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The photocatalytic conversion of CO, into chemical fuels is an attractive route for recycling this green-
house gas. However, the large scale application of such approach is limited by the low selectivity and
activity of the currently used photocatalysts. Using first principles calculations, we report on the selection
of optimum oxynitride perovskites as photocatalysts for photoelectrochemical CO, reduction. The results
revealed six perovskites that perfectly straddle the carbon dioxide redox potential; namely, BaTaO,N,
SrTaO,N, CaTaO;N, LaTiO,N, BaNbO,N, and STNbO,N. The electronic structure and the effective mass of

Key Worqs" the selected candidates are discussed in details, the partial and total density of states illustrated the orbi-
Perovskite Sy . o . . ..

Carbon dioxide tal hybridization and the contribution of each element in the valence and conduction band minima. The
Reduction effect of cation size in the ABO,N perovskites on the band gap is investigated and discussed. The optical

DFT properties of the selected perovskites are calculated to account for their photoactivity. Moreover, the
Effective mass effect of W doping on improving the selectivity of perovskites toward specific hydrocarbon product
(methane) is discussed in details. This study reveals the promising optical and structural properties of

oxynitride perovskite candidates for CO, photoreduction.
© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

More energy from sunlight strikes the earth in one hour than all
of the energy consumed on the planet in one year. Thus, the chal-
lenge modern society faces is not one of identifying a sustainable
energy source, but rather one of capitalizing on the vast solar
resource base. Of the various storage solutions considered in recent
years, solar fuels, in which sunlight is converted into chemical
energy, are particularly attractive because of the long shelf-life of
such fuels and their ready integration with the existing fuel storage
and delivery infrastructure [1-6].

Recently, there has been a significant interest in recycling the
undesirable by-products of fossil fuel combustion; especially CO,.
Conversion of CO, into a high-energy content, storable and porta-
ble fuel, suitable for use in the current hydrocarbon-based energy
infrastructure, is an attractive pathway [7-12]. However, this pro-
cess is energy intense and will only be useful if a renewable energy
source is used for that purpose [9]. A possible sustainable avenue is
to use photocatalysts for the conversion of CO, into useful hydro-
carbons with the help of solar energy [13]. A useful carbon cycle
involving only H,O and CO, is very promising in this regard. This
is simply to mimic Nature that has provided us with an amazing
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strategy, photosynthesis, to utilize CO, while replenishing oxygen
and providing fuels. One great advantage of having water in the
proposed artificial photosynthesis process is that water is as an
electron donor [14], which can provide electrons and protons to
facilitate reactions (1)-(5) below:

CO, +2H"* +2e~ — HCOOH (1
HCOOH + 2H" + 2e~ — HCHO + H,0 (2
HCHO + 2H" + 2e~ — CH;0H 3
CH;0H + 2H" +2e~ — CH4 + H,0 (4
2H" +2e- — H, (5

