Electronic structures of iron(III) and manganese(IV) (hydr)oxide minerals: Thermodynamics of photochemical reductive dissolution in aquatic environments
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Abstract
Sunlight-induced reduction and dissolution of colloidal Fe-Mn (hydr)oxide minerals yields elevated concentrations of Fe2+ and Mn2+ in natural waters. Since these elements may be biolimiting micronutrients, photochemical reactions might play a significant role in biogeochemical cycles. Reductive photodissolution of Fe (hydr)oxide minerals may also release sorbed metals. The reactivity of Fe-Mn (hydr)oxide minerals to sunlight-induced photochemical dissolution is determined by the electronic structure of the mineral-water interface. In this work, oxygen K-edge absorption and emission spectra were used to determine the electronic structures of iron(III) (hydr)oxides (hematite, goethite, lepidocrocite, akaganeite and schwertmannite) and manganese(IV) oxides (pyrolusite, birnessite, cryptomelane). The band gaps in the iron(III) (hydr)oxide minerals are near 2.0–2.5 eV; the band gaps in the manganese (IV) oxide phases are 1.0–1.8 eV. Using published values for the electrochemical flat-band potential for hematite together with experimental pHpzc values for the (hydr)oxides, it is possible to predict the electrochemical potentials of the conduction and valence bands in aqueous solutions as a function of pH. The band potentials enable semiquantitative predictions of the susceptibilities of these minerals to photochemical dissolution in aqueous solutions. At pH 2 (e.g., acid-mine waters), photoreduction of iron(III) (hydr)oxides could yield millimolal concentrations of aqueous Fe2+ (assuming surface detachment of Fe2+ is not rate limiting). In seawater (pH 8.3), however, the direct photo-reduction of colloidal iron(III) (hydr)oxides to give nanomolal concentrations of dissolved, uncomplexed, Fe2+ is not thermodynamically feasible. This supports the hypothesis that the apparent photodissolution of iron(III) (hydr)oxides in marines systems results from Fe3+ reduction by photochemically produced superoxide. In contrast, the direct photoreduction of manganese oxides should be energetically feasible at pH 2 and 8.3.
Introduction
In acidic lakes and streams, the photochemical reduction of colloidal iron(III) (hydr)oxides and aqueous Fe3+ can yield steady state concentrations of Fe2+ greater than 10−6 M (Collienne 1983, McKnight et al 1988, Sullivan et al 1998, Sullivan and Drever 2001). In seawater, elevated concentrations of dissolved Fe2+ and Mn2+ are attributed to sunlight-induced photochemical reductions of colloidal iron(III) and manganese(IV) oxides (Sunda et al 1983, Wells et al 1991, Sunda and Huntsman 1994). As iron and manganese are essential nutrients, photochemical reactions must play a fundamental role in biogeochemical cycles.
As discussed below, the photochemical reactivity of Fe-Mn (hydr)oxides results from electronic excitations across a semiconductor band gap. Before we can understand the thermodynamics of photochemical reduction processes, we first need to know the electronic structures of iron(III) and manganese(IV) (hydr)oxides and the electrochemical potentials of the valence and conduction bands in aqueous environments. A schematic electronic structure for iron(III) and manganese(IV) oxides is given in Figure 1 (based on Goodenough 1971, Sherman 1984, Sherman 1985, Sherman 1990). In these minerals, the valence band consists of O(2p)-like orbitals together with the occupied Mn(3d) and Fe(3d) orbitals. The conduction band consists of the unoccupied Mn(3d) and Fe(3d) orbitals. The octahedral crystal field surrounding each metal cation splits the energies of the 3d orbitals with t2g symmetry from those with eg symmetry by 1–3 eV (the “crystal field splitting”). Further, the exchange interaction between electrons means that the majority spin (α-spin) electrons are at a much lower energy than the minority spin (β-spin) electrons. Hence all, of the bands are split into α- and β-spin counterparts. For the O(2p) like orbitals, this is a small effect; for the Fe or Mn 3d orbitals, however, the exchange splitting is very large (3–4 eV). Consequently, the partially occupied d-bands have ground-state configurations (t2gα)3(egα)2 in Fe(III) (hydr)oxides and (t2gα)3 in Mn(IV) oxides. Note that this picture of electronic structure assumes that the metal-metal bonding interaction is much weaker than the crystal field splitting or the exchange splitting.
