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¯ 02兲 surfaces were investigated using density The structures of the clean and hydrated hematite ␣-Fe2O3 共11 functional theory, and the free energies of the surfaces in chemical equilibrium with water were calculated as a function of temperature and oxygen partial pressure using ab initio thermodynamics. At 298.15 K, the predicted lowest-energy surface, in equilibrium with 20 Torr H2O has a stoichiometry of 共H2O兲2-X-共HO兲2Fe2-O2-R, where X denotes a vacancy of an atomic layer of Fe and R represents the bulk stoichiometric repeat 共Fe2O3兲. This surface stoichiometry results in three types of 共hydr兲oxo functional groups: Fe-OH2 , Fe2-OH, and Fe3-O. At temperatures above 435 K, maintaining equilibrium with the same water partial pressure, the predicted lowest-energy stoichiometry is 共HO兲2-共HO兲2-Fe2-O2-Fe2-O2-R, consistent with water dissociated on the stoichiometric bulk termination. These results suggest that the experimentally observed surface termination is highly sensitive to thermal annealing and water reaction. Furthermore, differences in protonation states or the surface hydroxyl groups are shown to lead to large differences in energetic stability and layer relaxations of the oxide substrate. Prediction of the stable surface termination and its dependence on environmental variables such as water, O2, and thermal treatment provide a base line for understanding surface reactivity. DOI: 10.1103/PhysRevB.75.075425



PACS number共s兲: 68.47.Gh, 68.43.Bc, 68.35.Md, 68.43.⫺h



I. INTRODUCTION



Chemical reactions occurring at the interface between metal-oxide surfaces and aqueous solutions play an important role in a variety of applications, such as heterogeneous catalysis, chemical sensors, and corrosion processes.1 Equally important are the role of metal oxides in the chemistry of natural aquatic systems in which heterogeneous chemical processes have a major impact on the distribution of aqueous species, contaminant sequestration, mobility, and bioavailability.2–4 These chemical processes can be largely categorized as Brønsted or Lewis acid-base, ligand exchange, and electron transfer reactions involving surface hydroxyls, surface cations, and aqueous ions and their complexes. The local coordination, electronic structure, and topology of the surface functional groups appear to have the primary influence on the reactivity of metal oxide surfaces, dictating, for example, the protonation state of surface hydroxyls and hence surface charge. Therefore, the overall reactivity of a metal oxide surface is controlled by the atomic and electronic structure of the interface, which in turn is dependent on the bulk structure and composition and the chemical and physical history of the surface. Prediction and interpretation of reactivity trends at the oxide-water interface relies on knowledge of the interface structure and how it is impacted by key environmental variables. Although metal oxide surfaces have been studied extensively by experimental and theoretical methods, they have largely been characterized under ultrahigh vacuum 共UHV兲 or clean conditions.5 In nature, oxide surfaces interact with water and other common aqueous species, resulting in substantial changes to surface structure and composition.4 Thus, it is possible that the structure of a hydrated metal oxide surface may be substantially different from the stoichiometric, or nonpolar, bulk termination expected to be stable under clean UHV conditions. In particular, surface hydroxylation is 1098-0121/2007/75共7兲/075425共15兲



likely to change the nature of a metal oxide surface from a Lewis acid, with exposed undercoordinated metal cations, to a Brønsted acid, with fully coordinated metals and surface hydroxyl groups available for proton exchange. These changes in the character of metal oxide surfaces are responsible for the substantial differences in surface reactivity observed between clean and hydrated metal oxide surfaces.6,7 Hence, there is a general interest in understanding how water interacts with metal oxide surfaces, specifically in how it influences the surface structure and composition, and in determining the overall implications for surface reactivity. Iron 共oxyhydr兲oxides are of particular interest due to their widespread abundance in natural aquatic and sediment systems and high reactivity towards adsorption of trace metals and degradation and transformation of other environmental contaminants.8–10 Of these, hematite 共␣-Fe2O3兲 is the thermodynamically most stable form of iron oxide under atmospheric conditions11 and serves as a good model system for other common iron 共hydr兲oxide phases. The bulk structure of ¯ c兲 with a hematite has a hexagonal unit cell 共space group R3 distorted close-packed array of oxygen anions and iron cations that occupy two-thirds of the octahedral holes. The atomic layer stacking sequence along the c axis consists of six stoichiometric -共Fe-O3-Fe兲- repeat units per bulk unit cell. The iron cations are staggered along the cs axis and displaced vertically from their ideal hexagonal close-packed 共hcp兲 positions centered between the oxygen layers. Chemical reactions involving water and aqueous metals ¯ 02兲 关also known as 共012兲兴 surfaces on the 共0001兲 and 共11 of hematite and isostructural alumina 共␣-Al2O3兲 have been studied by several experimental methods, including temperature-programmed desorption 共TPD兲, static secondary-ion mass spectrometry 共SSIMS兲, low-energy electron diffraction 共LEED兲, high-resolution electron energy loss spectroscopy 共HREELS兲, x-ray absorption spectroscopy



075425-1



©2007 The American Physical Society



PHYSICAL REVIEW B 75, 075425 共2007兲



LO et al.



FIG. 1. 共Color online兲 Model of the ideal 共unrelaxed兲 stoichio¯ 02兲. The large red spheres metric bulk termination of ␣-Fe2O3 共11 are O and the small purple spheres are Fe. 共a兲 In-plane view of the ¯ 02兲 surface showing the surface net. The real-space basis vectors 共11 in the surface indexing are shown, along with their corresponding indices in the bulk indexing. 共b兲 Layer stacking sequence and layer spacings along the cs axis.



共XAS兲, and crystal truncation rod 共CTR兲 x-ray diffraction.12–14 There are significant differences in the reactivity of these surfaces to water and aqueous contaminant ¯ 02兲 surface, metal adsorption. For example, the ␣-Fe2O3 共11 depicted in Fig. 1, has been suggested to be much more reactive to water adsorption and dissociation than the 共0001兲 surface.15 Catalano et al. have found that U共VI兲 binds differ¯ 02兲 and ␣-Fe O 共11 ¯ 02兲; ently to hydrated ␣-Al2O3 共11 2 3 U共VI兲 binds to singly coordinated oxygen anions in a mono¯ 02兲 and in a bidentate fashion dentate fashion on ␣-Al2O3共11 ¯ 02兲.16 Bargar et al. have found that Pb共II兲 on ␣-Fe2O3 共11 binds as an inner-sphere complex to ␣-Fe2O3 共0001兲, but as an outer-sphere complex to ␣-Al2O3 共0001兲; it does bind as ¯ 02兲 and ␣an inner-sphere complex to both ␣-Fe2O3 共11 ¯ 02兲.17–21 These differences in metal ion binding Al2O3 共11 modes and associated differences in reactivity with respect to the extent of adsorption, are likely a result of differences in surface structure.20 For example, Trainor et al. found that the hydrated ␣-Fe2O3共0001兲 surface consists of two domains, one containing only doubly coordinated hydroxyls and the other with singly, doubly, and triply coordinated hydroxyls,



