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15 Abstract

16 The Enhanced Actinide Removal Plant (EARP), at Sellafield in the UK, is tasked with 

17 separating waste actinide species from an aqueous waste stream via base-induced hydrolysis 

18 of Fe(III). During this flocculation process ferrihydrite forms and the actinides interact strongly 

19 with the surface. It has been shown that Pu remains sorbed in the solid state over long periods 

20 of time, during which ferrihydrite undergoes transformation into hematite. It is of critical 

21 importance to the operations of future Geological Disposal Facility (GDF) technologies that 

22 the Pu@hematite system is studied to understand the binding strength and sorption mechanism. 

23 Here we present a comprehensive study of Pu(IV) binding to two well-established basal 

24 terminations of hematite using periodic DFT + Ueff. First, we outline our methodology and 

25 demonstrate correct prediction of the bulk hematite lattice parameters and electronic band gap, 

26 then we generate the (001)-Fe and (001)-O3 terminations and demonstrate reasonable 

27 predictions of the surface energies, inter-layer spacings, and work functions. The (001)-Fe 

28 termination is then hydrated with a monolayer of water. We show that Pu(IV) forms multiple 

29 Pu-O bonds with both terminations at distances consistent with experimental EXAFS 

30 measurements. Density of states and charge density difference analysis reveals strong 

31 hybridisation between the Pu(5f) and O(2p) states supporting charge transfer as indicated by 

32 depleted charge density surrounding the Pu atom on the surface. Quantum Theory of Atoms in 

33 Molecules analysis shows that the Pu-O bonds are partially covalent, in agreement with our 

34 previous assessment of Pu bound to α-Fe13, a prenucleation cluster to ferrihydrite (Fh), and Pu 

35 bound to ferrihydrite surfaces. The reaction energies for surface binding are significantly 

36 exothermic, even more so than was found in our previous analysis of the Pu@Fh surfaces, 
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37 indicating that Pu(IV) should remain immobile and bound to hematite, particularly in 

38 oxygenated conditions as may be found in the GDF or subterranean environments.
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39 Introduction

40 Hematite (α-Fe2O3, Hem) is the most thermodynamically stable iron (oxyhydr)oxide mineral 

41 and is found in many aquatic and terrestrial systems. It is a common redox-active interface in 

42 the environment and is responsible for the uptake of contaminants and cycling of iron which is 

43 critical to many environmental and biological processes.1 Besides its environmental 

44 importance, hematite is also favoured for use industrially in catalytic and photoelectric 

45 technologies due to its non-toxicity, high natural abundance, and electronic properties.2

46 Hematite is a significant product in UK nuclear clean-up operations at Sellafield on the 

47 Northwestern coast in Cumbria. The Enhanced Actinide Removal Plant (EARP) acts to 

48 separate radionuclides from post-PUREX waste for further treatment and 

49 long-term storage. The EARP feed primarily consists of aqueous Fe(III) and radionuclides 

50 produced at the Thermal Oxide Reprocessing Plant (THORP), which closed in 2018, and the 

51 Magnox Reprocessing Plant, which closed in 2022. These plants are now undergoing

52 post-operational clean-out (POCO) to remove radioactive contaminants; therefore, the EARP 

53 feed is diversifying to include chemicals used during POCO and which were not typically used 

54 during regular operation of those plants. Understanding the implication of this is crucial to the 

55 continued operation and safety of the EARP.

56 The EARP operates via a base-induced flocculation process whereby Fe(III) hydrolysis results 

57 in the formation of the highly insoluble ferrihydrite (Fh) phase which interacts strongly with 

58 radionuclides and precipitates out of solution. After multiple ultrafiltration steps, the solid 

59 waste form containing the separated radionuclides is removed and the clean aqueous stream is 
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60 discharged into the Irish Sea. In recent years there has been a growing interest in the mechanism 

61 of Fh formation, and it was shown to occur via the Fe13 Keggin as a prenucleation cluster under 

62 EARP conditions.3 In 2019, it was further shown that under EARP conditions a significant 

63 amount of Pu(IV) is removed from solution at very low pH, before Fh has formed, indicating 

64 that Pu(IV) may bind directly to the Fe13 Keggin cluster.4 We studied this using Density 

65 Functional Theory (DFT), and showed that Pu(IV) indeed binds very strongly to the Fe13 

66 Keggin, as do all tetravalent actinides from Th – Pu, primarily through strong An4+-O2- ionic 

67 interactions. However, overlap-driven covalent interactions were observed for Np and Pu 

