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To improve the photocatalytic performance of KNbO3 for the decomposition of water into hydrogen and oxygen, the electronic
structure of KNbO3 should be modified to own a suitable bandgap with band edge positions straddling the water redox level so as
to sufficiently absorb visible light. Hybrid density functional theory has been used to calculate the electronic structures of pure,
N, Mo, Cr monodoped, and Mo-N, Cr-N codoped KNbOs3. Especially, the influence of the relative positions of Mo-N or Cr-N
codopants on the electronic structure of KNbOj is discussed in detail to account for the possible difference on the photocatalytic
activity of the codoped samples prepared by different experimental techniques. The defect formation energy calculations indicate
that N doped system is difficult to form under any condition and the codoped systems are energetically favorable under Nb-poor
and O-rich conditions. It is interesting to find that the effective bandgap and stability for codoped systems decreases with the
increase of the dopant concentration and/or the distance between dopants. Furthermore, the suitable bandgap and band edge
position with respect to the water redox level make the Mo-N codoped systems good candidates for visible light photocatalytic

decomposition of water to generate hydrogen.

1 Introduction

The semiconductor based photocatalyst has drawn much at-
tention due to their potential applications in hydrogen energy
industry and environmental pollution prevention'~’. Ideal
photocatalyst must have proper band edge positions, that is to
say, its valence band maximum (VBM) is lower than the oxy-
gen evolution potential (OEP) and its conduction band mini-
mum (CBM) is higher than the hydrogen evolution potential
(HEP)3. Since TiO, was reported in 1972 to be used as pho-
tocatalyst for decomposition of water into H, and O, 8 there
has been great progress in photocatalytic decomposition of
water in the ultraviolet light, many other metal oxide semi-
conductors such as ZnO, Cu,O, NaNbO3, NaTaO3, KTaOs3,
BaTiO3, SI‘TiO3, SbNbO4, SrTaO4, and K4Nb6017 9-17 have
been found to have the ability to split water into O, and H;
by using ultraviolet light. However, these materials which are
limited by the wide bandgaps can only use ultraviolet light
accounting for only 4% of solar energy, the development of
photocatalytic materials which are sensitive to visible light is
still challenging. To take full use of solar energy, the ideal
photocatalyst should have bandgap around 2 eV so that it
could use visible light which accounts for 43% of solar energy.
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Doping with either metals'$2! or nonmetals?>’ has been

demonstrated to be an effective way to reduce the bandgaps
of semiconductors. Despite of the obvious enhancement of
the visible light activity, monodoping does not significantly
improve the photocatalytic efficiency. This could be attributed
to the fact that monodoping with only donors or acceptors usu-
ally introduces partially occupied impurity states which act as
electron-hole recombination centers and monodoping is usu-
ally accompanied with the spontaneous formation of compen-
sating defects?®2°. Many studies3*3¢ have proved that em-
ploying codoping with both acceptors and donors is a promis-
ing way to modify the band structure of photocatalysts without
the above-described problems appearing.

Perovskite-structured KNbO3; which has the advantage of
high stability and nontoxic has drawn much attention in the
photocatalytic decomposition of water by using sunlight37—!,
but the wide bandgap of 3.14 eV* making KNbO; only
sensitive to ultraviolet light limits its photocatalytic perfor-
mance. Therefore, bandgap adjustment has to be performed on
KNbO3 so as to expand its light adsorption scope up to visible
light with band edge positions straddling the water redox po-
tential. Monodoping with different elements has been consid-
ered to adjust the band structure of KNbOj3. Recently, the the-
oretical study by Shen et al.** showed that the introduction of
Cu in place of K atom for KNbOj crystal results in the peak of
adsorption spectra shifting due to the high peak generated by
Cu 3d states around the Fermi level. Later on, the experimen-
tal study by Lau et al.** showed that the N doped KNbO3 nan-
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otubes exhibit higher photocatalytic activity in photodegrada-
tion organic pollutants and photocatalytic water splitting un-
der visible light region because of the narrower band gap (2.76
eV) as compared to that of pure KNbO3 nanotubes. As de-
scribed above, monodoping may limit the photocatalytic per-
formance by introducing occupied impurity states acting as
electron-hole recombination center. Besides, the charge im-
balance leading to the formation of vacancies also suppress
the photocatalytic efficiency by promoting trapping photogen-
erated charge carriers. So we try to reduce the bandgap of
KNbO3 to ideal value with higher CBM than HEP and lower
VBM than OEP by employing a charge compensated codop-
ing strategy. Monodoping with N which has higher 2p orbital
energy than O 2p has been a suitable choice to reduce the
bandgaps of many semiconductors by shifting the VBM up-
wards*¢, Besides, the VBM of KNbO3 is much lower than
the water oxidation potential, and introducing N into KNbO3
is expected to narrow the bandgap. However, N doping is
unfavorable in energy and introduces some located impurity
states which limit the photocatalytic performance with pro-
moting electron-hole recombination. Recent study shows that
anion doping could be promoted by introducing cations >, so
substituting one Nb atom by a Mo or Cr atom which has one
more valence electron will not only promote the N doping
into KNbO3 but also balance the charge. Furthermore, there
are few studies on the photocatalytic activity of (Mo-N, Cr-N)
codoped KNbOs.