—_ D — —

However, the artificial photosynthetic conversion of CO, is hin-
dered by some factors [15-17], such as the thermochemically unfa-
vorable one-electron reduction potential of CO, (E°=—1.9 VyuE),
the low solubility of CO, in water (33 mM at 298 K and 1 atm),
the strong oxidation power of photogenerated holes (or OH radi-
cals), during the photocatalytic process, that can react with inter-
mediates conversion products, and the competition with H,
generation (H'/H,O potential is —0.41 Vyyg whereas CO/CO,
potential is —0.52 Vyyg at pH 7). Various approaches [14,18-23]
have been attempted to surpass the above mentioned limitations.
However, the electrode material is still playing the major role in
determining the nature of the resulting conversion products and
their selectivity. The surface properties (e.g., roughness, porosity,
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dislocations, vacancies and defects), crystal orientation (hence
preferential adsorption of reactants and intermediates on specific
facets), surface impurities, and electronic configuration are the
most determinant factors affecting the catalytic activity of a partic-
ular photocatalyst. In this regard, the band edge positions and the
bandgap of the semiconductor electrode with respect to the redox
potentials of CO, as well as the different hydrocarbon species are
very essential factors to be taken into account when selecting the
photocatalyst. Based on that consideration, many researchers have
investigated the use of different photocatalysts to achieve higher
visible light activities. Canfield and Frese [24] were able to achieve
CO, reduction to methanol using p-GaAs and p-InP photoelec-
trodes in a CO,-saturated solution of Na,SO,. Similarly, formation
of methanol together with formic acid and formaldehyde was
reported by Blajeni et al. [25] using single-crystal p-GaP and p-
GaAs photoanodes. Among many tested powder semiconductors
(TiO,, ZnO, CdS, SiC, and WOs3) suspended in CO,-saturated water
illuminated by a Xe lamp, the formaldehyde and methanol yield
was highest in the presence of SiC [26]. This behavior can be attrib-
uted to the relative position of the SiC conduction band (CB) with
respect to the HCHO/H,CO3; redox potential. No methanol was
detected upon the use of WO3 as a catalyst, which can be attributed
to the position of the CB that is lower than the HCHO/H,CO5 redox
potential. Similarly, strontium titanate [27], with a higher conduc-
tion band-edge position compared to the redox potential of CHs-
OH/H,CO3, could effectively reduce CO, dissolved in an aqueous
electrolyte indicating the influence of band-edge positions on
CO, reduction.

Regarding the photocatalyst band gap, in theory, for the split-
ting of both CO, and H,0, the bandgap should be at least 1.33 eV.
Considering the major sources of energy loss (entropy change,
by-product formation, etc.), a band gap between 2 and 2.4 eV
should be optimal [28]. Consequently, the maximum attainable
efficiency will be limited to about 17% [28]. However, the reported
efficiencies to date are still much lower. In this regard, there are
ongoing efforts to extend the absorption capability of the stable
semiconductor photocatalyst to the visible region of the solar spec-
trum so that to achieve a band gap closer to the target, 2-2.4 eV. In
this regard, because of the high potential energy of the metal—ni-
trogen bond compared to the metal-oxygen bond [7], transition
metal oxynitrides [13,15-17,19,29]have been identified as an
alternative class of materials that can efficiently be used for CO,
reduction. This difference in bond energy resulted in narrower
band gap energies in oxynitrides compared to their metal oxide
counterparts.

Based on the above analysis, the aim of the current work was to
investigate the possibility of using oxynitride perovskite materials
as photocatalysts, enabling the construction of high performance,
affordable, and air-stable inorganic photoelectrochemical devices
for CO, conversion into useful hydrocarbons. Herein, we use den-
sity functional theory (DFT) screening to identify such oxynitride
perovskites. The screening strategy for selecting the oxynitrides
perovskites throughout this paper is classified into three sections:
(1) the band edge positions for different perovskites versus the
potential electrode were calculated; (2) the band structure and
density of states together with the effective mass of electrons
and holes were investigated, and (3) the dielectric function for
the selected oxynitrides was calculated, from which the other opti-
cal properties were identified.

2. Computational methods
For all calculations presented in this paper, we used the DFT cal-

culations in the frame work of CASTEP [30], and GPAW codes
[31,32]. All the investigated perovskites are used in their standard

