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52 S1. Density profiles of water

53

54 Figure S1. Water density profiles of (A) (010), (B) (001), and (C) (010) systems. The 

55 mid-plane between surface O atoms and first-layer water O atoms was taken as the 

56 starting point of the density profile for each system. It is clear that the densities in the 

57 middle regions are very close to 1.00 g/cm3 and the density distributions are 

58 approximately symmetric with respect to the center of the solution regions.

59 S2. pKa calculation method

60 Table S1. Fe-Fe and Fe-O distances (in Å) in the central layers of the slabs and bulk 

61 crystal. d1Fe-Fe is the distance between iron atoms in the same iron layer; d2Fe-Fe is the 

62 distance between iron atoms in different iron layers of the same lepidocrocite sheet; dFe-

63 O is the distance between iron and oxygen atom of hydroxyl group.

Systems d1Fe-Fe d2Fe-Fe dFe-O

bulk 3.06 3.08 2.01

(010) 3.06 3.06 2.00

(001) 3.06 3.06 2.01

(100) 3.05 3.08 2.01
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64

65 The pKa values of lepidocrocite surface groups were evaluated via the half-reaction 

66 scheme of the vertical energy gap method.1, 2 With this scheme, the proton of the acid 

67 site (labeled as AH) is gradually transformed into a classical particle with no charge 

68 (i.e. the dummy atom). The free energy change associated with this process is calculated 

69 with the thermodynamic integration relation:

70  (1)
1

0
dp AH dp AH r

A d E


  

71 η is the coupling parameter that increased from 0 (reactant) to 1 (product).  is the 𝛥dp𝐸

72 vertical energy gap, which is defined as the potential energy difference between the 

73 reactant and product states. This value is obtained from the FPMD trajectory produced 

74 by sampling the restrained mapping Hamiltonian:

75  (2) 1 R P rH H H V     

76 Here HR and HP stand for the reactant and product states respectively. The harmonic 

77 restraint (Vr) is applied on the dummy atom to keep it in the location resembling the 

78 reactant state:

79  (3)   2 2
0 0

1 1
2 2r d

bonds angles

V k d d k      

80 This harmonic potential consists of the bond stretching and angle bending terms 

81 whose equilibrium values are d0 and θ0, respectively. The equilibrium values used for 

82 each surface group were derived from the simulations without restraints and the force 

83 constants kd and kθ were selected according to previous studies.1, 3 The parameters of Vr 

84 are given in Table S2. The 3-point Simpson’s rule (Eq. 4) was employed to evaluate 



S6

85 the integral in Eq. 1 for most of the surface groups. For ≡Fe2OH on (010) surface and 

86 ≡Fe2OH/≡Fe2OmH/≡Fe3OH on (001) surface, the 5-point formula (Eq. 5) was used due 

87 to the significant nonlinearities of ΔE in these systems.

88  (4) 0 1 0.5
1 2
6 3dp AH E EA        

89 (5)0 1 0.25 0.75 0.5
1Δ ( Δ Δ 4( Δ Δ ) 2 Δ )

12dp AHA E E E E E              

90 With the same procedure, one proton of a hydronium located in the solution region 

91 is transformed into a dummy atom, and the associated free energy is calculated with 

92 Eq. 1. The final pKa is calculated according to the formula:

93  (6)
3

1 1
0 3

0 0

2.3 B a dp AH dp BH O Hr r
k TpK d E d E k Tln c

 
           

94 c0 = l mol/L is the unit molar concentration and  means the thermal wavelength 𝛬3
𝐻 +

95 of the proton.2 The last term stands for the translational entropy generated by the acid 

96 dissociation and can be approximated by the chemical potential of a free proton at the 

97 standard concentration, which equals -0.19 eV.

