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ABSTRACT

Density Functional Theory (DFT) calculations study of Cu doped {0001} and {01-12}
surfaces of hematite for enhanced water splitting have been carried out. The doping was
restricted to planes in the vicinity of the surface, specifically from the top most layers to the
third inner layer of Fe atoms. Thermodynamic stabilities were evaluated based on surface
energies and formation energies. The evaluation of thermodynamic stabilities (negative
formation energy values) shows that the systems are thermodynamically stable which suggest
that they can be synthesized in the laboratory under favorable conditions. Doping on the top
most layer yields the energetically most favorable structure. The calculated charge density
difference plots showed the concentration of charge mainly at the top of the surface
(termination region), and this charge depleted from the Cu atom to the surrounding Fe and O
atoms. This phenomenon (concentration of charge at the top of the surface) is likely to
reduce the distance moved by the charge carriers, decrease in charge recombination
leading to facile transfer of charge to the adsorbate and, suggesting improved
photoelectrochemical water oxidation activity of hematite. The analysis of electron electronic
structure reveals that Cu doped surface systems does not only decrease the band gap but also
leads to the correct conduction band alignment for direct water splitting without external bias
voltage.

INTRODUCTION

Increasing demand for sustainable clean (carbon free) energy is the motivation
for the development of solar energy conversion technologies such as electrical power by
photovoltaics (PV) and more recently again solar fuels by water splitting and
Photoelectrochemical cells (PEC). In PEC water splitting, suitable semiconductors which
can directly dissociate water molecules into hydrogen and oxygen species are needed.
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Hematite (a-Fe,O3) possesses several advantages over other semiconductor materials for
water splitting [1-5]. Its experimental band gap of ~ 2.1 eV allows it, to absorb about 40
% of the incident solar radiation [1, 2]. Hematite is also a very stable material in a broad
pH range, non-toxic and abundant in the Earth’s crust [3, 4]. These advantages have
attracted a lot of research on hematite as a photoanode material for PEC. However,
o-Fe,O;3 also presents few challenges for its direct applications in PEC water splitting. Its
conduction band which lies ~ 0.4 eV below that of H"/H, redox potential [2, 3], does not
favor the self-reduction of hydrogen. Practically, this means that an external bias is
needed to drive this reaction. In addition, a-Fe,O3 suffers from low charge mobility (<1
cm? V' s7) [3-5], fast electron-hole recombination rates (~10 ps) [6], and low surface
reaction rates [3-5]. These shortcomings significantly limit full utilization of hematite for
PEC applications. Various methods such as incorporation of dopants [7], creation of
nanostructure o-Fe;Os [8] with dopants and surface treatments [5, 6, 9, 10], have been
employed to modify the photoactivity of a-Fe,Os. It is reported that bulk doping can
improve the photocatalytic activity of a-Fe,Os; however, it also introduces localized
impurities which can act as unwanted recombination centres for electron-hole pairs
[9,12-14]. Effective doping requires the electron-holes to successfully diffuse to the
surface and undergo interfacial charge transfer to the adsorbates [15]. Chang and Liu
examined the effects of surface and bulk doping on the photocatalytic of vanadium
(V)-doped TiO, based on charge trapping, separation and interfacial transfers [15, 16].
They found that the photocatalytic of the surface doped TiO, increased by 1.9 times
compared to that of pure anatase. It is envisaged that surface doping is more beneficial
than bulk doping because it reduces the distance moved by the charge carriers and further
reduce quick recombination resulting in efficient use of the charges.

_ In this study, we derived the electronic structure of Cu doped {0001} and
{011 2} surfaces of hematite for enhanced water splitting using density functional
theory (DFT). The doping was restricted to the uppermost lattice planes specifically from
the top most layers to the third inner layer of Fe atoms. The evaluation of
thermodynamic stabilities shows that the systems are thermodynamically stable and
suggests that they can be synthesized in the laboratory. The charge density difference
plots showed the concentration of charge mainly at the top of the surface, which is the
termination region.

