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Abstract
A great effort has been done to improve the e�ciency of materials for photo-catalytic water splitting
application. The most famous catalysis is TiO2, but its band gap, exceeds 3.0 eV, doesn’t �t into the
visible spectrum. so, to exploit this range of energy, we are looking for other materials having band gap
lower that 2.0 eV.  The research focused on the enhancement of photo-catalysis by modi�cation
of TiO2 by means of metal loading, metal ion doping, …

This paper aims to present a group of compounds Dy2M2O7 (with M = Hf, Ce and Zr) which could be an
alternative having the same function as TiO2.

Based on our studies and those reported in the literature, we will discuss in detail the roles and the
functional mechanism of the catalysts. The results show that Zr2Dy2O7 is the best candidate to be a
photo-catalyst: it has a band gap close to 2.2 eV, and a good absorption in visible range compared to the
other compound having absorption in UV. The quantum e�ciency of Zr2Dy2O7   reaches up to 3%, and the
limit of conduction band and valence band are localized in potential redox zone.

Doping with Cerium gives another energy level which allows to have other optical transitions, improve the
absorption and reach the quantum e�ciency to 4% in a visible range.

1. Introduction
Guided by the growing energy needs, greenhouse effect and crisis of the fossil fuel resources, the search
for renewable energy has become an important part of research interest [1, 2]. The hydrogen energy is
widely considered as one of these potential energy vectors [3, 4]. Accordingly, the production of hydrogen
using sunlight is promising approach toward economical, environmentally friendly energy [5–6–7].
Consequently, the photo-catalytic water splitting is attracting considerable interest. The photo-catalysis
process is based on the activation of a semiconductor by the sunlight, thus, generates electron-hole pair
and photocatalyst becomes in excited state. Afterwards, the generated electron-hole pair moves to the
surface of the solid. At the interface of solid and water, transported electrons and holes reduce and
oxidize the adsorbed matter.

To determine the role of crystal structure on photocatalytic activity, a variety of materials with different
crystal structures need to be tested. The following material are identi�ed as photocatalysts and active
materials: SrTiO3, KTaO3, NaTaO3 Sr2M2O7 (M = Ta, Nb), RbNdTa2O7 and La2Ti2O7 [8–9]

Rare earth-based materials are known for their use in the �eld of high and low temperature fuel cells, gas
storage/separation, heterogeneous photo-catalysis, wastewater treatment, �uorescence, photo-
electrochemical water. A different example of these materials could be cited like: La2Zr2O7, known as a
semiconductor, has a band gap of 3.82 eV [10], its optical and electronic properties are modi�ed using Ce
doping at Zr site, new transitions appeared in the absorption spectra for 3.4% Ce doped La2Zr2O7.[11].
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The modi�ed system shows an interesting behavior in the thermal conductivity, which increases as a
function of temperature compared to the pure La2Zr2O7. In addition, the effect of each concentration of
Ce is studied and shows that 3.4% of Ce provides the lowest thermal conductivity, the last one attributed
to the high concentration of point defects affecting the phonon scattering. [11]

Experimental and theoretical study of Sm2Zr2O7 and Dy2Zr2O7 has been done [12] to show the effect of
Dy doped Sm2Zr2O7 on the band gap and ionic conductivity, the system has a tunable band gap as
function of Dy content, then its potential is explored as photo-catalyst.

The synthesis by a different procedure of Dy2Ce2O7 and Dy2Zr2O7 reported in [13–16] show a good
thermal stability during this process and it arrived at a pure phase of Dy2Ce2O7 at 1500°C.

In the present study, we chose Dy2M2O7 (M = Zr, Hf, Ce) systems as photo-catalysts for water splitting and
we discuss the relationship between the photocatalytic activities and the electronic properties (band gap).
using ab-initio calculations, geometrical structure, electronic band structure and optical properties of pure
Dy2M2O7 will be calculated for (M = Hf, Ce, Zr).

There are a few details for Dy2Hf2O7, so we aim to study all of the three systems and look for points of
difference and resemblance of them based on the comparison of the electronic and optical properties.

