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 Article
 On the High Structural Heterogeneity ofFe-Impregnated Graphitic-Carbon Catalysts from FeNitrate Precursor
 Rosa Arrigo 1,2,* and Manfred Erwin Schuster 3,*1 School of Environment & Life Sciences, University of Salford, Cockcroft building,
 Greater Manchester M5 4WT, UK2 Diamond Light Source Ltd., Harwell Science & Innovation Campus, Didcot, Oxfordshire OX11 0DE, UK3 Johnson Matthey Technology Centre, Blount’s Court Road, Sonning Common, Reading RG4 9NH, UK* Correspondence: [email protected] or [email protected] (R.A.);
 [email protected] (M.E.S.)
 Received: 7 March 2019; Accepted: 25 March 2019; Published: 27 March 2019�����������������
 Abstract: Wet impregnation is broadly applied for the synthesis of carbon-supported metal/metaloxide nanostructures because of its high flexibility, simplicity and low cost. By contrast, impregnatedcatalysts are typified by a usually undesired nanostructural and morphological heterogeneity ofthe supported phase resulting from a poor stabilization at the support surface. This study ongraphite-supported Fe-based materials from Fe nitrate precursor is concerned with the understandingof the chemistry that dictates during the multistep synthesis, which is key to designing structurallyhomogeneous catalysts. By means of core-level X-ray photoelectron spectroscopy, near-edge X-rayabsorption fine structure spectroscopy and atomic resolution electron microscopy, we found notonly a large variety of particles sizes and morphologies but also chemical phases. Herein, thermallystable single atoms and few atoms clusters are identified together with large agglomerates of anoxy-hydroxide ferrihydrite-like phase. Moreover, the thermally induced phase transformation of theinitially poorly ordered oxy-hydroxide phase into several oxide phases is revealed, together with theexistence of thermally stable N impurities retained in the structure as Fe–N–O bonds. The natureof the interactions with the support and the structural dynamics induced by the thermal treatmentrationalize the high heterogeneity observed in these catalysts.
 Keywords: ferrihydrite; Fe2p; O1s; N1s XPS; NEXAFS; HAADF-STEM
 1. Introduction
 Fe oxides and oxyhydroxides exist in nature in a large variety of structures and play a primaryrole in many natural geological and biological processes [1]. Their reactivity is also exploited in manysynthetic chemical processes. For instance, Fe/C systems are widely investigated as alternativesto platinum group metals systems in electro-catalytic applications such as the oxygen reductionreaction [2–5], the electrochemical CO2 reduction [6,7], the electrochemical NH3 synthesis [8] aswell as in thermo-catalytic applications such as the Fischer–Tropsch synthesis [9–11]. Anotherapplication of Fe/C systems is as a sorbent for the removal of heavy metals from aqueous systems [12].A common preparation route for carbon-supported Fe oxide and oxyhydroxide nanoparticles (NPs)is wet impregnation which consists of three steps: a) the wetting of the solid support with anaqueous solution containing a precursor of the active metal, e.g., ferric or ferrous nitrate, chlorideand acetate; b) the drying at a given temperature and normally in air; and c) the thermal treatmentin an inert or reactive atmosphere to decompose the precursor and produce the desired phase [13].The popularity of this preparation route is attributable to its simple execution and the use of inexpensive
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 laboratory equipment. In an ideal scenario, the synthesis protocol is designed in such a way that,during the impregnation step, electrostatic interactions lead the molecules of the metal precursorto diffuse into the solution and to approach the hydrophilic region of the carbon surface wherehomogeneously distributed functional groups of opposite charge are located at the edges or vacanciesof the graphitic structure. The formed liquid/solid interface behaves as an electrical double layeras, for instance, the one described by the Gouy–Chapman–Stern model [14]. There, the functionalgroups on the support can also establish a chemical bond with the complexes in solution, namely,specific chemisorption. A homogeneous chemical composition at the solution/support interface is,therefore, a necessary prerequisite to attain monodispersed NPs. In reality, the acid-base properties ofthe functional groups at the carbon surface and the carbon structure itself are highly heterogeneous innature [15,16]. Also, the chemistry of the ferric species in solution is characterized by a complex networkof chemical equilibria strongly influenced by the local pH: a) for a ferric solution at an approx. pH 2,mono-hydroxylated and bi-hydroxylated complexes, (Fe(III)(OH)(OH2)5)2+ and (Fe(III)(OH)2(OH2)4)+,were found to be the most abundant species in the bulk of the solution [17] (whilst with increasingpH, the charge on the ion complex decreases); b) in the absence of a complexing agent, these ferricspecies in solution condense very rapidly at pH > 3 (through oletion or oxolation reactions [17]) to formpolycationic species of different nuclearity. Thus, the Fe component on the carbon surface is expected toalready vary significantly in charge and nuclearity in the sample precursor state. Furthermore, duringthe drying process, the gradual supersaturation of the bulk of the solution with the dissolved speciescould lead to the formation of poorly crystalline precipitates depositing onto the carbon support withno specific interactions with it. Finally, during the thermal annealing, the ferric phase undergoeschemical reduction, and particles not strongly interacting with the carbon surface tend to agglomerateleading to a poor dispersion. The phase obtained depends on the temperature and atmosphere of thethermal treatment, but an influence of the initial Fe phase present after drying is expected. It must bepointed out that the subsequent exposure to air will reoxidize the Fe phase [6] leading to nanoparticleswith a variety of chemical phases and configurations (i.e., nanoparticles with an Fe oxide shell on ametallic Fe core were found in Reference [7]). For the reasons listed above, the control of the chemicalphase, dispersion and particle morphology remains a challenge of this synthetic route. In view of thepopularity that carbon supports have gained in the field of electro-catalysis and the high accessibilityof this synthetic route, we provide here a comprehensive structural characterization of C-supportedFe-based catalysts obtained via wet impregnation of a ferrous nitrate solution onto graphitic C felt,with the aim to contribute towards a deeper understanding of the critical factors determining thecatalysts’ nanostructures.
 Similarly to a previous work [18–20] on C nanotubes-supported Pd nanoparticles, we investigateherein carbon felt which was functionalized by using either HNO3 (OC) or NH3 (NC) to introducemainly carboxylic O and pyridine N functionalities, respectively. We apply synchrotron-based X-rayphotoelectron spectroscopy (XPS) and near-edge absorption fine structure (NEXAFS) spectroscopy incombination with atom resolving transmission electron microscopy (TEM). These techniques provideinformation about the metal oxidation states and coordination geometry as well as the chemicalbonding configuration and, thus, represent most striking tools to investigate the local nanostructuresof materials. The structural transformation of the Fe phase in situ upon thermal annealing will alsobe shown, which firstly leads to the rearrangement of the initial oxy-hydroxide phase into a moreordered ferrihydrite phase mixed together to wüstite, whilst at a higher temperature, magnetite is alsoformed. Additionally, this work has led to the identification of a phase containing Fe–N species withan unexpected high thermal stability. Overall, the information obtained in this work contributes arationale towards a controlled synthesis of C-supported materials.
 2. Results
 Functionalized carbon felts (OC and NC) were impregnated with a Fe nitrate solution to synthetizeFe oxide structures after an annealing step in N2 at 473 K and exposure to an atmospheric environment.
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 The ferric solution with a measured pH of approximately 2.3 was quantitatively loaded onto the carbonsupport with the targeted total loading of 1 percent in weight expressed as metallic Fe. Hereafter,the samples will be referred to as Fe/OC and Fe/NC. An additional sample was prepared via an ionicexchange from an iron chloride aqueous solution (referred to as Fe(I.E.)/NC) as a reference for thespectroscopic analysis of Fe, N and O species in the impregnated samples.