ABO;,N cubic structure form [33], where A and B are the metal
cations forming the perovskite, and O, N refer to oxygen and nitro-
gen anions, respectively, as shown in Fig. 1. Before the bandgap cal-
culations, a full relaxation is performed for the atomic and lattice
parameters for all the perovskites using the generalized gradient
approximation (GGA) [34]. The functional used is RPBE with a cut-
off energy of 380 eV. The k-points sampling was 5 x 5 x 5. All the
relaxed structures were set to be optimized until the forces con-
verged to 0.05 eV/A for each crystal. For the band gap calculations,
we used the so called PBEO XC functional as implemented in
CASTEP. The density of states (DOS) was also investigated using
the same optimized electronic structures. The effective mass of
electrons and holes was extracted from the previously calculated
band structures from the inverse of the second derivative at the
conduction and valence band minima, respectively, for each crystal
structure. The difference between the k points was selected to get a
parabolic valence and conduction bands at these minima. Reliable
calculations for the bandgap is required for the screening study,
which are performed using the so-called GLLB-Sc functional
[35,36]. This was demonstrated to predict the magnitude of the
bandgap for a large selection of oxynitride perovskites, with a max-
imum deviation of 0.4 eV from the experimentally reported values.
This accuracy is sufficient and crucial for the success of our screen-
ing study. For the reduction of carbon dioxide to specific hydrocar-
bons, we investigated the doping of perovskite with various
amounts of tungsten. A supercell of the optimized structure for
BaTaO;N, with 16 N, 32 O, 16 Ba, and 16 Ta atoms, is used. The
W atoms are doped by replacing the Ta cations with ratios of
(1 W/15Ta) and (2 W/14Ta). This gives doping concentrations of
(6.8% W) and (14.2% W), respectively. As we are mainly focusing
on the conduction band edge for the reduction of CO, to other
hydrocarbons, we used the PBEO hybrid functional in this section.
This functional contains a combination of exact exchange energy
and GGA approximation terms as presented by Eq. (6).

R0 = LB+ 2y B ©

where EXF is the Hartree-Fock (HF) exchange energy, EX* and EP®
are the PBE exchange and correlation energies, respectively. Thus,
it correctly assigns the position of the unoccupied band energies,
which provide a reliable estimation of the conduction band edge
for CO, conversion [37].

Fig. 1. Oxynitride perovskite crystal structure for ABO,N; O/N represents the
atomic positions for oxygen and nitrogen atoms, with 0.5 occupancy for each.
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Table 1
The calculated band gaps of the selected perovskites compared with experimentally
reported values.

Calculated BGs (GLLB-SC) (eV) Experimental BGs (eV)

BaTaO,N 217 1.8 [42]
LaTiO,N 2 2.1 [43]
CaTaO,N 2.33 2.4 [42]
BaNbO,N 1.44 1.7 [44]
SINbO,N 147 1.8 [44]
SrTaO,N 2.23 2.1 [42]

3. Results and discussion
3.1. Band gap and band edge positions

The density functional Theory (DFT) calculations were per-
formed to select the optimum perovskite material(s) for CO, reduc-
tion, according to their band gaps. The criterion was to select those
materials that straddle the redox potential for the different hydro-
carbon products. The first step was to determine the band edge
positions using the electronegativity for various perovskite oxyni-
tride structures. Based on the model introduced by Butler et al.
[38] and verified by Castelli et al. [39], the middle of the band gap
for the ABO,N oxynitride perovskites can be determined using the

formula Eq + (XAXBX%XN)US' where E, is the potential difference
between the normal hydrogen electrode and vacuum
(Eo =—4.5eV), and y,, x5 Xo and xy are the electronegativity of A,
B metals, oxygen and nitrogen elements, respectively. This was fol-
lowed by calculating the band gap of the selected materials, from
which six perovskite materials were identified as the most opti-
mum ones for CO, reduction to hydrocarbon products. These per-
ovskites are BaTaO,N, LaTiO,N, CaTaO,N, BaNbO,N, StNbO,N and
SrTaO,N. However, the calculated band gaps of such materials are
slightly deviated from those reported experimentally, especially
for the niobium-based perovskite materials. For those perovskites,
the GLLB-SC functional as implemented in GPAW code was used
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to calculate the band gap. This functional uses the GLLB potential
response to represent the exchange term, which gives more accu-
rate representations for the band gap than the XC functionals (such
as PBEsol), with lower computational cost than the other many-
body perturbation techniques such as GW approximation [39]. As
shown in Table 1, the obtained band gaps for these materials are
in good agreement with those reported experimentally. Fig. 2
shows the selected materials with their band edge positions versus
NHE. The band edge positions for the valence and conduction bands
straddle the CO, redox potentials [40,41], confirming the suitability
of using such perovskite materials for CO, reduction.