Our study is based on DFT calculation, in its Kohn-Sham (KS) formulation, where exchange-correlation
effect has been approximated, then the results depend on the chosen of approximation (LDA, GGA) [17–
18]. The problem appears when we get an underestimation of the KS band gap compared to the
experimental ones. In fact, the KS band gap is the difference in the eigenvalues of the conduction-band
minimum and the valence-band maximum, the experimental band-gap is the difference between the
ionization potential and the electron a�nity [19]. To solve this problem many approximations have been
proposed, such as GGA + U and the modi�ed Becke-Johnson potential (mBJ) [20–21]. The contribution of
these approximations was well discussed, and it was noted that the correction depends on the nature of
material, however in generally, the mBJ correction reproduces a good value in band gap. For this reason,
we have used GGA + mBJ potential including spin-orbit coupling in our calculation. In addition, GGA + U
localized the f and d states by applying the right value of U, in our case we estimated to have the exact
values for the valence band limit and the conduction band limit which further justi�es our choice of mBJ
approach. These values will be used to con�rm the photo catalytic application of our materials.

2. Computational Details
In order to describe the electronic and optical properties of pure Dy2M2O7 (M = Hf, Ce and Zr), we used the
full potential linearized augmented plane wave (FP-LAPW) method implemented in the WIEN2K code [22],
within the framework of density functional theory (DFT), by treating the exchange and correlation in the
level of the GGA-Perdew-Burke-Ernzerhof (GGA-PBE) approximation [23].
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The basic functions, the electron densities and the potential were investigated in self-consistent manner.
These quantities are developed by dividing the unit cell into non-overlapping atomic spheres, where a
linear combination of radial functions times spherical harmonics is used with a cut-off parameter lmax

=10. Moreover, an interstitial region where a plane wave expansion is used with a cut-off parameter
RMT*Kmax = 9, (RMT is the smallest mu�n-tin radius in the unit cell and Kmax is the magnitude of the
largest K wave vector).

The mu�n-tin sphere radii used in the calculations are (2.37, 2.08, 1.88, a.u) for Dy, Zr, O respectively,

(2.35, 2.09, 1.8) for Dy, Hf and O respectively, and (2.25, 2.32, 1.84) for Dy, Ce and O respectively.

The results are obtained with an energy convergence criterion of 10− 4 Ry. We used a (10*10*3) grid with
50 special points for sampling [24], corresponding to 400 k-points in the irreducible Brillouin zone for
Dy2Ce2O7, and (7*7*7) grid with 172 special points corresponding for both Dy2Hf2O7 and Dy2Zr2O7.

The spin-orbit effect is also taken into calculation and TB-mBJ potential to correct the band gap value.

The valence and conduction band edge were computing by the following equation:

E0
CB = χ(S) − E0 −

1
2Eg(1),

E0
VB = E0

CB + Eg

 2
Where χ(S) is the Mulliken electronegativity and Eg is the band gap energy E0 is the scale factor relating

the electrode redox level to the absolute vacuum scale (AVS) (E0 ∼ 4.5 eV for normal hydrogen electrode
(NHE)). [25]

Effective mass of electrons and hole for the three compounds is computed using the �t of the
equation [26]:

E(k) = E0 +
ℏ2k2

2m ∗

3
Where E(k) is the energy of an electron at wavevector k in that band, E0 is a constant giving the edge of

energy of that band, and m* is a constant (the effective mass).

We can make a �t of the band in the direction Γ and M with the parabolic equation (for 8 points)
mentioned before; we derive twice to calculate the effective mass for the holes and the electrons.

3. Result And Discussion
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3.1 Electronic and Optical properties:
Zr2Dy2O7 and Dy2Hf2O7 are crystalized in a �uorite structure (Fm3m), Dy2Ce2O7 crystallized in an
orthorhombic structure (Pmma) as shown in Table 1.and Fig. 1.

With these structures, the nature of the atomic radius of each atom, the degree of oxidation one can
predict magnetically and the electronic behavior of these compounds are shown in Table 2. However, a
deep study on the behavior of each material will be made subsequently based on the theoretical
simulation.

Table 1
Structural properties Dy2Ce2O7, Dy2Zr2O7, Dy2Hf2O7

  Dy2Hf2O7 Dy2Zr2O7 Dy2Ce2O7

Lattice parameter (A)

Optimized value

10.5[28]

10.48

5.23 [29]

5.24

a = 3.37 ; c = 10.9 [31]

a = 3.38, c = 10.7

Table 2
electronic con�guration and valence states of Dy, Zr, Ce and Hf atoms.