 2.1. Electron Microscopy Structural Analysis
 Representative scanning electron micrographs (SEM) of the Fe/OC sample are reported inFigure 1a–d in secondary electrons (SE) and back-scattered electrons (BSE) modes. The samemorphologies were found on the Fe/NC and already reported in Reference [6]. Accordingly, the carbonfelt is made of entangled fibers of high graphitic character as seen in the high G band (ordered carbon)to D band (disordered carbon) ratio [21,22] in the Raman spectrum of the Fe/O–C samples shownin Figure 2. We also notice the presence of thin layers in the interstitial space between entangledfibers, which also show, in the Raman spectrum, a predominant G-band of graphite (not included).The Fe phase forms on the carbon support as a porous overlayer as seen in the bright area of theBSE image (Figure 1b,d). Moreover, bigger particles appear physically entrapped in the interstitialspaces between entangled fibers. These Fe nanostructures are irregularly shaped but composed ofagglomerated smaller crystallites as depicted in the transmission electron micrograph (TEM) (Figure 3a).The corresponding fast Fourier transform (FFT) shows typical reflections of the graphitic support and,for some more crystalline particles, the ferrihydrite phase (Figure 3b), an hcp Fe(III) oxyhydroxidein which Fe is found in both octahedral and tetrahedral coordination geometries bound to both Obridge and terminal OH ligands [23]. The TEM analysis of this work is consistent with the bulkstructural characterization of these materials, which was assessed in a previous publication [6] bymeans of Fe K edge X-ray absorption spectroscopy. The majority of the Fe nanostructures assumethe same predominant phase and morphologies on both O and N functionalized supports, whichsuggests a mechanism of formation involving the initial generation of clusters in solution (probablyFe13 “Keggin” clusters [24]), followed by their aggregation to form nanoparticles. Upon the thermalannealing performed in the final step of the preparation, the smaller crystallites randomly depositedon the roughened carbon surface condense further into a more extended oxy-hydroxide layer [6].Figure 4a–c reports the bright field (BF), the high-angle annular dark field (HAADF) and the SEscanning transmission electron microscopy (STEM) micrographs of Fe/OC, respectively. Note thatthe HAADF mode is sensitive to the atomic number, and therefore, heavier elements appear brighter,whereas the SE provides information of the surface morphology.
 By comparing the micrographs in the three different modes it is possible to identify the locationof small clusters and single atoms embedded in a carbon matrix with carbon overlayers decoratingthe clusters. These findings also suggest that single atoms and clusters are decorating the edges andvacancies of the graphitic layers and are formed in the first step of the synthesis through complexationby the functional groups on the support surface. It is evident here that, due to the low availabilityof chemisorption sites (edges and vacancies) on the graphitic felt used in this work, the amount ofhighly dispersed single sites and clusters is very low, whereas the majority of the Fe nanostructuresare formed by the unspecific adsorption and deposition of clusters and NPs formed in solution andupon annealing onto the graphitic support.
 2.2. X-ray Photoemission Spectroscopy and Absorption Spectroscopy in Ultra High Vacuum (UHV)
 The surface and near surface quantitative elemental composition determined by XPS is reportedin Table 1.
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 Figure 3. (a) A transmission electron micrograph of Fe/NC and (b) a high-resolution transmission 143 electron micrograph of an agglomerate of Fe-rich nanoparticles in Fe/NC and the corresponding fast 144 Fourier transform (FFT) pattern (inset): The reflexes marked in red in the radial distribution function 145 correspond to 2.6A and 1.5A and are attributed to ferrihydrite, whereas the double peak in between 146 corresponding to 2.217 Å and 2.027 Å are attributed to graphite ((010) and (011) respectively). 147
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 Figure 4. (a) The bright field (BF), (b) high-angle annular dark field (HAADF) and (c) SE scanning 149 transmission electron microscopy (STEM) micrograph of Fe/NC: the brighter features in Figure 4b 150 indicate the location of Fe on the NC support. 151
 2.2. X-Ray Photoemission Spectroscopy and Absorption Spectroscopy in ultra high vacuum (UHV) 152 The surface and near surface quantitative elemental composition determined by XPS is reported 153
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 Table 1. The surface elemental composition as determined by XPSa. 155
 Sample O N Fe C Si Fe/NC 9.3 0.5 2.4 87.3 0.5 Fe/OC 13.6 0.4 3.6 81.9 0.5
 Fe(I.E.)/NCb 8.5 0.44 0.06 86.5 4.5 aThe spectra were recorded by collecting photoelectrons with a kinetic energy (KE) of 450 eV, 156 corresponding to a sampling depth of 1.5–2 nm [25]. bThe acronym I.E. stands for ionic exchange 157
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 Table 1. The surface elemental composition as determined by XPS a.
 Sample O N Fe C Si
 Fe/NC 9.3 0.5 2.4 87.3 0.5Fe/OC 13.6 0.4 3.6 81.9 0.5
 Fe(I.E.)/NC b 8.5 0.44 0.06 86.5 4.5a The spectra were recorded by collecting photoelectrons with a kinetic energy (KE) of 450 eV, corresponding toa sampling depth of 1.5–2 nm [25]. b The acronym I.E. stands for ionic exchange synthetic route. Note that thissample contains a large amount of Si and that most of the oxygen is related to the Si rather than the Fe.
 Noteworthy in the elemental analysis, N species are present in both the Fe/NC and Fe/OCsamples obtained from a nitrate precursor as residual impurities. We compare these data with theelemental composition of a sample obtained via ionic exchange from an aqueous solution containingiron chloride (Fe(I.E.)/NC). In this way, the amount of N species as well as their chemical speciation
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 is for this sample only related to the functionalization treatment of the carbon support. Accordingly,this sample presents a much lower metal loading commensurate with the ionic exchange capacity ofthe support, which is defined by the amount of N functional groups available for chemisorption on theC surface.
 We will discuss in more detail the chemical bonding and electronic configurations of the elementsby analyzing the high-resolution core levels XPS.
 Figure 5a–d shows the C1s, Fe2p, O1s and N1s XP spectra measured in UHV for both the Fe/OCand Fe/NC samples by collecting electrons with a kinetic energy (KE) of 450 eV corresponding to asampling depth of 1–2 nm [25]. The C1s spectrum presents an asymmetric peak with a maximumbinding energy (BE) at 284.3 eV, which confirms the graphitic nature of the carbon support [26].Additionally, a component at 285 eV assigned to defective C related to the N species is present in thespectrum of N-containing carbon support [15,26]. Interestingly, carboxylic oxygen moieties introducedby the treatment with HNO3 [15] (expected at 288 eV circa) are not visible in the impregnated Fe/OCsample suggesting (a) that these species are not thermally stable at temperatures above 523 K and,therefore, they decompose during the thermal annealing in N2 and (b) that the carboxylates species areinvolved in a chemical interaction with the Fe species and, due to the thickness of the nanoparticles,are not visible by the surface sensitive mode used in these XPS measurements.