The calculated band gaps (Table 2) can be ordered as
Ca > Sr > Ba-containing perovskite materials, which has the oppo-
site order of the atomic size Ba > Sr > Ca. This size difference cre-
ates a change in the Ta®" atomic populations with the different
coordinating environments in the crystal structures [45]. The Band
gap is blue shifted with the highest coordination cation size (in this
case Ca). However, it is red shifted with the lowest coordination
case (Ba). The same results are also observed by Chen et al. [46].
This coordination results in changes in the local number of nitride
and oxide anions coordinated to Ta>*. The partial substitution of
the nitride and oxide, which is coordinated with Ta®", leads to
the observed blue and red shift in the bandgap, respectively.

The band structure and the density of states (DOS) for the
selected candidates are shown in Figs.3a and 3b, respectively.
The band structure of the selected perovskites reveals that they
are direct band gap semiconductors, proposing an enhanced elec-
tron mobility property with lower recombination rates. At the
gamma point, nearly degenerate states at the conduction band
minimum (CBM) can be observed, which can be related to the
slight distortion from the cubic crystal structure relaxations. At
the valence band maximum (VBM), a highly flat band at the I'-M
direction can be seen, indicating a large value for the holes effec-
tive mass in this direction. Moreover, at the R symmetry point,
highly dispersive bands can be observed. The observed simultane-
ous variations at the valence band give these materials high prop-
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Fig. 2. Band edge positions for the selected perovskites. The dotted lines represent the redox potentials for CO, reduction at pH = 0 versus NHE [40,41].

Table 2
The calculated effective mass for electrons and holes.
SrTaO,N BaTaO,N CaTaO,N BaNbO,N SrNbO,N LaTiO;N
Electrons effective mass (%ﬁ) 0.523 0.386 0.643 0.549 0.635 0.571
0.597 0.325 0.964 0.3926 0.375 0.827

Holes effective mass (2—3)
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erty for superconductivity [47,48], where the holes would be
highly prohibitive in these flat band directions compared to other
directions. Fig. 3b shows the partial and total DOS for each per-
ovskite material. The sharp increase at the VBM is due to the flat
bands present in the band structure. The valence band is domi-
nated by the N-2p orbitals, which have higher energy than their
oxygen counterparts. However, the conduction band edge is dom-
inated by Ta-4d orbitals. There is a p-d hybridized band states that
is found in the valence band starting slightly below the Fermi level
for all structures as shown in Fig. 3b. Table 2 lists the calculated
effective mass of electrons and holes. Note that the values of the
effective mass at the CBM and VBM give a strong indication about
the mobility of the electrons and holes in the investigated materi-
als. BaTaO,N perovskite was found to have the lowest electrons’
and holes’ effective mass, giving it interesting transport properties.
Which is critically required for the carbon dioxide reduction by

other structures also show a promising effective mass beside their
optimum band gaps.

3.2. Optical properties

As we are interested in using the selected perovskites as photo-
catalysts, declaring the optical properties of these perovskite is
indispensable. The complex dielectric constants for these materials
are first obtained, from which the other optical properties can be
easily calculated according to Eq. (7) [49,50]:

e=¢g +ie; =N? (7)

where €; and &, are the real and imaginary parts of the dielectric
constant, respectively. The imaginary part is obtained using the fol-
lowing relation:

e e oo w11 SV A8 E b
gether improve the photocatalytic activity for this structure. The
(a) (b)
10 § 10 -
5 \ % 5 - \\
0 1 - stmstesptc -[- k215 0t--zle-F-od--|--t-d-—lEE
5 5
O TTA M Tz RXxTt ®°7 A M T zZRXT
(c) (d)
10 10
5 5
0-4-- = =T T = 0 = =g =~ = - === - =sgE-Ef
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-5 -5
O77Aa ™M rz RXxT 7 AWM T zZRrRXT