68 showing that the 5f orbitals are important to understanding the bonding in these systems.5

69 Ferrihydrite transforms into hematite without impacting the Pu(IV) coordination environment 

70 or releasing significant amounts of the radionuclide, which suggests that Pu(IV) should be 

71 strongly bound to the surface of hematite. Pu(IV) is not observed to incorporate into the 

72 structure of ferrihydrite or hematite, as the Extended X-ray Absorption Fine Structure (EXAFS) 

73 fittings report four iron backscatterers at 3.34 Å,4 whereas if Pu(IV) were incorporated, the 

74 number of iron backscatters would be higher than four. The EXAFS fitting also shows eight 

75 oxygen backsatterers at 2.29 Å. We recently also studied the surface interactions of Pu@Fh 

76 and found strong ionic binding, reporting partially covalent Pu-O interactions in line with those 

77 found in the Pu-Fe13 Keggin system at distances in good agreement with experiments.6

78 The UK is currently working towards long-term disposal of nuclear waste in a Geological 

79 Disposal Facility (GDF), where multiple barriers to radionuclide migration will be employed. 

80 Stainless steel canisters are one such barrier which, under the right conditions and on geological 

81 timescales, may corrode into ferrihydrite and goethite, which can then undergo phase 
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82 transitions to hematite.1,7,8 Given that post-EARP actinides are bound to hematite, that corrosion 

83 mechanisms can form hematite, and that the ground where the future GDF may be located is 

84 likely to contain hematite, it is very important to study the speciation of Pu-bound hematite. 

85 However, it is very difficult to do so experimentally owing to the radioactivity and dangers 

86 associated with plutonium. To our knowledge, nobody has attempted to study this 

87 complexation theoretically, though bulk and surface studies of bare hematite are 

88 plentiful.9–20 

89 In this work, we first establish a suitable theoretical methodology for bulk hematite, and then 

90 the Hem(001) surface under two different terminations. Then, having verified our approach, 

91 we introduce a hydrated Pu(IV) fragment to the surface to study the binding mode and 

92 electronic structure of Pu-bound hematite (Pu@Hem). The results show that Pu(IV) binds 

93 strongly to the Hem(001) terminations due to strong ionic interactions, but the Pu-O bonds are 

94 found to be partially covalent according to Quantum Theory of Atoms in Molecules (QTAIM) 

95 metrics. The multidentate binding shows Pu-O distances similar to those determined 

96 experimentally. The binding is found to be stronger than for Pu(IV) on ferrihydrite, supporting 

97 the experimental observation that Pu(IV) is retained during the ferrihydrite  hematite 

98 recrystallisation process.
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99 Computational Details

100 General Considerations

101 All Density Functional Theory (DFT) calculations were conducted using the Vienna ab initio 

102 Simulation Package (VASP) versions 6.1.2, 6.3.0 and 6.4.1.21–23 The generalised gradient 

103 approximation (GGA) functional PBE24 was used in conjunction with Grimme’s D3 dispersion 

104 correction.25 It is well known that GGA functionals produce over-delocalised 3d states in iron 

105 (oxyhydr)oxide materials, resulting in significantly underestimated magnetic moments and 

106 band gaps. Therefore, it is common to apply a Hubbard correction to the Fe 3d states; Ueff  = 3 

107 – 5 eV is typically used for hematite and other similar iron (oxyhydr)oxide materials.10–14 The 

108 Hubbard correction was applied according to the Dudarev formalism.26 A comparison between 

109 lattice parameters and band gaps while varying Ueff  = 0 – 5 eV can be found in the 

110 Supplementary Information Figure S1 and Table S1. As Ueff is increased the a and b lattice 

111 parameters increase and the c parameter decreases, and good agreement with experiment is 

112 found for Ueff = 4 eV.  Plane wave basis sets were employed with core electrons modelled using 

113 Projector Augmented Wave (PAW) pseudopotentials.27,28 These pseudopotentials were 

114 generated by the VASP developers by solving the all-electron scalar relativistic Schrödinger 

115 equation; therefore, results are limited to scalar effects without the inclusion of spin-orbit 

116 coupling. All calculations are spin polarised; initial magnetic moment of ±5 μB are applied to 

117 the Fe(III) sites in the well-known antiferromagnetic (AFM) arrangement (↑↓↓↑, Figure 1). 

118 Convergence testing was performed to determine that a plane wave cutoff of 600 eV is 
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119 sufficient (Figure S2, Table S2). The total energy and forces were converged to < 10-6 eV and 

120 < 10-3 eV Å-1 respectively.