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 The analysis of the spin-orbit split Fe2p XP spectrum of iron oxides is complicated by the 185 multiplet splitting due to the interactions of the core hole created in the photoemission process and 186 the valence 3d electrons. Indeed, for hematite and Fe–OOH phases, a broad Fe2p3/2 appears between 187 709 eV and 712 eV. This was previously fitted with 4 components describing the multiplet splitting 188 of Fe(III) bound to O2− ligands [27,28]. Additionally, the XPS peak line shape and the satellite 189 structures are affected by both the changes in the metal Fe3d to ligands O2p hybridization parameters 190 and the d−d electron correlation energy [29]. Here, we adopt a simplified fitting procedure that 191 enables us to describe the differences observed in the spectra reported in this study, which represent 192 differences in the Fe electronic structures and chemical bonding configurations. Accordingly, two 193 components at 710.4 eV and 712.3 eV and the satellite feature at 718.4 eV were considered, which are 194 characteristic of Fe(III) species. The second component at 712.3 eV was attributed to Fe(III) bound to 195 OH− ligands in hydroxides [30]. The ΔBE of the spin orbit splitting is 13.5 eV. 196
 Consistently, the corresponding O1s XP spectra in Figure 5c present a component at 530.1 eV BE 197 assigned to O2− species as bridge-oxygen bound to Fe(III) and an additional component at 531.5 eV 198 assigned to terminal OH species. The component at 533 eV is attributed to chemisorbed water, 199 although C–O species are also found in this region. In fact, the O1s and Fe2p XP spectra resemble the 200 spectrum reported for the Fe–OOH structures [28]. The difference spectrum indicates that the O2− 201 component is more intense for the Fe/OC whereas the OH− component is more intense for the Fe/NC, 202 suggesting more surface-exposed hydroxyls on the Fe/NC and, thus, smaller crystallites. 203
 Moreover, the Fe2p difference spectrum indicates an additional component at 708.8 eV that is 204 present on the Fe/NC in a very tiny amount (Figure 6a). A similar BE was found for Fe(II) species 205 bound to ligands less electronegative than O2− such as in FeBr2 or K4Fe(CN)6 [28]. The analysis of the 206 N 1s core level spectra in Figure 5d was complicated by the fact that some of the N from the nitrate 207 precursor is retained in the structure also after the thermal annealing (shown later on). This is an 208 important aspect of the synthesis of Fe oxides from nitrate precursor via impregnation, which the 209 presence of is normally disregarded. 210
 For a comparison, we report the Fe2p, O1s and N1s XP spectra of Fe(I.E.)/NC obtained from an 211 iron chloride precursor in Figure 6b–d. The Fe2p XP spectrum shows a peak much less intense than 212 the impregnated catalyst but broader towards the lower BE side. The two main components are at 213 709.4 eV and 710.7 eV, indicating a mixture of Fe(II)/Fe(III) species [28]. The O1s XP spectrum for this 214 sample does not show the component at 530.1 eV due to O2− ligands, but the main peak is centered at 215 531.7 eV. This would suggest that Fe is present as a hydroxide or in a minor amount as chloride (not 216 shown), although given the large amount of Si introduced by this preparation route, we expect that 217
 Figure 5. The XPS characterization of the impregnated samples Fe/OC and Fe/NC in UHV obtainedby detecting electrons with a kinetic energy (KE) of 450 eV: The C1s XP spectra (a); Fe2p XP spectra (b);O1s XP spectra (c); and N1s XP spectra (d).
 The analysis of the spin-orbit split Fe2p XP spectrum of iron oxides is complicated by the multipletsplitting due to the interactions of the core hole created in the photoemission process and the valence3d electrons. Indeed, for hematite and Fe–OOH phases, a broad Fe2p3/2 appears between 709 eVand 712 eV. This was previously fitted with 4 components describing the multiplet splitting of Fe(III)
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 bound to O2− ligands [27,28]. Additionally, the XPS peak line shape and the satellite structures areaffected by both the changes in the metal Fe3d to ligands O2p hybridization parameters and the d−delectron correlation energy [29]. Here, we adopt a simplified fitting procedure that enables us todescribe the differences observed in the spectra reported in this study, which represent differences inthe Fe electronic structures and chemical bonding configurations. Accordingly, two components at710.4 eV and 712.3 eV and the satellite feature at 718.4 eV were considered, which are characteristic ofFe(III) species. The second component at 712.3 eV was attributed to Fe(III) bound to OH− ligands inhydroxides [30]. The ∆BE of the spin orbit splitting is 13.5 eV.
 Consistently, the corresponding O1s XP spectra in Figure 5c present a component at 530.1 eV BEassigned to O2− species as bridge-oxygen bound to Fe(III) and an additional component at 531.5 eVassigned to terminal OH species. The component at 533 eV is attributed to chemisorbed water, althoughC–O species are also found in this region. In fact, the O1s and Fe2p XP spectra resemble the spectrumreported for the Fe–OOH structures [28]. The difference spectrum indicates that the O2− component ismore intense for the Fe/OC whereas the OH− component is more intense for the Fe/NC, suggestingmore surface-exposed hydroxyls on the Fe/NC and, thus, smaller crystallites.
 Moreover, the Fe2p difference spectrum indicates an additional component at 708.8 eV that ispresent on the Fe/NC in a very tiny amount (Figure 6a). A similar BE was found for Fe(II) speciesbound to ligands less electronegative than O2− such as in FeBr2 or K4Fe(CN)6 [28]. The analysis of theN 1s core level spectra in Figure 5d was complicated by the fact that some of the N from the nitrateprecursor is retained in the structure also after the thermal annealing (shown later on). This is animportant aspect of the synthesis of Fe oxides from nitrate precursor via impregnation, which thepresence of is normally disregarded.
 For a comparison, we report the Fe2p, O1s and N1s XP spectra of Fe(I.E.)/NC obtained froman iron chloride precursor in Figure 6b–d. The Fe2p XP spectrum shows a peak much less intensethan the impregnated catalyst but broader towards the lower BE side. The two main componentsare at 709.4 eV and 710.7 eV, indicating a mixture of Fe(II)/Fe(III) species [28]. The O1s XP spectrumfor this sample does not show the component at 530.1 eV due to O2− ligands, but the main peak iscentered at 531.7 eV. This would suggest that Fe is present as a hydroxide or in a minor amount aschloride (not shown), although given the large amount of Si introduced by this preparation route,we expect that most of the O is indeed due to some Si oxide phase [31]. The comparison between theN1s XPS of the Fe/NC and the Fe(I.E.)/NC allows the clear identification of the N species of the carbonsupport and distinguishes them from those originating from the nitrate precursor. We have previouslyassigned the component at 398.4 eV to pyridine species [15], whereas the BE is shifted to a highervalue for coordinated pyridine [18,20,32]. As expected, the pyridine species is present in both Fe/NCand Fe(I.E.)/NC but not on the Fe/OC. Here, we also observe that the component at 399.4 eV is due toboth the N species on the supports that are coordinated to the Fe species as well as the Fe–N speciesfound in the samples and originating from the nitrate precursor. The spectrum of the impregnatedsample presents additional contributions at a higher BE (maximum at 400.4 eV in the spectrum in redin Figure 6d) assigned to Fe–N–O species. This result suggests that Fe hydroxo-nitrato complexes areformed in solution similarly to the case of Pd nitrate in concentrated nitric acid solution [33].
 We now analyze the NEXAFS spectra both in the total electron yield (TEY) and the Auger electronyield (AEY) mode as specified case-by-case. Generally, TEY is thought to be more bulk sensitive thanAEY; however, we find that both spectra are very similar, but the TEY enables a much higher signal tonoise ratio. In the case of N, we use the AEY signal because the TEY signal in the N1s region is affectedby the significant X-ray absorption at the silicon nitride window separating the analysis chamberfrom the beamline. The Fe2p NEXAFS spectra of the impregnated samples were already publishedin Reference [6] and are here reported in Figure 7a. The spectra of both samples are characterizedby the resonances R1 (2p→ 3t2g) at 709 eV and R2 (2p→ 3eg) at 710.4 eV, which are typical of Fe(III)species. The difference spectrum shows a resonance at a low excitation energy for the N functionalizedsupport which is signature of a few Fe(II) sites [6] consistently with the additional component in the
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 Fe2p XP spectrum in Figure 6a. Compared to hematite, the signature of the ferrihydrite structureis the Fe(III) species in tetrahedral sites which were identified at the Fe2p NEXAFS spectrum as anadditional resonance of eg-t2g type between the t2g and the eg resonances of the dominant Fe(III) inOh symmetry [34].