in a roughly 2:1 ratio,22 while Eng et al. found that the hydrated ␣-Al2O3 共0001兲 surface consists only of doubly coordinated hydroxyl groups.23 Therefore, having a concise understanding of the surface structure and the degree to which the surface structure depends on environmental variables is highly desirable for the interpretation of such reactivity trends. The focus of the present study is a detailed investigation into stability of different stoichiometries of the ␣-Fe2O3 ¯ 02兲 surface 共Fig. 1兲. The ideal stoichiometric bulk termi共11 nation has an atomic stacking sequence consistent with -共O2-Fe2-O2-Fe2-O2兲-, hereafter abbreviated as R, along the cs axis, which is defined as the surface normal direction. The surface unit cell can be indexed according to as = 关110兴 and bs = 关− 31 31 31 兴, giving a rectangular unit cell where the ratio of 兩as兩 to 兩bs兩 is about 1.1.24,25 A 兩cs兩 of 7.398 Å 共2 ⫻ d1–12兲 gives a 共1 ⫻ 1兲 unit cell containing 20 atoms 共4 Fe2O3 units兲. The stoichiometric surface is nonpolar with triply coordinated oxygen anions and fivefold-coordinated iron cations making up the terminating atomic layers 关Fig. 1共b兲兴. Two structures have been reported for the clean ␣-Fe2O3 ¯ 共1102兲 surface. The 共1 ⫻ 1兲 stoichiometric surface is obtained upon oxidation in UHV at low temperature. At high temperatures 共e.g., 400 ° C兲 under UHV conditions, the 共2 ⫻ 1兲 reconstruction is obtained from the 共1 ⫻ 1兲 surface.26,27 On the basis of LEED and Auger electron spectroscopy 共AES兲 studies, Gautier-Soyer et al. found that the 共2 ⫻ 1兲 surface consists of an ordered arrangement of oxygen vacancies and primarily fourfold-coordinated Fe共II兲 cations, resulting in a surface stoichiometry that resembles magnetite 共Fe3O4兲.27 While Fe3O4 共111兲 has been shown to form on ␣-Fe2O3 共0001兲 following ion etching and annealing under UHV conditions,26,28,29 a similar magnetitelike layer does not ¯ 02兲. The 共2 ⫻ 1兲 surface is structurally form on ␣-Fe2O3 共11 consistent with ␣-Fe2O3, based on x-ray Laue diffraction, LEED, and the optical phonon spectrum obtained from HREELS measurements.30 Water sorption on the clean 共1 ⫻ 1兲 and 共2 ⫻ 1兲 ␣-Fe2O3 ¯ 02兲 surfaces has been examined in detail by Henderson et 共11 al.30,31 It has been shown that the 共1 ⫻ 1兲 and 共2 ⫻ 1兲 surfaces exhibit different reactivities towards water dissociation 共H2O ↔ HO− + H+兲. While more heterolytically dissociated water molecules are bound as hydroxyls to the 共1 ⫻ 1兲 surface, Henderson et al. have found that the hydroxyls on the 共2 ⫻ 1兲 surface are more energetically stable.30 Furthermore, their TPD studies have shown that the terminal and bridging hydroxyls recombine to liberate molecular water above 350 K on the 共1 ⫻ 1兲 surface and above 405 K on the 共2 ⫻ 1兲 surface. While the 共2 ⫻ 1兲 reconstruction is obtained by annealing the 共1 ⫻ 1兲 surface in UHV at 950 K and exposing it to water vapor, the reverse reaction is not favored, such that it is not possible to convert the 共2 ⫻ 1兲 surface back to 共1 ⫻ 1兲 through water chemistry without sputtering.31 By contrast, Schildbach and Hamza found that the 共2 ⫻ 1兲 sur¯ 02兲 is removed by the face reconstruction of ␣-Al2O3 共11 water adlayer upon exposure to an electron beam.32 Previous theoretical studies investigations have focused on structures consistent with the adsorption of water to the
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fivefold-coordinated iron sites of the 共1 ⫻ 1兲 stoichiometric surface.15,33,34 The energy minimization calculations of Rustad et al., using parametrized classical potentials, show that approximately 75% of the adsorbed water molecules dissociate heterolytically on the 共1 ⫻ 1兲 surface.33 The presence of these surface hydroxyls results in large layer relaxations in the oxide, with the layer-2 Fe cations moving towards the layer-1 oxygen anions.15 Conversely, classical molecular dynamics simulations have shown that water, situated 2 – 3 Å from the oxide surface,34 adsorbs only weakly to the fivefold-coordinated iron cation sites, so physisorbed water molecules have little effect on the oxide structure.15 Recently, Tanwar et al. conducted a surface CTR x-ray ¯ 02兲 surface prepared by diffraction study of the ␣-Fe2O3 共11 a wet chemical mechanical polishing 共CMP兲 procedure.35 They showed that the prevalent hydrated surface termination at 298.15 K is different from the 共1 ⫻ 1兲 stoichiometric surface obtained by UHV preparation and thermal annealing. The hydrated CMP-prepared surface was found to be terminated in the center of a stoichiometric Fe2O3 unit with additional hydroxylation of the exposed surface Fe cations. Thus, there is zero occupancy of the topmost atomic layer of Fe cations 共denoted by X兲 compared to the stoichiometric bulk termination; the hydrogen-free termination can be represented as O2-X-O2-Fe2-O2-R. A similar termination was ob¯ 02兲 served by Trainor et al. for the hydrated ␣-Al2O3 共11 24 However, in a specular CTR study, Catalano et al. surface. ¯ 02兲 surface to have a terobserved the hydrated ␣-Al2O3 共11 mination consistent with water dissociation at the fivefoldcoordinated Al sites on the stoichiometric termination,36 so it is possible that the system is driven to different metastable regions on the free energy landscape upon thermal annealing. These studies suggest that, similar to the UHV-prepared clean systems, the observed surface termination in hydrous systems may depend strongly on the surface preparation conditions. The aim of this work is to provide a comprehensive study ¯ 02兲 surface using density funcof the hydrated ␣-Fe2O3 共11 tional theory 共DFT兲. The results of these calculations provide optimized surface structures and total energies at 0 K for a variety of surface stoichiometries, protonation states, and water adlayer structures. Ab initio thermodynamics is used to extend the first-principles DFT calculations to more relevant temperatures and pressures, and provide predictions of the changes in surface stability as a function of environmental variables.



mined by the convergence of the total energy of the bulk oxide. A real-space cutoff of 3.5 Å for the atom-centered basis set was chosen to increase computational efficiency while not significantly affecting the magnitude of interatomic forces or the total energies.22 All of the geometry optimization and total energy calculations were performed without any imposed symmetry constraints. Vibrational frequencies were computed by diagonalizing the mass-weighted Hessian matrix, which was computed using two-point finite differences. Using this approach, the optimized bulk ␣-Fe2O3 unit-cell lattice parameters 关兩a 兩 = 兩b 兩 = 5.05 Å, 兩c 兩 = 13.81 Å 共Ref. 22兲兴 were found to be within ±0.3% of the experimental values 关兩a 兩 = 兩b 兩 = 5.038 Å, 兩c 兩 = 13.772 Å 共Ref. 44兲兴. Bulk ␣-Fe2O3 has been confirmed to be an antiferromagnetic insulator below the Néel temperature of TN = 955 K, with alternating bilayers of spin-up and spin-down iron cations perpendicular to the c axis.11,45 The spins are aligned with the c axis below the Morin temperature of T M = 250 K, but lie in the 共001兲 plane above T M .46 DFT calculations of various spin configurations of bulk hematite have shown that the antiferromagnetic configuration is the most energetically stable, consistent with experimental observations.22,47–51 The surface models of ␣-Fe2O3 are semi-infinite slabs that are 16–22 atomic layers thick and separated by 10 Å of vacuum. The slab thickness was chosen such that, following DFT optimization, the atomic layers at the center of the slab retain their bulk coordinates. A Mulliken electronic population analysis52 was performed on the optimized slab geometries to estimate the charge and spin assigned to each atom. The initial spin configuration of the iron cations in the slabs was the same as in bulk hematite—an antiferromagnet as projected onto the bulk c axis—but the spin magnitude was allowed to relax during the geometry optimization procedure. An Ising spin configuration, with the spins all aligned along the slab cs axis, was assumed, and spin canting was not investigated in this study. B. Ab initio thermodynamics



Ab initio thermodynamics was used to determine the relative energetic stabilities of several possible surface terminations of hydrated hematite as a function of the chemical environment surrounding the bulk material. The surface free energy ␥ of a semi-infinite slab with two equivalent surfaces, in contact with a gas phase reservoir at a given temperature T and pressure p, is given by53



␥共T,p,兵Ni其兲 = II. METHODS A. Density functional theory



Density functional theory calculations were performed using the Perdew-Burke-Ernzerhof37,38 generalized gradient approximation for the exchange-correlation functional and the double-numerical-polarization 共DNP兲 atom-centered basis set as implemented in the DMol3 code.39–41 The Brillouin zone integration was performed using a 5 ⫻ 5 ⫻ 1 Monkhorst-Pack k-point grid,42,43 with the grid size deter-



冋



册



1 Gslab共T,p,兵Ni其兲 − 兺 Nii共T,p兲 , 共1兲 2A i



where Gslab is the Gibbs free energy of the solid slab, Ni and i are the number and chemical potential, respectively, of the ith type of atom, and A is the cross-sectional area of the slab. In the case of hydrated ␣-Fe2O3, the atoms in the system are Fe, O, and H. Assuming that there is enough bulk material to act as a thermodynamic reservoir, the chemical potentials of the constituent elements are then related by the Gibbs free energy per formula unit, gi, of the three major species in the system, assuming chemical equilibrium between the sur-
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face and both the gas phase and bulk oxide, and independence of the two gas phase reservoirs 共i.e., negligible rate of interaction between O2 and H2O兲 共Refs. 22 and 53–55兲: bulk 2Fe + 3O = gFe O , 2 3



1 , O,max共T,p兲 = EOtotal 2 2



total where EO is the total energy of a free, isolated O2 molecule 2 at T = 0 K. Also, the Gibbs free energy of formation, ⌬G f 共T , p兲, of the oxide is given by



gas 2H + O = gH O =  H2O ,



3 gas bulk bulk 共T,p兲 − 2gFe 共T,p兲 − gO 共T,p兲, 共8兲 ⌬G f 共T,p兲 = gFe 2O3 2 2



2



1 1 O = gOgas2 = O2 , 2 2



共2兲



bulk where gFe is the Gibbs free energy of the bulk oxide and 2O3 gas gas gH O and gO are the Gibbs free energy of an H2O and O2 2 2 molecule, respectively. For an ideal gas, the chemical potential is equal to the Gibbs free energy per atom.53 Therefore, Eq. 共1兲 can be expressed as



␥共T,p兲 =



冋



1 1 Gslab共T,p兲 − NFegFe2O3共T,p兲 2 2A



冉



册



冊



3 1 1 − NHH2O共T,p兲 − NO − NFe − NH O共T,p兲 . 2 2 2 共3兲 Furthermore, the pressure dependences of gO2 and gH2O are given by