98 The convergence of the pKa calculation was determined by monitoring the vertical 

99 energy gap. By taking ≡Fe2OH and ≡Fe2OH2 on (010) surface as examples, Figure S2 

100 shows the raw vertical energy gap data and the accumulative averages, where one can 

101 see that the vertical energy gaps were all converged within 0.05 eV in the periods. This 

102 is consistent with the observation in our previous calculations that ΔE converged on a 

103 typical FPMD timescale.1, 4, 5

104 Table S2. The parameters used for restraining the dummy atoms (harmonic potentials 

105 in Eq. (3)). Hd represents the dummy atom. nd and nθ mean the number of restrained 
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106 bonds and angles, respectively. d0 stands for equilibrium bond lengths (in Bohr), and θ0 

107 stands for equilibrium angles (in radian).

Surface Group nd d0 kd nθ θ0 kθ

(010) ≡Fe2OH 1 1.89 1.0 2 2.02 (Fe-O-Hd) 0.1

2.02 (Fe-O-Hd) 0.1

≡Fe2OH2 2 1.89 1.0 3 2.00 (Fe-O-Hd) 0.1

1.89 1.0 2.00 (Fe-O-Hd) 0.1

1.80 (H-O-Hd) 0.1

H3O+ 3 1.89 1.0 2 1.94 (H-O-Hd) 0.1

1.89 1.0 1.94 (H-O-Hd) 0.1

1.89 1.0

(001) ≡FeOH 1 1.89 1.0 1 1.94 (Fe-O-Hd) 0.1

≡FeOH2 2 1.89 1.0 2 2.24 (Fe-O-Hd) 0.1

1.89 1.0 1.88 (H-O-Hd) 0.1

≡Fe2OH 1 1.89 1.0 2 1.95 (Fe-O-Hd) 0.1

1.95 (Fe-O-Hd) 0.1

≡Fe2OH2 2 1.89 1.0 3 1.88 (Fe-O-Hd) 0.1

1.89 1.0 1.88 (Fe-O-Hd) 0.1

1.81 (H-O-Hd) 0.1

≡Fe2OmH 1 1.89 1.0 2 1.95 (Fe-O-Hd) 0.1

1.95 (Fe-O-Hd) 0.1

≡Fe3OH 1 1.89 1.0 3 2.08 (Fe-O-Hd) 0.1
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2.08 (Fe-O-Hd) 0.1

2.08 (Fe-O-Hd) 0.1

H3O+ 3 1.89 1.0 2 1.94 (H-O-Hd) 0.1

1.89 1.0 1.94 (H-O-Hd) 0.1

1.89 1.0

(100) ≡FeOUH2 2 1.89 1.0 3 1.96 (Fe-O-Hd) 0.1

1.89 1.0 1.82 (H-O-Hd) 0.1

1.96 (Fe-O-H) 0.1

≡FeOLH2 2 1.89 1.0 2 1.68 (Fe-O-Hd) 0.1

1.89 1.0 1.80 (H-O-Hd) 0.1

H3O+ 3 1.89 1.0 2 1.94 (H-O-Hd) 0.1

1.89 1.0 1.94 (H-O-Hd) 0.1

1.89 1.0

108

109
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110 Figure S2. The accumulative averages of vertical energy gaps for (A) ≡Fe2OH and (B) 

111 ≡Fe2OH2 on (010) surface. The statistical error was estimated as the difference between 

112 the first and the second half of the production run.



S10

113 Table S3. Calculated vertical energy gaps (in eV), thermodynamic integrals (in eV), and pKa values.

Surface Group η=0.0 η=0.25 η=0.5 η=0.75 η=1.0 ΔA pKa

(010) ≡Fe2OH 14.38±0.02 18.56±0.04 19.39±0.02 20.14±0.03 20.91±0.02 19.07±0.03 11.5±0.7