In this work, the effect of N, Mo, Cr monodoping and Mo-
N, Cr-N atom pairs codoping on the electronic structure of
KNbO3 is discussed. Especially, three different configurations
for Mo-N (or Cr-N) codoping are considered to explore the ef-
fect on photocatalytic ability of KNbO3 caused by the relative
doping positions of Mo (or Cr) and N atom and the effect on
electronic structure of KNbO3 by different doping concentra-
tions is also discussed. Furthermore, the bandgap reduction
and the characteristic changes of band edge positions are ex-
plained by analyzing the partial density of states. The defect
binding energies for codoped systems are calculated to discuss
the stability and the defect formation energies for all the doped
systems are calculated to find the most suitable growth condi-
tions. We also give the band edge positions with reference to
the water redox potential. At last, the shift of optical absorp-
tion curves of codoped systems are displayed with respect to
that of pure system.

2 Computational method and process

The first-principles calculations based on density functional
theory (DFT) have been carried out to obtain the optimized
geometry configurations by using Vienna ab initio simulation
package (VASP) code*’*® within Perdew-Burke-Ernzerhof
(PBE) functional* under generalized gradient approximation

Fig. 12x2x2 supercell structure for pure KNbO3.

(GGA)™°. For geometry optimization, the Monkhorst-pack>!
k-point of 6x6x6 has been used and convergence thresholds
for total energy has been set as 1.0x 10~® eV/atom with plane-
wave cutoff energy of 400 eV. The higher plane-wave cutoff
of 500 eV and k-points of 8 x8 x 8 have also been tested for the
geometry optimization of pure and doped systems, the differ-
ence of results is no more than 1%, so the calculated precisions
we have described above are enough to treat the systems we
considered. Because using GGA method seriously underes-
timates the bandgap value, the more time-consuming hybrid
density functional as prescribed by Heyd-Scuseria-Ernzerhof
(HSE)>%33 has been adopted to accurately calculate the elec-
tronic structure including energy band structure, density of
states (DOS), projected density of states (PDOS) and optical
properties. The electron-electron interaction energy for HSE
functional consists of short-ranged (SR) and long-ranged (LR)
parts:
) +EEPE,
)]
where U is the screening parameter and ¥ is the mixing coef-
ficient. In addition, the k-point of 3x3x3 has been set for
hybrid density functional calculations. For all our calcula-
tions, the valence states of K (3s23p%4s!), Nb (4p®5s'4d*),
0 (2522p*), Mo (4p®5s'4d®), Cr (3p®3d>4s!) and N (2522p?)
have been treated for the construction of PAW potentials. By
fitting the the experimental lattice constant and bandgap of
pure KNbO3, the u and ) are determined as 0.20 A ~! and
0.30, respectively. For the KNbOs3 primitive cell, the opti-
mized lattice constant of a = b = ¢ = 4.013 A is consistent
with the experimental values of a = b = ¢ = 4.022 A*! and
the accurate bandgap of 3.01 eV is in good agreement with
the experimental value of 3.14 eV 2, which indicates our cal-
culations are reasonable and reliable.

PBE SR
E )

XS = B (1) + (1 — ) Ex "

(W) +
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The monodoped and codoped systems have been modeled
with a relaxed 40-atoms supercell of perovskite-type KNbO3
consisting of 12 K, 12 Nb and 24 O atoms, and the corre-
sponding doping concentrations for monodoped and codoped
systems are 2.5 at% and 5.0 at%, respectively. Substituting
one Nb atom in the center of KNbO3 supercell by a Mo or Cr
atom is modeled to form cation doping and substituting the O
atom adjacent to the center Nb atom by a N atom is considered
to form anion doping. In order to discuss the effect caused
by the relative positions of Mo (or Cr) atom and N atom on
the electronic structure, three different Mo-N or Cr-N codoped
configurations are considered: the Mo or Cr atom substitutes
the Nb atom in the center of the supercell with (i) one N atom
substituting the O atom adjacent to the Mo or Cr atom (the
nearest configuration), (ii) one N atom substituting the O atom
in the face of the cubic supercell (the next-nearest configura-
tion), and (iii) one N atom substituting the O atom on the edge
of the cubic supercell (the next-next-nearest configuration). In
order to investigate the effect of the doping concentration on
the electronic structure of KNbO3, a larger 3x2x?2 supercell
model with total of 60 atoms has been also considered in our
calculation, which corresponds to the codoping concentration
of 3.3 at%.

The defect binding energies have been calculated to discuss
the relative stability of these codoped systems with respect
to the pure system and the defect formation energies have
been analyzed to find suitable growth conditions for different
doped systems. The defect binding energy of X-N (X=Mo, N)
codoped system could be calculated by

E,=E(X)+E(N)—E(pure) —E(X+N), 2)

where E(pure), E(X), E(N), and E(X 4+ N) denote the total
energies of pure, X doped, N doped, and X-N codoped KNbO3
systems. The defect formation energy for KNbO3 system car-
rying a charge of g with a defect or impurity X could be ob-
tained by>%-7

Es(X9) = E(X1) — E(pure) — Zn,u,- +q(Er +Ey +AV).
l 3)