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 We also analyze the O1s NEXAFS spectra for these samples. These provide information about 250 not only the local structural geometry but also the long-range order through the scattering of the 251 photo-emitted electrons with the absorbing atom appearing as resonances above the threshold edge. 252
 The O1s NEXAFS spectrum of the impregnated Fe–OOH samples in Figure 7b is discussed 253 against assignments from previous literature [35–37]: a pre-peak region composed of two resonances 254 A1 and A2 at 530.5 eV and 531.6 eV, respectively; a broad feature composed of two main resonances 255 B1 and B2 at 541 eV; and an additional broad resonance C above 545 eV. The split A1 and A2 256 resonances are assigned to transitions to O2p empty states hybridized with 3d metal states that 257 assume t2g-eg symmetry due to the crystal field effect [35]. Differently to the spectrum reported for 258 hematite, the doublet here is not very well-resolved whilst the energy splitting is circa 1.1 eV, which 259 is much smaller than in the case of hematite (1.45 eV [35]). In fact, the pre-peak region of these spectra 260 is similar to the spectra reported for maghemite and magnetite [35]. In the case of magnetite, it was 261 suggested that the presence of mixed tetrahedral and octahedral sites, each one associated with the 262 eg-t2g splitting, leads to a broadening of the features. This explanation could be valid for the 263 ferrihydrite as well. Additionally, the O1s spectrum in Figure 5c has shown clearly a component at a 264 higher BE assigned to OH species; therefore, we expect that the resonances in the O1s region originate 265 from the transition from two chemically inequivalent oxygen species, where each peak is composed 266 of at least two resonances. 267
 The high-energy region of the spectrum above the edge threshold is characterized by two broad 268 resonances B1 and B2 due to the contributions of the Fe 4sp to the O 2p density of states, whilst the 269 extensive spread indicates the covalent character of the bonds in these materials. Whilst its intensity 270 shows no strong dependence with the crystal structure [36], their energy separation is related to the 271 regularity of the Fe_O6 octahedra. The ferrihydrite structure in these samples is characterized by an 272 energy separation of 3.3 eV, which is very close to the magnetite (regular octahedron) and much 273 bigger than the value for hematite (some distorted octahedron). These split resonances were 274 discussed in the literature [35,37] to be originated from the multiple scattering of the final state 275 photoelectron emitted by the oxygen absorber atom with Fe and O atoms within a radius of 3–4 A° 276 from the central absorbing atom. The feature C was theoretically reproduced in hematite [37] by using 277 a single oxygen shell located above 5 Å from the absorber, proving that this is predominantly due to 278 a single scattering event between the photo-absorber and the third oxygen shell. However, the 279
 Figure 7. The near-edge absorption fine structure (NEXAFS) characterization of the impregnatedsamples Fe/OC and Fe/NC in UHV: (a) the Fe2p total electron yield (TEY) spectra; (b) the O1s TEYspectra; and (c) the N1s Auger electron yield (AEY) spectra.
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 We also analyze the O1s NEXAFS spectra for these samples. These provide information aboutnot only the local structural geometry but also the long-range order through the scattering of thephoto-emitted electrons with the absorbing atom appearing as resonances above the threshold edge.
 The O1s NEXAFS spectrum of the impregnated Fe–OOH samples in Figure 7b is discussed againstassignments from previous literature [35–37]: a pre-peak region composed of two resonances A1 andA2 at 530.5 eV and 531.6 eV, respectively; a broad feature composed of two main resonances B1 and B2 at541 eV; and an additional broad resonance C above 545 eV. The split A1 and A2 resonances are assignedto transitions to O2p empty states hybridized with 3d metal states that assume t2g-eg symmetry dueto the crystal field effect [35]. Differently to the spectrum reported for hematite, the doublet here is notvery well-resolved whilst the energy splitting is circa 1.1 eV, which is much smaller than in the case ofhematite (1.45 eV [35]). In fact, the pre-peak region of these spectra is similar to the spectra reported formaghemite and magnetite [35]. In the case of magnetite, it was suggested that the presence of mixedtetrahedral and octahedral sites, each one associated with the eg-t2g splitting, leads to a broadeningof the features. This explanation could be valid for the ferrihydrite as well. Additionally, the O1sspectrum in Figure 5c has shown clearly a component at a higher BE assigned to OH species; therefore,we expect that the resonances in the O1s region originate from the transition from two chemicallyinequivalent oxygen species, where each peak is composed of at least two resonances.
 The high-energy region of the spectrum above the edge threshold is characterized by two broadresonances B1 and B2 due to the contributions of the Fe 4sp to the O 2p density of states, whilst theextensive spread indicates the covalent character of the bonds in these materials. Whilst its intensityshows no strong dependence with the crystal structure [36], their energy separation is related to theregularity of the Fe_O6 octahedra. The ferrihydrite structure in these samples is characterized byan energy separation of 3.3 eV, which is very close to the magnetite (regular octahedron) and muchbigger than the value for hematite (some distorted octahedron). These split resonances were discussedin the literature [35,37] to be originated from the multiple scattering of the final state photoelectronemitted by the oxygen absorber atom with Fe and O atoms within a radius of 3–4 Å from the centralabsorbing atom. The feature C was theoretically reproduced in hematite [37] by using a single oxygenshell located above 5 Å from the absorber, proving that this is predominantly due to a single scatteringevent between the photo-absorber and the third oxygen shell. However, the resonance C between450–545 eV in the ferrihydrite samples is not as intense as for magnetite and hematite, indicating thatthe long-range order is limited in this sample. The electronic structure analysis of the surface is alsoconsistent with the electron microscopy study, in which most of the nanoparticles are composed ofagglomerated clusters with poor crystalline order (Figure 3). In addition, a few clusters and atomicallydispersed species are correlated with the appearance of C reduced Fe species that are more abundanton NC, as evidenced by XPS and NEXAFS.
 The N1s NEXAFS spectra of the samples obtained via wet impregnation from nitrate precursor(Figure 7c) show a peculiar shape, which differs from the sharp resonances found for Fe nitrate [38].Particularly, the spectra are dominated by a broad 1s→σ* resonance (herein, we refer to this as N3)with a maximum at 409.6 eV, whilst the 1s→π* resonance is apparently absent. A similar spectrum wasobserved for Fe(II)-cysteine [38] and metal organic framework with amino ligands [39]. We considerthat the N1s NEXAFS spectrum of the impregnated samples is dominated by the signal of Fe–N speciesoriginating from the Fe precursor, whereas the signal of the Fe–N species due to the interaction withthe N functionalized support is overshadowed.
 In order to investigate further the chemical state of N in the impregnated catalysts, we nowcompare them with the spectrum of the sample synthetized by ionic exchange (Fe(I.E.)/NC), startingfrom a FeCl3 precursor (Figure 8a–c). Of interest, the AEY Fe2p NEXAFS spectrum of this samplepresents a higher intensity at a lower excitation energy, which appears in the difference spectrum as acomponent centered at 709.4 eV. This resonance is characteristic of Fe(II) species, and from the resultsobtained in this study, this resonance could likely be a highly dispersed species interacting with thecarbon support. The O1s NEXAFS spectra for the Fe(I.E.)/NC significantly differ from the impregnated
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 sample but resembles the one reported for silicalite [40]. More importantly, we can discriminate theresonances due to the N–C surface from the Fe–N species by comparing the N1s NEXAFS spectraof the two samples obtained via impregnation and ionic exchange. The spectrum of Fe(I.E.)/NC ischaracterized by at least two resonances, N1 and N2, caused by the 1s→π* electronic transition forN atoms in NC bonds at 398.8 eV and 401.4 eV, respectively [18,39]. The resonance due to the 1s→σ*transition is found above 408 eV (N3). Specifically, The R1 resonance at 398.8 eV was assigned to sp2
 nitrogen atoms with two carbon neighbors in a pyridine-like configuration, whilst the resonance R3 at401.4 eV was assigned to three-fold sp2 nitrogen bound to carbon. However, it should be pointed outthat it is very difficult to distinguish the N coordinated to the metal from the N uncoordinated. In aprevious work, we observed an increase in the full width at half maximum (FWHM) of the resonanceand/or a decrease of the intensity due to the interaction with the metal species [18]. In the case ofporphyrin, the coordination to the metal center was observed as an increase in the symmetry of themolecules, which was seen as a reduction in the number of resonances appearing in the N1s NEXAFSspectrum. Particularly, the π* region in the N1s NEXAFS spectrum of the porphyrin (398–404 eV) ischaracterized by three N1s-π* resonances A, B and C at 398.5 eV, 401 eV and 403.9 eV from the N1sorbital of the four chemically equivalent N atoms to 4 unoccupied molecular orbitals formed by thecombination of 2p orbitals from the conjugated macrocyclic ligands and the 3d orbitals from the centralmetal atoms [41].