121

122 Figure 1: Antiferromagnetic (AFM) hematite bulk unit cell. The direction of the spin 

123 polarisation on each Fe centre is shown by yellow arrows. Colour scheme: Fe, orange; O, red.

124 Bulk

125 Convergence with respect to the Γ-centred k-point mesh was carried out (Figure S2, Table S3), 

126 and the data presented in the results and discussion section correspond to geometric 

127 optimisation using a 9 × 9 × 3 mesh with Gaussian smearing, whereas results presented for 

128 density of states use a larger 13 × 13 × 7 mesh and the tetrahedron method with Blöchl 

129 corrections.29 The electronic band structure was calculated in line-mode with 

130 k-points defined to represent high symmetry points in the Brillouin zone and the results were 

131 analysed using sumo, a Python toolkit for plotting ab initio solid-state data.30 

132 The phonon band structure was calculated using Phonopy31 with a 2 × 2 × 1 supercell expansion 

133 (120 atoms). The phonon density of states was computed by interpolating the phonon 
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134 frequencies onto a 16 × 16 × 16 q-point grid. The bulk structure is a stable minimum as 

135 indicated by all phonon frequencies being real (Figure S3).

136 Surfaces

137 METADISE32 was employed to cut the relaxed hematite bulk to form dipole free terminations; 

138 this method has previously been used successfully on iron minerals.6,33–35 

139 A dipole correction was applied in the c direction to minimise the effects of surface dipole 

140 formation upon relaxation.36 A vacuum region of 20 Å ensures that the slab does not interact 

141 with the periodic image of itself, even after molecular adsorption. Convergence with respect to 

142 the Γ-centred k-point mesh was carried out (Tables S4 and S5), and results presented for 

143 geometric optimisation use a 7 × 7 × 1 mesh with Gaussian smearing, whereas results presented 

144 for density of states use a larger 9 × 9 × 1 mesh and the tetrahedron method with Blöchl 

145 corrections. The surface models were then relaxed layer by layer, with layers identified using 

146 VASPKIT,37 until the energy is converged to < 1 meV atom-1 (Tables S6 and S7). 

147 In this model, one side of the slab is relaxed while the other is kept fixed. The equations below 

148 represent energetic differences between relaxed and unrelaxed stochiometric surfaces with 

149 respect to the relaxed bulk and account for asymmetric slab relaxation. The unrelaxed surface 

150 energy is obtained by performing a single point calculation on the unrelaxed slab and is 

151 calculated according to Eqn (1),

𝛾𝑢 =
𝐸𝑠𝑙𝑎𝑏,𝑢 ― 𝑛𝐸𝑏𝑢𝑙𝑘

2𝐴
(1)

152 and the relaxed surface energy is calculated according to Eqn (2),
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𝛾𝑟 =
𝐸𝑠𝑙𝑎𝑏,𝑟 ― 𝑛𝐸𝑏𝑢𝑙𝑘

𝐴 ― 𝛾𝑢 (2)

153 where γu and γr are the surface energies of the unrelaxed and relaxed surfaces, Eslab,u/r and Ebulk 

154 are the electronic energies of the (un)relaxed slab and relaxed bulk, and A is the surface area 

155 of the slab.34,35 The hydrated surface energy was then calculated according to Eqn (3),

𝛾ℎ𝑦𝑑𝑟 =
𝐸𝑠𝑙𝑎𝑏+𝑛𝐻2𝑂,𝑟 ― 𝑛𝐸𝐻2𝑂 ― 𝑛𝐸𝑏𝑢𝑙𝑘

𝐴 ― 𝛾𝑢 (3)

156 where Eslab+nH2O,r is the electronic energy of the relaxed hydrated slab and EH2O is the energy of 

157 an isolated H2O molecule.34 On the Fe-termination, multiple initial arrangements of water 

158 molecules with 100% coverage were tested, and the optimised geometries and energies are 

159 presented in the Supplementary Information (Figure S4, Table S8).

160 After determining stable surface terminations, a hydrated Pu(IV) species with the formula 

161 [Pu(H2O)5]4+ was placed in multiple initial configurations above the surfaces and the 

162 geometries were optimised. A Hubbard correction of Ueff = 4 eV was applied to the Pu 5f states 

163 for the same reasons as given for Fe 3d.10–13 To our knowledge, our previous work is the only 

164 DFT + Ueff study involving Pu(IV) adsorbed to iron (oxyhydr)oxide mineral surfaces.6 In that 

165 work we applied Ueff = 4 eV to the Pu 5f based on its success in predicting the structural and 

166 magnetic properties of bulk and surface Pu oxides,38–42 and in doing so verified that it also 

167 performs well in the context of contaminant adsorption studies.