The defect or impurity is formed by removing or adding n;
(n; <0 or n; > 0) atoms of type i of chemical potential y;. The
value of g is set as zero since we consider all the systems in
neutral state. Ep is the Fermi level which is measured from
the VBM of pure system (Ey). Since the formation of defects
relates to the experimental growth or annealing environment,
the defect formation energy depends on the chemical poten-
tials of the host atoms reflected by the environment. When the
pure system is in the equilibrium with the reservoirs of K, Nb
and O atoms, the chemical potentials of K, Nb, and O atoms
must be constrained by

Mk + Unp + 310 = HKENbO; (bulk) s “)

where  Ugnpopur) 18 the chemical potential of the bulk
KNbO3, which is equal to the total energy of bulk KNbO3
per primitive cell. ug, Uyp, and [o denoting the chemicals of
K, Nb and O atoms are up to the chemical potentials of bulk
K Kk (but))» bulk Nb (Uyppuix))» and gas Oz (Ho(gas))» Tespec-
tively. For dopants, we suppose bulk Mo, Cr, and N, gas as
the Mo, Cr, N reservoirs, respectively. In addition, as shown
in our recent works>*>3, to form bulk KNbOj3 spontaneously,
the minima of Lk, Uyp, and Up satisfy

U™ = E(KuNbyO3,) — E(Ko-iNDiO3a),  (50)

win — E(K,Nb,O3,) — E(K,Nby,_103,), (5b)
upn = E(KyNbyO3,) — E(KuNbyO3, 1),  (50)

where E (K,Nb,03,), E(K,—1Nb,03,), E(K,Nb,_103,), and
E(K,Nb,03,_1) are total energies of KNbO3 system consist-
ing of n primitive cells without and with a K, Nb and O
vacancy, respectively. If the energies of bulk K, Nb, and
gas O, are set as the reference zeros, namely Aug = Ug —
Kk (butk)> DHNb = HNb — Mnppuk) and Allo = Lo — Ho(gas)»
then ApP™ < Aug <0, Aumin < Apyy < 0 and Apln <
Ao < 0. Following the above constrains, we can determine
the physically allowed region of the chemical potentials and
the minimum defect formation energy of the doped systems.

To obtain the shift of the VBM and CBM with respect to the
pure system, the correction term AV has to be introduced to
align the reference potential in the bulk systems with defects
or impurities, which is attributed to the fact that there is no ex-
istence of absolute reference for the electrostatic potential of
different periodic systems and the shift in the potential caused
by the defect or impurity cannot be evaluated from supercell
calculations alone. There is no utilization of AV in the defect
formation energies calculations, calculating the shifts of VBM
and CBM according to the DOS and PDOS of doped systems
with reference to the pure KNbO3 is inseparable from the ac-
curate correction AV. The preferred method %37 getting the
correction AV is to realign the electrostatic potential in sys-
tems with defects or impurities to the undoped system by us-
ing its realspace value at some chosen point far from the defect
or doping. Here the Nb atom farthest from the doping center
are chosen to align the electrostatic potentials between pure
and doped systems. Therefore, the corrected Fermi energy
Er(cor) and the calculated Fermi energy Er(cal) for doped
systems satisfy the following relation

Er(cor) = Ep(cal) — Ep(pure) + AV, (6)

where the Fermi energy Ep(pure) for pure system is set
as zero to facilitate discussion. The DOS and PDOS of
doped systems are adjusted with respect to the corresponding
Er(cor) which is measured from Ep(pure). The calculated
Fermi level for N doped system by using above correction
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method is 0.84 eV. Other method>%>? has also been used to
ensure the energy reference levels for doped and pure systems
are the same. The DOS and Fermi levels for doped systems
are shifted with reference to the Fermi level of pure system
so that the peaks of 5s states for the Nb atom farthest away
from the doping center are aligned with the peaks of Nb 5s
states in pure system, the calculated Fermi level of 0.80 eV for
N monodoped system is good agreement with that calculated
by the method of aligning the electrostatic potentials between
pure and doped systems, which indicates that the correction
method we adopted is reasonable and reliable.

To further examine whether the photocatalytic activity of
KNbO3 is enhanced by the (Mo,Cr)-N passivated codoping,
we discuss the VBM and CBM positions with respect to the
water redox potential as well as the geometric and electronic
properties for pure and doped systems, since the positions of
the band edges should be modified to own a suitable bandgap
with band edge positions straddling the water redox level so
as to sufficiently absorb visible light. The CBM and VBM
positions of KNbOj3 could be calculated by the empirical for-
mula®:

Ecam = (xxxnsxo)"> —0.5E, + Eo, (7a)

Evey = Ecpu + Eq, (7b)

where Ecpy and Eypy denote respectively the CBM and
VBM potentials of KNbO3, E, is the bandgap of KNbO;
and here we use the experimental value due to our calculated
bandgap is a little smaller than the experimental value, Ey,
which is equal to -4.5 eV for normal hydrogen electrode, de-
notes the scale factor relating the reference electrode redox
level to the absolute vacuum scale, and the absolute elec-
tronegativities of K, Nb, and O atoms are denoted by Yx, Xnb»
and o, which are 2.42, 4 and 7.54 eVol respectively. Of
course, the CBM and VBM positions of the pure and doped
systems can also be determined by calculating the work func-
tion%. For this, there exist detailed discussion in the liter-
atures for the metal oxide semiconductors such as ZnO, and
consequently, the positions of the band edges determined by
work function is almost same as those obtained by the elec-
tronegativity ©3. Therefore, here we only present the calculated
positions of the band edges determined by the electronegativ-
ity for the pure KNbOs3, while the CBM and VBM levels of
monodoped and codoped KNbO3 are determined according to
the shifts of CBM and VBM with reference to pure system.