 Catalysts 2018, 8, x FOR PEER REVIEW 11 of 22
 321
 Figure 8. Comparisons of the NEXAFS spectra recorded in UHV of the impregnated Fe/NC and the 322 sample obtained via ionic exchange Fe(I.E.)/NC: (a) the Fe2p AEY spectra and difference spectra; (b) 323 the O1s AEY spectra; and (c) the N1s AEY spectra. 324
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 of N in the impregnated samples. Similarly, the N K edge spectrum reported in literature for the ε-327 Fe3N nitride phase, an interstitial ordered alloy with Fe atoms in hcp array and N atoms occupying 328 the octahedral interstitial sites, is characterized by two resonances in the π* region (397.8 eV and 400 329 eV) and one resonance in the σ* region at 406.2 eV [42]. This is also very different from the N species 330 present on both the impregnated samples which give arise to a strong and broad σ* resonance with 331 a maximum at about 409.6 eV but a very low intensity in the π* region. 332
 Taking into account the high energy of the broad σ* resonance, we suggest that the nature of the 333 N species from the nitrate precursor is an interstitial N atom in an sp3 bonding configuration, 334 substituting an O atom in the Fe oxyhydroxide phase. 335
 High resolution TEM and electron energy loss spectroscopy (EELS) were used to localize the Fe–336 N phase. The EELS spectra in Figure 9 clearly depict the presence of a N1s signal collocated with the 337 presence of Fe(III) (Fe2p EELS spectrum) [43]. However, we observed a reduction of the Fe(III) to 338 Fe(II) in certain regions possibly induced by the beam as reported previously [23] for ferrihydrite. 339 Furthermore, whilst we could confirm the presence of N species, the similarity of the acquired spectra 340 in Figure 9b (N1s spectrum in the inset) with the spectroscopic fingerprint of molecular N2 suggests 341 that the Fe–N bond is broken under the focused electron beam during data acquisition due to the 342 beam sensitivity of the sample. 343 344
 Figure 8. Comparisons of the NEXAFS spectra recorded in UHV of the impregnated Fe/NC and thesample obtained via ionic exchange Fe(I.E.)/NC: (a) the Fe2p AEY spectra and difference spectra; (b) theO1s AEY spectra; and (c) the N1s AEY spectra.
 Thus, the N1s NEXAFS spectrum of Fe-porphyrin does not explain the chemical configuration ofN in the impregnated samples. Similarly, the N K edge spectrum reported in literature for the ε-Fe3Nnitride phase, an interstitial ordered alloy with Fe atoms in hcp array and N atoms occupying theoctahedral interstitial sites, is characterized by two resonances in the π* region (397.8 eV and 400 eV)and one resonance in the σ* region at 406.2 eV [42]. This is also very different from the N speciespresent on both the impregnated samples which give arise to a strong and broad σ* resonance with amaximum at about 409.6 eV but a very low intensity in the π* region.
 Taking into account the high energy of the broad σ* resonance, we suggest that the nature ofthe N species from the nitrate precursor is an interstitial N atom in an sp3 bonding configuration,substituting an O atom in the Fe oxyhydroxide phase.
 High resolution TEM and electron energy loss spectroscopy (EELS) were used to localize theFe–N phase. The EELS spectra in Figure 9 clearly depict the presence of a N1s signal collocated withthe presence of Fe(III) (Fe2p EELS spectrum) [43]. However, we observed a reduction of the Fe(III)to Fe(II) in certain regions possibly induced by the beam as reported previously [23] for ferrihydrite.Furthermore, whilst we could confirm the presence of N species, the similarity of the acquired spectra
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 in Figure 9b (N1s spectrum in the inset) with the spectroscopic fingerprint of molecular N2 suggeststhat the Fe–N bond is broken under the focused electron beam during data acquisition due to the beamsensitivity of the sample.Catalysts 2018, 8, x FOR PEER REVIEW 12 of 22
 345 Figure 9. The HAADF STEM of the agglomerated ferrihydrite particles (a); the Spectrum Image 346 Electron Energy Loss Spectroscopy (EELS) data show the N K edge, O K edge and Fe L3,2 edge region 347 (b) from 3 different points as indicated in Figure 9a. 348
 2.3. Structural Transformation Upon Annealing in UHV by X-Ray Absorption Spectroscopy, X-Ray 349 Photoemission Spectroscopy and TEM 350
 The Fe/NC sample was thermally annealed in UHV at a temperature above 773 K to understand 351 the thermally induced phase transformation that characterizes these materials. Such information is 352 of general interest not only for the design of specific Fe phases supported on C electro-catalysts but 353 also for understanding the thermal stability in any catalytic applications at mild temperatures and in 354 nonoxidizing environments. 355
 The Fe2p XP spectrum during a temperature ramp in UHV condition is reported in Figure 10. 356 We can see that, at 473 K, a shoulder appears on the lower BE side and the satellite feature shifts to a 357 lower BE. This observation is consistent with a partial reduction of Fe(III) to Fe(II) [43]. The Fe2p 358 NEXAFS spectrum in Figure 11a shows this more clearly through an apparent change of the intensity 359 ratio of the two main resonances corresponding to a partial reduction of the oxidation state from 360 Fe(III) to Fe(II). The more surface-sensitive O1s XPS spectrum shows a reduction of the component 361 assigned to hydroxyl groups (OH−) species more significantly than the O2− species, whereas the O1s 362 NEXAFS spectrum is similar to the one of the fresh samples except for the appearance of the broad 363 feature C at approximately 550 eV, which indicates an increase in the crystallographic order. 364 Increasing further the temperature produces a more significant reduction of the Fe(III) to Fe (II) in 365 the Fe2p NEXAFS spectrum, which now resembles the one reported for wüstite [1,44]. Likewise, the 366 O1s NEXAFS spectrum is characterized by a decrease in the intensities of the resonances A1 and A2 367 whereas the intensities of the resonances B1 and C increase significantly. Moreover, an additional 368 resonance in the σ* region appears as a shoulder on the B1 resonance. The spectrum now resembles 369 the one reported in literature for wüstite [37,45]. 370
 Interestingly, despite the changes in the O content and the restructuring of the Fe phase, the N1s 371 NEXAFS spectrum does change significantly, whereas slight reductions of the resonances at 287.5 eV 372
 Figure 9. The HAADF STEM of the agglomerated ferrihydrite particles (a); the Spectrum ImageElectron Energy Loss Spectroscopy (EELS) data show the N K edge, O K edge and Fe L3,2 edge region(b) from 3 different points as indicated in Figure 9a.
 2.3. Structural Transformation upon Annealing in UHV by X-ray Absorption Spectroscopy, X-rayPhotoemission Spectroscopy and TEM
 The Fe/NC sample was thermally annealed in UHV at a temperature above 773 K to understandthe thermally induced phase transformation that characterizes these materials. Such information isof general interest not only for the design of specific Fe phases supported on C electro-catalysts butalso for understanding the thermal stability in any catalytic applications at mild temperatures and innonoxidizing environments.