The sunlight-induced photochemical reactivity of iron and manganese oxides implies that the gap (Eg) between the valence and conduction bands must be less than 3.1 eV (400 nm). Absorption of light with E > Eg will yield a hole (h+) in the O(2p) band together with an electron (e−) in the Fe(3d) or Mn(3d) conduction band. If the electrochemical potential of the valence-band is above that of the half-reaction 
then the hole in the valence band could oxidize adsorbed water 
Moreover, if the conduction-band potential were below that of the half-reaction then an electron excited into the conduction band would be able to reduce H+ to H2. However, efforts to develop an inexpensive photocell for water decomposition as a source of solar energy (e.g., Leland and Bard, 1987) have demonstrated that, for iron(III) hydroxides, reaction 2 is feasible but reaction 3 is not. This implies that the conduction band potential in iron (III) hydroxides is greater than that for (3). On the other hand, the conduction band states are localized Fe(3d) or Mn(3d) orbitals while the valence band states are primarily O(2p); consequently, promoting an electron into the conduction band implies reduction of Fe3+ to Fe2+ or Mn4+ to Mn2+/3+ and oxidation of O2−. If this happens near the mineral surface, then the surface O− (valence-band holes) could combine to yield peroxide while the surface Fe2+ or Mn2+ (conduction-band electron) could desorb to give a net photoreductive dissolution reaction 
(Here, ≡ implies a surface species. Note that reactions (4a), (4b) are to outline the net reaction and not the mechanism).
Organic ligands are found to be much more effective hole-scavengers than water. A generic reaction might be 
where RCOOH represents a carboxylic acid (e.g., humic or fulvic acid). The resulting carbocation (R+) could then oxidize water to yield peroxide: Organic ligands may promote photochemical dissolution simply because they prevent electron-hole recombination at the oxide surface. However, it is argued that the enhancement of photochemical reduction by organic ligands might also result from the direct photo-oxidation of the organic ligand to yield superoxide (O2−) which can act as a reductant of dissolved Fe3+ (Sunda and Huntsman 1994, Miller et al 1995, Voelker and Sedlak 1995, Voelker et al 1997): 
To understand the thermodynamic driving force for photochemical reductive dissolution, we need to know the electrochemical potentials of the valence and conduction bands relative to the standard electrochemical potentials of the Fe2+/FeOOH and Mn2+/MnO2 redox couples (more general reviews are given by Waite, 1990; and Xu and Schoonen, 2000). In the work reported here, a quantitative picture of the electronic structures of iron (III) and manganese(IV) (hydr)oxides minerals are determined using synchrotron-based oxygen K-edge absorption and emission spectra.
The O K-edge absorption spectra result from O(1s)-O(2p) transitions. In an oxide mineral, the nominally O(2p) orbitals are full; however, the empty orbitals that nominally correspond to the metal 3d, 4s and 4p states have some O(2p) character because of the partially covalent nature of the M-O bond. Consequently, the absorption spectra allow us to probe the energies of the conduction band states. The oxygen K-edge emission spectra result from transitions of O(2p) electrons to the core hole in the O(1s) orbital generated by excitation in the absorption spectrum. Consequently, the emission spectra give us a probe of the valence band density of states. Using previously published O(1s) photoelectron spectra, we can determine the absolute energies of the valence and conduction bands relative to the vacuum. As discussed below, we can relate our spectroscopic band energies to the electronic structure of the mineral-water interface from the published values for the flat-band potential of Fe2O3 together with the pH of the zero point of charge for each mineral.
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X-ray Spectroscopy
Oxygen K-edge absorption and emission spectra were measured on station 8.01 at the Advanced Light source, Lawrence Berkeley National Laboratory. Monochromatic radiation from the undulator was incident upon the powdered samples mounted on carbon tape. The sample plates were 60° to the incident beam and several mm from the entrance slit to the emission spectrometer. Slits were adjusted to 50 mm on the monochrometer and 50 mm on the spectrometer to give a resolution of 0.35 eV on the absorption
X-ray Spectroscopy
Oxygen K-edge absorption and emission spectra of iron(III) (hydr)oxides and manganese(IV) oxides are shown in Figure 2. In the absorption spectra, the lowest energy peaks can be assigned to O(1s)→Fe(3d) and O(1s)→Mn(3d) transitions (again, the transitions are only possible because the Fe(3d) and Mn(3d) orbitals has some O(2p) character due to covalency). The spectra are able to resolve the crystal field splitting of the Mn(3d) and Fe(3d) orbitals. The observed values of the crystal field
Summary and conclusions
Based on the measured electronic structures and the assumption that the surface potential has a Nernstian pH dependence, it follows that the direct photochemical reduction of iron(III) (hydr)oxides should occur under conditions associated with acid-mine drainage (pH <4). In the oceans (pH 8), however, the direct photochemical reduction of iron(III) (hydr)oxides should not be feasible as the half-cell potential for the reductive dissolution lies well below the potential of the conduction band
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