Finally, we have analyzed optical absorption spectra of
doped systems as compared to that of pure system by using
the HSE functional. The absorption coefficient can be de-
rived from the real and imaginary parts of the frequency de-
pendent complex dielectric function £(®)=€; (®)+ig;(®) us-

ing the following equation %

I(a))—\ﬁw\/\/sf(a))—kezz(a))—el(w). (8)

The imaginary part of the dielectric function & is given by %

2e%1

Y [t rlyy) P8 (Ef — B — o), (9)

k,v,c

where Q, v, ¢, @, u, Yy and y; are the unit-cell volume, va-
lence bands, conduction bands, photon frequencies, the vector
defining the polarization of the incident electric field, the oc-
cupied and unoccupied wave functions at point k in reciprocal
space, respectively, while the real part of the dielectric func-
tion € can be obtained from imaginary part & by the Kramer-
Kronig relationship®.

2 (@)oo
81(60):1—1—;p A %dm, (10)

where p is the principal value of the integral.

3 Results and discussion

6 < =
| s e
4t \ S — KNbO3
N Nb 4d
2L 1 --- 02p
---- K'sum

Energy (eV)

4 ‘ === A;:.:

-6

Z A M T Z RXT DOS (arb.unit)

Fig. 2 Band structure (left panel), and DOS and PDOS (right panel)
for pure KNbOj3. The black dashed lines indicate the Fermi level.

Fig.1 shows the pure KNbO3 supercell with an optimized
size of 8.025x8.025x8.025 A3 (Table 1), the Nb-O bond
length is 2.006 A and the distance between K and the adjacent
O atom is 2.837 A. Besides, the bader charge analysis in Table
2 indicates that the K, Nb, and O atoms carry charge of +0.78,
+2.58, and -1.12 e, respectively. The calculated band structure
and DOS are shown in Fig.2, and it can be seen that the cal-
culated bandgap is 3.01 eV (Table 3), which is very close to
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Table 1 Calculated lattice parameters, total energies and defect
binding energies (Ej) for pure and doped KNbOj3 systems.

Systems Lattice parameters total energy E,
(A% (eV) (eV)
Pure 8.025 x 8.025x 8.025  -305.8483 -
N 8.045 x 8.033x 8.033  -303.9955 -
Mo 8.007 x 8.007x 8.007  -304.2256 -
Cr 7.974 x 7.974x 7.974  -300.6895 -
Mo-N (i) 8.151 x 7.981x 7.981  -304.7497 2.377
Mo-N (i) 8.137 x 7.986x 7.986  -303.7449 1.372
Mo-N (iii) 8.134 x 7.991x 7.991  -303.5902 1.217
Cr-N (i) 8.146 x 7.943x 7943  -301.7293  2.893
Cr-N (i) 8.163 x 7.945%x 7.945  -300.1066  1.270
Cr-N (iii)  8.155 x 7.946x 7.946  -299.8298  0.993

the experimental value of 3.14 eV. The top of valence band is
mainly composed of O 2p states and the bottom of conduction
band is contributed by Nb 4d states, while there is almost no
appearance of K electronic states near the VBM and CBM, in-
dicating that K only builds up the structure skeleton of KNbO3
without affecting its electronic structure of the band edge char-
acteristic. Therefore, doping with nonmetal atom with higher
2p orbital energy as compared to that of O atom will shift the
VBM upwards and employing metal atom with lower d orbital
energy as compared to the Nb 4d could decrease the CBM.

Table 2 Bader charge analysis of Nb and O atom in pure system and
Mo, Cr, or N atom in doped systems. All date are in units of the
number of electrons.

Systems Nb o Mo Cr N

Pure +2.58 -1.12 - - -

N - - - - -1.14
Mo - - +2.35 - -

Cr - - +1.94 - -

Mo-N (i) - - +2.30 - -0.93
Mo-N (ii) - - +2.60 - -1.15
Mo-N (iii) - - +2.58 - -1.18
Cr-N (i) - - - +1.85 -0.72
Cr-N (ii) - - - +1.21 -1.30
Cr-N (iii) - - - +195 -1.17

The spin-polarization effect for the doped systems with one
more or one less hole than the pure system can not be ignored,
so spin-polarized calculations are adopted to treat the N, Mo,
and Cr monodoped systems. Substituting one N for O atom in
pure supercell to form N monodoped KNbO3 will slightly in-
crease its supercell size to 8.045x8.033x8.033 A 3 (Table 1),
which may be explained by the fact that the ionic radius of N
(Ry3-=1.46 A) is larger compared with that of O (Rpe-=1.38
A)®7. The Nb-N bond length of 1.981 A is slightly shorter

Table 3 The calculated bandgaps, the shifts of VBM (AEypy) and
CBM (AEcppy), and the changes of bandgap (AE) for pure and
doped KNbOj3. The positive values indicate the increase in energy
with respect to pure system. All the units are eV.