168 Substitution reaction energies are calculated according to the following equations,

Hem + [Pu(H2O)9]4+ → Pu@Hem + 4 H2O (4)

𝛥𝐸𝑟 = 𝐸𝑃𝑢@𝐻𝑒𝑚 + 4𝐸𝐻2𝑂 ― 𝐸𝐻𝑒𝑚 + 𝐸[𝑃𝑢(𝐻2𝑂)9]4+ (5)
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169 where the nine coordinate Pu species represents Pu(IV) in aqueous EARP conditions.5,43 Single 

170 point energy calculations were then performed including implicit solvation using VASPsol 

171 (ε = 78.4, water).44,45 

172 Analysis of the charge density was carried out using charge density difference and the Quantum 

173 Theory of Atoms in Molecules (QTAIM). The charge density difference is calculated according 

174 to

𝛥𝜌 = 𝜌(𝑃𝑢@𝐻𝑒𝑚) ― 𝜌(𝐻𝑒𝑚) +  𝜌(𝑃𝑢(𝐻2𝑂)5) (6)

175 which is the difference between the electron density of the Pu complex and the sum of the 

176 hydrated surface and adsorbed species, calculated separately while fixed in the optimised 

177 positions found in the complexed surface model. The QTAIM calculations were performed 

178 using CRITIC2 which analyses the topology of the electron density in periodic solids.46 

179 CRITIC2 requires the all-electron density, which was obtained by performing a single-point 

180 energy calculation with the setting LAECHG = .TRUE. and then summing the output core 

181 density (AECCAR0) and valence electron density (AECCAR2).
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182 Results and Discussion

183 Structural Parameters and Electronic Structure

184 As mentioned in the methodology section, hematite displays a well-known AFM (↑↓↓↑) spin 

185 arrangement, shown in Figure 1, and so no other spin arrangements were considered. The 

186 calculated magnetic moment on each Fe atom was the same ±4.12 μB, in good agreement with 

187 previous calculation using the DFT + Ueff  methodology (Table 1) and work using the hybrid 

188 functional HSE06, which yields ±4.16 μB.9 With Ueff = 4 eV, the calculated lattice parameters 

189 for hematite are a = b = 5.05 Å and c = 13.84 Å, in good agreement with both previous 

190 calculation and experimental measurements (Table 1).

191 Table 1: Calculated lattice parameters, unit cell volume, magnetic moments, and band gap for 

192 the relaxed hematite bulk structure compared to previous theoretical and experimental work. 

193 The percentage errors are calculated using the average of the two experimental references.

Parameter Theoretical Experimental
This Work Ref 10 Ref 11 Ref 12 Ref 47 Ref 48

a = b / Å
5.05

(+0.3%)
5.03

(+0.0%)
5.07

(+0.7%)
5.02

(-0.3%)
5.035 5.031

c / Å
13.84

(+0.6%)
13.74

(-0.1%)
13.88

(+0.9%)
13.66

(-0.7%)
13.747 13.766

c / a 2.74 2.73 2.74 2.72 2.731 2.736

Volume / Å3
305.67

(+1.3%)
301.42
(-0.1%)

308.98
(+2.4%)

298.12
(-1.2%)

301.76 301.75

μ / μB ±4.12 ±4.18 ±4.11 ±4.23 -

Eg / eV 2.16 2.09 2.00 2.10 2.00 – 2.20a 
194 a Range taken from References 49–51.
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195 In this work, we found that the value of Ueff has little impact on the calculated lattice 

196 parameters; as Ueff is varied from 0 – 5 eV, a = b shows a range of 4.99 – 5.06 Å and c shows 

197 a range from 13.81 – 13.86 Å. In all cases there is only a small difference compared with 

198 experiments, and one could argue that any value of Ueff within the studied range is acceptable 

199 on the basis of the structural properties. However, the value of Ueff has a significant impact on 

200 the calculated magnetic moments and band gap. It is well documented that hematite displays 

201 an experimental band gap of approximately 2 eV (Table 1). The calculated band gap with Ueff 

202 ≤ 3 eV is too small, and the value with Ueff = 5 eV is too large (Figure S1, Table S1). With Ueff 

203 = 4 eV the band gap was calculated as 2.16 eV, in good agreement with experiments and 

204 previous calculations (Table 1).