≡Fe2OH2 15.53±0.04 18.84±0.01 20.59±0.01 18.58±0.01 3.3±0.3

　 H3O+ 14.34±0.02 　 18.50±0.01 　 20.80±0.02 18.19±0.01 　

(001) ≡FeOH 16.82±0.03 19.84±0.03 21.21±0.01 19.56±0.03 11.7±0.8

≡FeOH2 16.46±0.02 19.36±0.01 20.99±0.04 19.15±0.01 4.8±0.5

≡Fe2OH 15.95±0.03 18.70±0.05 19.35±0.02 20.17±0.01 20.73±0.01 19.24±0.03 6.3±0.8

≡Fe2OH2 16.63±0.01 18.86±0.02 20.39±0.05 18.74±0.02 -2.0±0.7

≡Fe2OmH 14.32±0.04 19.16±0.05 19.92±0.03 20.40±0.03 20.98±0.02 19.45±0.04 9.9±1.0

≡Fe3OH 16.09±0.01 18.55±0.04 19.21±0.04 19.98±0.05 20.70±0.02 19.11±0.04 4.2±1.0

　 H3O+ 15.06±0.05 　 19.04±0.01 　 20.81±0.04 18.67±0.02 　

(100) ≡FeOUH2 14.03±0.04 19.01±0.02 20.73±0.05 18.47±0.03 6.0±0.8

≡FeOLH2 14.98±0.02 19.77±0.03 21.21±0.02 19.21±0.02 18.4±0.7



S11

　 H3O+ 14.42±0.04 　 18.10±0.01 　 20.71±0.05 17.92±0.02 　

114

115
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116 S3. Free energy calculation

117 The desorption free energies of As(V) from lepidocrocite and goethite surfaces were 

118 evaluated according to the thermodynamic integration relation:6

119  (7)   
0

' d '
X

X

F X f X X   

120 where ΔF stands for the free energy change, X means the reaction coordinate, and f is 

121 the mean force. The mean forces were derived by using the method of constraint in the 

122 blue-moon ensemble. Figure 2 and Figure S3 present the initial configurations of As(V) 

123 species on lepidocrocite (001) and goethite (110) surfaces, respectively. As(V) species 

124 were placed on only one side of the surface slab, which was the common practice in the 

125 simulation community. On both surfaces, As(V) species were separated from their 

126 periodic images by about four layers of water, which was enough to minimize the 

127 adsorbate-adsorbate interactions. The surface coverages were estimated to be ~0.21 

128 mg/m2 (~1.46 μmol/m2) for lepidocrocite (001) surface and ~0.24 mg/m2 (~1.66 

129 μmol/m2) for goethite (110) surface. These values are similar to 1.40 μmol/m2 reported 

130 in Mamindy-Pajany et al. 7.
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131

132 Figure S3. Models used for (A) H2AsO4
- and (B) HAsO4

2- complexation on goethite 

133 (110) surface. oxygen = red, hydrogen = white, iron = blue-violet, arsenic = green. Cyan 

134 arrows indicate the electron spin orientations.

135 S4. FPMD details

136 All FPMD simulations were performed using CP2K/QUICKSTEP package.8-10 The 

137 electronic structures were calculated with the Gaussian and Plane Wave (GPW) density 

138 functional scheme.11 The electronic wavefunctions were constructed using a double-ζ 

139 Gaussian-type orbital basis with polarization functions (DZVP) and the electron density 

140 was represented with the plane-wave basis expanded to 360 Ry. The core electron states 
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141 were described using Goedecker-Teter-Hutter (GTH) pseudopotentials.12 The 

142 exchange-correlation interaction was treated in the generalized gradient approximation 

143 (GGA) in the parameterization of Perdew, Burke, and Ernzerhof (PBE).13 The GGA+U 

144 approach with a Ueff correction value of 4 eV was adopted to correct the description of 

145 3d electrons in Fe atoms in lepidocrocite.14 Van der Waals corrections were included 

146 with the DFT-D3 method.15 Wave functions were optimized to a tolerance of 1.0E-6.

