 %	Co 4 8.21 Å	3.7	4.0
	75 %	Co 4 [(Fe 0.25 Co 0.75 )(CN) 6 ] 2.7	10.24 Å	Co 2.7 Fe 0.3 O 4	8.14 Å	8.0	9.0
	100 %	Co 4 [Co(CN) 6 ] 2.7	10.21 Å	Co 3 O 4	8.09 Å	/	/

[1][2][3][4][5][6][7][8][9][10] 
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Towards the synthesis of mixed oxides with controlled stoichiometry from Prussian Blue analogues

Virgile Trannoy, a ‡ Amélie Bordage,* a Jordan Dezalay, a Romuald Saint Martin, a Eric Rivière, a Patricia Beaunier, b Cédric Baumier, c Camille La Fontaine, d Giulia Fornasieri, a and Anne Bleuzen Middle infra-red spectroscopy measurements were performed on the precursor PBA (CoFe) and on the calcinated samples. We used a VERTEX70 spectrometer (Brüker) in the reflexion mode, with a resolution of 4 cm -1 .

The spectra of CoFe in the early stages of calcination are displayed in figure S1; the assignment of the IR spectral features is done according to literature [s1-s4]. The first band centred at 2157 cm -1 is the signature of a Co II -NC-Fe III linkage in a PBA. While heating up to 200°C, the intensity of this band is decreasing, while two bands appear around 2120 cm -1 and 2090 cm -1 ; they are respectively characteristic of the Co III -NC-Fe II and Co II -NC-Fe II linkages in a PBA. This indicates that prior the decomposition of the cyanide bridge around 300°C, a thermally induced charge transfer from Co II -NC-Fe III towards Co III -NC-Fe II occurs. The presence of these two linkages explain the two mass losses observed by TDA/TGA between 240°C and 330°C, which correspond to the decomposition of each kind of Co-NC-Fe linkages in the PBA.

Also, as (i) all IR bands in the cyanide stretching vibration range can definitely be assigned to cyanide in Co-NC-Fe environments with different oxidation states of the transition metal ions and (ii) no band corresponding to CO vibration appears on the spectrum, the presence of cyanate can be ruled out. 

ESI 2 -Complete set of X-ray diffraction patterns between 300°C and 900°C

The CoFe-TTXXX samples (TT = Thermal Treatment; XXX= calcination temperature) were obtained after the calcination of CoFe at different temperatures in order to investigate in details the calcination process. The whole set of XRD patterns are displayed in Figure S2.