205 The electronic band structure is shown in Figure 2, and the projected density of states (pDOS) 

206 reveals that the valence band is dominated by the O(2p) states showing hybridisation with the 

207 Fe(3d) states. The conduction band is dominated by the Fe(3d) states and therefore hematite 

208 displays a charge transfer transition across the band gap which agrees with how hematite is 

209 generally considered to be a charge transfer semiconductor rather than Mott-Hubbard 

210 insulator.13,14 This is also consistent with O K-edge X-ray absorption and emission spectroscopy 

211 which confirms that the valence band consists of strongly hybridised O(2p) and Fe(3d) states 

212 with primarily O(2p) character.52
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213

214 Figure 2: Calculated electronic band structure and projected density of states for bulk hematite, 

215 with Ueff = 4 eV. Solid yellow bands are spin-up and dashed blue bands are spin-down. The 

216 valence band maximum, at 0 eV, and conduction band minimum are marked with a green and 

217 red dot respectively.

218 Surface Modelling

219 The (001) basal surface was selected as a good candidate for Pu(IV) sorption for multiple 

220 reasons. Firstly, the (001) surface is stable and is often observed to form in natural crystals of 

221 hematite and other corundum-type oxides.17,53–55 Secondly, there are a significant number of 

222 theoretical and experimental investigations of the structure and sorption of contaminants onto 

223 the (001) surface to compare results with. Finally, the (001) surface is known to display 

224 multiple terminations dependent on the conditions,18,20 allowing for comparison of different 

225 surface arrangements to get a wider view of how Pu(IV) may bind under EARP conditions and 

226 potentially under conditions altered over GDF timescales.
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227 Two terminations were selected: the first is Fe rich and second is O rich. These terminations 

228 are typically referred to as the “Fe-O3-Fe” and “O3-Fe-Fe” terminations to denote the top three 

229 surface layers, and hereafter we will refer to these as the Fe and O3 terminations, or “-term” for 

230 short (Figure 3). The Fe-term is non-polar and stable under lower oxygen pressures, and the 

231 O3-term is polar and stable under a wide range of oxygen pressures.11–14,17,20 

232

233 Figure 3: Interlayer spacing in the relaxed surface slabs, relative to the bulk, compared to 

234 experiments and previous calculations.

235 As with any theoretical surface study, the surface slab must be relaxed layer by layer until 

236 convergence of the surface energy is achieved; this is shown in Table S6 and S7. The surface 

237 energies of the Fe and O3 terminations were calculated to be 1.60 Jm-2 and 

238 3.46 Jm-2 respectively, which fall within the range of values calculated previously (Table 2). 

239 The same can be said for the work function of the two surfaces, which were calculated as 

240 4.33 eV and 8.47 eV respectively (Table 2).

241 Table 2: Calculated Hem(001) surface energies and work functions compared to previous work.

γ / Jm-2 Φ / eV
Surface 

Termination
This 
Work

Ref 
11

Ref 
12

Ref 
15

Ref 
16

Ref 
56

This 
Work

Ref
17

Ref
18

Ref
57
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Fe 1.60 1.8 1.66 2.0 1.78 1.0 4.33 4.3 4.7 4.0
O3 3.46 2.4 2.59 4.0 2.63 3.7 8.47 7.6 8.5 7.6

242 Our surface properties are in good agreement with previous simulation, but to our knowledge 

243 the experimental surface energies have not been measured. However, another way to determine 

244 the viability of our surface slab model is to consider the interlayer spacing which has been 

245 measured experimentally.54,55 Figure 3 shows the interlayer spacing as a percentage difference 

246 to the unrelaxed slab (i.e. the bulk-like distances) compared to experiments and previous 

247 calculations alongside ball-and-stick representations of the surface slabs. The absolute values 

248 of the interlayer spacings for the two terminations are provided in Tables S9 and S10. One can 

249 see that there is some difference between the relaxation in the top layer, but good agreement is 

250 found for all other interlayer spacings (Figure 3). Experimentally, the O3-term displays a strong 

251 contraction of the top layer of -67%, which is not observed theoretically. This may be due to 

252 the limited thickness of the polar slab compared to the size of the bulk in a real crystal.