  Dy Zr Ce Hf

Electronic Con�guration 4f10 6s2 4d² 5s² 4f¹ 5d¹ 6s² 4f¹⁴ 5d² 6s²

Oxidation 3 4 3,4 4

Valence 4f9 4d0 4f0 4f14 5d0

Based on the Table 2; the degree of oxidation allows us to know the occupied states, the empty states
and to predict possible allowed optical transitions.

to ensure the neutrality in Dy2Ce2O7 oxidation degrees are: Ce4+ Dy3+ O2-, thus all the f-Ce states, d and s
states are localized in conduction band, however the f-Dy states are those which will mainly contribute to
valence band for the 3 types of compounds.

Based on the Figs. 2, 3,4 and Table 2; the valence band is constituted by p-O and f-Dy states, other states
are localized on the conduction band. Therefore, all the allowed optical transitions are p-d and f-d: p-
orbital of oxygen to d-orbital of Zr and Hf.

Dy2Hf2O7, Dy2Zr2O7 and Dy2Ce2O7 have an electronic band gap close to 1.89, 2.0 and 1.4 eV
respectively.as cited in Table 3 compared to other works. These values are obtained using GGA and mBJ
potential including spin-orbit coupling. It is well known that standard LDA and GGA are not appropriate to
compute the band gap since giving too small band gaps or even a wrong metallic behavior rather than an
insulating one in some cases.
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Table 3
Band gap of the 3 compounds compared to other works.

  Dy2Hf2O7 Dy2Zr2O7 Dy2Ce2O7

Band gap (eV)

Our results

2.946 eV [28]

1.89 eV

3.18 [30]

2.0

2.75 exp [31]

1.4

The band structure of the 3 compounds is illustrated on the Figs. 5 and 6, we have a direct band gap for
the 3 types, with different values, the spin-orbit effect is already considered in the calculation and mBJ
potential. These �gures will be exploited to interpret the variation in effective mass qualitatively and
quantitatively using the Eq. (3).

In fact, the decisive factor for the effective mass is the curvature of the dispersion curve at the top level,
as in the second derivative. Large curvatures (large second derivative = small radius of curvature) give
small values of the effective mass. On the other hand, small curvatures (small derivative of a second = 
large radius of curvature) give large values of the effective mass.

Table 4 gives the values of effective mass in Γ and M direction, we can see that these values are
important in M and Γ direction for down states, for both electrons and holes, the opposite for the up
states in the same directions, the values of m* are very low.

The mobility of charge carriers in a semiconductor is inversely proportional to their effective mass (m*).
Thus, Dy2Hf2O7 and Dy2Zr2O7 have high mobility compared to Dy2Ce2O7.

According to these values of effective mass, we can deduce the lifetimes of the photo-excites charge
carriers and controlling the quantum e�ciency of the photo-to-current conversion mechanism in photo-
catalysis process [32]

Table 4: Effective mass values for Dy2 (Ce, Hf, Zr)O7

Dy2Hf2O7 Γ direction

Up

Dn M

Up

dn

holes *m0 -0.038 -0.43 -0.049 -13.97

electrons (m/m0) 0.039 10.55 0,0054 in�ni

Dy2Ce2O7 Γ direction M

Up down Up dn

holes *m0 -0.92 -0.479 -0.057 -0.18

electrons (m/m0) 0.07 0.27 0.057 0.238
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Dy2Zr2O7 Γ direction M

Up Dn Up dn

holes *m0 -0.032 -0.11 -0.043 -84.74

electrons (m/m0) 0.046 0.22 0.063 0.18

3.2 Optical properties and Quantum e�ciency
A photocatalytic application requires a good absorption in the visible spectrum and a good optical
performance, to con�rm that the materials Dy2M2O7 can be photocatalytic, we calculated the optical
properties of these materials precisely: absorption coe�cient and quantum e�ciency.

The quantum e�ciency QE is an important parameter for its proportionality to the quantity of
electrons/holes generated by semiconductors. It is computed using the following relation [33]:

QE=(1-R)(1-e−αt) (Eq. 4)

α is the absorption coe�cient α(E) and R is the re�ectivity R(E). The t parameter is the thickness of the
sample. Here we have used the c parameter.

According to the above relation, we have computed the absorption coe�cient and quantum e�ciency of
all compounds; the results are displayed in Figs. 7 and 8.

There is no absorption between 0 and 2 eV in Fig. 7, except for Dy2Zr2O7, it appears at 0.5 eV but its
intensity is very weak. The �rst peak for Dy2Ce2O7 appears at 1.7 eV.

In Fig. 8, we report the quantum e�ciency of the 3 compound Dy2(Zr/Ce/Hf)O7; as we can see the
quantum e�ciency of Dy2Ce2O7 reaches a maximum of 3% in visible range and it is very weak between 0
and 1.5 eV, both compounds have lower than 1% in the visible range.