冉 冊



pO 1 O共T,p兲 = O共T,p0兲 + kT ln 02 , 2 p



共4兲



冉 冊



H2O共T,p兲 = H2O共T,p0兲 + kT ln



p H2O p0



再



,



共5兲



1 1 Gslab共T,p兲 − NFegFe2O3共T,p兲 2 2A



冋



冉 冊册



p H2O 1 − NH H2O共T,p0兲 + kT ln 2 p0



冉



3 1 − NO − NFe − NH 2 2



冋



冊



冉 冊册冎



pO 1 ⫻ O共T,p0兲 + kT ln 02 2 p



.



bulk where gFe 共T , p兲 is the Gibbs free energy of metallic iron. At the lower limit of O, all of the oxygen leaves the sample, such that the oxide decomposes into solid Fe and gaseous O2. Thus, the range of accessible O’s is



1 1 total ⌬G f 共0,0兲 ⬍ O共T,p兲 − EO ⬍ 0. 3 2 2



共9兲



The Gibbs free energy can be approximated by the Helmholtz free energy for a pressure range less than about 100 atm.53 At 0 K, neglecting zero-point vibrations, the Helmholtz free energy is equal to the total electronic energy Ei from DFT calculations. The surface free energies in this study are thus calculated using Eq. 共6兲 as a function of O at 0 K and as a function of T up to 800 K. The Gibbs free energy of the slab is calculated from the total energy and the vibrational free energy, where the vibrational enthalpy and entropy are calculated from the partition function.56 The enthalpic 共H0兲 and entropic 共S0兲 contributions to Fe2O3, H2O, and O2 are obtained from tabulated experimental data for Fe2O3 共cr兲, H2O 共g兲, and O2 共g兲, respectively, in the NIST-JANAF thermochemical tables.57 ¯ 02…: Possible models for the hydrated surface C. ␣-Fe2O3 „11



where the standard-state pressure p0 is 1 atm 共101.325 kPa兲. Then, Eq. 共3兲 is given in terms of partial pressure:



␥共T,p兲 =



共7兲



共6兲



The theoretical range of accessible O’s is fixed by the form of oxygen in the system. At the upper limit, referenced as 0 eV, gas-phase O condenses on the sample. In the temperature and pressure range of interest, a condensed O2 solid phase does not exist, so an appropriate and well-defined estimate of the upper limit of the oxygen chemical potential is53



The chemical terminations for the hydrated ␣-Fe2O3 ¯ 02兲 共1 ⫻ 1兲 surface explored in this study are listed in 共11 Table I. These various stoichiometries were determined by considering the structurally nonequivalent ways in which Fe and O can be added or removed from the stoichiometric surface termination. The surface models containing all of the atomic layers found in the stoichiometric termination 共O2Fe2-O2-Fe2-O2-R兲 are collectively labeled as A; the stoichiometric termination itself is labeled A1. In the numbering scheme shown in Fig. 2, the O anions are situated at layers 1, 3, and 5, so a surface model terminated at the layer-6 O anions is structurally equivalent to model A1 共Fig. 2兲. The surface model terminated at the layer-3 O anions, thus missing the two topmost atomic layers, is labeled as B1 共Fig. 3兲. The surface models with zero occupancy of the layer-2 Fe cations, but retaining the layer-1 O and, hence, sixfoldcoordinated layer-4 Fe are collectively labeled as C 共Figs. 3–5兲. All of the models listed in Table I represent 共1 ⫻ 1兲 surfaces with the topmost Fe cations at least fivefold coordinated. The overall system, including the iron oxide substrate and products from water sorption and dissociation, is set to be charge neutral in the DFT calculations. The sorption of atomic O at each of the surface Fe sites of A1 results in a stoichiometry consistent with O2-O2-Fe2-
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¯ 02兲. The atoms in boldface TABLE I. Surface models for clean, hydroxylated, and hydrated ␣-Fe2O3 共11 denote layers added above the top layer of the stoichiometric termination, and X is used to indicate zero occupancy for an atomic layer that would otherwise be present in the stoichiometric surface model. Layer sequence for various surface terminations Model A1 A2 A3 A4 B1 C1 C2 C3 C4 C5 C6 C7



i



O2 共HO兲2 共H2O兲2



共H2O兲2 共H2O兲2 共H2O兲2



1



2



3



4



5



O2 O2 共HO兲2 O2 X O2 共HO兲2 共HO兲2 共H2O兲2 共HO兲2 共HO兲2 共H2O兲2



Fe2 Fe2 Fe2 Fe2 X X X X X X X X



O2 O2 O2 O2 O2 O2 共HO兲2 共HO兲2 共HO兲2 共HO兲2 共HO兲2 共HO兲2



Fe2 Fe2 Fe2 Fe2 Fe2 Fe2 Fe2 Fe2 Fe2 Fe2 Fe2 Fe2



O2 O2 O2 O2 O2 O2 O2 共HO兲2 O2 O2 共HO兲2 O2



O2-Fe2-O2-R 共model A2兲, where the atoms in boldface denote layers added above the top layer of the stoichiometric termination; this termination may result from the dissociation of molecular O2 on the oxide surface. A2 is also structurally equivalent to the oxide surface terminated at the layer-5 O anions. The stoichiometry resulting from the heterolytic dissociation of water at each of the terminal fivefoldcoordinated Fe cations of A1 is 共HO兲2-共HO兲2-Fe2-O2-Fe2O2-R 共model A3兲. The sorption of molecular H2O at each of



Surface Fe formal charge R R R R R R R R R R R R



共III兲 共IV兲 共III兲 共III兲 共IV兲 共VI兲 共IV兲 共III兲 共III兲 共IV兲 共III兲 共III兲



the surface Fe sites of A1 results in a stoichiometry consistent with 共H2O兲2-O2-Fe2-O2-Fe2-O2-R 共model A4兲. The C series of models can be envisioned as either a result of a layer-2 Fe vacancy in the A series or, equivalently, the reaction of O / H2O at the fivefold-coordinated Fe sites of model B1. Considering model C1, there are several different ways in which protons may be added in order to saturate the oxygen dangling bonds. For example, the addition of a single proton to each of the layer-1 and -3 oxygens results in the



¯ 02兲 with all atomic layers present. FIG. 2. 共Color online兲 Depiction of possible surface terminations of ␣-Fe2O3 共11 075425-5
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¯ 02兲 with missing atomic layers. FIG. 3. 共Color online兲 Depiction of possible surface terminations of ␣-Fe2O3 共11



surface stoichiometry 共HO兲2-X-共HO兲2-Fe2-O2-R 共model C2兲; this termination would be consistent with a surface model resulting from the heterolytic dissociation of water at each of the terminal fivefold-coordinated Fe cations of B1. The addition of three H+’s present per Fe+3 vacancy, however, is perhaps the most likely net stoichiometry for an Fe vacancy model since this would result in the balance of cation charge; i.e., a charge-neutral surface would retain an Fe oxidation state of 共III兲. There are two configurations that appear as likely candidates for this net stoichiometry. In the first case, each of the layer-1, -3, and -5 O anions are singly protonated; there are thus three types of hydroxyl groups—singly 共layer-1 Fe-OH兲, doubly 共layer-3 Fe2-OH兲, and triply 共layer-5 Fe3-OH兲 coordinated with iron—present in this surface termination. The resulting stoichiometry is 共HO兲2-X共HO兲2-Fe2-共HO兲2-R 共model C3兲. In the second case, the layer-5 O anions remain unprotonated and the layer-1 O anions are doubly protonated, so there is direct coordination between iron and molecular water 共layer-1 Fe-OH2兲. The resulting stoichiometry is 共H2O兲2-X-共HO兲2-Fe2-O2-R 共model C4兲.



The physisorption of molecular water on the C series of models was also considered. One molecule of H2O per surface Fe site was added to the C2, C3, and C4 surface terminations, resulting in 共H2O兲2-共HO兲2-X-共HO兲2-Fe2-O2-R 共model C5兲, 共H2O兲2-共HO兲2-X-共HO兲2-Fe2-共HO兲2-R 共model C6兲 and 共H2O兲2-共H2O兲2-X-共HO兲2-Fe2-O2-R 共model C7兲, respectively.58 III. RESULTS AND DISCUSSION



The structures of the various models for the hydrated ␣¯ 02兲, listed in Table I, are presented below. First, Fe2O3 共11 the most likely oxide surface structures are determined by computing the energetics of the clean and hydroxylated surface terminations, without any physisorbed waters present 共models A1, A2, A3, B1, C1, C2, C3, and C4兲. Then, the effect of physisorbed waters on the magnitude and direction of the oxide layer relaxations is examined 共models A4, C5, C6, and C7兲. Finally, the theoretical models are compared to results of a recent experimental CTR x-ray diffraction study ¯ 02兲 surface.35 of the hydrated ␣-Fe2O3 共11



¯ 02兲 with missing topmost atomic layer FIG. 4. 共Color online兲 Depiction of possible surface terminations of hydroxylated ␣-Fe2O3 共11 of iron. 075425-6
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¯ 02兲 with missing topmost atomic layer FIG. 5. 共Color online兲 Depiction of possible surface terminations of hydrated ␣-Fe2O3 共11 of iron. A. Optimized surface structures