This phenomenon (concentration of charges on top of the surface) is likely to reduce the

distance moved by the charge carriers; decrease of premature charge recombination
leading to facile transfer of charges (holes) to the adsorbed water molecules and
consequently to improved PEC activity of hematite when it is doped in the way we
assumed in our calculations. The results further show that Cu doped surface systems can
both lower the band gap and lead to the correct conduction band alignment for direct
water splitting without the external bias voltage. Meng ef al [11] investigated Cu and Ti
doped of bulk hematite with DFT +U for enhanced PEC, they also found that Cu doped
bulk hematite moved the lower conduction band edge to high energy by about 0.5 eV
leading to direct dissociation of water.

COMPUTATIONAL DETAILS

First-principles calculations were performed using the self consistent plane
wave PWSCF code as implemented in quantum-espresso simulation package [17] based
on the spin-polarized density functional theory (DFT) [18, 19]. The electronic exchange-
correlation energy was treated within the generalized gradient approximation (GGA)
parameterized by Perdew, Burke and Ernzerhof (PBE) [20]. The Utralsoft Pseudo
potentials of PBE were employed for the electrons-ion interaction. The strongly
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correlated electronic nature of the Fe 3d electrons was corrected with the coulomb
correction in the frame work of GGA + U as applied by Duradev et a/ [21-23] with (U=5
eV). The Brillouin zone integration was sampled using Monkhorst-Pack scheme [24].
The k-point grids of 4x4x2 were employed for the structural relaxation of bulk unit cell,
were as the k 12 x 12 x 6 mesh were employed in the calculation of the density of states
(DOS). To study the effects of doping, a 2 x 2 x 1 supercell of {0001} and {01-12}
surfaces with 120 atoms each was adopted. A k-point grids of 2 x 2 x 1 was used in
structural relaxation calculations and 8 x 8 x 2 for DOS calculations. The plane-wave
energy cut off was set to 350 eV. This truncation kinetic energy and the dense grids
ensured accurate description of the properties and considered the calculation time cost. A
vacuum spacing with a vertical distance of 20 A was used to separate the electronic
interaction between the periodic surface layers. Figure 1(a) show a hexagonal unit cell
used to construct the surfaces and Table 1 gives a summary result of the structural and
thermodynamic parameters of the bulk unit cell. Hematite has a hexagonal close-packed
crystal structure with a space group R3¢ (No.167), containing six formula units (12 Fe
and 18 O atoms). It is noted that two types of pairs of Fe atoms exist, which are
identified by a short Fe-Fe distance (type A) and by a larger distance (type B) along the ¢
hexagonal axis. Furthermore, along the c-axis, 0-Fe,Oj is alternately stacked by iron and
oxygen atom layers as can be seen in Figure 1(a). This makes it possible to construct
either a Fe-layer terminated or O-layer terminated surfaces. In our calculations both
terminations were constructed and analyzed by calculating their surface energies and
other surface indexes were considered. Table 2 contains results of the calculated surface
energies for various surfaces and compares them with other research results. Our results
indicated that the single Fe-terminating {0001} was more stable as compared to the
O-terminating surface and this compared very well with literature.

RESULTS AND DISCUSSION

Structural and electronic properties of pristine bulk hematite

In order to test our calculation methods, we started by carrying out the
geometrical optimization of the pristine bulk a-Fe,O; using PBE and PBE+U functionals.
Table 1 summarizes the structural properties (a and ¢) and Fe-O bond lengths in (A),
thermodynamic stability (formation and cohesive energies) and the electronic properties
(band gap). It can be seen that PBE calculation gives a smaller band gap compared to
PBE+U calculation. In agreement with previous studies, PBE+U band gap is comparable
to experimental value and previous theoretical calculations. As for the thermodynamic
stability analysis, PBE gives formation and cohesive energies closer to the experimental
values than PBE+U. This trend was also observed by Zhou et al [25]. The values inside
the bracket are from the previous studies, while those outside are the calculated present
work. Figure 1 (a) and (b) shows the band structure and the partial density of states
(PDOS) respectively of pure hematite. It is clearly seen from PDOS that the valence band
(VB) edge is mainly contributed by the O 2p states with a small contribution by the Fe 3d
while the conduction band (CB) edge is dominated by the Fe 3d states. The results agree
with experimental and previous theoretical results [5, 30]
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Table 1: The Lattice constants (a and ¢) A, Fe-O bond lengths (A), formation and cohesive energies and band gap of
pristine bulk a-Fe2Os calculated using PBE and PBE+U functional.

