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1 Computational methodology and settings

In our density functional theory (DFT) calculations, the Kohn-
Sham one-electron states were expanded using plane-wave
basis sets. Our convergence tests showed a plane-wave cut-
off of 500 eV is sufficient to converge the calculated en-
ergies to 2 meV/atom. The Buillouin zone is sampled us-
ing the Monkhorst-Pack scheme1 with an 11× 11× 9 mesh
for the primitive cell (containing 2 FeOOH formula) or a
9×3×7 mesh for the base-centred convention cell (containing
4 FeOOH formula). The numbers of irreducible k-points in the
first Brillouin zone are 180 for the primitive cell and 40 for the
convention cell. The convergence criterion for self-consistent
electronic iterations was 0.5× 10−5 eV. Geometry optimiza-
tions were performed using the conjugate gradient algorithm
until the residual forces were smaller than 0.005 eV/Å.

In order to reduce the noise in the calculated forces, we have
used a tighter criterion of 1.0× 10−8 eV for the electronic it-
erations, and re-optimize the crystal structure to reduce the
residue force to below 0.2 meV/Å. In the phonon calculations
we have elected to evaluate the projection operators in recipro-
cal space to improve the accuracy. We found small imaginary
acoustic frequencies (∼ 10 cm−1) in the breathing mode (ZA)
persisted in all the tested super cells due to numerical errors.
It has been previously shown that such noise can be safely re-
moved using an extrapolation method.2

As mentioned in the main texts, we have used the climb-
ing image nudged elastic band (CI–NEB) method to search
for the transition states of proton transfer and the energy bar-
rier.3,4 The CI–NEB method enables the states close to ex-
trema to be promoted to the extrema to find the saddle points,
which significantly improves the convergence speed compared
to other NEB methods. We have tested the convergence of the
energy barrier with respect to the number of images (up to 20),
and selected to use 16 images to locate the saddle points. We
have used the BFGS (Broyden-Fletcher-Goldfarb-Shanno) op-

timizer of the VTST code5 to find the minimum energy tran-
sition path. In searching for the transition path and calculating
the energy barrier, We allowed all the atoms in the system to
relax.

2 Electronic structure

Lepidocrocite is a semiconductor with a small band gap of
2.06 eV.6 This strongly correlated material was poorly de-
scribed in our DFT calculations using the PBE functionals. As
we see from Fig. 1 that the PBE functionals incorrectly predict
lepidocrocite is metallic with appreciable electronic states at
the Fermi level. In contrast, the GGA+U (with Ueff = 4.5 eV)
opens up the Kohn-Sham one-electron band gap to ∼ 1.7 eV
and reproduces the semiconducting feature of lepidocrocite.

The parameter U has been tested with five iron oxides and
oxyhydroxides to reproduce the experimental lattice parame-
ters.7 The ideal way to obtain this parameter is through the lin-
ear response method that is internally consistent with the rest
of ab initio calculations.8 However, it is frequently treated as
an adjustable parameter which is tuned for different systems
and applications. The DFT+U method has previously been
employed to study magnetite9,10, hematite11–13, goethite14,
and maghemite15, for which the parameter U varies between 2
eV to 5 eV. The U parameter used in our calculations (4.5 eV)
is within the range of these reported values.

3 Crystal structure

The optimized lattice parameters by GGA+U are listed in Ta-
ble 1 together with experimental values from the literature.
While the calculated a and b agree well with most experi-
mental measurements, the c is slightly overestimated by 1.7%,
which is expected because both GGA and on-site Coulomb in-
teractions would overestimate lattice parameters. Since the b-
axis is perpendicular to the double-sheet layers which are held

1–3 | 1

Electronic Supplementary Material (ESI) for Physical Chemistry Chemical Physics
This journal is © The Owner Societies 2011



−8

−7

−6

−5

−4

−3

−2

−1

0

1

2

3

E
−

E
f
(e

V
)

A0 Z Γ Y T E0

(a)

0 2 4 DOS

(b)

−8

−7

−6

−5

−4

−3

−2

−1

0

1

2

3

E
−

E
f
(e

V
)

A0 Z Γ Y T E0

(c)

0 2 4 DOS

(d)

Fig. 1 Electronic band structure along high-symmetry lines and
density of states of lepidocrocite. The parameter Ueff is 0 eV (i.e. no
on-site Coulomb interaction) in calculating the band structure (a)
and DOS (b); and Ueff = 4.5 eV for (c) and (d).

by hydrogen bonds, the small variation of the experimental
measurements (from 12.49 to 12.54 Å) may reflect to the vari-
ation of inter-layer distances, or bond lengths of the hydrogen
bonds, in different samples with different levels of defects.
The b lattice parameter in our calculations reside in the range
of (available) experimental measurements, indicating the de-
scription of the hydrogen bonds by the GGA+U method is
adequate.

In addition to this, the calculated atomic positions of Fe and
O compare well with those measured using electron diffrac-
tion (ED, in Ref.19) and neutron diffraction (ND, in Ref.18),
as shown in Table 2. The difference in z-components of
the atomic coordinates arise from the choices of symmetry
groups. Our calculations and the measurements using ND
are based on the space group Cmc21 (No. 36) where the z-
components of positions 4a and 8b are not fixed, while the
measurements using ED are based on the space group Cmcm

(No. 63) where the z-components of positions 4c and 8 f are
fixed (= 1/4). The atomic positions of hydrogen atoms in
the optimized structure are different in the two data sets, but
the differences in the coordinates of Fe and O are very small.
If hydrogen atoms were omitted, both space groups would de-
scribe well the crystal structure of lepidocrocite. The positions
of hydrogen atoms are therefore decisive in distinguishing be-
tween the two symmetry groups.

Determining the positions of the hydrogen atoms turned out
to be difficult. The electron cloud of hydrogen atoms diffracts
x-ray weakly, and the hydrogen atoms tend to be mobile as
they vibrate at high frequencies (compared with heavier ele-
ments) or change their positions frequently. Researchers have
identified using ND and ED the time- and space-averaged
positions of hydrogen atoms, which are compatible with the
Cmcm symmetry.16–19 However, the centered O–H–O hydro-
gen bond in this symmetry has abnormally large bond length,
and it is more likely the hydrogen bonds are asymmetric and
the crystal symmetry is Cmc21.18

As shown in the main text, a hydrogen atom frequently
switches between the two stable positions in a O–H· · ·O bond,
and the time-averaged effect is a centred O–H–O bond and the
Cmcm symmetry. Even when this vibration was quenched,
the Cmcm symmetry should persist because of the structural
disorder of coexisting energy-degenerate configurations of the
hydrogen-bond chains. These coexisting configurations give
rise to the pseudo-symmetry of Cmcm. Our results confirm
that the short-distance displacements of hydrogen atoms and
the energy-degenerate configurations of the hydroxyl groups
are the sources of difficulties in the structural characterization.
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Table 1 Lattice parameters of lepidocrocite from GGA+U calculations and from the literature.

a (Å) b (Å) c (Å) Technique Sample Ref.
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3.36 12.49 3.86 XRD Synthetic 17

3.08 12.50 3.87 ND Synthetic & Natural 18

3.072 12.516 3.873 ED Synthetic 19

3.063∼3.068 12.521∼12.539 3.866∼3.870 XRD Synthetic 20

Table 2 Calculated and measured atomic positions in lepidocrocite. The coordinates are fractional with respect to the convention cell. O(1)
refers to those oxygen atoms that form bonds with Fe only, and O(2) refers to the oxygen atoms that form hydroxyl bonds.
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