The DFT-optimized stoichiometric 共1 ⫻ 1兲 surface termination 共A1, Fig. 2兲 exhibits a large expansion 共+37% 兲 between the layer-1 O anions and layer-2 Fe cations in the z direction and a large contraction 共−26% 兲 between the layer-2 Fe cations and layer-3 O anions, as shown in Table II. These relaxations are driven by the fivefold-coordinated



layer-2 Fe cations recessing into the bulk as compared to the unrelaxed structure. The first two atomic layers also exhibit in-plane 共xy兲 motion. The relaxed layer-1 O anions have moved +3% in the y direction from their bulk positions, and the relaxed layer-2 Fe cations have moved ±5% in the x direction from their bulk positions. The in-plane rotation and distortion are necessary for the undercoordinated surface Fe



¯ 02兲 with all TABLE II. Calculated actual layer spacings 共Å兲 and percent 共%⌬兲 relaxations for ␣-Fe2O3 共11 atomic layers present. Layers 1-2 2-3 3-4 4-5 5-6 6-7 7-8 8-9 9-10



O2-Fe2 Fe2-O2 O2-Fe2 Fe2-O2 O2-O2 O2-Fe2 Fe2-O2 O2-Fe2 Fe2-O2



A1 0.472 0.585 0.848 0.430 1.362 0.368 0.804 0.784 0.343



共+37兲 共−26兲 共+7兲 共+25兲 共−4兲 共+7兲 共+2兲 共−1兲 共−1兲



A2 0.101 0.795 0.706 0.435 1.324 0.390 0.811 0.762 0.332



共−71兲 共+1兲 共−11兲 共+26兲 共−7兲 共+13兲 共+3兲 共−4兲 共−4兲
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A3



A4



0.279 共−19兲 0.886 共+12兲 0.831 共+5兲 0.320 共−7兲 1.435 共+1兲 0.340 共−1兲 0.796 共+1兲 0.795 共+1兲 0.346 共0兲



0.445 共+29兲 0.703 共−11兲 0.815 共+3兲 0.378 共+10兲 1.406 共−1兲 0.346 共0兲 0.801 共+1兲 0.792 共0兲 0.348 共+1兲
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¯ 02兲 with all atomic layers TABLE III. Comparison of the percent layer 共%⌬兲 relaxations for ␣-Fe2O3 共11 present.



Layers 1-2 2-3 3-4 4-5 5-6



O2-Fe2 Fe2-O2 O2-Fe2 Fe2-O2 O2-O2



This work



A1 Ref. 15



Ref. 59



+37 −26 +7 +25 −4



−18 −17 +5 +32 −6



−25 −25 +14 +31 −6



cations to form shorter Fe-O bonds 共dFe-O = 1.84– 1.89 Å兲 between layers 1 and 2 in the relaxed structure than in the unrelaxed structure 共dFe-O = 1.94-2.14 Å兲. The in-plane motion of the atoms only extends down to layer 2, such that between layers 2 and 3, the Fe-O bonds 共dFe-O = 2.00– 2.25 Å兲 are longer in the relaxed structure than in the unrelaxed structure 共dFe-O = 1.94– 2.14 Å兲. Both the layer-3 O anions and layer-4 Fe cations move away from the layer-5 O anions in the z direction in the relaxed structure. The out-ofplane relaxations thus only extend down to layer 5; below this layer, the bulk configuration is maintained. The surface relaxations of the A1 model presented in Table II are compared to those previously presented by Wasserman et al.15 and Cooke et al.,59 obtained via electrostatic calculations using classical charge distributions for the atoms, in Table III. The main difference between the results presented in the three sets of studies is in the spacing between the layer-1 O anions and the layer-2 Fe cations— approximately a 54% difference in relaxation in the z direction; the relaxations between the other layers are approximately the same for both the DFT and classical calculations. In the classical calculations, the layer-1 O anions recess into the bulk much more than they do in the DFT calculations presented in this study; presumably, the negative z motion of the layer-1 O anions is necessary for the large negative point charges to be screened by the Fe cations. In first-principles calculations using DFT, the electron density is spread out such that it is not necessary for the surface ions to move drastically to achieve effective charge screening. The oxygen-rich surface termination 共A2, Fig. 2兲 has no significant relaxation between the layer-2 Fe cations towards the layer-3 O anions compared to the unrelaxed structure 共Table II兲. This is consistent with the increase in the coordination of the surface Fe cations from fivefold in A1 to sixfold in A2 upon atomic O sorption, eliminating the need for the Fe cations to recess into the bulk; the layer-1 O are recessed into the bulk, however, due to electrostatic repulsion from the topmost O atomic layers. The terminal Fe-O groups of A2 are short 共dFe-O = 1.62 Å兲, and the other Fe-O bond lengths 共dFe-O = 1.83– 2.16 Å兲 in the relaxed structure are correspondingly shorter than those in the unrelaxed structure 共dFe-O = 1.94– 2.14 Å兲. These are consistent with the layer-i O being highly undersaturated and the Fe cations having an increased formal oxidation state of 共IV兲, assuming a formal charge of 共−II兲 on all O anions, to maintain a charge neutral structure. While the terminal Fe-O groups share some physi-



A3 This work Ref. 15 −19 +12 +5 −7 +1



−54 +21 −1 +4 −1



A4 This work Ref. 15 +29 −11 +3 +10 −1



−26 −12 +3 +29 −5



cal similarities with those of the ferryl-terminated ␣-Fe2O3 共0001兲 共Refs. 60 and 61兲 共dFe-O = 1.58 Å兲, they differ in orientation with the surface because of differences in Fe coordination number. Furthermore, a Mulliken electronic population analysis of the system indicates that, while the overall spin of the antiferromagnetic system remains zero, the spins of the topmost layer-2 Fe cations decrease in magnitude from ±3.6B to ±1.5B, as projected on the cs axis, which is consistent with a change in the electronic structure. The hydroxylated surface termination 共A3, Fig. 2兲 has significantly different relaxations than A1 and A2. In the relaxed A3 structure, the layer-2 Fe cations move in the positive z direction from their bulk coordinates, but the layer-1 and -3 O anions largely retain their bulk coordinates, so that the interlayer spacing between layers 1 and 2 decreases by 19% and the spacing between layers 2 and 3 increases by 12% relative to the unrelaxed structure 共Table II兲. While the layer-2 Fe cations are sixfold coordinated in both A2 and A3, the layer-2 Fe cations move away from the bulk in A3 towards the sorbed hydroxyls. The terminal Fe-O bond length in A3 is 1.91 Å, which is consistent with Fe-O distances in the unrelaxed bulk structure. Below layer 3, the atoms retain their bulk coordinates. Again, a comparison of the layer relaxations in Table III shows that the layer-1 O anions are more recessed into the bulk in the classical calculations than they are in the DFT calculations—approximately a 35% difference in relaxation in the z direction. The layer-3 surface termination 共B1, Fig. 3兲 has a large relaxation 共−23% 兲 between the layer-3 O anions and the layer-4 Fe cations 共Table IV兲. The undercoordinated O and Fe relax significantly into the bulk in the z direction. The TABLE IV. Calculated actual layer spacings 共Å兲 and percent ¯ 02兲 with missing topmost atomic 共%⌬兲 relaxations for ␣-Fe2O3 共11 layers of oxygen and iron.
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Layers 3-4 4-5 5-6 6-7 7-8 8-9 9-10



B1 O2-Fe2 Fe2-O2 O2-O2 O2-Fe2 Fe2-O2 O2-Fe2 Fe2-O2



0.609 0.331 1.441 0.267 0.852 0.774 0.355



共−23兲 共−4兲 共+1兲 共−23兲 共+8兲 共−2兲 共+3兲
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¯ 02兲 with TABLE V. Calculated actual layer spacings 共Å兲 and percent 共%⌬兲 relaxations for ␣-Fe2O3 共11 missing topmost atomic layer of iron. Layers 1-3 3-4 4-5 5-6 6-7 7-8 8-9 9-10



O2-O2 O2-Fe2 Fe2-O2 O2-O2 O2-Fe2 Fe2-O2 O2-Fe2 Fe2-O2 Layers



1-3 3-4 4-5 5-6 6-7 7-8 8-9 9-10



O2-O2 O2-Fe2 Fe2-O2 O2-O2 O2-Fe2 Fe2-O2 O2-Fe2 Fe2-O2



aReference



C1 1.042 0.260 0.915 1.231 0.353 0.700 0.731 0.393



共−8兲 共−67兲 共+160兲 共−13兲 共+5兲 共−11兲 共−8兲 共+14兲



C2



C3



C4



Expt.a



1.144 共+1兲 0.547 共−31兲 0.544 共+57兲 1.248 共−12兲 0.371 共+7兲 0.851 共+8兲 0.737 共−7兲 0.325 共−6兲 C5



1.282 共+13兲 0.514 共−35兲 0.547 共+66兲 1.354 共−5兲 0.493 共+43兲 0.736 共−7兲 0.776 共−2兲 0.350 共+1兲 C6