253 The pDOS for the two terminations are shown in Figure 4. Much like the bulk, both surfaces 

254 act as charge transfer semiconductors with the valence band consisting of hybridised O(2p) and 

255 Fe(3d) states and the conduction band being primarily Fe(3d). The band gap at the surfaces is 

256 reduced due to states appearing within the gap. These surface states have been observed 

257 before,19 but no explanation was given as to their source. These states are typically attributed 

258 to undercoordinated surface atoms, particularly those at the bottom of the slab which are kept 

259 frozen during relaxation. By comparing states associated with the surface atoms to the overall 

260 pDOS (Figures S5 and S6) we confirmed that the states around 1.3 eV in the Fe-term are indeed 

261 caused by the undercoordinated surface Fe atoms. The same analysis of the O3-term shows that 
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262 the O(2p) states at the Fermi level are surface states, but the Fe(3d) states could not be strictly 

263 assigned to the surface.

264

265 Figure 4: Calculated projected density of states for the Fe and O3 terminated Hem(001) surface.

266 Smith et al. observed a shell of eight oxygen backscatters close to Pu(IV)4, which is not 

267 attainable on the bare Fe-term. Therefore, as in our work on ferrihydrite,6 we chose to hydrate 

268 the Fe-term and study the binding of Pu(IV) to the hydrated surface. A monolayer of H2O in a 

269 variety of different coordination positions with 100% coverage was relaxed (Figure S4, Table 

270 S8) and the lowest energy surface was used to bind Pu(IV). The bare O3-term surface is 

271 sufficient to obtain sensible coordination numbers and so further hydration was not studied. 

272 Note, however, that the Pu(IV) fragment is explicitly hydrated, and therefore the impact of 

273 explicit H2O is not completely omitted in the O3-term calculations. 

274 Hematite Surface-Pu(IV) Complexation

275 For each termination, a variety of starting geometries was optimised and only the lowest energy 

276 surface complexes are shown in Figure 5. Higher energy complexes are shown in Figures S7 

277 and S8 and data for all complexes are provided in Tables S11 and S12. The most stable surface 
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278 complexes have the lowest energy and therefore the most negative reaction energy ΔEr 

279 associated with the binding of Pu(IV) to the surface (Table 3). 

280

281 Figure 5: Lowest energy Pu@Hem(001) complexes viewed down the a-axis (left) and b-axis 

282 (right). The closest eight O and four Fe to Pu are coloured and the rest of the atoms are white 

283 for clarity. The longest Pu-O distance is marked with a dotted black line on the structures 

284 viewed down b. Colour scheme: Fe, orange; O, red; Pu, blue; H and other atoms, white.
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285 Table 3: Energetic, geometric and electronic structure data for the lowest energy Pu@Hem 

286 complexes: electronic and implicitly solvated reaction energy, Bader charge q, average 

287 distances, and QTAIM Pu-O bond critical point (BCP) properties (a.u.).

Pu@Fe-term Pu@O3-term

ΔEr / eV -7.85 -13.90

ΔEsol / eV -2.55 -13.53

q(Pu) 2.15 2.54
Average of closest 8 Pu-O / Å 2.65 2.55
Average of closest 4 Pu-Fe / Å 3.37 3.62

ρBCP 0.05 0.07

HBCP 0.00 -0.02
–(G/V)BCP 0.93 0.84

288 The geometries (Figure 5) are in good agreement with the experimental EXAFS. As discussed 

289 earlier, the Fe-term is stabilised under vacuum conditions and thus was hydrated to mimic 

290 conditions found at the EARP; Pu(IV) bound directly to the Fe(III) surface seems very unlikely 

291 to occur at the EARP, and does not match the EXAFS model of eight oxygen and four iron 

292 back scatterers at 2.29 and 3.34 Å.4 The geometries shown in Figure 5 highlight the closest 

293 atoms taken into account in the average distances given in Table 3. Pu(IV) forms a pentadentate 

294 complex to the hydrated Fe-term and a tetradentate complex with the O3-term. We observe that 

295 higher coordination of oxygen results in more stable complexation (Table S11, Figures S7 and 

296 S8), which is sensible as Pu(IV) is highly charged and may be stabilised by charge transfer to 

297 surface oxygen atoms. This was also found in our previous work studying the complexation of 

298 Pu(IV) to low-index ferrihydrite surfaces.6

299 The lack of surface water on the O3-term reduces the structural complexity of the adsorption 

300 mode allowing for a clear description of the binding, as well as a clear charge density difference 
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301 isosurface (Figure S11). Pu(IV) binds to four surface oxygen atoms, two at shorter ~2.18 Å 

302 and two at longer ~2.45 Å distances, which is remarkably similar to our Pu-Fe13 Keggin cluster 

303 (2.18 Å and 2.40 Å)5 and in good agreement with the split-shell EXAFS fitting with two 