 The Fe2p XP spectrum during a temperature ramp in UHV condition is reported in Figure 10a.We can see that, at 473 K, a shoulder appears on the lower BE side and the satellite feature shifts toa lower BE. This observation is consistent with a partial reduction of Fe(III) to Fe(II) [43]. The Fe2pNEXAFS spectrum in Figure 11a shows this more clearly through an apparent change of the intensityratio of the two main resonances corresponding to a partial reduction of the oxidation state fromFe(III) to Fe(II). The more surface-sensitive O1s XPS spectrum (Figure 10b) shows a reduction ofthe component assigned to hydroxyl groups (OH−) species more significantly than the O2− species,whereas the O1s NEXAFS spectrum is similar to the one of the fresh samples except for the appearanceof the broad feature C at approximately 550 eV, which indicates an increase in the crystallographicorder. Increasing further the temperature produces a more significant reduction of the Fe(III) to Fe(II)in the Fe2p NEXAFS spectrum, which now resembles the one reported for wüstite [1,44]. Likewise,the O1s NEXAFS spectrum is characterized by a decrease in the intensities of the resonances A1 andA2 whereas the intensities of the resonances B1 and C increase significantly. Moreover, an additional
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 resonance in the σ* region appears as a shoulder on the B1 resonance. The spectrum now resemblesthe one reported in literature for wüstite [37,45].
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 Figure 11. The NEXAFS characterization of the impregnated sample Fe/NC in UHV during thermal 377 treatment: (a) the Fe2p TEY spectra; (b) the O1s TEY spectra; (c) the N1s AEY spectra; and (d) the C1s 378 TEY spectra. 379
 To understand the structural characteristics giving arise to the Fe2p and O1s absorption spectra 380 in more detail, we followed the structural transformation upon annealing also by in situ HRTEM and 381 selected area electron diffraction (SAED). Figure 12 reports the SAED corresponding to the sample at 382 room temperature (Figure 12a) with the analysis indicating the presence of graphite reflexes. Upon 383 annealing at 473 K, additionally to the graphite reflexes, the ring patterns of ferrihydrite (023) were 384 observed (Figure 12b) [46]. A further increase of the temperature to 573 K leads to the formation of 385 crystalline ferrihydrite domains as seen by the appearance of clear diffraction spots (Figure 11c, green 386 circles). Interestingly, at 573 K, Wüstite is formed as segregated Fe(II) phases coexisting with the 387 Fe(III) ferrihydrite. With increasing the annealing temperature to 773 K, the presence of several 388 phases could be identified. Besides ferrihydrite and wüstite, a mixed Fe(II/III) oxide magnetite is also 389 formed. Particularly, Figure 12d indicates ferrihydrite (013) and (123) reflexes in green, wüstite (002) 390 and (022) reflexes in blue and magnetite (002) in red. 391
 Figure 11. The NEXAFS characterization of the impregnated sample Fe/NC in UHV during thermaltreatment: (a) the Fe2p TEY spectra; (b) the O1s TEY spectra; (c) the N1s AEY spectra; and (d) the C1sTEY spectra.
 Interestingly, despite the changes in the O content and the restructuring of the Fe phase, the N1sNEXAFS spectrum does change significantly, whereas slight reductions of the resonances at 287.5 eVand 288.6 eV are observed in the C1s NEXAFS spectrum assigned to C–O species. It can be inferred agood stability of the carbon support and the N-containing Fe phase in nonoxidizing environments.
 To understand the structural characteristics giving arise to the Fe2p and O1s absorption spectra inmore detail, we followed the structural transformation upon annealing also by in situ HRTEM andselected area electron diffraction (SAED). Figure 12 reports the SAED corresponding to the sample atroom temperature (Figure 12a) with the analysis indicating the presence of graphite reflexes. Uponannealing at 473 K, additionally to the graphite reflexes, the ring patterns of ferrihydrite (023) wereobserved (Figure 12b) [46]. A further increase of the temperature to 573 K leads to the formationof crystalline ferrihydrite domains as seen by the appearance of clear diffraction spots (Figure 11c,green circles). Interestingly, at 573 K, Wüstite is formed as segregated Fe(II) phases coexisting with theFe(III) ferrihydrite. With increasing the annealing temperature to 773 K, the presence of several phasescould be identified. Besides ferrihydrite and wüstite, a mixed Fe(II/III) oxide magnetite is also formed.Particularly, Figure 12d indicates ferrihydrite (013) and (123) reflexes in green, wüstite (002) and (022)reflexes in blue and magnetite (002) in red.
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 392 Figure 12. The SAED patterns collected during the in situ TEM thermal treatment at RT (a), 473 K (b), 393 573 K (c) and 773 K (d): The assigned structures are labelled by colour (wüstite – blue; graphite – 394 yellow; ferrihydrite – green; and magnetite – red). 395
 This means that, from a hcp structure, in which ferrihydrite crystallizes, a rearrangement occurs 396 that transforms the Fe phase in a fcc structure. This phase change from hexagonal to cubic phase is 397 apparently assisted also by the presence of C [47]. This result is also interesting from the perspective 398 of a NEXAFS spectra analysis, in which segregated Fe(II) and Fe(III) phases in the same sample would 399 give a similar spectroscopic fingerprint as for magnetite [48], similarly to a building block model [49]. 400
 3. Discussion 401 The wet impregnation of a highly ordered functionalized graphitic carbon support with a 402
 solution containing Fe species from a ferric nitrate precursor has led to materials with a bimodal 403 distribution of Fe nanostructures: a) highly dispersed single atoms and few atoms clusters and b) 404 large aggregates with ferrihydrite-like structure containing N impurities. This result can be explained 405 rationally, taking into account the surface chemistry of the support, the chemistry of the Fe species in 406 solution and the various interactions between these two phases in each step of the preparation. The 407 chemical functionalization of the carbon surface is carried out with the purpose of inducing defects 408 in the form of chemical species that can anchor metal ions in solution [9,10]. When the carbon support 409 is immersed in an acidic solution containing the metal precursor (for instance, an aqueous solution 410
 Figure 12. The SAED patterns collected during the in situ TEM thermal treatment at RT (a), 473 K (b),573 K (c) and 773 K (d): The assigned structures are labelled by colour (wüstite–blue; graphite–yellow;ferrihydrite–green; and magnetite–red).
 This means that, from a hcp structure, in which ferrihydrite crystallizes, a rearrangement occursthat transforms the Fe phase in a fcc structure. This phase change from hexagonal to cubic phase isapparently assisted also by the presence of C [47]. This result is also interesting from the perspective ofa NEXAFS spectra analysis, in which segregated Fe(II) and Fe(III) phases in the same sample wouldgive a similar spectroscopic fingerprint as for magnetite [48], similarly to a building block model [49].
 3. Discussion
 The wet impregnation of a highly ordered functionalized graphitic carbon support with a solutioncontaining Fe species from a ferric nitrate precursor has led to materials with a bimodal distribution ofFe nanostructures: a) highly dispersed single atoms and few atoms clusters and b) large aggregateswith ferrihydrite-like structure containing N impurities. This result can be explained rationally, takinginto account the surface chemistry of the support, the chemistry of the Fe species in solution andthe various interactions between these two phases in each step of the preparation. The chemicalfunctionalization of the carbon surface is carried out with the purpose of inducing defects in theform of chemical species that can anchor metal ions in solution [9,10]. When the carbon support isimmersed in an acidic solution containing the metal precursor (for instance, an aqueous solution of
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 iron nitrate nonahydrate with a density of 6 g·L−1 has a pH of 2.3.), the functionalities on the carbonsurface as well as the metal ions in solution undergo acid-base equilibria. The electrostatic interactionswill induce metal species in solution to interact with the functional groups on the carbon surface ofopposite charge [10,13,14].
 Concerning the metal species in solution, in analogy to previous studies on the formation of ironoxides in different aqueous media from various ferric salts [50], we expect that their hydrolysis productssuch as the aquo complex (mono and dimers) and sparingly soluble hydroxides with low nuclearityare formed at this low pH in solution; these polymerize rapidly with increasing pH (from pH > 3)to insoluble products, among which, the oxyhydroxide two-line ferrihydrite phase was reportedas the first crystalline compound formed and also the precursor of other Fe (oxyhydr)oxide phases(i.e., akageneite, goethite and hematite). Schwertmann et al. [50] reported also the formation of anordered Fe(III)-oxyhydroxy-nitrate as a precursor of the six-line ferrihydrite only at pH < 3 becauseonly at this pH is the rate of hydrolysis low enough for this phase to form.