Systems Bandgap AEypy AEcgu AE,
Pure 3.01 - - -

N 2.95 +0.05 -0.01 -0.06
Mo 2.42 +0.28 -0.31 -0.59
Cr 2.50 +0.35 -0.16  -0.51
Mo-N (i) 2.54 +0.34 -0.13 -0.47
Mo-N (ii) 1.88 +1.04 -0.09 -1.13
Mo-N (iii) 1.85 +0.87 -0.29 -1.16
Cr-N (i) 2.97 +0.33 +0.29  -0.04
Cr-N (ii) 2.63 +0.82 +0.44  -0.38
Cr-N (iii) 2.50 +0.93 +0.42  -0.51

than the original Nb-O bond length, which is attributed to the
stronger coulomb interaction between N atom and the adjacent
Nb atom, this can also be demonstrated by the larger charge of
-1.14 e of N atom (Table 2) as compared to that of the O atom
in pure KNbOj3. Because N atom has higher 2p orbital energy
as compared to the O 2p orbital, doping with N atom will be
expected to reduce the bandgap by rising up the VBM. The
DOS and PDOS displayed in Fig.3(a) shows that the VBM
of N monodoped KNbOj3 is mainly dominated by both N 2p
and O 2p states, while its CBM consisting of Nb 4d states
is unchanged as compared to that of pure system. Besides,
its VBM rising up slightly by 0.05 eV with slightly moving
downwards the CBM by only 0.01 eV results in the bandgap of
2.95 eV for N doped system (Table 3). Though the band edge
positions are almost unchanged as compared to the pure sys-
tem, the presence of impurity states consisting of N 2p states
and O 2p states above and below the Fermi level reduce the
effective bandgap of N doped system and make photoexited
electron transfer from VBM to CBM require lower energy.
However, just a narrower effective bandgap does not ensure
satisfactory of the photocatalytic ability, the unoccupied N 2p
and O 2p sates which appear above the Fermi level serving
as electron-hole recombination centers may reduce the photo-
catalytic performance. Besides, adopting the dopant element
with different chemical valence is often accompanied by de-
fects which annihilate photogenerated charge carriers. These
factors will suppress the photocatalytic efficiency of N mon-
odoped KNbO3.

Substituting one Nb atom in the center of KNbOs3 super-
cell by a Mo or Cr atom is considered to form cationic dop-
ing. The calculated results in Table 1 indicate that monodop-
ing with Mo or Cr atom will slightly reduce the supercell size
and Mo monodoped system has the smaller lattice size than
Cr monodoped system, which is attributed to the cause that
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Fig. 3 DOS and PDOS for monodoped KNbO3 with (a) N, (b) Mo,
and (c) Cr. The Fermi level of pure KNbOjs is set as energy zero.
The black dashed lines represent the Fermi levels in the monodoped
systems.

the ionic radius of Mo, Cr, Nb are different (R, 6+=0.59 A,
Rey6:=0.44 A, Ry,5+=0.64 A)%7. The Mo-O bond length in
Mo monodoped system and the Cr-O bond length in Cr mon-
odoped system are respectively 1.960 and 1.916 A, which are
slightly smaller than that of original Nb-O bond length. This
suggests that the Coulomb interaction between Mo (or Cr) and
O atom is stronger than that between Nb and O atom. In addi-
tion, the bader charge analysis in Table 2 indicates that there
exists obvious charge transfer between the Mo (or Cr) atom
and the other atoms in the supercell. The DOS and PDOS of
Mo monodoped system are shown in Fig.3(b), Mo monodoped
system behaves as a n-type semiconductor with its Fermi level
moving up to the conduction band edge. Its VBM consisting
of O 2p states goes up by 0.28 eV and its CBM consisting of
Mo 4d and Nb 44 states decreases by 0.31 eV, which result in
the reduction of bandgap of 0.59 eV (Table 3). Fig.3(c) shows
that the Fermi level of Cr doped system also shifts closer to

Fig. 4 Calculated electron density of pure (a),(f) and codoped
systems of (b) Mo-N (i), (¢c) Mo-N (ii), (d) Cr-N (i), (e) Cr-N (ii), (g)
Mo-N (iii) and (h) Cr-N (iii). The blue and red color regions denote
the area with low and high electron density, respectively. The units
are electrons A3,

the conduction band edge and monodoping with Cr makes
KNbO3 behave as a n-type doping, which is because the Cr
atom releases one more valence electron than Nb does. Cr
doping introduces impurity states consisting of Cr 3d and O
2p states which do not appear in the case of Mo doping, which
is mainly attributed to the fact that Cr has much lower d orbital
energy than the Nb 4d orbital?®. Though these impurity states
reduce the effective bandgap, the unoccupied located states
acting as electron-hole recombination centers will suppress
the photocatalytic performance of Cr monodoped system. Fur-
thermore, the created defects due to the charge imbalance pro-
mote trapping photogenerated charge carriers will also limit
the photocatalytic efficiency of Mo and Cr monodoped sys-
tems.