304 backscatters at 2.22 Å and two at 2.39 Å.4

305 Our sample of complexes has a range of ΔEr of -6.01 to -7.85 eV for Pu@Fe-term and 

306 -12.98 to -13.90 eV for Pu@O3-term, showing that Pu(IV) is stabilised significantly by surface 

307 complexation. These reaction energies are more exothermic than those determined for a series 

308 of Fh surfaces in our previous work,6 which were in the range of -3 to -6 eV, suggesting that 

309 not only is Pu(IV) stabilised by complexation to Fh but that recrystallisation to hematite is 

310 further stabilising, which supports the experimental observation that Pu(IV) is retained during 

311 the transformation.4 

312 Solvated reaction Gibbs energies were calculated under continuum solvation to mimic more 

313 realistic aqueous conditions. These ΔEsol values are reduced compared to the ΔEr, which is to 

314 be expected as the Pu fragment interacting with the continuum reduces the interaction with the 

315 surface. This reduction is significant for the non-polar hydrated Fe-term but much less so for 

316 the polar O3-term (Table 3). It is likely that these ionic interactions are so strong in the latter 

317 case, with Pu4+ bound directly to O2-, that the inclusion of a solvent model “competing” with 

318 the surface interaction has much less impact. 

319 The increased stability of metal ions bound to the O3-term compared to the Fe-term has been 

320 observed before in the case of V(III) on Hem(001).57 After considering a variety of adsorption 

321 geometries, as we do in our work, values of ΔEads ≈ -5 eV on the Fe-term and -10 eV on the 
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322 O3-term were obtained, a trend qualitatively similar to our findings for Pu(IV). The absolute 

323 values for Pu(IV) are likely more negative because of the increased charge. Also, strictly 

324 speaking, we are reporting a reaction energy, which includes a release of water molecules (Eqn 

325 (4)), which is why our “binding energy” is labelled ΔEr rather than simply ΔEads. Pu(IV) can 

326 compensate for any excess negative charge on the O3-term by donating electrons to the O(2p) 

327 valence band, and in the case of V(III) it was suggested that sub-surface Fe may also receive 

328 electrons.57

329 To our knowledge only one other study attempts to calculate and compare adsorption energies 

330 between a ferrihydrite surface and a hematite surface; in that case it was found that for Mn(II) 

331 ΔEads ≈ -4 eV when adsorbed to the Fh(001) surface and ΔEads ≈ -7 eV to the Hem(104) surface, 

332 in agreement with our observation that binding to hematite is more stabilising than 

333 ferrihydrite.58 It was also found that the Bader charge on the metal ion q(Mn) was higher in the 

334 more stable configurations, which agrees with our findings regarding q(Pu) on ferrihydrite and 

335 hematite. The Bader charge for the O3-term Pu is +2.54, which is more cationic than for the 

336 Fe-term Pu at +2.15, and the latter is closer to those determined for the Fh terminations (+2.13 

337 to +2.15) and in all cases significantly more cationic than in [Pu(H2O)9]4+ (+1.65). The charge 

338 density difference (Figure S11) shows clear charge accumulation on the surface oxygen atoms 

339 and depletion around Pu(IV), in line with the Bader charge analysis.

340 QTAIM analysis was performed to determine the nature of the interactions underpinning the 

341 binding of Pu(IV) to the surface. The application of QTAIM to study actinide covalency is 

342 widespread in molecular studies but essentially unknown in periodic surface studies. QTAIM 
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343 molecular graphs showing the bond critical points (BCPs) are provided in Figure S11 and the 

344 values quoted in Table 3 are the average of the eight closest oxygen atoms highlighted in Figure 

345 5. Further breakdowns of the QTAIM properties by surface and explicit water molecule for all 

346 the systems studied are provided in Table S12, and show that Pu-Osurf interactions are 

347 consistently stronger and more covalent than Pu-Owater, as expected. We explain the 

348 interpretation of the density ρBCP, total energy density HBCP, and ratio of the kinetic to potential 

349 energy –(G/V)BCP in detail in our previous work.5 Here, it suffices to say that a larger ρBCP, a 

350 negative HBCP and a value of –(G/V)BCP close to 0.5 in the range 0.5 – 1.0 indicate a partial 

351 covalent interaction. The interactions with the O3-term are much stronger than with the Fe-term 

352 (Table 3) in line with the more negative reaction energies, shorter Pu-O bonds, and increased 