 Moreover, Weatherill et al. [24] reported the first evidence for the formation of Fe13 Kegginpre-nucleation clusters during the hydrolysis of a ferric iron solution, which were stable against furtheraggregation and ferrihydrite NPs formation only at pH < 1. Therein, they also postulate that Kegginclusters can form rapidly within localized areas of high pH (in their experiments at the point of baseinjection) through the preceding formation of (Fe(OH)4)−.
 Concerning the support surface chemistry, in a previous study, the zeta potential measurementshave shown that the surface of carbon nanotubes [15,16] from almost neutral become positivelycharged only below pH 5 for NH3-functionalized carbon, whereas it is negatively charged forHNO3-functionalized carbon in the overall range of pH. Thus, in these experiments, we expectthat the surface chemistry of the carbon support is mostly characterized by protonated N species(pyridinium cations) for NC and by deprotonated O species (carboxylate anions) for OC [15,16].
 In the case of the OC, a positive electrostatic interaction between the carboxylates and themostly abundant mono-hydroxylated and bi-hydroxylated ferric species [17] in solution is realized,and thereafter, specifically chemisorbed ions can act as nucleation centers for the further growth of thenuclei and formation of nanoparticles.
 In contrast, this condition is not apparently satisfied in the case of the NC if mono-hydroxylatedand bi-hydroxylated complexes were the only species existing in solution. The existence of (Fe(OH)4)−
 species in localized areas of higher pH where the N species are located could explain the dilemmaticcapability of N species to coordinate single and low-nuclearity Fe hydroxides clusters in an acidicsolution, while the path in which positively charged hexa-aqua cationic complexes are involved wouldbe unfavorable due to the presence of a positive charge on the N functionalities (approx. pKa 8 [15]).It should be noted that amino species are good ligands for ferric cations and were used to prevent thepolymerization of these species in solution [17].
 Thus, we postulate that, upon the interaction of the carbon support with the Fe-containingsolution, Fe monomers and dimers of negative charge for NC (positive charge for OC) rapidly adsorbon the defects of the carbon surface, forming highly dispersed Fe clusters and single Fe atoms. For ahighly graphitic C support, like the one we are using in this study, the number of functional groupsthat can be introduced by these chemical posttreatments (NH3 or HNO3) is limited to the availabilityof edge sides and vacancies. Therefore, it is normally low, and as a consequence, its ionic exchangecapacity is limited. Comparatively, single atoms or few atoms clusters are relatively more abundanton the sample containing the N-functionalized carbon support due to the high thermal stability ofthese functionalities upon the subsequent thermal treatment (compared to the carboxylates whichdecompose already at 473 K). The electronic structure fingerprint of this minority of species wasidentified here using Fe2p photoelectron and absorption spectroscopies, and we found that these areFe(II) species under UHV condition.
 However, the majority of the Fe species are present as relatively large particles, showing highmorphological anisotropy and particles size inhomogeneity but the same crystallographic phase
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 regardless of the carbon support used. The bulk structure determined by means of X-ray absorptionfine structure spectroscopy was consistent with the ferrihydrite structure; however, TEM showed thatthe nanostructured particles are poorly ordered. It is, therefore, more correct to describe this phase as aferrihydrite-like Fe(III)-oxyhydroxide which contains also thermally stable Fe–N species.
 This agglomerated ferrihydrite-like phase is formed due to the higher local pH in proximity of theC surface, which favor its precipitation (at pH > 3). Furthermore, during the drying process overnight,we postulate that insoluble Fe(III)-oxyhydroxy-nitrate species are formed via a slow kinetic process,which aggregate into nanoparticles and deposit on the C surface with no specific interaction with theC support.
 In the subsequent step, the sample is subjected to a thermal annealing in N2 at 523 K for 4 h, whichfinally gives the ferrihydrite-like/C material under study. The thermal decomposition mechanism ofFe(III) nitrate under N2 was previously studied by using infrared spectroscopy, thermo-gravimetricanalysis and X-ray diffraction (XRD) [50]. Therein, it was shown that the denitrification of Fe(III)nitrate was completed at 413 K, and above this temperature, only the evolution of water was observedwhilst a small number of hydroxyl groups remaining on the surface were identified [51]. Moreover,in the same work, XRD indicated that hematite was formed from thermal decomposition of Fe(III)nitrate in inert atmosphere only at a temperature above 573 K.
 This is in contrast with our findings showing that N is retained in the structure with an sp3
 electronic configuration and remains invariant up to 773 K. We suggest that, during the final thermalannealing of the dried sample precursor at 523 K, the interaction of the Fe(III)-oxyhydroxy-nitratewith the carbon support might stabilize N atoms in the ferrihydrite structure at the interface with theC support.
 We also characterized the thermally induced transformations of a freshly prepared ferrihydrite/Csample from room temperature to 773 K, which showed a series of unexpected phase transformations.Firstly, it was noticed that the thermal annealing up to 473 K induced the ordering of the ferrihydritephase. This means that the exposure of the sample to moisture/air after the final synthesis step(thermal decomposition of the precursor Fe(III)-oxyhydroxy-nitrate at 523 K) produces structuralmodifications (i.e., surface hydration). Secondly, the thermal annealing of the ferrihydrite/C sample at573 K led to the formation of a segregated phase of wüstite (Fe(II)O) coexisting with the ferrihydritephase. Only at 773 K, the formation of a mixed oxide Fe(II, III) magnetite was observed. Similarlyto Ferrihydrite in biological systems [1,47], we suggest that the C support has a strong influence infavoring the reduction of Fe(III)ferrihydrite to Fe(II) wüstite rather than the condensation of OH toform Fe(III) hematite.
 This work clarifies the synthesis conditions for Fe/C materials for achieving a homogeneousimmobilization of the active species on the graphitic support with a similar size and same chemicalnature when using wet impregnation. Particularly important is the choice of the metal loadingin relation to the nature and abundance of the functionalities on the carbon surface. The use of alow-concentration ferric solution and a highly N-functionalized carbon support enables the controlof nucleation and growth of the Fe species by the interfacial acid/base equilibria realized in the firststep of the synthesis, which guarantees a high metal dispersion. With ferric solutions too concentrated,the abundance of N species on the carbon support is not sufficient to quantitatively immobilize the Fespecies in solution in the first step, and as a consequence, larger particles are formed in the subsequentdrying and thermal annealing steps. In the case of O-functionalized carbon supports, the low thermalstability of some of the oxygen species leads the initially dispersed clusters to agglomerate in thethird step of the synthesis, and therefore, in the case of OC, other synthetic routes could me moreappropriate to attain a high dispersion.
 In a previous work, these materials were tested for the electrochemical CO2 reduction reaction [6].These large agglomerates were found not only to be inactive in the potential range for selective CO2
 reduction but also detrimental for the catalytic activity as they block some of the active N–Fe ensemblesformed at the interface between the few atoms Fe(II/III)-clusters and the N-functionalized graphene
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 edges of NC. Generally, large metal/metal oxide NPs weakly interacting with the carbon supportare mobile under reaction conditions and undergo agglomeration and coalescence [7,18–20]. This isvery often accompanied by the worsening of the catalytic performances with reaction time, which isexplained in terms of a reduced exposed active surface or changes in the electronic structure of theexposed surface. For application-oriented materials design, whilst the nature of the desired activephase to be stabilized on the support is not always known a priori, attaining a high homogeneity inthe particles size after the final thermal treatment is indicative of a high stability of the supportedphase through sufficiently strong metal support interactions. In fact, a successful catalyst design fora specific application would requires active phase/support interactions strong enough to resist thereaction conditions in which it is used.