PBE PBE +U experiment

a(A) 5.00 (5.01131,5.0755T) 5.13 (5.07 [13]) 5.04013.26,28]
c(A) 13.85 (13.8701%, 13.8815)) 13.96 (13.90 [13)) 13.75113.261
Fe-O bond (A) 1.93 (1.931131, 1.97 151 1.99 (1.97 113)) 1.943113.26]

2.13 (2141831, 2,12 51 2.13 (2.12 13)) 2.1103.26]
Band gap (eV) 0.59 (0.52 113], 0.571251) 2.1 (2.151131, 2,250 2.0—-2.203.27
Cohesive energy (eV) -26.44 (-25.39 %)) -22.76 -25.1712%1
Formation energy (eV) -6.39 (-6.57 1231y -2.72 (-4.711231) -8.56[231

3
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Figure 1. (a) Hexagonal closed-packed crystal structure of bulk hematite. The alternate stacking of Fe and O atoms are
clearly shown. The two types of Fe pairs denoted as type A (short Fe-Fe distance) and type B (larger Fe-Fe distance) are
also shown. Color scheme: Golden yellow (big spheres) and red (small spheres) represent Fe and O atoms respectively.
(b) The band structure and (c) Total and partial density of electronics states (PDOS) of pure hematite. The Fermi level is

set to zero.

Energetic Stability of few surfaces of a-Fe>O3

We constructed various surfaces of a-Fe,O; presented in Table 2 and then
determined their thermodynamic stability by calculating their surface (y ) and formation
(Ep) energies. Comparing the thermodynamic stability of all the constructed surfaces, a
low positive value of y indicates the most stable surface. We calculated the surface
energy y using equation (1).
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1 E
y = E(E\‘lab - nxlab bull ) (1)
Py
Where Egqs and Ep are the total energies of the slab and bulk respectively. nga and npu
are the corresponding number of atoms in these cells, 4 is the surface area of the slab cell
and the factor %2 accounts for the two surfaces of the slab. If ng.= npux then equation (1)
becomes:

1
Y =57 B = Epu) )
2 A slab bulk
Formation energy calculations were done using equation (3):
Ef =E Fe, 0, Mg Mr — NoMo €)

where Er.>03 is the total energy of the unit cell of the surface, nr. and no are numbers of
Fe and O atoms in the unit cell respectively. ur. is the chemical potential of a-Fe in its
bulk structure, while uo is the chemical potential of O obtained from the O, place in a
cubic box of 12 A .The negative formation energy (E;) implies that the formation of the
surface is thermodynamically favourable [29]. Table 2 summarizes the results of both the
surface and formation energies. It can be seen that the {0001} plane has two
terminations, the Fe-termination and the O-termination. The Fe-termination is more
stable than the O-termination. Our results compare very well with the theoretical results
of previous results. It is also clearly seen that the {0001}-Fe and the {01-12} are the
most stable surfaces. The Fe-termination surface energy is 1.84 J/m?% while that of
{01-12} surface is 1.44 J/m?, which compares well with other previous results [30-33].
Our results showed that the {0001}-Fe and the {01-12} were the most energetically
stable surfaces and so we focused our studies on these two surfaces.