To compensate for the charge imbalance caused by N,
Mo and Cr monodoping, we consider (Mo, Cr)-N codoped
KNbO3. N atom is one less valence electron than O atom,
while Mo or Cr atom releases one more valence electron than
Nb does. Thus the incorporation of both cation Mo or Cr atom
and anion N atoms passivate the adverse effects of monodop-
ing. According to the experimental techniques such as sol-gel
method or other wet chemistry methods®®, the configuration
(i) for Mo-N or Cr-N codoped KNbO3 which has the low-
est energy (Table 1) will be obtained more easily. However,
if using the synthetic procedure involving techniques such as
magnetron sputtering or supersonic cluster beam deposition®
in which the doped anions or cations are considered to be dis-
tributed among the lattice sites randomly, the situation may be
different. Once the Nb atom in center of KNbO3 is replaced
by one Mo or Cr atom, there are 6 sites adjacent to the cen-
ter atom to form codoped (i), and 12 sites in the face to form
codoped (ii), and 6 sites on the edge to form codoped (iii),
the probability for formation of codoped (i), (ii) and (iii) are
1/4, 1/2 and 1/4, respectively. This means that the codoped
(ii) could be obtained easily and the codoped (i) and (iii) have
the same opportunity to form by using magnetron sputtering

6| Journal Name, 2010, [voll1-11
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Fig. 5 DOS and PDOS for codoped systems of (a) Mo-N (i), (b)
Mo-N (ii), (c) Mo-N (iii), (d) Cr-N (i), (e) Cr-N (ii), and (f) Cr-N
(iii). The Fermi level of pure KNbO3 is set as energy zero. The
black dashed lines represent the Fermi levels for the codoped
systems.

or supersonic cluster beam deposition. So we next discuss the
geometry and electronic properties of all the codoped config-
urations. The calculated results in Table 1 show that the defect
biding energies for these codoped systems are positive, which
means that the Mo-N and Cr-N codoping are more favorable
in energy as compared to the corresponding monodoping in
KNbO3 because of the strong Coulomb interaction between
the dopants and the other atoms in the supercell. Further-
more, the results in Table 1 show that codoping with Mo-N
or Cr-N atom pairs make the supercell expand along one di-
rection but shrink along the other two directions. The Mo-N
bond length in Mo-N codoped (i) and the Cr-N bond length
in Cr-N codoped (i) are smaller than the original Nb-O bond
length, which suggests the stronger Coulomb interaction be-
tween Mo (or Cr) atom and N atom than that between Nb and
O atom in pure system. The electronic density displayed in
Fig.4(a)(b)(d) shows that the electronic density around Mo-N
or Cr-N atom pairs is larger than that around original Nb-O
atom pairs. This means the electronic density between Mo
(or Cr) atom and N atom in codoped systems overlaps more
strongly than the overlapping of electronic density between
Nb and O atom in pure system, which indicates that Mo-N
or Cr-N bond has a greater covalent character as compared to
that of original Nb-O bond. Seeing from the Fig.4(a-h), we
can easily conclude that the dopants in all the codoped sys-
tems have the stronger covalent character than the original Nb

2 4 6 -6 -4 -2 0 2 4 6

and O atom. Besides, the bader charge analysis in Table 2 sug-
gests that there exists obvious charge transfer between dopants
and the other atoms. So we may conclude that the different
Coulomb interactions between dopants and the other atoms
leads to the different supercell sizes of codoped systems.

Table 4 Minimum defect formation energies (E¢) and the
corresponding chemical potentials of O and Nb for doped systems.
All the units are eV.

Structure Ef VANY 175 RVANY 17V
N 1.14  -4.64 0

Mo -11.54 0 -13.91
Cr -9.22 0 -13.91
Mo-N (i) -8.14 0 -13.91
Mo-N (i)  -7.13 0 -13.91
Mo-N (iii)  -6.98 0 -13.91
Cr-N (i) -6.33 0 -13.91
Cr-N (ii) -4.71 0 -13.91
Cr-N (iii) -4.44 0 -13.91

‘We next discuss whether the different codoping positions of
Mo-N and Cr-N atom pairs will obviously affect the bandgap
of KNbOs3. For the case of Mo-N codoping, Mo-N codoped
(1) has the widest bandgap of 2.54 eV with VBM rising up by
0.34 eV and CBM shifting down by 0.13 eV (Table 3), the
bandgap of codoped (ii) (1.88 eV) is relatively close to the
bandgap of codoped (iii) (1.85 eV). For these three codoped
systems, the compositions of band edges are almost the same,
i.e., the VBM is dominated by both O 2p and N 2p states,
while the CBM is contributed by both Mo 4d and Nb 4d
states (Fig.5(a)(b)(c)). The suitable bandgaps may make Mo-
N codoped KNbO3 a promising photocatalyst. Besides, we are
surprised to find that Mo-N codoped system with the larger
distance between Mo and N atom has the narrower effective
bandgap. It can be obviously seen that the interactions be-
tween N 2p and O 2p orbitals around the Fermi levels and
the interactions between Mo 4d and Nb 4d, O 2p orbitals
around CBM increase with the increase of the distance be-
tween Mo and N atom, which should be the cause of the differ-
ent bandgaps of these Mo-N codoped systems. The DOS and
PDOS for Cr-N codoped KNbO3 are shown in Fig.5(d)(e)(f),
the VBM of Cr-N codoped (i) is mainly composed of O 2p
states, but the VBM of Cr-N codoped (ii) and (iii) are domi-
nated by both N 2p and O 2p states. However, the CBM of
all the Cr-N codoped systems are mainly contributed by Cr 3d
and Nb 4d states. Some unoccupied impurity states mainly
contributed by Cr 3d states appear between VBM and CBM,
which is quiet different from the case of Mo-N codoped sys-
tems. This should be attributed to the much lower Cr d orbital
energy as compared to the Mo 4d and Nb 4d orbital >®. These
unoccupied impurity states reduce the effective bandgaps, but

This journal is © The Royal Society of Chemistry [year]
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they may trap excite electrons resulting in the enhancement
of electron-hole recombination and suppressing the photocat-
alytic performance.