Fig. 3a. Band structure of (a) BaTaO,N; (b) CaTaO,N; (c) SrTaO;N; (d) LaTiO,N; (e) BaNbO,N; and (f) SrNbO,N.
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Fig. 3b. Partial and total DOS of (a) BaTaO,N; (b) CaTaO,N; (c) SrTaO,N; (d) LaTiO,N; (e) BaNbO,N; and (f) STNbO,N.

where hw is the energy of the photon at certain wavelength, Q is
the volume of the perovskite unit cell, H' is the matrix element
for the electromagnetic perturbation effect added to the normal
state Hamiltonian that is between the valence and conduction band

Bloch states with wave vector k, and s-function is the conservation

energy at k. The real part & (w) of the dielectric constant can be
obtained from the imaginary part & (w) using Kramers-Kronig
transform, taking into account the causality of the dielectric
response.

Fig. 4a depicts the obtained real and imaginary parts of the
dielectric constant for each perovskite material. The dielectric
function &(w) is classified into two parts; that is, the electronic
contribution part (¢,_.,) and the lattice vibration contribution part
(€w-0), the first vibrational contribution for all structure appears in
the range of 2-3 eV. However; the electronic contribution of the
dielectric function for niobium based structures are 6.6 and 6.8
for BaNbO,N and SrNbO,N, respectively. This indicates that these
type of structures have a higher dielectric constant than tantalum
and titanium based structures. Experimentally, it was found that

niobium based oxide structures have higher dielectric constants
than their tantalum based oxide counterparts, which is in agree-
ment with our calculations [48]. This adds more dielectric proper-
ties to these materials, allowing them to be used in many photonic
applications.

Based on the calculated dielectric functions, the optical proper-
ties can be calculated using the following relations:

R(e) = |\/£1(w) +je(w) — 1
Ve () + je2 () + 1

2

oc(w)=x/iw[ e%<w>+s%(w)—el(w>r (10)
n<w>=[ e%<w>+s§<w>+sl<w>r/ﬁ (1)
k<w>=[ e%(w>+s§<w>—el(w>]7/x/i (12)
L(®) = £2(@)/[E2(e) + £()] (13)
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Fig. 4b shows the calculated absorption for these structures
using GGA functional. The graph shows the absorption threshold
for each perovskite material. The results are in agreement with
the calculated bandgaps, Table 1. From the solid state chemistry
point of view, the large electronegativity of nitrogen compared to
oxygen is the reason of the lower band gap for the oxynitride per-
ovskites compared to their oxide counterparts. As a result, the
band gap can be smaller for about ~1 eV in the oxynitrides. The
absorption can be varied according to the N/O ratio in the
oxynitride structure, enhancing their utilization in solar energy
conversion devices. For example, Ca;_xLa,TaO,_yN.x [51] shows
a change in the color from yellow to red upon changing x from 0
(2.75eV) to 1 (1.9 eV), respectively. Also, SrTi;_yNbyO3_xNy [52]
changes its band gap from 3.24eV at x=0.05 to 1.82eV at
x=0.95. The same behavior was also found with La;_xAsTiO5.x
N;_x (A=Sr, Ba) [53]. This makes the oxynitride perovskite a
promising choice for the photocatalytic applications. BaTaO,N
and CaTaO,N also showed active water splitting behavior in the
presence of electron donors like methanol [54,55]|. Moreover, it
was found that the niobium-based oxynitride perovskites
have wider absorption bands than their tantalum counterparts.
CaNbO;N was reported to be active for hydrogen and oxygen gas
evolution from water splitting using methanol [44]. This opens
the door to further investigate their usage in carbon dioxide
reduction.

3.3. Effect of doping on enhancing the selectivity

Doping perovskites is previously discussed in many studies
[56-58]. Cation and/or anion doping was found to enhance the
solar harvesting by engineering the band edge of the conduction
and valence bands to straddle the water reduction and oxidation,
respectively [37]. Doping oxynitride Perovskites with cations such
as W was studied experimentally by Maeda et al. [59]. They found
that BaWOxNy-BaTaO,N (0 < W/Ta < 0.05) exhibited higher water
oxidation activity than the pristine BaTaO,N. They related that to
the increased density of the d electrons from pentavalent W
dopant. However, further research is required to investigate in
more details the effect of W doping in BaTaO,N. In this section,
we discuss the effect of W doping in BaTaO,N theoretically using
DFT. We discuss the origin of the band gap narrowing with W dop-
ing, and the variation of the CBM with Ta/W ratio. This study is
mainly aimed to control the position of the CBM to such as extent
that will be very specific for methane formation. This concept can
be extended to the other five selected oxynitride candidates.