1.507 共+33兲 0.799 共+10兲 0.341 共−1兲 1.427 共0兲 0.343 共−1兲 0.803 共+2兲 0.783 共−1兲 0.347 共0兲 C7



共+12兲 共−11兲 共+8兲 共−2兲 共+4兲 共0兲 共−1兲 共0兲 Expt.a



共+5兲 共−30兲 共+57兲 共−13兲 共+8兲 共+10兲 共−7兲 共−8兲



1.200 共+6兲 0.569 共−27兲 0.564 共+63兲 1.344 共−6兲 0.486 共+41兲 0.741 共−6兲 0.775 共−2兲 0.346 共0兲



1.364 共+20兲 0.761 共−4兲 0.391 共+13兲 1.393 共−2兲 0.369 共+7兲 0.798 共+1兲 0.777 共−2兲 0.345 共0兲



共+12兲 共−11兲 共+8兲 共−2兲 共+4兲 共0兲 共−1兲 共0兲



1.198 0.556 0.541 1.241 0.374 0.870 0.737 0.319



35.



layer-4 Fe cations have a formal charge of 共IV兲 and lower Mulliken spin moments 共±2.7B兲, indicating that this surface termination is likely to be stable only under extreme oxidizing conditions. The Fe vacancy model 共C1, Fig. 3兲 has large relaxations between layers 3 and 4 共+67% 兲 and layers 4 and 5 共+160% 兲 共Table V兲 and short terminal Fe-O bonds 共dFe-O = 1.62 Å兲. The layer-4 Fe cations are low spin 共±1.5B兲 and possess a very high formal charge of 共VI兲. Furthermore, they are coordinatively unsaturated, since there is no Fe-O bond between layers 4 and 5. Given these characteristics, C1 is the ¯ 02兲 due to its least likely clean termination for ␣-Fe2O3 共11 extremely oxidized nature; however, models including protonation of this base stoichiometry may be more plausible since the net neutral structures would reduce the oxidation state of the Fe cations. Table V shows the effect of protonation on the oxide layer relaxations, as seen when comparing models C2, C3, and C4 to C1. The layer-1–3 spacing increases from +0.70% 共C2兲 to +13% 共C3兲 to +33% 共C4兲, respectively, in accordance with the change in formal charge 关共IV兲 for C2 and 共III兲 for C3兴 and Mulliken spins 共±1.4B for C2 and ±3.6B for C3 and C4兲 between these surface terminations. Also, the terminal dFe-O increases from 1.83 Å 共C2兲 to 1.91 Å 共C3兲 to 2.42 Å 共C4兲, respectively. The layer relaxations for C2 and C3 are roughly the same in direction and magnitude for the first five atomic layers 共Table V兲. Conversely, C3 and C4 have very different layer relaxations for the top five atomic layers 共Table V兲, despite their identical overall stoichiometries. Thus, differences in protonation states lead to large differences in layer relaxations of the oxide substrate.



B. Surface energetics for T = 0 – 800 K



The free energies of the surface terminations described in this section are calculated at 0 K using Eq. 共6兲 and plotted in Fig. 6 as a function of the oxygen chemical potential O. The 0 K results provide an important base line comparison among the expected stability of the various surface terminations in the absence of entropic approximations. The effect of temperature T is also discussed below. The predicted energy of the A1 termination is 62 meV/ Å2; since the system is stoichiometric, there is no dependence on O. From Fig. 6, it can be seen that A1 is the lowest-energy H-free-surface termination at low O. At high O, above −0.6 eV, A2 has the lowest predicted surface free energy; this is similar to the findings on ␣-Fe2O3 共0001兲, where the oxygen-terminated surface was also found to be most energetically stable at high O.60,61 Since the A2 termination has an Fe formal charge of 共IV兲, it is stabilized under highly oxidizing conditions. The 0 K results also predict that hydroxylation of the clean surface is an energetically favorable reaction. The heterolytic dissociation of water at surface Fe cations 共A3兲 results in a more energetically stable surface than A1, with a predicted free energy of −12 meV/ Å2. This is consistent with the classical results of Kerisit et al. showing that hydroxylation is energetically favorable;34 however, there is considerable variation in the free energies reported using DFT and classical calculations, most likely due to differences in atomic relaxations between the two types of methods. Comparing the full set of model terminations without
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FIG. 6. 共Color online兲 Free energies of various surface termina¯ 02兲 tion models for ␣-Fe2O3 共11 with no physisorbed waters, based on DFT and ab initio thermodynamics at 0 K.



physisorbed waters 共Fig. 6兲, it can be seen that the most stable surface termination is C4, with a predicted free energy of −40 meV/ Å2. Thus, the removal of the layer-2 Fe cations is energetically favorable. This may be due to the reduction in cation-cation electrostatic repulsion upon Fe removal, since the layer-2 and -4 Fe cations are face-sharing octahedra, with dFe-Fe = 2.86 Å, in the A1 model. To maintain the bulk Fe formal oxidation state in the Fe vacancy model, the addition of three H+ per Fe3+ vacancy is needed, as seen in models C3 and C4. The results depicted in Fig. 6 then provide an interesting illustration of the role of protonation states on the predicted surface energy. While C3 and C4 have the same overall stoichimetry, the difference in the protonation states of the layer-1 and -5 O anions leads to a 29 meV/ Å2 difference in surface free energy. As discussed in Sec. III A, the differences in protonation states also result in substantial changes in the layer relaxations. The variation in free energies of these surface terminations across the temperature range 0 – 800 K, calculated using Eq. 共6兲, are plotted in Fig. 7. These calculations were performed at a constant water partial pressure pH2O of 3.2 kPa 共20 Torr兲, which is a saturated water atmosphere at 298.15 K, and O corresponding to a pO2 of 20 kPa. At 298.15 K, the surface terminations follow roughly the same order of energetic stability as they do at 0 K. Again, the most stable surface termination is C4, with a free energy of 15 meV/ Å2, with the A3 surface termination being the second-most stable, with a free energy of 24 meV/ Å2. At 435 K, however, the A4 surface termination becomes the lowest-energy configuration, and at 565 K, A1 becomes the most stable. These results suggest that the prevalent surface termination is highly sensitive to temperature, which is consistent with the recent observation of the hydroxylated sto-



ichiometric surface 共A3兲 at room temperature, following annealing in vacuum.62 If the kinetic barriers to rearrangement are overcome, then the results predict that the annealed surface should reorganize back to the C4 termination. In Fig. 8, the temperature dependence of the free energies is calculated with pH2O set equal to the vapor pressure at each temperature.63 These results show that the C4 termination continues to be the most energetically stable, even up to 600 K. Although it is energetically favorable for the layer-2 Fe cations to be removed from the oxide, a saturated water atmosphere is still necessary for this process to occur. Thus, controlling the water chemical potential can stabilize the hydroxylated termination even under high temperatures and the stoichiometric bulk termination is not recovered. Therefore, ab initio thermodynamics predict that the most energetically stable hydroxylated surface termination is C4, or the hydroxylated surface with a layer-2 Fe vacancy, at 298.15 K. To this point, however, the role of additional physisorbed water, which presumably would be present at the interface under aqueous conditions or when the surface is subject to sufficiently high relative humidity,31,64–67 has not been considered. In the following section, the impact of physisorbed water, using only two water molecules per unit cell to facilitate comparison, on the layer relaxations of the lowest-energy structures will be examined. In general, the addition of physisorbed water leads to a lowering of the surface free energy by 40– 50 meV/ Å2 relative to the corresponding surfaces without physisorbed waters. This is expected due to the addition of hydrogen bonding interactions at the surface. A more complete analysis of the free energy, including multiple layers and configurations of molecular water, is, however, beyond the scope of the present work.
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FIG. 7. 共Color online兲 Free energies of various surface termina¯ 02兲 with no tions of ␣-Fe2O3 共11 physisorbed waters, based on DFT and ab initio thermodynamics at pH2O = 3.2 kPa 共20 Torr兲 and pO2 = 20 kPa.