Aty (V)

Fig. 6 The physically accessible region of the potentials in A up
and A ppyp plane for pure KNbOs3.

Fig.6 displays the physically accessible region of the chem-
ical potentials for KNbO3 in the Ay, and Ao plane. In ad-
dition, the calculated defect formation energies for doped sys-
tems as a function of Ay, and Ay are plotted in Fig.7(a-1)
and the minimum defect formation energies are summarized
in Table 4. For the case of N doping, the defect formation
energy is found to decrease with the decrease in the chem-
ical potentials of O atom and the minimal defect formation
energy is 1.14 eV with Aug = -4.64 eV (O-poor) and Ay,
=0 eV (Fig.7(a) and Table 4). This is attributed to the cause
that the vacancy which is indispensable condition for alterna-
tive doping is easy to form under host-poor growth condition.
Analogously, the defect formation energy for the case of mon-
odoping with Mo or Cr decreases with the decline of the chem-
ical potentials of Nb atom (Fig.8 (b) and (c) because the Nb
vacancies are easy to form under Nb-poor growth condition,
the minimal defect formation energies for Mo and Cr mon-
odoped systems are -11.54 and -9.22 eV with Ay, =-13.91
eV (Nb-poor) and Aup = 0 eV (Table 4), respectively. Be-
sides, the minimal defect formation energy of N doped system
is positive which indicates that KNbQO3 is difficult to be p type
doped. As is shown in Fig.7(d-i), it is energetically favorable
to form Mo-N or Cr-N codoped systems under O-rich and Nb-
poor conditions and the defect formation energies for codoped
systems are lower than that of N monodoped system, which
indicates that introducing Mo or Cr atom will promote the N
doping. This could be explained by the stronger Coulomb in-
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Fig. 7 The physically accessible region of the potentials in A Lo and
A uyp, plane for (a) N doped, (b) Mo doped, (c) Cr doped, (d) Mo-N
codoped (i), (€) Mo-N codoped (ii), (f) Mo-N codoped (iii), (g) Cr-N
codoped (i), (h) Cr-N codoped (ii), (i) Cr-N codoped (iii) of KNbO3.

teraction between the dopants and the other atoms in the sys-
tems than that of pure system. The minimal defect formation
energy for configuration (i) of Mo-N (or Cr-N) codoped sys-
tem is the smallest one among all the codoped configurations,
which indicates that the Mo-N (or Cr-N) atom pairs have the
strongest Coulomb interaction in the codoped configuration
@@).

The effect of doping concentrations on the electronic struc-
ture of KNbO3 is also investigated. Only Mo-N codoping re-
duces the bandgap to suitable value without introducing un-
occupied impurity states, so here only three different Mo-N
codoped configurations corresponding to the nearest, the next-
nearest, and the next-next-nearest codoping with the lower
doping concentration of 3.3 at% are considered. The calcu-
lated defect binding energies for Mo-N codoped (I), (II), and
(III) are respectively 2.704, 1.745, and 1.614 eV, and the mini-
mal defect formation energies for Mo-N codoped (I), (II), and
(IIT) are respectively -8.31, -7.35, and -7.22 eV with Apup =
0 eV (O-rich) and Auyp =-13.91 eV. The defect binding en-
ergies for Mo-N codoped (I), (II), and (III) are respectively
larger than those of codoped (i), (ii), (iii), and the defect for-
mation energies for Mo-N codoped (I), (II), and (IIT) are re-
spectively smaller than those of codoped (i), (ii), (iii). This
indicates that the corresponding Mo-N codoped system with
the lower concentration is easier to form, and moreover, Mo-
N codoped system with lower doping concentration is also
more difficult to form with the increase of the distance be-
tween Mo and N atom. The calculated DOS and PDOS of
Mo-N codoped (I),(II), and (IIT) with the doping concentration

8| Journal Name, 2010, [vol] 1-11
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Fig. 8 DOS and PDOS for codoped systems of (a) Mo-N (I), (b)
Mo-N (II), and (c) Mo-N (III). The Fermi level of pure KNbOj5 is set
as energy zero. The black dashed lines represent the Fermi levels for
the codoped systems.

of 3.3 at% are displayed in Fig.8, there are no located states
between VBM and CBM of Mo-N codoped (I) and (II), but
full occupied located states appear between VBM and CBM of
Mo-N codoped (IIT). The appearance of located states of Mo-
N codoped (IIT) may be attributed to the collective effect of
large distance between Mo and N atom and the lower dopant
concentration. Furthermore, the extent of the bandgap reduc-
tion is a little smaller (bandgaps for codoped (I), (II), and (III)
are 2.60, 2.11, and 2.53 eV, respectively) because of lower
concentration of the dopant elements. As the located states
appear between VBM and CBM of Mo-N codoped (III), the
effective bandgap for Mo-N codoped (III) which is the gap be-
tween the filled impurity states and the CBM is 2.00 eV. The
effective bandgap for Mo-N system with lower concentration
also decreases with the increase of the distance between Mo
and N atom. This can also explained by the different interac-
tions between N 2p and O 2p orbitals around the Fermi levels

and the interactions between Mo 4d and Nb 4d, O 2p orbitals
around CBM because of the different distance between Mo
and N atom. In general, the appropriate effective bandgaps
may make the Mo-N codoped (I), (I), and (III) suitable for
visible photocatalytic decomposition of water.