3.3 Ce Doping effect in Dy2Zr2O7 on the optical and
electronic properties
In the last paragraph we have studied the electronic properties of Dy2 (Hf, Ce, Zr)O7. Now, the question is,
what will happen if we doped those materials and added a new state?

To get an answer for this question, we have doped Ce atoms in Dy2Zr2O7 (25% of Ce content) in two sites:

The �rst one where Ce atoms take Zr atoms’ (noted CeZr) place

The second one where Ce atoms take Dy atoms’(noted Ce-Dy) place
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We have displayed the absorption coe�cient and quantum e�ciency in Figs. 8 and 9.

The major difference between both cases is the Ce doped in Zr site gives large absorption from zero and
the quantum e�ciency varies from 2–4% in visible range.

To explain this, we look for the answer from the density of states as displayed in Figs. 10 and 11 and
band structure (Figs. 12 and 13).

In Zr site; f states of Cerium, are empty (Ce4+ :4f0) localized in band conduction at 3 eV above 4f-Dy
states, the gap is about 1.7 eV, and the Fermi level is near the valence band (semi-conductor p type).

In Dy site, to ensure the neutrality of the system, we have (Dy3+ Ce3+ Zr4+ O-2). Ce has the con�guration:
4f1 one electron remains in valence band and it is localized near the Fermi level as shown in Fig. 13 and
Fig. 14, which gives metallic behavior on the system.

3.4-Photocatalytic activity

Figure 15 presents the edges of the conduction and valence bands calculated based on absolute
electronegativity, which are calculated from the ionization energy and electron a�nity, and the potential
H+/H2O and O2/H2O.

For Dy2Ce2O7 and Dy2Hf2O7, the gap is large and exceeds the optimal value. Even the location of the
bands is out of zone.

DyZr2O7 is the best candidate to be a catalyst because the band edges are positioned in the "redox
potential" zone.

Doping Dy2Zr2O7 with Cerium in Zr site makes the system more accurate and promoter for
photocatalytic application

4. Conclusion
To sum-up, we have used Full Potential Linearized Augmented Plan Waves to study the electronic, optical
properties, quantum e�ciency and photocatalytic activity for 3 different compounds (Dy2M2O7) (M = Zr,
Ce, and Hf).

This present work allows the analysis of compounds that can integrate with the family of photo catalysts
through the study of 3 compounds. Through the analysis of the results obtained, it turns out that
Dy2Zr2O7 is a promising compound in photo-catalysis because of its 2.2 eV band gap. Ce doped
Dy2Zr2O7 is also a good candidate for this application.

The modi�cation of photo-catalysts by adjusting their band structures and increasing the probability of
separation of photo-generated charges to lead to the progressive development of high e�ciency photo-
catalysts driven by visible light. To promote the e�ciency of these compounds in photo-catalysis, such
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solutions are needed: Doping or co-doping with transition metal or non-metal elements or by the
realization of hetero-structures or alloy structures.

We can also think of other solutions, either a modi�cation of the structures for gap engineers or to put the
band limits on the scale of the redox potential.
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Figures

Figure 1

crystal structure of Dy2M2O7 (M=Ce, Hf and Zr) using Xcrysden code [27]
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Figure 2

Total and partial density of states of Dy2Zr2O7
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Figure 3

Partial density of states for Dy2Hf2O7
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Figure 4

The total and partial density of states of Dy2Ce2O7

Figure 5

Band structure using mBJ approach of Dy2(Ce/Hf)2O7 red (black) color present the states of electrons up
(dn) 
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Figure 6

band structure using mBJ approach of Dy2Zr2O7 (red=dn (black=up)

Figure 7

coe�cient of absorption of Dy2M2O7           
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Figure 8

Quantum e�ciency as function of Energy
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Figure 9

Absorption coe�cient of Ce doped Dy2Zr2O7
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Figure 10

Quantum e�ciency of Ce doped Dy2Zr2O7
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Figure 11

Partial density of states of Dy2(CeXZr1-x)2O7                            
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Figure 12

Partial density of states of (Dy1-xCeX)2Zr2O7
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Figure 13

Band structure of (DyCe)Zr2O7.
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Figure 14

band structure of (DyCe)Zr2O7
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Figure 15

Electro-chemical potential (vs.NHE) of band edges of Dy(Ce/Hf/Zr)O7