C. Optimized surface structures with physisorbed waters



The A4 surface termination 共Fig. 2兲 contains two water molecules per unit cell that are situated 1.36 Å and 1.78 Å, respectively, from the slab surface. The corresponding length of the bonds between the layer-2 Fe cations and the nearest



physisorbed water molecules, dFe-OH2, is 2.23 Å and 2.41 Å. Compared with the terminal Fe-OH bonds in A3 共dFe-OH = 1.91 Å兲, these bonds are significantly longer, suggesting only a weak association of the waters with the fivefoldcoordinated Fe cations. By contrast, the molecular dynamics simulations of Wasserman et al. show a more symmetric



FIG. 8. 共Color online兲 Free energies of various surface termina¯ 02兲 with no tions of ␣-Fe2O3 共11 physisorbed waters, based on DFT and ab initio thermodynamics, with pH2O fixed at the saturated vapor pressure 共Ref. 63兲 and pO2 = 20 kPa.
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configuration of the physisorbed waters, with dFe-OH2 = 2.12 Å.15 The presence of the physisorbed waters does not significantly affect the magnitude and direction of the layer relaxations. A comparison of A4 to the corresponding surface without physisorbed waters 共A1兲 reveals that the layer relaxations between layers 1 and 2 共+29% for A4 and +37% for 共A1兲 and between layers 2 and 3 共−11% for A4 and −26% for A1兲 are approximately the same for the two terminations 共Table II兲. The Fe-O bond length, however, between the layer-2 Fe cations and the layer-5 O anions does increase monotonically from A1 共nonhydrated, dFe-O = 2.00 Å兲 to A4 共hydrated, dFe-O = 2.02 Å兲 to A3 共hydroxylated, dFe-O = 2.28 Å兲, as also seen by Wasserman et al.15 Once again, the layer relaxations calculated via ab initio and classical methods are approximately the same, save that between layers 1 and 2 共Table III兲. Comparing across models A1, A3, and A4, the relaxation between layers 1 and 2 is consistently about 35%–54% larger in the classical calculations than in the ab initio calculations presented in this study. Nevertheless, the results presented in this study, showing weak binding of water to the surface and minimal effect on the oxide structure, are in good qualitative and quantitative agreement with pre¯ 02兲 vious theoretical calculations on the ␣-Fe2O3 共11 15,34 surface. Similarly, physisorbed waters do not affect the layer relaxations in the C set of models. A comparison of C5 and C2, and C6 and C3, shows that the layer-3-4 and -4-5 relaxations are nearly identical in magnitude and direction 共Table V兲. The one exception is between C7 and C4. While C4 has a +10% expansion between layers 3 and 4 and −1% contraction between layers 4 and 5, C7’s layer relaxations are reversed in direction compared to C4. C7 has a −4% contraction between layers 3 and 4 and a +13% expansion between layers 4 and 5 共Table V兲, although the magnitude of the relaxations did not change much 共0.03– 0.05 Å兲. The reasons for this behavior are discussed in the following section. D. Stabilization of surface structures through hydrogen bonding



One possible reason for the difference in layer relaxations between the C7 and C4 models is the presence of extensive hydrogen bonds in C7 that stabilize the surface and orient the physisorbed waters 共Fig. 9兲. The directional hydrogen bonds 共dO¯H = 1.74 Å兲 between the layer-3 hydroxyls and the layer-5 O anions increase the coordination of the O anions to fourfold as they would be in the bulk. The layer-3 O anions are also fourfold coordinated as they form hydrogen bonds dO¯H = 1.77 Å to the layer-i waters. Several of the other hydroxylated surface terminations also contain hydrogen bonds to the exposed surface O anions. For example, C6 has fourfold-coordinated layer-3 and -5 O anions due to the hydrogen bonds 共dO¯H = 1.56 Å兲 between the layer-5 hydroxyls and the layer-3 O anions. Thus, there are no hydrogen bonds between the physisorbed waters and the oxide surface in C6 as there are in C7. Also, there exist directional hydrogen bonds between the layer-1 hydroxyls, with dO¯H = 1.87– 1.90 Å in the A4, C5, C6, and C7



FIG. 9. 共Color online兲 Hydrogen bonds 共distances given in Å兲 in the 共H2O兲2-共H2O兲2-X-共HO兲2-Fe2-O2-R C7 surface termination of ¯ 02兲. Physisorbed waters 共layer i兲 are smaller than those ␣-Fe2O3 共11 coordinated to the surface 共layer-1兲.



models. Thus, extensive hydrogen bonds serve to energetically stabilize the hydrated surface, satisfy the coordinatively unsaturated ions, and orient the physisorbed waters at the solid-gas interface. E. Comparison to experimental data



The CTR x-ray diffraction studies of Tanwar et al.35 show ¯ 02兲 surthat at room temperature, the hydrated ␣-Fe2O3 共11 face has a vacancy of the layer-2 Fe cations and the terminal Fe-O bonds are of length dFe-O = 2.18± 0.07 Å. The layer relaxations presented in Table V indicate that C7 is the best match to the experimental layer relaxations. The terminal Fe-O bonds in the C7 model, however, are of length dFe-O = 2.30 Å. This discrepancy may be a result of partial hydrolysis of the layer-1 aquo group. For example, it is likely that the protons in layer 1 are highly labile, such that there is significant proton exchange between the oxide surface and the physisorbed waters; the pKa of the layer-1 OH2 functional group is approximately 2, and the pKa of the layer-3 OH functional group is approximately 7.92.35,68 Therefore, the surface may consist of a mixture of singly protonated
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共dFe-O ⬇ 1.9 Å兲 and doubly protonated 共dFe-O ⬇ 2.3 Å兲 oxygens in layer-1; this is similar to the results of Rustad et al. on the stoichiometric surface.33 While the results of Tanwar et al.35 are in excellent agreement with the predicted energetic results in Sec. III B, there is experimental evidence that annealing of the hydrated surface in air results in an A3-like model surface.62 The results on the annealed surface are still consistent with the predictions in Sec. III B if the surface is locked into the hightemperature A3 configuration upon cooling to room temperature. Therefore, the experimentally observed surface termination is highly sensitive to thermal annealing and water reaction, and a synergistic approach combining DFT geometry optimizations, ab initio thermodynamics, and CTR x-ray diffraction has proven useful for determining the structure of hydrated iron oxide surfaces.



tion 关共H2O兲n-O2-Fe2-O2-Fe2-O2-R兴 nor the surface termination resulting from water molecules heterolytically dissociated on each surface iron site 关共H2O兲n-共HO兲2-共HO兲2-Fe2-O2-Fe2-O2-R兴 are energetically favored at room temperature. These surface terminations are favored at temperatures above 435 K, however, and possibly result from rearrangement of the Fe cations at high temperatures. Thus, these metastable surface terminations may be experimentally observed at room temperature upon thermal annealing of a hydrated single crystal. This trend has already ¯ 02兲 prepared by been observed for hydrated ␣-Al2O3 共11 sputtering and thermal annealing under UHV conditions, where two different surface preparation procedures have been demonstrated to result in two different observed surface terminations—one with zero occupancy of the layer-2 aluminum cations24 and one with a stoichiometry consistent with water molecules dissociated on the surface aluminum cations of the stoichiometric bulk termination.36 It is very likely that the structural similarities between ¯ 02兲 and ␣-Al O 共11 ¯ 02兲 may be the hydrated ␣-Fe2O3 共11 2 3 reason why some contaminant metal ions such as Pb共II兲 bind in an analogous fashion to both surfaces. While other metal ions such as U共VI兲 bind differently to the two surfaces, this may be explained by differences in the protonation states of the two surfaces. Also, the structure of the hydrated ␣¯ 02兲 surface is considerably different from the hyFe2O3 共11 drated ␣-Fe2O3 共0001兲 surface, both in the types of terminal 共hydr兲oxo functional groups as well as in the presence of two domains on 共0001兲 surface consisting of exposed singlycoordinated hydroxyls and sixfold coordinated iron cations.22 These structural differences may help explain the differences in reactivity towards water adsorption and dissociation between the two surfaces.15,30,69–71 Surface structure, including the types of 共hydr兲oxo functional groups present as well as the protonation states, likely plays a major role in controlling reactivity towards water and contaminant metal adsorption, but it can vary dramatically depending on the physical and chemical history of the surface. Therefore, the combined use of density functional theory and ab initio thermodynamics is useful for providing insight into the energetic stability of different surface terminations under a variety of environmental conditions. The excellent match between experimental results and theoretical predictions demonstrates the utility of a synergistic approach to determining the structure of hydrated metal oxide surfaces.



IV. CONCLUSIONS



This density functional theory study has provided a structural and thermodynamic description of the hydrated ␣¯ 02兲 surface. The results predict that the most enFe2O3 共11 ergetically stable surface, in equilibrium with 20 Torr H2O, has a stoichiometry of 共H2O兲2-X-共HO兲2-Fe2-O2-R, where X denotes a vacancy of an atomic layer of Fe and R represents the bulk stoichiometric repeat 共Fe2O3兲. This gives rise to three types of 共hydr兲oxo functional groups at the surface: Fe-OH2 and Fe2-OH, and Fe3-O. This surface termination also gives the best match to CTR x-ray diffraction data on a chemical-mechanical polished single crystal of hydrated ␣¯ 02兲.35 Since the calculated terminal Fe-O bond Fe2O3 共11 length is 2.30 Å and the experimentally derived Fe-O bond length is 2.18 Å, the natural surface may contain a mixture of singly and doubly protonated layer-1 oxygen anions. Hydrogen bonds may help to stabilize the surface by coordinatively saturating the ions in the oxide and orienting the physisorbed water molecules on the surface. There are several interesting trends that are apparent from the structural calculations. In the clean stoichiometric termination 共O2-Fe2-O2-Fe2-O2-R兲, a relaxation of the layer-2 iron cations towards the rest of the bulk reduces the surface dipole moment, based on electrostatic arguments. In the best-fit hydrated surface termination 关共H2O兲2-共H2O兲2-X-共HO兲2-Fe2O2-R兴, however, the water/hydroxyl binding at the undercoordinated surface iron cations results in an expansion of these surface iron cations away from the bulk compared to the clean surfaces. Also, differences in protonation state result in large differences in oxide layer relaxations and surface free energies. While the 共H2O兲2-共H2O兲2-X-共HO兲2-Fe2-O2-R and 共H2O兲2-共HO兲2-X-共HO兲2-Fe2-共HO兲2-R surface terminations have the same overall stoichiometry, the former is energetically favored at all temperatures and its layer relaxations are well matched to experimental values. Previous theoretical studies of the hydrated surface have generally assumed structural models that consist of water molecules either physisorbed or dissociated at the fivefold-coordinated layer-2 iron cations. This study shows that neither the hydrated stoichiometric bulk termina-