Cex () SO T
JRSEC Mo-N (1) MoN (D)

Cr Mo-N (i)Mo-N (ii)
_ Mo-N (IIh)

Mo Mo-N (iii)

0 H'/H:

0:/H:0

Energy(eV) vs.NHE

34

Fig. 9 Calculated VBM and CBM positions of pure, monodoped,
and codoped KNbO3 with respect to the water redox level. The
horizontal dotted lines indicate the energy levels of redox potentials
of HT/H; (0 eV vs.NHE) and O»/H,0 (1.23 eV).

Not only the bandgap but also the band edge position is im-
portant to determine the photocatalytic ability for water split-
ting. To assess the photocatalytic performance, we align the
CBM and VBM energy levels of pure and doped systems with
respect to water redox potential. The calculated CBM po-
sition of perovskite-structured KNbO3 is -0.78 eV, which is
agreement with the value of -0.86 eV given by Xu et al.®,
and its VBM is 2.36 eV which is calculated according to its
bandgap of experimental value. Furthermore, the calculated
VBM and CBM values of pure and doped systems referenced
to the energy levels of water reduction potential of H*/H; (0
eV versus normal hydrogen electrode, i.e., 0 eV vs. NHE)
and the water oxidation potential of O,/H,0 (1.23 eV) are il-
lustrated in Fig.9. The VBM and CBM we discuss here are
set at the the continuum band edge and the impurity states
are not displayed. The band edge positions of all the mon-
odoped and codoped systems straddle the water redox level,
but the presence of unoccupied impurity states between VBM
and CBM of N, Cr monodoped, and all the Cr-N codoped sys-
tems serving as electron-hole recombination centers suppress
photocatalytic performance. Besides, the introduced defects
due to charge imbalance trapping photogenerated charge car-
riers will also reduce the photocatalytic efficiency of Mo, Cr,
and N monodoped systems. So Mo, Cr, N monodoped, and all
the Cr-N codoped systems are unsuitable for photocatalytic
water splitting under visible light. All the Mo-N codoped sys-
tems with the doping concentration of both 5.0 at% and 3.3
at% owning suitable bandgaps and band edge positions makes

This journal is © The Royal Society of Chemistry [year]
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them be promising for photocatalytic decomposition of water
by using visible light.

As only the Mo-N codoping could make the KNbOj3 suit-
able for photocatalytic decomposition of water, so only the
optical spectrum of pure and Mo-N codoped systems are cal-
culated to confirm the better visible light absorption. The cal-
culated optical spectrum of pure and Mo-N codoped systems
with the doping concentrations of both 5.0 at% and 3.3 at%
are shown in Fig.10. The absorption curve for pure KNbO3
is limited to the ultraviolet region, all the Mo-N codoped sys-
tems could make use of a longer wavelength of the visible light
spectrum as compared to the pure system for efficient photo-
catalysis. Even the absorption shifts of the Mo-N codoped
(D, (II), and (IIT) with lower doping concentration towards to
the visible light region are also quite significant. Furthermore,
the next-nearest configuration have exhibited more obviously
shift of optical absorption towards to the visible light region
as compared to the other codoped configurations.

9 5.0 at% % 33at%
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Fig. 10 The calculated absorption curves for the pure and Mo-N
codoped KNbO3 with the doping concentration of 5.0 at%. The
insert shows the same with the doping concentration of 3.3 at%.

4 Conclusions

The first-principles calculations have been performed by using
hybrid density functional to explore if monodoping with Mo,
Cr, N and codoping with Mo-N, Cr-N atom pairs will improve
the photocatalytic activity of KNbO3. Especially, we explore
the influence on the electronic structure of KNbO3 caused by
the codoping positions of Mo-N or Cr-N atom pairs and differ-
ent doping concentrations. In addition, we choose the farthest

Nb atom away from the dopants to align the electrostatic po-
tentials of doped systems with reference to the pure system
so as to correct the shift in reference level (AV). The cal-
culated defect formation energies show that N doped KNbO3
is difficult to form, but N doping could be greatly promoted
by Mo or Cr doping because of the strong Coulomb interac-
tion between dopants and the other atoms in the system. In
addition, the codoped systems with the lower dopant concen-
tration are easier to form. Though the effective bandgaps of N,
Cr monodoped, Cr-N codoped systems are reduced, the pres-
ence of unoccupied impurity states between VBM and CBM
serving as recombination centers for electrons and holes sup-
press their photocatalytic performance. Besides, defects intro-
duced by charge imbalance trapping photogenerated charge
carriers will reduce the photocatalytic efficiency of Mo mon-
odoped system. Though reduction of effective bandgap for
Mo-N codoped system decreases with the decline in doping
concentration, the optical absorption shift towards visible light
region is still significant. The appropriate bandgaps and mod-
erate positions of VBM and CBM with respect to the water
redox level make the Mo-N codoped systems promising pho-
tocatalysts for water splitting under visible light.
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