Table 2: Calculated relaxed formation and surface energies of few surfaces of a-Fe O3

Surface energies ( J/m?)
Plane (hkil) Formation energy (eV) Other works This work
{0001} - Fe -5.36 1.66001, 1788311530321 2315311 1.84
{0001} -O -5.11 2.6301, 2,59 (301 2.80
{01-12} -5.34 1.920301 1,88 311, 1.47 B2 1.44
(10-11} 471 2200300, 2 341311, 241021 2 841331 256
(01-11} 435 23403 1.97
{1121} -0.62 2.07B34 2.20

Formation energy of doped a-Fe;O; surfaces

Similarly, we determined the thermodynamic stability of Cu doped a-Fe,Os
surfaces by calculating the formation energy E;(Cu doped) using equation (4) [13, 34].
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E,(Cu doped) = E(Cu doped) — E(pure) — u,, + i, *

where E(Cu doped) is the total energy of Cu doped surface; E(pure) is the total energy of
the pure surface, uc, and ur. are chemical potentials of Cu and Fe respectively. The
formation energies of the doped surfaces are allowed to vary as a function of the oxygen
chemical potential xo, which stands for the growth conditions. These conditions could
vary from O-rich (high value of u0) to Fe-rich (low value of uo). Therefore, the allowed
values of uo and ur had to be determined first. For pure a-Fe,O; in thermodynamic
equilibrium ur. and uo should satisfy equation (5) [13, 34].

2t +3p0 = o) ®)

Under Fe-rich conditions, the chemical potential ur was calculated from the energy of
bulk body centred cubic (bbc) of a-Fe and the corresponding uo was evaluated from
equation (5). Under O-rich conditions, the chemical potential uo was calculated from half
of the energy of the O, molecule placed in a cubic box of 12 A and the ur. determined
from equation (5). Figure 2 shows detailed structural description of what constitutes D1,
D2 and D3 doped surfaces studied in this work. Table 3 summarizes the results of the
formation energies of these doped surfaces under O-rich and Fe-rich conditions. The
noted negative formation energies for the three doped layers (D1-D3) for both surfaces
{0001} and {01-12} suggests that these material systems can easily be synthesized under
favourable conditions. It is further observed that D1 of {0001} surface is the most
favourable structure in both extreme conditions. It is evident that the reduction in co-
ordination further lowers the energy of the system (D1) as opposed to D2 and D3 having
complete co-ordination. For {01-12} surface, D2 is the most favoured structure with the
most pronounced formation energy value under O-rich condition.

Table 3: Formation energies of Cu doped {0001} and {01-12} hematite surfaces calculated on the extreme conditions.

The bold values indicate the most stable doped surface.

Formation energy (eV)
Plane (hkil) Doped layer Fe-rich O-rich
D1 -3.42 -6.26
D2 -2.89 -5.73
{0001} - Fe
D3 -2.77 -5.61
{01-12} DI -3.73 -6.28
D2 -4.47 -7.02
D3 -4.30 -6.86
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(c)

Figure 2. The relaxed doped surfaces. (a) The doped Cu atom (blue) on the top most layer of the {0001} -Fe terminating
surface denoted as D1. (b) The doped Cu atom on the second layer of Fe atom denoted as D2. (c) The doped Cu atom on

third layer of Fe atoms slightly below the second layer was denoted as D3.

Charge density difference

The charge density difference was plotted to understand the nature of charge
distribution around the copper dopant. The charge density difference (pcpp) is calculated

using equation (6).
_ total Si 1
Peop = " =D p) ©)

where pl.mml is the total charge density of the Cu doped surface and p.ﬁ 8N is the

i

charge density of the isolated pure surface and Cu atom. Figures 3 (a) and (b) show the
top view and side view of (pcpp) plots of D1 respectively. It is clearly noted that the
charges are mainly concentrated at the top of the surface (termination region). Secondly,
we find that most of the charge is depleted (represented by cyan colour) from the Cu
atom shown by the cyan colour and accumulated (represented by yellow colour) on the
neighbouring O and Fe atoms shown by the yellow colour. This observation is constantly
seen in all the top surfaces not presented is this paper. The concentration of the charges
on the surface is likely to decrease charge recombination and enable easy charge transfer
to the adsorbates resulting in improved PEC.