147 Antiferromagnetic ordering was adopted for goethite and lepidocrocite following 

148 previous simulations.16-21 The antiferromagnetic spin structure determined by Guo and 

149 Barnard 22 was applied for lepidocrocite, where Fe atoms in the same double-layer had 

150 antiparallel spins (Figure 1). For goethite, antiparallel spins on alternating layers along 

151 [010] direction were adopted (Figure S3).21 The predicted band gap for lepidocrocite 

152 was 1.85 eV, close to the experimental value 2.06 eV. 23 The total magnetic moments 

153 of lepidocrocite and goethite were calculated to be zero, in agreement with their 

154 antiferromagnetic properties.

155 Born-Oppenheimer type molecular dynamics (BOMD) simulations were carried out 

156 in NVT ensemble with a time step of 0.5 fs. The temperature was maintained at 330 K 

157 with the Nosé-Hoover chain thermostat to avoid the glassy behavior of DFT liquid 

158 water at a lower temperature.24 For each FPMD simulation, a production run was 

159 performed for over 10.0 ps after an equilibration run for at least 5.0 ps.

160 S5. Interfacial structures
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161

162 Figure S4. Radial distribution function (RDF) and coordination number (CN) for (A) 

163 water O around H of ≡Fe2OH and (B) water H around O of ≡Fe2OH on (010) surface.

164

165 Figure S5. RDF and CN for (A) water H around O of ≡FeOH and (B) water O around 

166 H of ≡Fe3OH on (001) surface.
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167

168 Figure S6. RDF and CN for (A) water O around H of ≡Fe2OH and (B) water H around 

169 O of ≡Fe2OmH on (001) surface.

170

171 Figure S7. RDF and CN for (A) water O around H of ≡FeOUH2 and (B) water H around 

172 O of ≡FeOLH2 on (100) surface.

173 S6. Additional information for the desorption processes

174
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175

176 Figure S8. Snapshots of As(V) complexes on goethite (110) surface. Atoms are color-

177 coded by element as described in Figure S3. Only the water molecules that hydrogen-

178 bonded with As(V) species are depicted for clarity.

179
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180 Figure S9. Snapshots of As(V) complexes on lepidocrocite (001) surface. Atoms are 

181 color-coded by element as described in Figure S3. Only the water molecules that 

182 hydrogen-bonded with As(V) species are depicted for clarity.

183

184 Figure S10. Desorption free energy curves of coordinated water on goethite (110) and 

185 lepidocrocite (001) surfaces.

186

187 Figure S11. The extended desorption free energy curve of H2AsO4
- on lepidocrocite 

188 (001) surface.
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189

190 Figure S12. Snapshot of H2AsO4
- on lepidocrocite (001) surface at FeII-OII distance of 

191 6.0 Å. Atoms are color-coded by element as described in Figure S3. Only the water 

192 molecules that hydrogen-bonded with H2AsO4
- are depicted for clarity.

193 Table S4. The average Fe-As distances of As(V) complexes on goethite and 

194 lepidocrocite.

Iron oxyhydroxides Surface Complexes Fe-As distance (Å)

Lepidocrocite (001) H2AsO4
- bidentate 3.33

(100) HAsO4
2- bidentate 3.33

H2AsO4
- bidentate 3.33

Goethite (110) HAsO4
2- bidentate 3.38

H2AsO4
- bidentate 3.38

H2AsO4
- monodentate 3.58

(010) HAsO4
2- bidentate 3.41

H2AsO4
- bidentate 3.43
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(021) H2AsO4
- monodentate 3.68

195 Table S5. The simulation types and net charges of systems presented in Figure 6.

Iron 

hydroxides
surface

As(V) 

species
Simulation type

Free energy 

calculation?

Net 

charge

Goethite (110) HAsO4
2- Constrained FPMD Yes 0

H2AsO4
- Constrained FPMD Yes +1

(010) HAsO4
2- FPMD No -2

H2AsO4
- FPMD No -1

(021) H2AsO4
- FPMD No -1

Lepidocrocite (001) HAsO42- Constrained FPMD Yes 0

H2AsO4
- Constrained FPMD Yes +1

(100) HAsO4
2- FPMD No -2

　 　 H2AsO4
- FPMD No -1

196

197
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