353 Bader charge on Pu. A comparison of all QTAIM-derived covalency metrics across all 

354 geometries, including the higher energy complexes, does not show clear trends, suggesting that 

355 the primary binding mode is ionic, as we found for Pu-Fe13 Keggin and Pu@Fh surface 

356 complexation.5,6

357 Figure 6 shows how the pDOS evolves from the bare to the hydrated and Pu-complexed Fe-

358 term. As mentioned earlier, the states located around 1.3 eV in the band gap disappear upon 

359 hydration as the coordination of the surface Fe atoms is restored. After complexation, Pu(f) 

360 states hybridise with O(p) states in the valence band around -1 eV indicating a stabilising 

361 bonding interaction. The same can be said for the O3-term, where states at the Fermi level are 

362 greatly reduced upon complexation and strong hybridisation is observed deeper in the valence 

363 band at around -4 eV. Hybridisation between Pu(f) and Fe(d) in this region is significant 

364 compared to the Fe-term, which may be evidence of sub-surface charge transfer as discussed 
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365 earlier with respect to V(III).57 Figures of the extended pDOS down to -20 eV below the Fermi 

366 level are provided in the supplementary figures S9 and S10. We can confirm that the mixed 

367 Fe(d)-O(p) valence region extends to around -8 eV below the Fermi level and that the semicore 

368 O(s) states are located between -16 eV and -20 eV below the Fermi level. These states are all 

369 within the expected range determined by various photoemission spectroscopic methods lending 

370 confidence to the quality of the electronic structures presented.59

371

372
373 Figure 6: Projected density of states for the lowest energy Pu@Hem surface complexes. Upper; 

374 Fe-term, Lower; O3-term.
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375 Conclusions

376 The complexation of Pu(IV) to two well characterised Hem(001) terminations has been studied 

377 using periodic DFT + Ueff. We benchmark bulk electronic and structural properties, finding 

378 good agreement with experiment and previous simulations including those performed with 

379 hybrid functionals, thereby justifying our methodology and once more finding that 

380 DFT + Ueff is a sensible approach. The relaxed Hem(001) terminations were then benchmarked 

381 against experimental and previous theoretical studies, verifying that our slab model is suitable 

382 to study actinide complexation. 

383 Pu(IV) has very strong affinity to both surface terminations; the reaction energies for surface 

384 binding were found to be significantly negative, even more so than Pu(IV) bound to ferrihydrite 

385 using the same methodology. This result is significant as it supports the observations that 

386 Pu(IV) may be retained upon recrystallisation from ferrihydrite to hematite, and that Pu(IV) is 

387 strongly retained by hematite long-term. Pu(IV) binding to the O3-term was found to be much 

388 stronger than to the Fe-term or any ferrihydrite termination studied in our previous work. This 

389 is attributed to strong ionic interactions leading to significant charge transfer and a highly 

390 cationic Pu with a Bader charge of +2.54 compared to +2.15 in the Fe-term complex. The 

391 pDOS show stronger hybridisation between the Pu(f) and O(p) and Fe(d) states in the valence 

392 band in the O3-term compared to the Fe-term. This result agrees with previous simulations, 

393 indicating that adsorbed cationic species may transfer charge to the sub-surface Fe layer on the 

394 O3-term.
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395 Pu-O and Pu-Fe bond lengths were found to be similar to those determined experimentally and 

396 to those calculated for both the Pu-Fe13 Keggin and Pu@Fh surface complexes, providing a 

397 structural link between the three phases. Similarly, the QTAIM analysis of the Pu-O 

398 interactions was found to be in line with those determined for the aforementioned phases, again 

399 indicating that the binding mode of Pu(IV) to these iron (oxyhydr)oxide phases is primarily 

400 ionic with partial covalency to strengthen the interaction. 

401 Hematite is a likely candidate as a barrier to radionuclide migration in the future GDF in the 

402 UK, and we are therefore happy to report that Pu(IV) binds very strongly, particularly under 

403 oxygenated conditions. As our methodology may in principle be applied to any actinide/iron 

404 (oxyhydr)oxide mineral interaction, we hope our work stimulates further theoretical and 

405 experimental work in the field. 

406 Associated Content

407 Supplementary Information

408 Additional information on the convergence testing with respect to k-points and cutoff energy 

409 and the effect of Ueff. Phonon band structure and pDOS for hematite bulk and surfaces. 

410 Structural data for higher energy hydrated and Pu-complexed surfaces. Charge density plots of 

411 Pu on hematite surfaces. Coordinates of the lowest energy structures in the VASP POSCAR 

412 format.
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