Figure 3. (a) Top and (b) side views of charge density difference of doped D1 surface calculated at the isosurface value

of 0.03electrons/bohr®. The cyan color indicates decrease in charge density while the yellow color indicates increase.

Electronic structure

To understand the influence of copper on the electronic properties of {0001}
and {01-12} surfaces, the band structure and partial density of states (PDOS) are plotted
and shown in Figure 4 and Figure 5. Figure 4 (a and b) show the band structure and
PDOS of pure {0001} surface with a band gap of 2.1 eV, whereas (¢ and d) and (e and f)
present those of D2 and D3 respectively. The band gap of D2 and D3 of {0001} surface
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reduced from ~2.1 eV to 1.72 and 1.92 eV respectively. These reductions in the band
gaps are likely to enhance more PEC activity by enabling more absorption photons in the
visible light region. The band structures of Figure 4 show inward shifting of CBM to
high energy levels at M and K symmetry k- points as compared to that of bulk hematite
shown in Figure 1 (b). To quantify this energy shifting, the DOS for the bulk hematite,
D1, D2 and D3 are plotted on the same scale as shown in Figure 4(g). It is found that the
CB band of D2 and D3 of {0001} shifted up by 0.2 eV and 0.4 eV respectively.
According to Hu et al [1] and Meng et al [11], these values are sufficient for spontaneous
reduction of hydrogen on the doped surfaces. Figure 5 (a and b) show the band structure
and PDOS of pure {01-12} surface whereas (c and d) and (e and f) present those of D2
and D3 respectively. It is interesting to note that in Figure 5 (c) and (f) the CBM of D2
and D3 becomes wavier and delocalised than that of pure bulk hematite shown in Figure
1 (b). Pan et al [5] observed a similar characteristic when they doped bulk hematite with
Titanium (Ti) and suggested that the delocalization of the CBM indicated a better carrier
transport in the system due to a relatively small electron mass as implied by the wavy
nature of the CBM. They further pointed out that the relatively small electron mass is
likely to cause the excited electrons to feasibly move to the surface and join the redox
reaction. We also think that with the observed wavy nature of the CBM on the {01-12}
surface coupled with the concentration of the charges on the surface as seen in Figure 3
(a) and (b) there is a likelihood of improved PEC on the {01-12} surface. It is also seen
from Figure 5 (d) and (f) that the band gap decreased from 1.43 eV to about 1.0 eV.

Energy (eV)

101
Energy (eV)

Energy (cV)

DS (states'e V)
DOS (states/eV)

M&! 24\
=3 0 2 3

N 2 -1 0
Energy (eV) Energy (eV}

Figure 4. Band structure and density of states of pure {0001} surface (a) and (b), doped D2 (c) and (d), doped D3 (e) and
(f) and DOS for the bulk hematite, D1, D2 and D3 are plotted on the same scale (g). The Fermi level is set to zero
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Figure 5. Band structure and density of states of pure {01-12} surface (a) and (b), doped D2 (c) and (d), doped D3 (e)

and (f). The Fermi level is set to zero

CONCLUSION

In conclusion we have studied Cu doped {0001} and {01-12} a-Fe,O; surfaces
using first principles calculations. The doping was done at different layers of the surface,
from the top most layers to the third inner layer of Fe atoms. We determined their
thermodynamic stabilities based on surface and formation energies. As the systems are
thermodynamically stable, it should be possible to synthesize them in the laboratory.
Moreover doping on the top most layer yields the most energetically favorable structure.
The calculated charge density difference plots showed the concentration of charge
mainly at the top of the surface (termination region), and this charge depleted from Cu
impurity to the surrounding Fe and O atoms. This phenomenon (concentration of charges
on the surface) is likely to reduce the distance moved by the charge carriers; decrease of
premature charge recombination leading to facile transfer of charges (holes) to the
adsorbed water molecules and leading to improved PEC activity of hematite. The
electronic structure analysis reveals that Cu doped surface systems can decrease the band
gap and leads to the correct conduction band alignment for spontaneous water splitting.
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