ACKNOWLEDGMENTS



The authors would like to acknowledge Donald Bahls, Liam Forbes, and Gregory Newby from the Arctic Region Supercomputing Center for their assistance in implementing DMOL3 on the SunOS and IBM AIX platforms and Orkid Coskuner, Keith Gilmore, Carlos Gonzalez, and Emily Jarvis from the National Institute for Standards and Technology for their helpful comments on this manuscript. This work was



075425-13



PHYSICAL REVIEW B 75, 075425 共2007兲



LO et al.



supported by the National Science Foundation through Grants No. BES-040440 and No. CHE-0431425, the Arctic Region Supercomputing Center at the University of Alaska Fairbanks by a grant of HPC resources as part of the Depart-



1



V. E. Henrich and P. A. Cox, The Surface Science of Metal Oxides 共Cambridge University Press, Cambridge, England, 1994兲. 2 W. Stumm and J. J. Morgan, Aquatic Chemistry: Chemical equilibria and rates in natural waters, 3rd ed. 共Wiley, New York, 1996兲. 3 G. Sposito, Chimia 43, 169 共1989兲. 4 G. E. Brown, Jr. et al., Chem. Rev. 共Washington, D.C.兲 99, 77 共1999兲. 5 V. E. Henrich and P. A. Cox, Appl. Surf. Sci. 72, 277 共1993兲. 6 S. A. Chambers, T. Droubay, D. R. Jennison, and T. R. Mattsson, Science 297, 827 共2002兲. 7 M. A. Henderson, Surf. Sci. Rep. 46, 5 共2002兲. 8 T. B. Hofstetter, C. G. Heijman, and S. B. Haderlein, Environ. Sci. Technol. 33, 1479 共1999兲. 9 M. Elsner, R. P. Schwarzenbach, and S. B. Haderlein, Environ. Sci. Technol. 38, 799 共1999兲. 10 T. B. Hofstetter, A. Neumann, and R. P. Schwarzenbach, Environ. Sci. Technol. 40, 235 共2006兲. 11 U. Schwertmann and R. M. Cornell, Iron Oxides in the Laboratory: Preparation and characterization 共Weinheim, New York, 1991兲. 12 I. K. Robinson, Phys. Rev. B 33, 3830 共1986兲. 13 I. K. Robinson and D. J. Tweet, Rep. Prog. Phys. 55, 599 共1992兲. 14 P. Fenter and N. C. Sturchio, Prog. Surf. Sci. 77, 171 共2004兲. 15 E. Wasserman, J. R. Rustad, A. R. Felmy, B. P. Hay, and J. W. Halley, Surf. Sci. 385, 217 共1997兲. 16 J. G. Catalano, T. P. Trainor, P. J. Eng, G. A. Waychunas, and G. E. Brown, Jr., Geochim. Cosmochim. Acta 69, 3555 共2005兲. 17 J. R. Bargar, S. N. Towle, G. E. Brown, Jr., and G. A. Parks, Geochim. Cosmochim. Acta 60, 3541 共1996兲. 18 J. R. Bargar, S. N. Towle, G. E. Brown, Jr., and G. A. Parks, J. Colloid Interface Sci. 185, 473 共1997兲. 19 A. S. Templeton, T. P. Trainor, S. J. Traina, A. M. Spormann, and G. E. Brown, Jr., Proc. Natl. Acad. Sci. U.S.A. 98, 11897 共2001兲. 20 T. P. Trainor, A. S. Templeton, G. E. Brown, Jr., and G. A. Parks, Langmuir 18, 5782 共2002兲. 21 J. R. Bargar, T. P. Trainor, J. P. Fitts, S. A. Chambers, and G. E. Brown, Jr., Langmuir 20, 1667 共2004兲. 22 T. P. Trainor, A. M. Chaka, P. J. Eng, M. Newville, G. A. Waychunas, J. G. Catalano, and G. E. Brown, Jr., Surf. Sci. 573, 204 共2004兲. 23 P. J. Eng, T. P. Trainor, G. E. Brown, Jr., G. A. Waychunas, M. Newville, S. R. Sutton, and M. L. Rivers, Science 288, 1029 共2000兲. 24 T. P. Trainor, P. J. Eng, G. E. Brown, Jr., I. K. Robinson, and M. D. Santis, Surf. Sci. 496, 238 共2002兲. 25 T. P. Trainor, P. J. Eng, and I. K. Robinson, J. Appl. Crystallogr. 35, 696 共2002兲. 26 R. J. Lad and V. E. Henrich, Surf. Sci. 193, 81 共1988兲. 27 M. Gautier-Soyer, M. Pollak, M. Henriot, and M. J. Guittet, Surf.



ment of Defense High Performance Computing Modernization Program, and the National Institutes of Health in Bethesda, MD, through the use of the high-performance computational capabilities of their Biowulf PC/Linux cluster.



Sci. 352-354, 112 共1996兲. Barbieri, W. Weiss, M. A. V. Hove, and G. A. Somorjai, Surf. Sci. 302, 259 共1994兲. 29 N. G. Condon, P. W. Murray, F. M. Leibsle, G. Thornton, A. R. Lennie, and D. J. Vaughan, Surf. Sci. 310, L609 共1994兲. 30 M. A. Henderson, S. A. Joyce, and J. R. Rustad, Surf. Sci. 417, 66 共1998兲. 31 M. A. Henderson, Surf. Sci. 515, 253 共2002兲. 32 M. A. Schildbach and A. V. Hamza, Surf. Sci. 282, 306 共1993兲. 33 J. R. Rustad, E. Wasserman, and A. R. Felmy, Surf. Sci. 424, 28 共1999兲. 34 S. Kerisit, D. J. Cooke, D. Spagnoli, and S. C. Parker, J. Mater. Chem. 15, 1454 共2005兲. 35 K. S. Tanwar, C. S. Lo, P. J. Eng, J. G. Catalano, D. A. Walko, G. E. Brown, Jr., G. A. Waychunas, A. M. Chaka, and T. P. Trainor, Surf. Sci. 601, 460 共2007兲. 36 J. G. Catalano, C. Park, Z. Zhang, and P. Fenter, Langmuir 22, 4668 共2006兲. 37 J. P. Perdew, K. Burke, and M. Ernzerhof, Phys. Rev. Lett. 77, 3865 共1996兲. 38 J. P. Perdew, K. Burke, and M. Ernzerhof, Phys. Rev. Lett. 78, 1396 共1997兲. 39 B. Delley, J. Chem. Phys. 92, 508 共1990兲. 40 B. Delley, J. Phys. Chem. 100, 6107 共1996兲. 41 B. Delley, J. Chem. Phys. 113, 7756 共2000兲. 42 H. J. Monkhorst and J. D. Pack, Phys. Rev. B 13, 5188 共1976兲. 43 J. D. Pack and H. J. Monkhorst, Phys. Rev. B 16, 1748 共1977兲. 44 L. W. Finger and R. M. Hazen, J. Appl. Phys. 51, 5362 共1980兲. 45 C. N. R. Rao and J. Gopalakrishnan, New Directions in Solid State Chemistry 共Cambridge University Press, Cambridge, England, 1986兲. 46 T. G. Worlton, R. B. Bennion, and R. M. Brugger, Phys. Lett. 24A, 653 共1967兲. 47 X.-G. Wang, W. Weiss, S. K. Shaikhutdinov, M. Ritter, M. Petersen, F. Wagner, R. Schlögl, and M. Scheffler, Phys. Rev. Lett. 81, 1038 共1998兲. 48 F. Alvarez-Ramírez, J. M. Martínez-Magadán, J. R. B. Gomes, and F. Illas, Surf. Sci. 558, 4 共2004兲. 49 A. Rohrbach, J. Hafner, and G. Kresse, Phys. Rev. B 70, 125426 共2004兲. 50 M. Catti, G. Valerio, and R. Dovesi, Phys. Rev. B 51, 7441 共1995兲. 51 G. Rollmann, A. Rohrbach, P. Entel, and J. Hafner, Phys. Rev. B 69, 165107 共2004兲. 52 R. S. Mulliken, J. Chem. Phys. 23, 1833 共1955兲. 53 K. Reuter and M. Scheffler, Phys. Rev. B 65, 035406 共2002兲. 54 X.-G. Wang, A. Chaka, and M. Scheffler, Phys. Rev. Lett. 84, 3650 共2000兲. 55 Q. Sun, K. Reuter, and M. Scheffler, Phys. Rev. B 67, 205424 共2003兲. 56 J. J. P. Stewart, MOPAC Manual, 7th ed. 共Fujitsu Limited, Tokyo, 28 A.