 4. Materials and Methods
 4.1. Synthesis of Impregnated Fe/OC, Fe/NC and Fe(I.E.)/NC
 We used a TorayTM Carbon paper TGP-H-030 (FuelCellStore.com) with a thickness of 0.1 mmand dimensions of approx. 0.8 × 0.8 cm2 (approx. 4.2 mg) as a support for the metal oxyhydroxidephase. Prior to the impregnation of the metal precursor, the carbon cloth was heated to 393 K inHNO3 (250 mL, 70% Sigma-Aldrich, Dorset, UK) for 4 h, followed by drying in static air overnight at373 K. This treatment allows the introduction of oxygenated functionalities. This sample is referred toas OC. In a second step, the HNO3-treated samples were put in a tube furnace under 50 mL min−1
 NH3 (99.98% Ammonia Micrographic, BOC Linde, Munich, Germany) at 873 K for 4 h. Afterwards,the samples were cooled down to 323 K in NH3 and further to room temperature in N2 (50 mL min−1,BOC Linde, Munich, Germany). This sample is referred to as NC. Both OC and NC were used toimmobilize Fe. The Fe containing samples (Fe wt% = 1) were obtained via the incipient wetnessimpregnation of an Fe(NO3)3•9H2O solution in H2O/ethanol (24:1). An aliquot of 100 µL of a 3 g/Lsolution was used. The solution was added dropwise to the single carbon cloth piece, paying attentionthat the wetting of the carbon paper piece was homogeneous. The impregnated pieces of carbon paperwere dried at room temperature in air overnight. Afterwards, the samples were heated at 523 K in N2
 (50 mL min−1, BOC Linde, Munich, Germany) for 3 h in order to achieve the decomposition of themetal precursor. The samples were cooled down to room temperature in N2 and afterwards exposedto air/moisture, prior to characterization.
 The sample Fe(I.E.)/NC was obtained via the ionic exchange route. Accordingly, the functionalizedNC was placed in 25 mL of a FeCl3 solution (0.75 g/L). Subsequently, 62.5 µL of concentrated HCl(37% from Sigma-Aldrich, Dorset, UK) were added to this solution, and the solution was sonicated for5 min. Afterwards, the solution was heated up to 333 K for 1 h using a steam bath. The sample wasthen dried overnight in air and characterized.
 4.2. X-ray Photoelectron and Absorption Spectroscopy
 X-ray photoelectron spectroscopy (XPS) and near-edge X-ray absorption fine structure (NEXAFS)measurements in the soft X-ray regime were carried out at the ISISS end station and beamlineat Helmholtz-Zentrum Berlin (HZB) (Berlin, Germany). The freshly prepared samples from anatmospheric environment were directly exposed to a vacuum (10−7 mbar) in the XPS chamber. The XPSmeasurements were performed by applying a suitable excitation energy corresponding to a kineticenergy (KE) of the photo-emitted electrons of 450 eV and/or 150 eV for the core levels Fe2p, C1s, O1sand N1s. The energy pass Ep was normally set to 20 eV. The core levels envelopes were fitted usingthe Casa XPS software after subtraction of a Shirley background.
 The fittings of the Fe2p, O1s and N1s were performed by considering as many components with aGaussian–Lorentzian (GL) line-shape as needed to describe consistently structural changes amongthe samples and upon temperature programmed treatment. The fitting of the spectra was done byconstraining the peak position by ±0.05 eV. The peak area ratio between the Fe2p3/2 and Fe2p1/2
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 spin-orbit split transitions was constrained approximately to the theoretical value of 2:1, and thedistance between the two-spin orbit split transition was 13.5 eV. The binding energies (BEs) werereferenced to the maximum of the C1s core level peak (284.3 eV) measured after every other core levelmeasurement at the corresponding excitation energy. The quantification of the elemental compositionwas carried out according to a homogeneous model distribution. For quantification, the spectra havebeen normalized to the impinging photon flux.
 The Auger Electron Yield (AEY) NEXAFS spectra were recorded with an analyzer setting of 50 eVpass energy (Ep) and electron kinetic energies (KE) of 700 eV, 520 eV, 350 eV and 240 eV for Fe L, OK,NK and CK, respectively. The beam-line setting was exit slit (ES) 111µm and fix focus constant (cff) 1.4(cff = cosα/cosβ). The kinetic energy window was chosen such as to avoid photoelectrons movingthrough the NEXAFS spectrum while sweeping the excitation energy, while a broad Ep was necessaryto obtain reasonable intensity. The exit slit value chosen enables an optimal compromise between ahigh photon intensity and a good spectral resolution. The higher order suppression operation mode ofthe monochromator was applied (fix focus constant cff = 1.4) to avoid contributions to the backgroundin the NEXAFS spectra that might complicate the intensity normalization of the spectra on impingingphoton flux. The sample heating was assured by an IR-laser mounted on the rear part of the sampleholder. Temperature control was realized using two K-type thermocouples.
 4.3. Electron Microscopy Techniques
 The bright field (BF) and high angle annular dark field scanning transmission electron microscopy(HAADF STEM) images were acquired on a probe corrected ARM200F at the ePSIC facility (DiamondLight Source, Didcot, UK) equipped with a cold-FEG and operated at an acceleration voltage of 200 keV,enabling a resolution of 0.78Å. The measurement conditions were a CL aperture of 30 µm, convergencesemiangle of 24.3 mrad, beam current of 12 pA, and scattering angles of 0–10 and 35–110 mrad for BFand HAADF STEM respectively. The SEM analysis was performed on a Zeiss Ultra SEM operatingat an acceleration voltage of 1.6 and 20 keV. The samples were grinded between two glass slidesand then deposited onto 3 mm holey carbon Cu-TEM grids and SiNx chips for ex situ and in situanalyses, respectively.
 The in situ TEM experiments were carried out utilizing a DENSSolutions wildfire in situ holder.For an accurate magnification calibration, the diffraction pattern from Au nanoparticles were acquiredunder identical experimental conditions
 4.4. Raman
 The Raman measurements were carried out on a Renishaw InVia Raman microscope (λ = 473 nm)with a 50× objective.
 5. Conclusions
 In this work, we report a detailed structural characterization of Fe-impregnated C catalysts using amulti-technique approach. This includes synchrotron-based high-energy resolution X-ray spectroscopyand atomic-resolution transmission electron microscopy. We identify two different mechanisms of Feimmobilization on functionalized graphitic carbon as a cause of the high morphological anisotropy,broad particles size distribution and complex Fe speciation:
 (a) Single atoms and clusters are formed during the first impregnation step from the chemisorptionof soluble Fe(III) species on the heteroatoms at the graphite edges. In the specific case ofN-functionalized graphitic carbon, the high local pH in proximity to the functional groupsinduces clustering of the Fe species in parallel to their chemisorption on the carbon surface.Specifically, anionic Fe(III) species interact with the pyridine N functional groups on the C surface(or few basic and thermally stable O species on the OC support) and are stabilized in an Fe(II)
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 oxidation state. Moreover, more abundant cationic Fe(III) species interact with carboxylatesspecies on the OC surface.
 (b) The majority of the Fe(III) species in solution slowly polymerize during the drying process,forming Fe(III)-oxyhydroxy-nitrate NPs, which deposit on the carbon surface with no specificinteraction with it. The thermal annealing in N2 transforms these Fe(III)-oxyhydroxy-nitrateNPs into big agglomerates of ferrihydrite NPs containing N impurities as Fe–N–O bonds in sp3
 configuration but with a different spectroscopic fingerprint than nitrate moieties.
 For application-oriented materials design, attaining a high homogeneity in particles size isindicative of the occurrence of specific metal support interactions, a prerequisite for high catalyststability under reaction conditions. This work shows that, in order to achieve this goal, the synthesisof Fe/C catalysts via impregnation must be designed in such a way that, during the first step, the Fespecies in solution are quantitatively immobilized on the carbon support through the occurringinterfacial acid/base equilibria. To this purpose, particularly important is the metal loading whichmust be chosen in relation to the nature and abundance of the functionalities available on the carbonsurface for metal coordination.
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