Fig. 5 shows the obtained DOS and PDOS for pristine BaTaO;N,
and BaTaO,N doped with 6.6%W and 14.4%W. The PDOS of the
pristine structure is shown in (Fig. 5a). Fig. 5b shows that with
6.6%W doping concentration, there is a total reduction in the band
gap from 1.9 eV to 1.5 eV, due to the hybridization between W-5d
and Ta 5-d orbitals below the CBM. It should be also noted that the
Fermi energy level is also shifted to the bottom of the conduction
band, suggesting a possible metallic behavior. These results com-
pletely agree with Kanhere et al. [37] for W-doped NaTaOs per-
ovskite. Fig. 5¢ shows that the hybridization between W-5d and
Ta 5-d is more obvious below the CBM upon increasing the W con-
tent. This further increase in the concentration of W, on the
expense of Ta cations, (14.2% W) resulted in further decrease in
the bandgap from 1.5eV to 1.2 eV.

We can observe in more details the variation of the CBM and
VBM band edge positions compared with the pristine BaTaO;N.
As shown in Fig. 5d, the VBM is not affected by W doping, which
can be related to the absence of any interaction between W and
N/O anions at the valence band edge (Fig. 5b and c). However,
the conduction band is shifted toward more positive potential,
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Fig. 4. (a) The real and imaginary dielectric constants and (b) the absorption of the
selected perovskites.

which is the main reason for the bandgap narrowing. Therefore,
the variation in the W concentration resulted in the sweeping of
the CBM through various hydrocarbons reduction potentials. For
example, in the pristine case, CO, can be reduced to either hydro-
carbon shown in Egs. (2) and (3). However; in case of 6.6% W dop-
ing, CO, can be barely reduced to CH4. Furthermore, by increasing
the doping to 14.2%W, the reduction of CO, to other hydrocarbons
using BaTaO,N photocatalyst does not exist. These results reveal
the role of W doping in creating very selective perovskite photoan-
odes to reduce CO, into very specific hydrocarbons.

4. Conclusion

First principles calculations were used to select the optimum
perovskite materials to be used for carbon dioxide photocatalytic
reduction to hydrocarbons. The results revealed six perovskites
that perfectly straddle the carbon dioxide redox potential; namely,
BaTaO;N, SrTaO,N, CaTaO;N, LaTiO,N, BaNbO;N, and StNbO;N. The
band structure for each perovskite was further investigated. It was
found that there is an inverse relationship between the atomic size
of Ca, Sr, and Ba-based perovskites and their bandgaps. The DOS
calculations illustrated the orbital hybridization and the contribu-
tion of each element in the valence and conduction band minima.
The effective mass for both holes and electrons was calculated as
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Fig. 5. Partial and total DOS for (a) pristine, (b) 6.6% W-doped, (c) 14.2% W-doped BaTaO,N, and (d) band edge positions at different doping concentrations versus

hydrocarbons’ reduction potentials at pH = 0.

an indication for their mobility in the material. The results showed
that the selected perovskites have small electron and hole effective
masses, suggesting higher mobility with lower recombination
rates. The optical properties are discussed, which gave more details
about the photocatalytic capability of these perovskites to be used
in carbon dioxide reduction. This allowed the selection of a specific
CO, conversion between different hydrocarbons, according to the
doping concentration. This is crucial in the trade-off between the
CO, reduction and the band straddling to harvest the maximum
portion of the solar energy spectrum. Moreover, we studied the
effect of W cation doping on sweeping the CBM to more positive
potentials.
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