075425-14



PHYSICAL REVIEW B 75, 075425 共2007兲



DENSITY FUNCTIONAL THEORY STUDY OF THE CLEAN… Japan, 1993兲. NIST-JANAF Thermochemical Tables, 4th ed., edited by J. M. W. Chase 共American Chemical Society, Washington, DC, 1998兲. 58 Certain commercial equipment, materials, or software are identified in this paper to foster understanding. Such identification does not imply recommendation or endorsement by the National Institute of Standards and Technology, nor does it imply that the materials, equipment or software identified are necessarily the best available for the purpose. 59 D. J. Cooke, S. E. Redfern, and S. C. Parker, Phys. Chem. Miner. 31, 507 共2004兲. 60 W. Bergermayer, H. Schweiger, and E. Wimmer, Phys. Rev. B 69, 195409 共2004兲. 61 C. Lemire, S. Bertarione, A. Zecchina, D. Scarano, A. Chaka, S. Shaikhutdinov, and H.-J. Freund, Phys. Rev. Lett. 94, 166101 共2005兲. 62 K. Tanwar, J. G. Catalano, S. C. Pettito, S. K. Ghose, P. J. Eng, and T. P. Trainor, Surf. Sci. Lett. 共to be published兲. 57



63 L.



Haar, J. S. Gallagher, and G. S. Kell, NBS/NRC Steam Tables 共Hemisphere, New York, 1984兲. 64 D. S. Toledano, P. Metcalf, and V. E. Henrich, Surf. Sci. 472, 21 共2001兲. 65 J. Arsic, D. M. Kaminski, N. Radenovic, P. Poodt, W. S. Graswinckel, H. M. Cuppen, and E. Vlieg, J. Chem. Phys. 120, 9720 共2004兲. 66 D. B. Asay and S. H. Kim, J. Phys. Chem. B 109, 16760 共2005兲. 67 A. Verdaguer, G. M. Sacha, H. Bluhm, and M. Salmeron, Chem. Rev. 共Washington, D.C.兲 106, 1478 共2006兲. 68 T. Hiemstra, P. Venema, and W. H. Riemsduk, J. Colloid Interface Sci. 184, 680 共1996兲. 69 M. Hendewerk, M. Salmeron, and G. A. Somorjai, Surf. Sci. 172, 544 共1986兲. 70 R. L. Kurtz and V. E. Henrich, Phys. Rev. B 36, 3413 共1987兲. 71 J. L. Junta-Rosso and M. F. Hochella, Geochim. Cosmochim. Acta 60, 305 共1996兲.



075425-15



























[image: Density functional theory study of the clean and ...]
Density functional theory study of the clean and ...












[image: Density functional theory]
Density functional theory












[image: Time-Dependent Density Functional Theory Study on ...]
Time-Dependent Density Functional Theory Study on ...












[image: Density-functional theory characterization of acid sites ...]
Density-functional theory characterization of acid sites ...












[image: Extension of exact-exchange density functional theory ...]
Extension of exact-exchange density functional theory ...












[image: Comparative density-functional LCAO and plane-wave ...]
Comparative density-functional LCAO and plane-wave ...












[image: Scanning tunneling microscopy and density functional ...]
Scanning tunneling microscopy and density functional ...












[image: Case Study 6 - Watershed and Density]
Case Study 6 - Watershed and Density












[image: Functional renormalization group study of the interacting resonant ...]
Functional renormalization group study of the interacting resonant ...












[image: 14. THE LITHO-DENSITY LOG 14.1 Introduction 14.2 Theory 14.2.1 ...]
14. THE LITHO-DENSITY LOG 14.1 Introduction 14.2 Theory 14.2.1 ...












[image: THE THEORY OF SEMIGROUPS The study of operations, a ...]
THE THEORY OF SEMIGROUPS The study of operations, a ...












[image: The effects of neighborhood density and neighbor ...]
The effects of neighborhood density and neighbor ...












[image: Density and Displacement.pdf]
Density and Displacement.pdf












[image: Applying Functional Programming Theory to the ...]
Applying Functional Programming Theory to the ...












[image: Applying Functional Programming Theory to the ...]
Applying Functional Programming Theory to the ...















Density functional theory study of the clean and ...






Feb 27, 2007 - their TPD studies have shown that the terminal and bridging hydroxyls recombine ... nated in the center of a stoichiometric Fe2O3 unit with addi- tional hydroxylation .... tabulated experimental data for Fe2O3 cr, H2O g, and O2. 






 Download PDF 



















 2MB Sizes
 2 Downloads
 260 Views








 Report























Recommend Documents







[image: alt]





Density functional theory study of the clean and ... 

Feb 27, 2007 - Fe2-O2-R, where X denotes a vacancy of an atomic layer of Fe and R ... change, and electron transfer reactions involving surface hy- droxyls ...














[image: alt]





Density functional theory 

C. Beyond mean-field: Recovering the missing correlation. 10. IV. The Kohn-Sham revolution: Single-particle equations with correlation. 11. A. Replacing Î¨ by Ï�: The Hohenberg-Kohn functional. 11. B. How Kohn and Sham used F[Ï�] to include electron 














[image: alt]





Time-Dependent Density Functional Theory Study on ... 

azopyrrole oligomers in Nero's theoretical study (Figure. 4 in ref 13) and found that the resulting Eg is 0.8 eV larger than the experimental Eg (about 1.0 eV11). Furthermore, it is very interesting to understand why polyazopyrrole shows the narrow b














[image: alt]





Density-functional theory characterization of acid sites ... 

deprotonation energy is not correlated to the Oâ€“H bond length or vibrational stretch frequency. .... be only 0.2 kJ/mol, so our use of fixed lattice parameters is ..... measured by the rate of hexane cracking, increases linearly .... the best [12].














[image: alt]





Extension of exact-exchange density functional theory ... 

determined by a bisection algorithm which is carried out until the sum over all ... used in the deter- mination of the DOS and determining the half-width of the.














[image: alt]





Comparative density-functional LCAO and plane-wave ... 

La, Mn, O; La, Mnpv, Os; and La, Mnpv, O, where the lower index pv means that p .... scribing virtual states: in BS1, 3sp and 4sp outer GTO's were optimized in ...














[image: alt]





Scanning tunneling microscopy and density functional ... 

1Departments of Materials Science and Engineering, Iowa State University, Ames, Iowa 50011 ... 4Department of Chemistry, Iowa State University, Ames, Iowa 50011, USA ..... A. Ag island step heights from scanning tunneling microscopy data.














[image: alt]





Case Study 6 - Watershed and Density 

This is another quote from the article, but one with a more positive shine, and one that points out the true goal of this project. We have already impacted the environment with the choices of the past. Now, our job is to improve the ecological functi














[image: alt]





Functional renormalization group study of the interacting resonant ... 

Mar 1, 2010 - We received support by the Deutsche Forschungsgemein- schaft via FOR 723 (CK, MP, and VM) and by the. Alexander von Humboldt Stiftung ...














[image: alt]





14. THE LITHO-DENSITY LOG 14.1 Introduction 14.2 Theory 14.2.1 ... 

The litho-density log is a new form of the formation density log with added features. It is typified by. Schlumberger's Litho-Density Tool (LDT). These tools have a caesium-137 source emitting gamma rays at 0.662 MeV, a short-spaced and a long-spaced














[image: alt]





THE THEORY OF SEMIGROUPS The study of operations, a ... 

The study of operations, a fundamental notion in algebra, has in turn led to the study of various types of 'generalised groups': groupoids, multigroups, etc. On.














[image: alt]





The effects of neighborhood density and neighbor ... 

Participants were 15 healthy young adults (average age = 22.5 Â± 4.3, average education = 14.7 Â± 1.2). All subjects were ... Critical stimuli comprised high and low ND lexical items whose neighbors were either of higher frequency than the ... bandwi














[image: alt]





Density and Displacement.pdf 

HOMEWORK. "Density and Displacement". Worksheet. Feb 88:37 AM. Page 2 of 2. Density and Displacement.pdf. Density and Displacement.pdf. Open. Extract.














[image: alt]





Applying Functional Programming Theory to the ... 

Despite their advantages, existing workflow languages sacrifice support for ..... as the need to define custom policies for different types of jobs and users. .... command-line programs, calls to Java functions, code snippets written in scripting lan














[image: alt]





Applying Functional Programming Theory to the ... 

including Hadoop [78], Phoenix [255], and MapReduce on Cell [82] â€” the latter two .... monly used for coordinating experiments and data analysis and integration in ...... scientific workflow tools and functional programming languages, very little .


























×
Report Density functional theory study of the clean and ...





Your name




Email




Reason
-Select Reason-
Pornographic
Defamatory
Illegal/Unlawful
Spam
Other Terms Of Service Violation
File a copyright complaint





Description















Close
Save changes















×
Sign In






Email




Password







 Remember Password 
Forgot Password?




Sign In



















Information

	About Us
	Privacy Policy
	Terms and Service
	Copyright
	Contact Us





Follow us

	

 Facebook


	

 Twitter


	

 Google Plus







Newsletter























Copyright © 2024 P.PDFKUL.COM. All rights reserved.
















